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SOME ENGINEERING ASPECTS OF THE'HYDROGEN—OXYGEN FUEL CELL
' F. T. Bacon
Consultant to Energy Conversion Ltd. -

Introduction

There is no doubt that the hydrogen-oxygen cell -possésses

" a number of important characteristics which have made it much easier

to develop into practical units capable of generating a useful amount
of power, compared with hydrocarbon-alr cells. It is perhaps worth-
while briefly to recapitulate these characteristics, and this will
make plain the reasons for the choice of the particular system which

- was developed at Cambridge, England.

First of all, 1t is well known that hydrogen reacts
electrochemically much more easily than any hydrocarbon fuel; this
of course makes electrode design much easier.

» ~ Secondly, the use of pure hydrogen and oxygen mekes 1t
possible to use an alkaline electrolyte, which has obvious advantages

- 1n the lower cost of materials which can be employed for the

electrodes, current collectors and.other cell parts.

Thirdly, the use of pure gases means that an unvented
system is possible, and this elimlnates the additlonal problems
which have to be faced when an inert diluent, such as CO2 in a
reformed hydrocarbon fuel, have to be vented from the system at
the correct rate under all load conditions; this would seem to
present quite an intricate control problem, 1f undue waste of fuel
is to be avolded. Moreover, groups of cells would presumably have

“to be fed in series with the fuel gases, each group having its

own control valve; it would clearly be too complicated to have a .
monitoring device on each cell to regulate the gas flow individually.
Scome of these arguments would also apply if air.is used instead of
pure oxygern;and in addition, control of the rate of water removael

" from the vented system may be difficult under conditions of varylng

air temperature and humidity. This is 1in contrast to the hydrogen-
oxygen system, 1n which the only reaction product is steam which

can easlily be separated from.the hydrogen in a simple alr-cooled
condenser, provided that the operating temperature of the cells 1s
somewhat above amblent; parallel flow of hydrogen through all the
cells in a battery can be used without difficulty, and small in-
equalities of flow through individual cells are of little consequence.
Besides this, the higher partial pressures of the reacting gases,
using pure hydrogen and oxygen, lead to a higher cell performance

and a higher limiting current.

It must be admitted that even with very pure gases,
occasional venting of the system to atmosphere is usually necessary,
owing to the gradual build-up of inert dlluents; but this, in our
experience at Cambridge, need only be done very occasionally,
especially if electrolytic gases are used, and can easlly be done
by hand.
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- Fourthly, there is the possibility of operating the battery
at considerably elevated pressures. This has the advantage of reducing
activaticn peclarization of the electrodes and so yielding possible -
savings in weight, bulk and electrode cost. The use of elevated
pressures also makes it possible to operate with an increased partial
pressure of water vapour and hence a higher electrolyte conductivity
and a more compact ccndenser. It is relatively simple to supply
pure hydrogen and oxygen at elevated pressure, but, with a hydro-
carbon-air cell, there would be complications and a heavy parasitic
load due to the compressors.

Fifthly, there is the important fact that hydrogen cells can.
be made self-starting from cold; this was not a feature of the cells
developed at Cambridge, where the decision had been taken to operate
at the highest practicable temperature so as to minimize the problems
associated with electrode activity. However, other workers have
demonstrated hydrogen-oxygen cells with lower temperatures of operation,
which will start from cold though relatively cheap catalysts are used;
alternatively, very small amcunts of precious metal catalysts may he
emplcyed with gocd results in this respect; it is assumed that one of
the many new types of electrode, which depend on a degree of semi-
wetness in the active layers, wculd be used.

It should be added that efforts were made, quite early in
“the work to think in terms of a complete working system rather than
. in terms cf single cells, or even a battery of cells; and before.the
work was closed down at Cambridge, a complete working system was
evelved, including gas admission, and control of temperature,
electrclyte concentration and pressure difference across electrodes,
under both steady and rapidly varying loads, with a unit of 40 cells
which weuld develop up to 6 kw of power. (1)

Personnel

‘ As it was only possible to employ very small teams, for
financial reasocns, it was essential to break as little fresh ground
as possible, and the practical experience of both battery and
electrolyser manufacturers was freely drawn upon; up till 1941, the
author worked alone, the work being supported by Merz and Mclellan,
the well-known consulting engineers. From 1946-51, additional help
was given by cne part-time consultant, the work being .done in the
Departments of Colloid Science, and Metallurgy, Cambridge University.
After this a small team was gradually built up in the Department of
Chemical Engineering, Cambridge, the team ccnsisting of two chemists,
cne metalllrgist, cne engineer (author) and three assistants, besides
twe part-time consultants, one being a physicist and the other an
electrcchemist. This team was unfortunately completely disbanded in
1956 cwing to lack of support. From 1946-56 the work was financed
by the Electrical Research Association, with additional help from
the Ministry cf Fuel and Power, and the Admiralty. In 1957,

another team was built up with the help of the National Research
Development Corpcration, at Marshall of Cambridge Ltd., the total
numbers of the team reaching a maximum of fourteen, including one
chemist, one metallurgist and three engineers, besides five part-time
consultants, cne being a chemist, one a metallurgist, one a control
engineer and two chemical engineers. Once again the team was completely
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disbanded in 1961 owing to lack of industrial support in England.
It should be added that the help glven by the consultants was
invaluable; all were men of wide theoretical knowledge and much
practical experience, and without their help some serious mistakes
would undoubtedly have been made.

Further Developments in Hydrogen-Oxygen Cells

The author has not carried out any experimental work since

. 1961, but it has been most interesting to watch the work of others

during this time, particularly the wonderful developments which have
taken place in the United States.

~ The stage has now been reached where completely automatic
and reliable batteries, using hydrogen and oxygen, have been produced,
these batteries being completely equipped with controls which will
deal with all load conditions including rapidly varying loads; in
addition to thls, many are self-starting from cold. The first cost
is still high, but this 1s systematically belng reduced. Is it
possible that some commercial application could now be found for
this type of cell, apart from space and military uses?

Storage of Gases

. The principal technical difficulty preventing the use of
hydrogen-oxygen batteries for say traction purposes 1s, in the
author's view, associated with the storage of the gases, 1n particular
the storage of hydrogen; it seems inconceivable that liquld hydrogen
could ever become a commercial fuel. It 1s, therefore, very important
to watch for any new developments in sclence and engineering which
could have a bearing on this difficult problem of hydrogen storage.

As recently as 1959, the best ratio which could be quoted for welght
cf hydrogen carried to weight of contalner was 1 to 100; this was

for nickel-chrome-molybdenum forged steel cylinders, with a working

pressure of 3,000 p.s.i. (2). Since that time, considerable develop-
ment has taken place in the design of gas vessels and a ratio of

1 to 43 can be quoted for weight of hydrogen to weight of steel with
a gas pressure of 3,600 p.s.i.; a low carbon chrome-molybdenum steel
is used at present, and welded construction; these figures refer to
spheres, and assume that all the gas can be used, which 1s not
strictly accurate but which does not introduce a serious error.
Teking an average voltage of 0.8V per cell, and assuming the above
weight ratio of 1 to 43 for hydrogen, and assuming also that oxygen
is carried as well, the welght of gas vessels + hydrogen + oxygen
comes out at about 8.1 1b/kwh. generated; with hydrogen alone, the
welght would be 4.7 1lb/kwh generated. :

These gas vessels are not only used in missiles and
militery alrcraft, but also in civil alrcraft where very high
standards of safety are of course required. Partly as a result of
the American space programme, even further improvements 1ln design
appear to be under way; but it seems impossible to prophesy when,
or even whether, resin fibre glass containers will become a
practical proposition for the storage of hydrogen under ordinary
commercial conditions. The whole question of ultra high strength
materials is being intensively studied in many parts of the world (3),
and it seems possible that, in the future, further reductions in the
welght of gas vessels will be achieved.



. - Other factors which must be taken into account are volume,
cost, safety and convenience, but it is not. possible to go into these -
closely.in this short paper. In the past, it has always been th
welght which has made gas storage relatively unattractive. :

Possible Applications for Hydrogen-Oxygen Cells

. It has always seemed to the author that road and rail
traction are the most promising applications for fuel cells; this ,
. applies particularly in the case of short range transport in cities,
using public service vehicles. In the United Kingdom quite large
numbers of battery driven delivery vehicles are used — the numbers
have now risen to over 40,000 — and these are able to compete on
level terms with engine driven vans, in spite of the welght and
high first. cost of the lead/acid batteries; this is basically-
because of the lower cost per mile of electricity compared with
taxed gasoline, and also because of the lower maintenance costs of
battery driven vehicles, under the rather special stop-start
conditions under which delivery vans have to operate} and this is -~
in spite of a much higher capital cost, part of which 1s due to

the cost of the battery itself, and part to the fact that mass.
producticn methods cannot be used for the small numbers of vehicles
produced. It is-hoped that the fuel cell will eventually extend the
"field of battery traction into areas where the weight of lead

. batteries precludes the possibility of electric tractlon, owing to
-the fact that a rather higher speed and longer range are required.

g The effective capacity of a typical lead-acid traction
battery, at 80 amp discharge, has been given as 12.8 kwh.; this was

for a 20 cwt.pay load delivery vehicle with a speed of 15-18 m.p.h.

and a range of 25-30 miles (4%. This capacity would require a weight

of ‘hydrogen + oxygen + gas vessels of 12.8 x 8.1 = 104 1b. Assuming

that the weight of modern low temperature low pressure hydrogen-oxygen
batteries on normal load.is about 40 1b./kw., and also assuming that

a power of 5.3 kw. is required on normal load (4), the weight of the
battery alone would be 212 1b.; complete with gas vessels, 'the total - 1
weight would be 316 1b. Taking an up-to-date figure of 10.5 wh/lb

for a lead traction battery, on a 2-3 hour dlscharge basis, a .
conventional battery would weigh 1,220 1b. If these figures can

indeed be substantiated, it would appear that hydrogen-oxygen

batteries cannot be ruled out for short renge road traction, on a

weight basis; in fact, they appear to be more or less substantiated

by Willlam T. Reld (55 in an estimate dealing with a passenger road
vehicle with a range of 150 miles at 40 m.p.h. It is admittedly.

extremely difficult to compete on level terms with internal combustion
engines, especially if a long range 1s required between re-fuellings;

but a silent fume-free propulsion system would have many attractions «
for public service vehlcles in cities, .where they could easily return

each night to a central refuelling-station, thus avolding the high

cost normally associated with the distribution of hydrogen in cylinders.
Reld (5) concludes that running costs, using electrolysers for gas
production, would.compare favourably with gasoline-powered engines,

even 1n the United States, and the comparison should be even better

in the United Kingdom, though the analysis admittedly ignores the tax’
problem. Sc far, battery driven vehicles have been exempt from any

ferm of fuel tax in the U.K. As regards the engineering problems



assoclated with the storage and transfer of compressed gases, much
experience was obtained in England, before and during the Second
World War, in the use of compressed coal gas as a fuel for propelllng
buses, and no special difficulties were encountered (2).

Conclusion

It has for many years been realized that there are two
alternative applications for fuel cells; one 1s the task of producing
.batteries which will consume a hydrccarbon fuel and alr; the other
concerns the possibility of storing electrical energy; the author
has always been drawn towards the latter application. It is true
that the overall efficiency of the double process is not likely at
- present to exceed 50 per cent (6) and might indeed initlally be
somevhat below this figure (7); but it is hoped that, before long,
some of the knowledge acquired by fuel cell workers will be applied
to the prccess of electrolysis; this would entaill extensive tests for
endurance, in view of the present trouble-free 1life of at least ten
years, which is now expected with existing designs. Purther, it is
likely that, in the foreseeable future, very cheap off-peak power
will bécome available in the United Kingdom; in an article on "Large
Scale Storage of Energy" A..B. Hart (8) states that with nuclear
stations off-peak power may be available for storage at a generating
~cost of 0.25 penny (or 2.9 mils) per kwh, though this does not mean
- that it could be sold to a consumer at this very low price.

If practical power plants for short range road transport
can be achieved, it would not be a very big step to design a larger
plant suitable for propelling railcars, where the problems of welght
and space are much less severe than with road transport; many battery
driven railcars are now in use in Germany, where conditions are
favourable for this application.

, Lastly, it is hoped that the suggestions contained in this
paper, which may be regarded as very reactionary, will not be taken

as detracting in any way from the magnificent work which is being

done in many parts of the world on hydrocarbon-air cells; but the latter
prOJect still seems some way from complete fulfilment, and it would,

in the author's opinion, be of immense benefit to the whole fuel cell
scene if some substantial commerciael application could be found quite
sccn, even in a limited sphere such as the one suggested.
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HYDROCARBON-ATIR FUEL CELL SYSTEMS
Dr. Galen R. Frysinger
Energy Conversion Laboratory
U. S. Army Engineer Research and Development Laboratories

Fort Belvoir, Virginia 22060

INTRODUCTION

In reviewing the state~of-the-art I wish to include all hydrocarbon-
air system configurations. This is defined broadly to include all fuel cell
systems which utilize a hydrocarbon fuel and an air oxidant. The four variationms
which have been under investigation at this laboratory are shown schematically in
Figure 1. )

EXTERNAL REFORMER INDIRECT SYSTEM

The external reformer indirect systems are based on the use of separate

" hydrocarbon reformers to liberate the bound hydrogen energy of -a liquid hydro-

carbon fuel. Hydrogen produced from hydrocarbons by the conventional steam
reforming process has been of commercial importance for some time. Only recently,
however, has emphasis been placed on simplification and miniaturization of these
process plants to become compact hydrogen generators for fuel cell systems. The
first hydrogen generators for fuel cell systems which were constructed over the
last few years using natural gas, methanol, or JP-4 as the fuel were quite bulky
and heavy because they utilized largely state-of-the-art, off-the-shelf type
process components. These hydrogen generators, themselves, weighed between 100
and 200 1bs/KW equivalent of hydrogen produced. In one instance, with the
Engelhard reformer fabricated under contract to USAERDL, a special fuel and
water pump and air blowérs were developed to greatly reduce the weight and the
electrical power consumed by these auxiliaries. Only recently has emphasis been
placed on the design of very lightweight systems. Based on hydrogen reformer
systems which are still at the design (Contract DA-44-009-AMC-967(T) with Pratt
and Whitney Aircraft) or very early development stage, it is estimated that about
40-45 1bs/KW must be assigned to this major component.

A second major component of an indirect system is the hydrogen-air fuel
cell stack or module. Based on electrode performances of greater than 200 amps
per square foot at 0.8 volts per single cell, this component should have a weight
of 15-20 1lbs per KW for a 28 volt stack in the 2-10 KW size range.

A third major component for an a.c. fuel cell powerplant is the combination
voltage regulator and inverter. Recent experience with hardware procured by
USAERDL indicates that inverter weights are within the range of 10-15 1bs/KW of
net a.c. output. By adding together the weights of these major components it is
evident that only about 20 to 30 1lbs/KW are allowable for the auxiliaries if a
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power density of 100-110 lbs/KW is to be obtained for. a total a.c. output,
fuel cell powerplant. A power density of 100 lbs/KW is roughly that obtained
with conventional engine generators.

Therefore, .for a fuel cell powerplant to be weight .competitive, a major
emphasis must be placed on process simplification. Major weight reduction
is best achieved by elimination of unneeded components. To cite one example,
in an Army fuel cell powerplant for operation in the field, adequate moisture
must be reclaimed for use in the steam reformer to avoid the need for makeup
water. In the present Allis Chalmers 5 KW system (USAERDL Contract DA-44-009- -
AMC-240(T)), Figure 2, part of this moisture .is reclaimed fom the air -exhaust,
but the major portion comes from the evaporation and condensation in an air
stream of water removed from a circulating KOH stream. This requires that a
water removal plate be included next to each hydrogen electrode in each single
cell to allow the excess moisture to come in contact with and dilute the
circulating KOH. In this system part of the water is reclaimed also from the
‘reformer combustlon exhaust.

In a much‘simplified system now being studied (Contract DA-44-009-AMC-967 (T).
with Pratt and Whitney Aircraft) all of the moisture from the cell is removed
in the .air.exhaust which is used as the combustion air for the reformer burner. .
A single condensor is.therefore all that would be required to condense the
required water from the burner exhaust. This simplification would eliminate
two condensors, blowers, valves and piping as well as simplifying the cell stack
construction. . .
. .

Future wide-application of indirect systems will be dependent on research
to achieve greatly improved current densities and to protect the reformer catalyst
from the sulfur impurities found in presently available liquid hydrocarbon fuels.
Research now in progress indicates that current densities several times the 200
ASF.at 0.8 V, which is now state-of-the-art, may be achieved in hydrogen-air cells
with very low or no plétinum metal content of the electrodes. .Likewise, research’
studies indicate that' the '"guard catalyst", renewable cartridge, technique may be
applicable to protect the compact hydrogen generator catalyst from excessive
degradation due to sulfur impurities.

INDIRECT ACID ELECTROLYTE SYSTEMS

'

The description and weight predictions already given are based -on .a pure
hydrogen alkaline electrolyte system which involves a major weight penalty.due to
the inclusion of a scrubber to remove the small amounts of carbon dioxide present
in the incoming air and for a hydrogen diffusion membrane purification system.
For an indirect, system based on an acid electrolyte hydrogen-air fuel cell module,
the carbon dioxide scrubber would not be required and also the possibility exists
that an impure hydrogen contaminated . with small or moderate amounts of carbon
monoxide, may- be utilized directly. The attractiveness of the acid electrolyte
system, however, depends largely on the power density which can be achieved in
the hydrogen-air cell stack and the efficiency with which hydrogen and air can
be electrochemically converted in the acid electrolyte system. Because of the
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significant system simplifications, research emphasis is being placed on
electrode structures and electrocatalysts for the anodic oxidation of hydrogen—
carbon monoxide mixtures with air. Under Contract DA-44-009-AMC-479(T) with
General Electric a tungsten oxide-platinum black electrocatalyst system has

shown high activity for this mixture. Using very thin electrodes and lightweight
plastic cell components and a circulating electrolyte coolant, a module of com—
parable power density to that of an alkaline system may be achieved even with
the lower voltages of the acid electrolyte single cell.

_ INTERNAL REFORMER INDIRECT SYSTEM

The principal disadvantages of an external reformer are the need to operate
the reformer at temperatures of about 1400°F to produce significant quantities
. of hydrogen, and the need to control the hydrogen production rate to match ex-
actly the fuel requirements of the cell at all times. The internal reforming
cell developed by Pratt and Whitney (Contract DA-44~009-AMC-756(T) for operation
with hydrocarbons and air may overcome some of these problems. In this cell,
the hydrocarbon-steam reaction occurs in a catalyst bed which is in direct
contact with the fuel cell anode. With a concentrated potassium hydroxide
electrolyte the cell can be operated at 500°F, at which the equilibrium for
hydrocarbon-steam reactions is such that only a small percentage of hydrogen is
produced. However, as the fuel cell anode consumes the hydrogen by diffusion
through the silver-palladium anode, the equilibrium is shifted so that it is’

- possible to convert a high proportion of the fuel to hydrogen and to utilize
this hydrogen in the anode reaction. This type of cell can be more efficient
since the endothermic reform reaction takes its heat requirement directly from
the waste heat of the cell. Such a system is largely self-controlling since
hydrogen is produced only as fast as it is required by the anode.

The status of this system and its ability to utilize hydrocarbon fuels will
be discussed in detail in another paper in this symposium.

The principal research problem is to find the optimum reforming catalyst.
The catalyst should have very high activity (fast kinetics for the hydrocarbon
"to hydrogen.reaction) at 500°F and be stable for long term operation. The
commercially available reforming catalysts designed for higher temperature
(1500°F) operation are not necessarily the best for this lower temperature
reforming. Serious catalyst activity decay problems have been encountered.
The relative attractiveness of the internal reforming hydrocarbon-air system will
depend largely on what improvements are possible in the long term stability of
the reformer catalysts. o

PARTIAL OXIDATION OF LIQUID FUELS
AND MOLTEN CARBONATE FUEL CELLS

The air partial oxidation of liquid hydrocarbon fuels is insensitive to
the fuel type or the amounts of sulfur found in military fuels. Under Contract
DA-44-009-AMC-54 (T) (Texas Instruments), marine white gasoline, JP-4, kerosene,
Number 2 diesel fuel, and CITE engine fuel, ranging in sulfur content from 30 ppm
to 3,200 ppm, were successfully converted to electrical power in a partial
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oxidation molten carbonate fuel cell system. The unpurified product of

partial oxidation is utilized directly in the molten carbonate fuel cell,

The sulfur is carried into the anode as hydrogen sulfide but does not adversely
affect performance. The molten carbonate electrolyte system, Figure 3, due to

its higher temperature of operation tends to be more rugged and heavier than .
competing systems. The auxiliaries are simplified; no liquid water must be
condensed and the stacks can probably be air cooled. The cell stack in this

case represents about 50% of the total weight.  This .means that the current
densities which can be achieved are a very important factor in determining

the total weight of the system. Today 30 watts/sq ft is routinely achievable

‘and 40-60 watts/sq ft can most likely be achieved by minor engineering improve-
ments. Power densities of greater than 100 watts/sq ft are required, however,

if the molten carbonate system is to be competitive in the 3-10 KW power range.
Significantly more research emphasis must be placed on understanding the electrode
limitations with this mixed fuel and air and the design and testing of more active
electrode structures.

DIRECT OXIDATION

The status of direct oxidation hydrocarbon'fuel cell research and preliminary
engineering is being ably discussed by others in this symposium. I wish to add
to this only by stressing two major points.

Tremendous progréss has been made over the last several years in anodically
oxidizing hydrocarbon fuels at an electrode. Whereas, three years ago the
ability to oxidize saturated hydrocarbons at lower temperature (150-200°C) and
~ atmospheric pressure was questioned, today 10-15 watts/sq ft with n-octane can
be routinely obtained with electrodes with useful lives of over 1000 hours.
Twenty watts/sq ft is a legitimate goal for this year. The current density at
a cell voltage of 0.5 to 0.6 volts, however, must be greatly increased for a
direct oxidation system to become attractive. A several fold increase in current
density must be achieved while at the same time greatly reducing the platinum
content of the electrodes. The progress has been very encouraging but a
tremendous amount of research must still be devoted to understanding the complex
nature of hydrocarbon anodic oxidation.

Most of the work to date has been done on pure single component hydrocarbon
fuels. Work now in progress is determining the tolerance of electrodes to
olefinic, napthalinic and aromatic components. The future "fuel cell fuel"
may not be what we burn in our automobiles today, but economics dictate that it
will be a multi-component fuel which can be produced from a petroleum refinery.
Greater research emphasis must be placed on the direct oxidation of raffinates
and other complex fuel mixtures.

CONCLUSIONS
Indirect hydrocarbon fuel cell systems are closest to the hardware stage

but require additional research to simplify auxiliary systems, to increase
current densities with less costly electrodes, and to protect reformers
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from the effect of sulfur impurities present in liquid hydrocarbon fuels.

An internal reformer system can achieve major efficiency and control advantages
if present research aimed at long life low temperature reformer catalysts is
Major current density gains are required for the molten carbonate
system to be competitive for portable power plants.
been made with direct oxidation but much higher current densities must be

successful.
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Tremendous progress has

achieved with multi-component fuels for a practical system.

Portions of the analyses and research results presented here were done
under contract to the U. S. Army Engineer Research and Development Laboratories
by Allis Chalmers, Engelhard Industries, General Electric, Pratt and Whitney

Aircraft,
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CARBON-AIR ELECTRODES
FOR LOW TEMPERATURE FUEL CELLS -
by K. V. Kordesch

Union Carbide Corporation, Development Department
Parma Technical Center, Parma, Ohio

I. INTRODUCTION

\
The economy of a terrestrial, low temperature fuel cell system
depends strongly on the feasibility of using air at atmospheric pres-

sure. High current densities are required to keep battery weight and

'size down} simple operation, preferably at atmospheric pressure, is

desired to avoid costly and energy-consuming accessories. Last, but

not least, the use of noble metal catalysts and expensive structural

materials must be restricted to a minimum.

At the present time, low temperature,. acidic-electrolyte, fuel
cell systems have not reached the development stage which would
indicate their practical utilization in the near future. For this reasbn,
the discussion will be limited to alkaline electrolytes only. With hydro-
phobic carbon electrodes, it is a matter of technical choice whether

liquid or immobilized electrolytes are used; therefore, no differentia-

tion will be made.

II. DISCUSSION

1. The Performance of Carbon-Air Electrodes.

a) Comparison of Polarization Curves. - The potential of an

electrode at a given load is dependent on the activity of the catalytic
system used. Carbon-oxygen (air) electrodes function as hydrogen,;

peroxide-producing, gas-diffusion electrodes, and for this reason

" show a strong dependence on the peroxide-decomposing capability of.

the electrode surface. (1)

Figure 1 shows the polarization curves of three differently
catalyzed carbon electrodes. Characteristic is the high voltage level

of the Pt-catalyzed cathodes—Pt is deposited in a quantity of 1 milligram

per cm? of geometric surface. A very remarkable performance is shown
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by the third electrode, containing no specially added metals—only the
.peroxide-decomposing catalytic activity 6[ the basic Co0OAl,0, spinél'—
containing carbon is demonstrated. (2) While the initial performance
level is lowe‘r, the current-carrying ability is greatef at very high

current densities.
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Fig. 1 Electrode Polarization Curves Employing(Diffevrent
Catalysts (Linear Diagram).
The upper-three curves of Fig. | were obtained with so-called
"fixed-zone'", 0. 03-inch thick composite electrodes consistihg of a repel-

lent porous nickel plaque (0. 008-inch thick) coated with layers of cata-

lyzéd carbon. (3) The fourth curve in Fig. | was obtained with a platinum-

catalyzed, 0.25-inch thick carbon electrode (1 mg Pt/cm?). While pure °

_oxygen performance (not shown) of 0. 25-inch and 0. 03-inch electrgdes is

e‘ssentially equal, the performance with air is very different. The thicker

electrode is clearly diffusion-limited.

The same voltage-current curves of Fig. 1 (linear diagram})are

replotted in Fig. 2 using a logarithmic abscissa. The similarity in elec-
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trochemical behavior of the four electrodes becomes more apparent in
the secnnd figure. The Tafel slopes are identical {40 to 50 mv per
decade at low current densities), but the voltage levels are different
in accordance with the chosen catalyst. Also different is the extent

of the "mass-transport limitation' (as expected, considering the dif-
ference in electrode thicknesses). The cross-over of the ''spinel-
catalyzed" thin electrode is not accidental—this characteristic is

consistently observed.
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Fig. 2 Electrode Polarization Curves Employing Different
Catalysts {(Logarithmic Diagram).

b) Operational Life of Air Electrodes. - Life of the électrodes

depends, first of all, upon the.current density. Current density deter--
miﬁgs the operational voltage {as Figs. 1 and 2 demonstrate). The
""polarization level' (terminal voltage minus the voltage drop in the
resistive components of the cell) is a more decisive parameter than
the ""terminal voltage'. This ''resistance-free'' voltage can be deter-
mined by means of current interrupter devices (4), or suitably placed

reference electrodes.
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The relationship between cufrent density and operational life
seems to be an expohentiél function. Doubling the current density
usually decreases life to one-fourth the time, or vice versa; ;::utting
the current density in half prolongs the electrode life fourfold. This
should be congidered only as a ''rule-of-thumb' fitting our present

experience.

Figure 3 shows the performance life of 1965 Union Carbide
thin electrodes operating on a continuous load corresponding to 100
A/SF (105 ma/cm?). It should be noted that CO,-free (scrubbed) air

- has been used.

o
L 150 - E
W 0.03" AIR ELECTRODE PERFORMANCE Jdio
: CONTINUOUS LOAD: 100 A/SF v oE
S 1.40|-  SCRUBBED AR, 12N KOH, 65°C 4
g. t;f <> > - . _ "0.9 vl
" .30} MAY 65 4 2
ﬂ I~ N I L l | \ ’ l . —08 g
1.20 . 1 '
§ () 400 800 1200 1600 2000 §

TIME  (HOURS)
D-1885

Fig. 3 Operational Life of Union Carbide Fixed-Zone, Air Electrodes(1965).

2. . The Effect of Carbon Dioxide from the Air.

The approximate 0. 03% CO, contained in air is known to be detri-
mental to alkaline cell performance. Consequently, most tests are per-
formed with CO,-free air; and less data are available about the nature

and extent of carbon dioxide's damaging effects.

However, for economical 6peration of larger fuel cell batteries,
the cost of air scrubbing is important. In addition, size and weight prob--
lems are introduced by air-scrubbing accessories. Therefore, an attempt

has been made to answer a few principal questions concerning this matter:
a) The effect of carbonate in the electrolyte;

- b) The raté of CO,-pickup through the operating electrode;
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c) The effect of CO, on electrode life (catalysts, variation

in electrolytes, etc. ), and
d) Possible explanation of the effects.

a) The Effect of Carbonate in the Electrolyte., - For compari-

son, two identical cells were operated in 6 molar KOH containing 0. 4
mol potassium carbonate, and 6 molar KOH containing 1. 0 mol potas-
sium carbonate. The air supplied to the cell was cleaned in a gas wash
tower containing 'KOH; no additional CO, was absorbed during operation.

No noticeable difference in performance was observed.

b) Rate of CO,-Contamination through the Operating Electrode. -

The speed of CO,-pickup from the air through the wall of cathodes was

.first tested with 0. 25-inch carbon cathodes continuously exposed to

room air in a concentric, triangular, 7-cell battery (5). Table I gives
the data which show that the CO;-takeup from the air (for 6 M KOH) was

rapid during the first few days, then slowed down considerably.

TABLE I

RATE OF CO,-CONTAMINATION OF 6 M KOH
IN AIR-EXPOSED CELLS (15 ma/cm? LOAD)

Time Elapsed Since Exposure of Titrated_
Cathodes (6 M KOH) to Air M CO,
72 Hours = 3 Days 0.4 M
720 Hours = 4 Weeks 1.0M
2160 Hours @ 3 Months 2.5M

Adding KOH pellets to the partially neutralized caustic solution
until the OH ion concentration corresponded to 6 M KOH restored the

original performance.

c) The Effect of CO;, on Electrode Life. - The 0.25-inch car-

bon electrodes “used ii. the concentric-(triangular) cells, mentioned
above, carried no special metal catalyst. Most of the test cells sur-
vived 4000 hours at a current density of 15 ma/cm?; some opera.ted-
for 7000 hours. Cell life was only about 800 hours under the same con-
ditions of operation and air exposure when 0. 25-inch, platinum-

catalyzed (1 mg/cm?) cathodes were employed.
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Figure 4 illustrates the average results of these tests. The
voltage level of the noble metal-catalyzed cathodes was higher, but

life was far shorter.

e« 1.8
u . ,
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TIME (HOURS) D-1884 .

Fig. 4 Performance with CO,-Containing Air, Comparing Noble
Metal-Catalyzed vs. Spinel-Catalyzed Cathodes.

In another series, platinum-catalyzed, thin electrodes (1963)
were operated with CO;-containing air, using 6 N KOH for one set of
cells, and 6 N NaOH for the other. Figure 5 shows the results—the
cathodes in NaOH outlived the cathodes in KOH by a wide margin,

again at the cost of the voltage level, however.
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Fig. 5 Performance with CO,-Containing Air, Comparing Platinum-
Catalyzed Cathodes—6 N KOH vs, 6 N NaOH.
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A third combination (uncatalyzed electrodes in NaOH electro-
lyte) did not look promising from the cell-performance standpoint at
" that time. This combination will be tried in the future using newer,

more active electrodes.

d) Possible Explanation of Effects - Physical examination of

the CO,-damaged electrodes always revealed a mechanical blockage.
It seems that the degree of repellency of an electrode determines the
degree of resistance against CO; damage. Né.OH is less wetting than
KOH, and platinum-catalyzed electrodes are less repellent than elec-
trodes without platinum catalyzation. CO;-damage is also current-
density depencient; a heavily polarized air electrode has a shorter
life in the same electrolyte than does one showing a lesser degree of

polarization.

Experiments with porous metal electrodes indicate that "wet''-
operated electrodes (gas pressure balance) have an extremely low
. tolerance for CO,. The pores of such electrodes plug within a few
hours, and physical damage (possibly by expanding carbonate) is
irreversible. Carbonate-plugged, 0.25-inch carbon electrodes were
usually permanently damaged, and could not be revived. However,
the newer thin composite electrodes have frequently been washed and

reused.
III. CONCLUSIONS

Carbon-containing cathodes seem to be the most desirable elec-
trodes for high-power density, economical, air-fuel cells. The fuel
source for such low temperature cells may be hydrogen from hydro-
carbon reformer units, or hydrogen from alcohol or ammonia con-

verters.

At present, CO; removal is necessary during air operation in
order to attain long life at high current densities. However, recogni-
_ tion of the nature of carbon dioxide effects on today's electrodes is the

first step towards possible future remedy.

In the author's opinion, of all the available cathodes, the carbon

electrode is the least sensitive to carbon dioxide damage.
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PERFORMANCE OF A REFORMED NATURAL GAS-ACID
FUEL -CELL SYSTEM

Part I. Hydrogen Generator Design

by
John Meek
B. S. Baker
A. C. Allen

Institute of Gas Technology
Chicago, Illinois

Natural gas can be used in lOW'temperature fuel cell
systems in several ways. Although.the direct methane cell has
proven feasible,?’? present and forseeable technology of such
systems will be very costly because of the quantity and type of
catalyst required for direct anodic oxidation. . The indirect cell,
which requires the reforming of methane followed by the
utilization of hydrogen, seems more attractive at the present time.
With alkaline electrolyte systems it is necessary to use high-purity
hydrogen as the fuel. This may be obtained by steam reforming in

" an external reformer and purifying the gas with a palladium-silver

diffuser, or by reforming the gas in situ in a fuel cell that

employs a palladium-silver-hydrogen diffusion anode. For application
in the gas industry, it is essential that both first costs and
operating costs remain low. Accordingly, the program at IGT has
focused its attentlon on development of a hydrogen generator fuel
cell system in which the feed from the reformer is rich in

hydrogen but unpurified, the enrichment being achieved by
conventional chemical processing techniques. It is realized that
this implies the use of a fuel cell of the acid electrolyte type
which is presently more expensive than the alkaline electrolyte fuel
cell. Nevertheless we believe that the cost of tleacid electrolyte
cell can be greatly reduced especially where the fuél is hydrogen.
The other factors affecting the decision to pursue this system have
been outlined in an earlier publication in this series.® Design

of a natural gas-fueled hydrogen generator is described here in
which the product is suitable for use in any acid electrolyte fuel cell.

HYDROGEN-GENERATTION PROCESS

The hydrogen generation process used in the IGT‘system
has been described in detail.® It consists of three stages: First,

natural gas is steam-reformed at 800°C to produce a hydrogen-carbon
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monoxide-carbon dioxide mixture. The effluent from this first
reactor is then cooled and fed to a carbon monoxide shift reactor
operating at about 270°C, wherein the carbon monoxide content of
the gas is reduced from a typical 15% (dry basis) to about

2000 parts per million.  For certain acid fuel cells operating
above 100°C this gas might prove to be an acceptable feed, but, -
for lower temperature cells it is desirable to further reduce the
- carbon monoxide content of the feed gas. This is achieved in

the last stage by passing the effluent from the carbon monoxide
shift reactor through a low-temperature (190°C), selective
methanation reactor in which the carbon monoxide content of the
gas is reduced to approximately 20 parts per million by reaction
with hydrogen to produce methane. Typical gas compOSitions along
with the free energy for these reactions are summarized in Tables 1
and 2. It can be seen that the reforming and carbon monoxide shift
reactions proceed, for practical consideration, to equilibrium. The
reaction based on the methanation of carbon monoxide alone 1is a
long way from equilibrium and improvement might be expected. The
large deviation from equilibrium is probably due to reaction of
carbon dioxide with hydrogen to produce carbon monoxide.

HYDROGEN GENERATOR DESIGN

For the hydrogen generation process to be attractive it
is necessary that an integrated three-stage, gas-fired hydrogen
generator that is self-controlling be designed and constructed.
Limited data is available on the design of complete hydrogen generation
systems with small capacity.?

In the IGT system an annular reactor design was chosen
because it represented a readily packageable easily fabricated unit
with low pressure drop.

The first problem encountered in the design was the
development of a gas-fired burner that could operate on low-pressure
gas (0 in. we), bring the relatively compact reformer reactor to
operating temperature, and maintain the desired heat input to
sustain the endothermic steam-reforming reaction. It was found
that reactors of the present design, or of almost any design, did
not have sufficient heat transfer area to permit heating by a
convective process. To obtain a higher effective heat transfer
coefficient, both sides of the annular reactor were encased in
annular sections filled with the refractory material of high
surface area. The sections could be brought to the desired
tempersture by convection and would in turn heat the reformer
by radiation from the refractory. A typical burner design for
this system is shown in Fig. 1. The reforming stage of the hydrogen
generator, which is capable of reforming 25 cu ft of methane
per hour, is shown in Fig. 2. :

. The second problem encountered in the present system
was to find a means for reducing the temperature of the hot flue
a2ses to maintein the second- and third-stage reactors at their
proper operating temperatures. The solution was to cool both the
flue ges from the natural gas burner and the product gas from the
reformer reactor by generating and superheating process steam. The
flue gas and the product gases are effectively cooled by this
procedure but the achievable temperature .control was not accurate

-




_23-

enough for the shift and methanation stages. Obtainment of temperature
control in these two reactors within the desired limits, was made
possible by jacketing the reactors with constant boiling fluids.
Dow-Therm A and Dow-Therm E have been chosen for this purpose.

The "jacketed shift and methanation units are shown in Figs. 3 and 4.
Temperature control of these reactors is achieved by dependence of
pressure on temperature of the Dow-Therm liquid-vapor systems. The

-Dow-Therm vapor pressurizes a Sylphon bellows which transmits a pressure

signal to actuate damper valves which control the direction of
flow of hot flue gases. Water flow valves which, in turn, control
the flow of cooling water to the Dow-Therm vapor condensers also
activated by this means.

This mode of control is especially suited to a hydrogen.
generator that supplies a constant amount of product gas. The
Sylphon bellows (Fig. 1) has the further advantage of not
requiring any parasitic power from the fuel cell system; it is

-also relatively inexpensive. The only auxiliary power on the

present reformer is that needed for a small air blower which
provides combustion air. This blower draws about 40 watts at
maximum air demand. The complete system is shown schematically
in Fig. 5. The actual unit with a 100 cu ft/hr capacity is
shown in Fig. 6. ‘

PERFORMANCE CHARACTERISTICS

Hydrogen generators very similar in design to the one
described in the present paper have been successfully operated at
IGT; producing the gas given in Table 1. The best overall
efficiency achieved with this type reformer in 150 hours of
intermittent operation has been 41%. This figure was obtained
with a unit that has an output of 50 cu ft of hydrogen per hour.
The system presently under test has an output capacity of 100 cu ft
of hydrogen per hour; overall efficiency figures of about 50%
are anticipated.

Gas of the type pfoduced.by this hydrogen generator has
been extensively tested in low-temperature acid fuel cells. Use
of these gases is the subject of Part II of this paper.
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Table

I

Comp,

Composition, Mole percent »

' Reactor - __Hz CO2 CHg _CO _Hz0 _N» T°C RT
Reformer-In 0 0.107 * 0 87.268 0.046 800 =
Reformer Out 34.644%  3.773 0.045 6.847 5h.654 0.036 800, =-7.287 ;

; Shifter In. 34.64% 3.773 0.045 6.847 5Sh.654 0.036 270 -5.18211
Shifter Out  41.346. 10.475 0.045 0.146 47.952 0.036 270  =~2.30975
Methan. In 41.346 10.475 0.045 0.146 47.952 0.036 190 .-26.50958
Methan. Out  41.030 10.505 0.190 0.001 48.236 0.036 190 -20.05782
*See Table II

Table II
© Fuel CHe CoHe CaHg CaMio CsHiz Cefae Crie No _COn

mole % 12.027 0.394% 0.097 0.033 0.009 -0.010 0.009 0.046 0.107
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Fig. 1.-NATURAL GAS BURNER USED AS PRIMARY HEA'I‘ SOURCE FOR
, HYDROGEN GENERATOR .
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2. -REFORMER AND CONTROL SECTION OF THE HYDROGEN CENERATOR

Fig.
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3.-JACKETED CARBON MONOXIDE SHIFT REACTOR

Fig.
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————,

"Fig. 4.-JACKETED METHANATION

REACTOR
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PERFORMANCE OF A REFORMED NATURAL GAS~ACID
FUEL CEIL. SYSTEM

Part IT. Fuel Cell Battery

F. B. Leitz and W. Glass
Ionics, Inc., Cambridge, Mass.

D. K Flemlng
Institute of Gas Technology, Chlcago, T11.

INTRODUCTION

This is a report on a joint effort of Ionics, Inc. and

The Institute of Gas Techniology to develop an air-breathing fuel
cell system powered by natural gas. The long range objective of
the project is the development of an economical power source

using this readlly availlable fuel, and which has a high degree

of reliability and safety for relatively long periods of unattended
-operation. The system selected for this program was a low
temperature, hydrogen-oxygen fuel cell with an acld electrolyte.

The hydrogen-oxygen system 1s well advanced. It provides
relatively high efficiency with fuels and oxidants that are easy
to .obtain. The fuel can be generated from natural gas or other
hydrocarbons and the oxidant is available from the air. The process
“to generate hydrogen for thils fuel cell has been presented in an.
earlier publicatlon in this series. The description of a 100- CFH
reformer unlt has been discussed in another paper during this session: ®

A low temperature system was selected for the investigation

because of 1ts long life, reduced corrosion problems, and low
pressure operation. These advantages are counterbalanced in part
by the present high cost of the catalyst.

Ani acid electrolyte system was dlctated by the need for
compatibility with the carbon dloxide which 1s formed during the
reforming of natural gas and which 1s also present 1n room alr.
With the acid system, expensive steps to purify the hydrogen are
not required. Also, the alr does not have to be scrubbed to
remove carbon diloxide.

A dual ion- exchange membrane battery was chosen for 1ts
inherent safety and reliabllity. With the acld electrolyte
contalned between two membranes, and the gases on the outslde of
these membranes, the chances of gas Intermixing are minimized. A
pinhole in one membrane does not bring two reactant species
together in the presence of an active catalyst which would cause
failure. The safety of operation 1s consistant with the goals of
the project.

BATTERY CONSTRUCTION AND OPERATION

General Descriptlon

The battery 1s an Internally manifolded stack of cells
wilred in serles and with parallel flows of gas and electrolyte.
An individual cell 1s diagramed in Figure 1. The acild compartment,
in the center of this diagrem, is filled with a polyethylene-
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polypropylene woven cloth (70% void) to maintain the electrolyte
spacing. .On either side of the acid compartment are catilonic
ion-exchange membranes with woven glass backing. Each of these
membranes 1is intimately contacted by an electrode, either anode or
cathode. These, in turn, are held in place by ribbed plates. The
plates are embossed nioblum sheets, 5 mils thick. They electrically
connect one cathode to the adjacent anode and simultaneocusly’

.distribute the flow of gas to the electrodes. The gas and

electrolyte compartment frames are made of 65 durometer butyl
rubber. This 1s sufficiently firm to retain dimensional
stabllity but still has enough flexibllity for sealing. The
electrodes are platinum-black bonded to a tantalum screen as
manufactured by the American Cyanamid Company.® The catalyst
loading in the present battery 1s 9 grams per square foot. The
©tal thickness for a single cell is 140 mils or about 1/7 inch.

The internal manifolding technique is shown in Figure 1.
The manlfolds for the movement of fresh and spent material are holes
punched in the margins of the components. Channels connect the
appropriate compartments and manifolds. In the present geometry,
70 percent of the total area is active. The active area of a cell
is 1/4 square foot. ‘

In operation, the reactant gases are fed to the top of thelr
respective compartments. Spent gas 1s removed from the bottom of the
battery to sweep out the liquid formed by the reaction or which
has passed through the membrane by osmosis. The .25 percent
sulfuric acid electrolyte flows from the bottom of the compartment
to the top. Thils removes gas which may be in the compartments
durlng start-up. The current is taken from the battery from the
terminal collector plates. These are heavier than the interior
sheets to reduce the battery's electrical resistance.

Heat and Mass Balance

A detailed analysis of the heat ard mass balance
problems within the cathode compartment of the cell was performed
on a digital computer using finite difference techniques. This
study indicated that the air required for a thermal balance is
greater than that for a water balance by a factor of approximately
30. Therefore, the heat of reaction must be removed by other '
means.

Figure 2 shows the heat and mass balances during
steady-state operation on reformed natural gas. The operating
conditions are typical of those realized in the laboratory. All
of the heat generated in the battery, plus that which 1s
equlvalent to the water condensed, 1s removed by the rise.in the
acid's temperature. If the humidity of the inlet air were lower
during operation, water would be removed from the battery and
the acld concentration would rise. The exit alr is a few degrees
higher than the acid temperature because most of the irreversibllity
of the reaction is at the cathode. The inlet alr temperature and
humidity are maintained at the conditions of the exit air. The
fuel, on the other hand, need not be excessively heated or
humidified for stable operation. '
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Pressure Dr;p

The pressure drop of the gas streams within the battery
is important in the design of the entire system. Alr must be .
supplied at enough pressure to overcome the losses in the
humidification process and within the battery. Of greater -
-importance, the reformer must be designed to supply gas at
_enough pressure to overcome the losses on-the anode side of -
the battery from a 1ine pressure of six inches.

The pressure drop in the present battery design is
shown in Figure 3. From this graph, 1t can be observed that the
flow in the cathode chamber is laminar; the pressure drop varies
directly with the flow rate. With the same design, the pressure
drop for an 80 percent hydrogen-20 percent carbon dloxide fuel
mixture, similar to the generator product, should be significantly less
than that of the alr. The pressure drop with this fuel mixture
is so low that uneven distribution within the battery results.

To correct the distributional problem, the resistance in the
inlet  to the fuel .compartment from the fuel manifold is increased.
- In the present design, the restriction is 1/2 inch of 19 mil. I.D.
tantalum tubing. With this restriction, the pressure drop to
fuel flow is about the same as the pressure drop to air flow.

The flow within the anode compartment, according to the slope of
the line in Flgure 3, .1s not laminar but 1s in the transition
region. . . o

The pressure drop at expected operating conditions is
three to five inches wc. From the earlier paper on the reformer
construction, it will be rMoted that this fuel pressure 1s readily
obtainable. from the hydrogen generating system. Enough energy
is available in. the reformer flue gas to generate steam for
ejecting the air required. As the alr must be heated and humidified,
according to Figure 2, an eJector is a convenient technlque for air.
movement. . . |

If extrapolated, the pressure drops, at increased power - S~
levels, would be quite high.. This problem can be avoided by
embossing the bipolar plates more deeply and shortening the .
length of the restrictive tubing -in the anode compartment

The plates are now pressed manually and are not identical:
This non-uniformity presents a problem with uneven flow
distribution within the battery. Relatively high pressure
drops must be used in the experimental units for uniform gas
distribution.-

BATTERY PERFORMANCE

The 1n1t1al investigations of this program were performed
on. cells having an area of four square Inches. Performance of
-the batteries 1is better than that of thHe small cells. This is
due to improved control facilities. Four of these batteries have
been constructed and tested. Each has 13 cells with 1/4% square
foot of active area. The power is nominally rated at 100 watts
each when cperated on reformed natural gas and air.
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" Hydrogen-0Oxygen Performance

Polarization curves for a 13 cell battery operating on
varlous fuel and oxldant gases are shown in Figure 4. The data for’
Figure 4 were taken with 500 hours total operation on the electrodes,
and Just after a 100 hour run, to minimize the effects of fresh
catalyst. The hydrogen~oxygen performance of the battery at: 60°¢

-1s the standard of comparison for the operating conditions. - When

these data are plotted IR-free,with each electrode against a
reference, it is found that the anode reaction 1is essentilally
reversible over the range of current density. By contrast, the
cxygen electrode shows substantial polarization, even when the
circult is open. The irreversibillity of oxygen electrodes 1s well-
known. It 1is an area for further catalyst 1nvestigatilon.

Internal Reslstance -

Prelimlnary measurements of the internal resistance of
the battery show 0.002 ohms-square foot for each cell. This
value was determined by interrupting the load on the battery and
Instantaneously measurlng the voltage rise on an oscilloscope.
This resistance figure is probably high. More accurate determinations
wlll be possible when faster battery swltchlng techniques have been
perfected. TFigure 4 shows a curve for the hydrogen-oxygen
performance on an IR-free basis.

Conductivity measurements of the membranes and electrolyte
Indlcate that a negliglbly small fractlon of the internal
resistance 1s 1n the metalllic components of the battery. The
liquid electrolyte area resistance 1s 0.00046 ohm-square foot
and the membranes, which act very much like porous media containing
25 percent electrolyte, are responsible for the balance.

- Hydrogen-Alr Performance

The goals of the project require a system that operates
with air at the cathode. The prime disadvantage in the use of alr
1s the loss of cathode potential because of dilutlon. ' This

‘potentlal loss ranges from 40 to 80 millivolts per cell if sufficlent

alr 1s used. The voltage loss lncreases as current 1s increased.
The loss at 60 amps per square foot (ASF) is approximately 70
millivolts per cell or .91 volts for the battery. A polarization
curve for hydrogen-air operatlon 1s Included in Figure 4

The loss of cathode potentlal, as stated above, depends
upon the use of sufficlent sair. This is designated as a
meximum effective feed rate — that 1s, the point at which any
further increase in alr flow does not measureably Increase the
electrode - potential. A determination for thils alr flow rate 1is
presented 1n Figure 5. TFor a single cell, the alr flow rate at
which a potential drop occurs 1s only slightly more than the .
stoichiometric equivalent. Thls 1s less than 20 percent excess ailr
for 300 millivolt drop from a linear extrapolation of the
polarization curve, and less than 25 percent excess air for
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100 millivolt drop. At twice stoichiometric flow (100 pércent
excess-air), no deviation from the straight line curve can be-
observed. :

If the oxldant gas supply is interrupted briefly while
‘current can flow through the battery, a noticeable Improvement @ -
occurs  in the battery's performance. This may amount to .65 volts’
"at 60 ASF with a decay time of up to 6 hours depending upon the .
past "hlstory of the battery. BSince this -lack of reactant shifts
the cathode potential almost to the anode potential, a strongly
reducing condition is produced at the cathode which apparently
cleans the electrode.

‘Dilute FuelvPerformance

The product of the hydrogen generator is primarily 80
‘percent hydrogen and 20 percent carbon dioxide, with trace. amounts
of methane and carbon monoxide. The methane and carbon dioxide
. dilute the anode feed whereas carbon monoxide has a polarizatlon -
effect which will be discussed later. ‘

. The investigation of reactant dilution is straightforward
since only hydrogen and carbon dioxide need be considered. The
concentration effects due to the dilution of the hydrogen are
shown in Figures 6 and 7. Polarization data is included on
Figure 4. In treating the data, it 1s convenient to define a
unit gas flow rate as a stoichiometric equivalent (or stoich).

This 1s a gas flow equal to the rate at which the reactant gas

1s consumed under specified conditions. For example, with a
13-cell battery operating at 15 amperes current, 1 stolch

equals 1460 milliliters per minute of hydrogen. Figure 6 shows

the stoichiometric relationships. Lines of constant fresh feed (j),
and -recycle ratio (R), are shown for an 80-20 percent mixture of
hydrogen and carbon dioxide. o

Experimentally, the indicated feed and recycle rates were
similated by feeding a mixture of the corresponding values of the
pure gases. The average potential loss at 60 ASF was then calculated
for each condition.. This voltage, expressed-as millivolts per cell,
appears on Figure 6 near the intersection of the corresponding lines.
The average potential loss is strongly influenced by excess feed -
and only slightly affected by the recycle ratio. '

‘ ‘THe arithmetic mean of battery inlet and outlet
conditions was used for average reactant concentration. A graph
of potential loss against the average concentration 1s presented
in Figure 7. The correlation 1s good. The three poorest polnts
occurred at low total flow rates. With this condition, poor
distribution between cells was the most likely cause, that is,
“one or two cells behaved differently from the rest. According to
Figure 7, there is a wide range of conditions under which the :
potential loss can be held to approximately 20 millivolts at 60 ASF.

Figure 7 1is plotted on semilog paper for convenient.
presentation of the data. Also included on this graph is the .
1line for the Nernst Equation which expresses the theoretical open

IR




S v ——————— e o

e e

T e e e —

-37-

clrcult potential loss:. At low average feed concentratlons,

there appears to be a significant diffusion problem at 60 ASF current.
In the range of probable operation, without recycle, the concen-
tratlon effect 1s not large. : :

Figure 4 includes a curve for the polarization of the
13-cell battery on 80 percent hydrogen-20 percent carbon dloxlde
fuel mixture vs. alr. Approximately 200 percent excess fuel was

'used in the collection of these data.

To check for carbon monoxide production in the .anode
chamber, the carbon monoxide concentrations of the battery Inlet and
outlet gases were measured with a sensitive infra-red analyzer.

With an inlet concentration from a bottled mixture of 80 percent
hydrogen-20 percent carbon dioxide contalning 3 ppm of carbon
monoxide, the battery outlet concentration was % to 5 ppm of
carbon monoxide without load. The thermodgnmnic equilibrium of
the reverse water gas shift reactlon at 60°C is 20 ppm. Under
the flow conditions in the battery, the reaction does not
proceed raplidly over the platinum catalyst.

‘Performance with Reformed Natural Gas Fuel

The purpose of‘this project 1s to achieve satlsfactory
battery operation on a fuel derived from natural gas. The product

- gas of the hydrogen generator contains 3000 ppm of methane and

20 ppm of carbon monoxide in addition to the hydrogen and carbon
dioxide. The methane exerts a negligible dilution effect only,
but the carbon monoxide, even In small amounts, significantly
affects the battery's operation. It is believed that the carbon
monoxlde 1s adsorbed at the reactlon slte and results in a

polscnlng effect.

Figure 4 includes a line for the polarization of the

13-6611 battery at 60°C when operating on reformed natural gas

(RNG) fuel and air. These data were taken after 300 total hours

on RNG fuel and immediately after a 100 hour run at 40 ASF. The
polarization at 60 ASF 1s 1.2 volts for the 13 cells, or less than
100 millivolts per cell, when compared with pure hydrogen feed.

As expected. from the previous section, the concentration polarization
due to the presence of carbon dioxide.is less than 20 millivolts

per cell. The remainder is due to the effect of the carbon monoxide.
The maximum power of the battery 1s 112 watts at 80 ASF. )

: The poisoning effect just mentloned has occurred for
60°C operation. From tests on small cells, the effect at room
temperature 1is approximatelg 300 millivolts per cell. The
operating temperature of 60°C was selected to mlnimize the .
polsoning effect without reaching the temperature at which the
fuel reduces the sulfuric acid to hydrogen sulfide. '

The long term effects of carbon monoxide in the feed
stream are now being investigated. At present, the total operating
time on reformed natural gas 1s 800 hours.

Apparently, the anade can be rejuvenated by two techniques.
1f the battery load 1s removed for about an hour, the output
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voltage of an 80-20 fuel mixture is produced when .the load is
restored. Andthelr techniqué to remove the anode poisoning is
to short circuit the battery wlthout fuel. In thls case, the
carbon monoxide apparently is oxlidized. It 1s not known if
either of these rejuvenatlon technlques can be repeated
indefinitely There 1s evidence of increasing potential
falloff rate w1th repeated anode treatment

'FUTURE IMPROVEMENTS

When this program was started two years ago, the
approx1mate material cost was $50,000 per kilowatt of power.
on hydrogen-oxygen feeds. The present cost is $3,000 per
kilowatt with ‘an RNG-ailr feed. The cost must still be reduced
sign;ficantly for this fuel cell battery to -be an economical
power source. There are several polnts of potential anrovement
in the battery : ' : ‘

The electrical resistance of the electrolyte accounts
for a substantial loss of* cell potential. A majority of the
resistance is in the ion-exchange membranes. Research at Ionics
has produced a membrane which could reduce the resistance by more
than half, doubling the power output. It 1s likely that additional
- effort will result in further improvements in membrane technology.

Experimental electrodes with. a greater tolerance for
carbon monoxide are now being studied. - These electrodes may
reduce 'the load on the methanation system of the hydrogen generator
and permit lower temperature operation. Improvement of the
carbon monoxlde polarization may be possible with lncreased unit -
power output

Electrode costs are a significant fraction of the total
battery material costs. Although the electrodes havé a high scrap
value, the platinum is a high cost investment. While 1t is
unlikely that platinum will be replaced as a catalyst, at least on
the oxygen side, the possibllity of a more effective use of the
catalyst 1s significant. Experiments with electrodes using
different amounts of platinum indicate that the effectiveness of the
platinum (at constant potential) increases significantly as the
pilatinum loading decreases. Some success may be expected from
attempts to place small amounts of catalyst on the electrode
surface most favorable to the reaction. The anode polarization
curve indicates that reduction in catalyst loading may be possible
now without penalty to performance.
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THE PERFORMANCE OF SOLID-ELECTROLYTE CELLS AND BATTERIES
ON CO-Hz MIXTURES; A 100-WATT SOLID-ELECTROLYTE

B "POWER SUPPLY*
 D. H. Archer, L. Elikan, and R. L. Zahradnik
" Westinghouse Reseaféh'Laboratoriés

Beulah Road, Churchill Borough
‘Pittsburgh 35, Pennsylvania .

 INTRODUCTION

Fuel cells employing a ZrOs-based electrolyte are
customarily operated at temperatures around 1000°C in order to
promote high oxygen ion conductivity in this solid, ceramic
material. At such high temperatures commercial fuels — coal and

- hydrocarbons — are thermodynamically. unstable; they tend to
- crack forming solid .carbon and hydrogen gas. The deposition of

carbon in solid-electrolyte batteries can be prevented by mixing
with the incoming fuel a portion of the CO> and H>O products
emerging from the battery. These gases reform the fuel producing
CO and H> which are then oxidized in the solid-electrolyte cells
to produce power. Essentially, therefore, in utilizing

commercial fuels solid-electrolyte cells operate on CO-Hz mixtures.

"Experiments- have been performed to characterize the
performance of solid-electrolyte cells on fuel gas mixtures
containing CO, Hz, COz, and HzO in various proportions. Open
circuilt voltages have been determined in single cells at various
'emperatures; the measured values. of voltage agree with those
computed from thermodynamic data within 3%. The dependence of
the operating voltage of solid-electrolyte cells on the current
drain (or current density) has also been studied at various
temperatures for different fuel mixtures. In general, cells
operating on CO-CO- mixtures develop less output voltage than those
operating on Hz-H-0 because.of increased polarization voltage losses.
The addition of H»-H-0 to CO-CO> mixtures, however, greatly reduces
these losses. And the insertion of a catalyst into the cell which
procmotes the shift reaction

CO + Hs0 - CO2 + Ha

causes further reduction in the observed polarizations to the extent
that cell performance on CO-H- fuel duplicates that on pure He.

Tubular, solid-electrolyte batteries containing 20
bell-and-spigot cells of 7/16 in. diameter and 7/16 in. length
have- been produced. They are leak-tight.  Their resistance has been

*The work recorded in this paper has been carried out under the
sponsorship of. the Office of Coal Research, U.S5. Department of
the Interior, and Westinghouse Research Laboratories. Mr. George
fumich, Jr., is.head of 0:C.R.; .Neal P. Cochran, Director of

“Utilization, and Paul Towson have monitored the 'work for 0.C.R.
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of oxyeen to gm-atoms of carbon in the fuel gas mixture — and nH,
s eimilor retlo for hydrogen and carbon. Experimental

values of open-circuit voltage are plotted together with
theoretical curves in Figures 2 and % Except at nd = 1.0~
(ususlly corresponding to pure CO) and nd = 2.0, nﬁ = 0.0 _

(pure COs) vhere Etvchanges very rapidly with ng, Et values are
vithin = 37 OI the predicted values. This agreecment 1s considered
L0 e
terperature, and voltage involved.

‘VOLTAGE-CURRENT RELAmIONS

: The single solid-electrolyte cell shown in Figure 1 was also
us2d 1o deterriine voltage-current curves for various mixtures of

CO, Hz, CO0z, and H20 at different temperatures. Some of the
experimential results are shown in Figures 4-7.

When a current is drawn from the terminals, the voltage
of 'he cell drops below the open-circuit voltage because of resistance
losses in the electrolyte and electrodes and because of polarization
vcltage losses associated with irreversible electrode process.
V= Et — IR - Vp _ (2)

where V = the terminal voltage of the cell, volts

Et = the open circuit voltage of the cell (which can be
determined from Figures 2 or 3), volts

I = the load current passing through the cell, amperes

R = the electrical resistance of electrodes and electrolyte,
ohms

Vb = the polarization voltage loss, volts

An approximate value for the resistance of the cell shown in Flgure 1
can he computed from

R = ppdy /A, + (pg/8.)(L,/P,) S (3)
where Pp = electrolyte resistivity, about 70 ohm-cm at 1000°C

6, = electrolyte thickness, 0.09 cm
Ab = active cell area, 27.6 cm®

pe/ﬁe = re81stlv1ty -thickness quotient for the cell electrodes,
estimated to be 0.8 ohms .

L. = mean distance traveled by the electronic current in the -
electrodes passing from the plus to the minum terminal
of the cell, estimated to be 4 cm

P_ = mean width of the electrode perpendicular to’ the direction
of electronic current flow, calculated as 3.4 cm

within Lhe limits of accuracy of the measurements of comp031tlon,

)
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It

[(70)(0.09)/27.61 + [(0.8)(4/3.4)]
0.23 ohms + 0.94% ohms

fl

1.2 ohms:

The cell resistance has also been determined by measuring the voltage loss
over the cell while passing a current with air at both inner and outer
electrodes. The constant slope of this curve at higher current densities
is termed the air-air resistance. Generally, this resistance value

checks the resistance as computed above. Immediately after its

‘construction the air-air resistance of the cell of Figure 1 checked

the calculated resistance. Before the data for Figures 4-7 were
obtained — three months later, the electrolyte component of cell -
resistance had gradually doubled. Presumably, the active cell
area’ had decreased to about one-half the superficial electrode

area.

Values of the polarization voltage Vp»have-been'computed

by Equation 2 from data of the type presented in Figures 4-7. For
these computations the air-air resistance values were used, and

Et values were corrected by the use of Figures 2 and 3 where

the cell current produced any appreciable change in né, the oxygen

content

of the fuel stream passing through the cell. Table 1

presents the V. values and also gives derived values of an and io
in the simpliffed Tafel equation3

where o

_RT ) -
Vy = ap (1n(i/10)] _ (%)
is an empirically determined fraction of the electrical
work output by which the free energy of activation is
increased. An « value of about 0.5 is usually assumed
in cases where specific knowledge is lacking.

is the number of electrons transferred for each occurrence
of the irreversible.event causing the polarization voltage
loss; n is assumed to be 2 in the electrochemical oxidation

~of Co.

is the current density I/Ab, amperes/cm®.

is the exchange current density, the equal but opposite rates
at which the polarization-causing process and its reverse occur
at open circuit (assuming a reversible electrode at this
condition). ‘ , ‘

The following general observations can be made based on the

daﬁa for pure, dry CO-CO> fuel mixtures presented in Figures 4-6 and

Table 1:

¥

3

-1) Polarization losses in solid-electrolyte cells with
conventional electrodes are much greater than those
observed with Hz-H-0 fuel. ‘ :

2) Polarizations with CO-CO» tend.to decrease with
increasing temperature. ' .
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determined. by passing a current through the battery with air at
both electrodes, and their fuel cell performance has been

measured with pure Hr and with H--CO mixtures as fuel, and with

air as the oxidant. Over twenty-four of these batteries have

been tested. Their average internal resistance is 8.2 £ 1.8 ohms;
“and their power output, 6.7 % 0.8 watts. Twenty of these batteries
have been assembled into a system which produces over 100 watts
with Hz or Hz-CO fuel and air.

OPEN CIRCUIT VOLTAGES

A single solid-electrolyte cell has been employed to
measure the open circuit voltages developed by mixtures containing
CO, Hz, COz, and H-0 in various amounts. This cell was fabricated
by applying conventional, sintered-platinum electrodes outside and
inside of the.central portion of a tube of (Zr0z)e.es(Cal)o..1s

electrolyte material as shown in Figure 1. A platinum screen was placed

in ‘the tube to serve -as a current collector. A cell lead wire was
attached directly to.this screen. Platinum wires were wound around
the electrode on the outside of the tube and could be used elther as
current leads or as voltage probes. ’

Fuel mixtures obtained by mixing varying amounts of pure

hydrogen with premixed CO-CO- mixtures flowed inside the tubular cell, .

which was maintained at the desired temperature in an electrically-
-heated furnace. An air atmosphere surrounded the tube.

The thermodynamically predicted open-circuit voltage
of the cell can be calculated by

B (4F) = RT 1n (P, ./Po, ¢) | (l)

where 4F

1]

4(the Faraday number) = quantity of charge transferred
per mole of Oz passing through the electrolyte 386,000
coulombs/mole ‘

R = unlversal gas constant, 8.13% watt-sec./°K mole

T = absolute temperature of cell,®K '

Pd a = the partial pressure of oxygen in the air surrocunding the
2> cell, 0.21 atm.

= the partial pressure ‘of oxygen in the fuel gas atmosphere
within the ceéll.

Po.,
The value of POé £ can be calculated from the composition of the fuel
. K] .
by standard thermodynamic methods.?’® If the water gas equilibrium,
. CO + Hp0 = 0O +.Ha
is achieved in the cell, then the fuel composition, P02 £ and hence
E .

- Ey can be determined from two parameters ng — the ratio of gm-atoms

e —— o
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 }) The CO-COz polarizations decrease with decreasing
velocity of fuel flow.

%) Polarizations tend to increase more rapidly with
current at fuel compositions where the_Et - n

curve is sharply dropping; conversely the polarization
voltage loss tends to remain more nearly constant with
varying i1 at CO-COz fuel compositions where the Ey — néd
. curve is horizontal.

5) The an values in the Tafel equation average about 1.0
as might be expected from simple theory which assign
o the value 0.5 and n the value 2. For the
particular cell employed in this investigation the
exchange current densities, ig, averaged about 0.7
milliampere/cm®. Insufficient data are available to
draw-any firm conclusions about trends of an and io

- with operating conditions in the cell..

The data presented in Figures 6 and 7 déemonstrate that

~.small quantities of hydrogen added to CO-COz greatly reduce

polarization voltage losses. With a hydrogen-carbon ratio nﬁ
the performance of the cell is essentially the same as with
pure Hz. A hydrogen content of 5 mol % in a CO-Hz mixture
flowing at 1.0 cc%sec will alone support a current of 400
milliamperes; at this current the observed value of V., from Figure 7
is ‘about 0.15 volts if the effect of current on ngd arf hence on Et

is considered. At a total current of over 1000 milliamperes
(equivalent to about 40 milliamperes/cm®) the cell polarization
voltage loss has risen only slightly to 0.20 volts. If the

current in excess of %00 millismperes were supported by the

oxidation of CO, the data of Table 1 indicate that polarizations :
losses in excess of 0,30 volts could be expected at 1000 milliamperes.
Apparently, the water gas shift process, ’

= 0.5

CO + HoO = CO2 + Ho ,

has provided sufficient hydrogen to maintain cell polarization losses
low. . : :

.To investigate further the effect of hydrogen additions
on the polarization losses associlated with CO-COz fuel mixtures — a
three-cell battery, illustrated in Figures 8 and 9, was utilized. In
operating on hydrogen and air this battery had higher resistance than
is usually encountered in solid-electrolyte batteries of this type*’S
but polarization losses were negligible as shown in Figure 11. "In
operating on CO-COz and air, however, polarizations were .observed as
shown in Figure 11 and in Table 2. - The Tafel constants derived
from the data are in good agreement with those obtained with the
single cell. ' The difference between E, for the C0-COz fuel

mixture and the observed open circuit voltage per cell in the battery
is about 0.23 volts; the Tafel equation indicates that such a .2
polarization corresponds to a current density of 6.2 milliamperes/cm
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(or 12 milliamperes/total current) passing through the cells at
open circuit.. This current is attributable to shunt paths in the ’
seal regions.® , . :

In. a successful effort to reduce polarization losses, the
CO-C02 fuel stream was humidified by passing it through a wateér
bath at room temperature. At most 3 mol % Hx0 was added to fuel
stream. A catalyst material, Cr>0sz, was sintered on the outside of
the fuel feed tube and Iplaced in the battery as shown in Figures
10 and 8. The performance of the battery is 'shown in Figure 11.
{Catalyst Tubes 1 and 2 differ slightly in the quantity of Craz0s
applied to the tube and the conditions of sintering.) Essentially
the performance curves for the C0-COz fuel mixture differ from the
Hs fuel curve only by an amount equal to three — for three cells —
times the difference in E, for the different fuels; CO-CO2 mixtures

can be utilized in solid-electrolyte .cells with low polarization
losses if some Hr or H-O 1s present and if a suitable shift catalyst
is employed. .

: Additional experience on the performance of CO-Hz fuel

mixtures at hisher current densities has been gained by a series of

tests on a 20-cell solid-electrolyte battery whose construction

and Hp-air performance have been previously described.® - The two

Hez performance curves of Figure 12 check with predictions based on o
the calculated cell resistance and on the variation of the open

circuit voltage Et with the composition of the fuel as it .is gradually

oxidized along the length of the battery. Polarization voltage losses
are apparently neglible. The CO-H: performance curve was obtained
vithout any shift -catalyst present in the battery. The voltage with
the CO-He mixture at a current density of 450 milliamperes/cm®, 0.9
ampere, is 0.1 of a volt per cell less than with pure hydrogen at the
- same net flow of Hs, 3 cc/sec. It can be expected that the addition

of catalyst will bring about appreciable improvement of this 20-cell
battery. : i .

N

TWENTY-CELL BATTERIES

Twenty-five batteries identical in construction to the one whose !
performance is presented in Figure 12 hdve been fabricated and tested.
All except one proved leak-tight. At the operating temperature of
1000°C battery air-air resistance — the voltage loss divided by the :
current value of 1.0 ampere — ranges from 6.4 to 9.4 ohms; the (
average and root mean-square deviation values are 7.8 + 1.0 ohm.
This average battery resistance is about 30% greater than the
value calculated from the electrolyte resistivity and electrode
resistance/thickness values. The open circuit voltage developed
by these batteries on Hx or Hz-CO fuel and air ranges between 19 and-
20 volts; losses in the generated voltage of the solid-electrolyte
bell-and-spigot cells due to shunt currents in the seal region®
are thus less than 7% of the reversible voltage. The maximum power ’
output of the batteries is 6.7 + 0.8 watts with complete combustion
of Hz fuel at about 0.87 amperes or 435 milliamperes/cmZ.
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v . The resistance, open c1rcu1t voltage, and power output of
these batterles are in reasonable agreement with theoretical
I calculations.® And the methods used in fabricating the batteries
| yield a reasonably uniform product. R

’ '100- WATT SOLID -ELECTROLYTE FUEL- CELL POWER SUPPLY

,\ ’ Twenty of the 20-cell batteries described above have been

4 used to -construct -a 100-watt solid-electrolyte fuel-cell power

i supply shown in Figure 13. The batteries are mounted on a 4.5 in.
diameter metal base plate (see Figure 14) which provides support

L and manifolding for up to twenty-four batteries. - The flow to_each

'y battery from the fuel plenum is regulated by a fine needle valve —

¢ one of which is shown on Figure 14. - The valve position push rods

. are adjusted to equalize the flows to the batteries. The fuel

} flows up the feed tube to the top of the battery; it then flows

i downward inside the tube of cells reacting with the oxygen which

/. passes through the electrolyte as current is drawn from the battery.

| The combustion products are carried down into the upper plenum

of the base plate and then lnto the exhaust pipe.

r Air surrounds the batterles inside the 3-zone furnace
' (see Figure 13) which is used to maintain the cells at the desired
| operatlng temperature. Plugs of insulation 5 in. in diameter and
r 4-1/2 in. thick are used to reduce heat losses from the top and bottom
| of the cylindrical heated region of the furnace. The temperature
j distribution throughout the batteries is indicated in Figure 15; the -
| small circlesfrepresent’individual batteries in a plan view of their -
. arrangement in the furnace. At the top are the temperatures of the
L uppermost cell in three batteries indicated by Pt-Pt-10% Rh
I thermocouples. The middle temperatures are those on the tenth cell
from the top; at the bottom are shown temperatures of the lowest cells
in the batteries. With the exceptlon of one low temperature
\\readlng on a battery opposite the "crack'" of the split-tube
\furnace the .temperatures are within +30°C of the average value.
Even better uniformity can be achieved by a more careful adjustment
\ of the heat input to the various sectlons of the furnace.
; : The twenty batteries are divided into two groups of ten; in
each group the batteries are electrically connected in series. The
two groups, each containing 200 series-connected cells, are used
in parallel to supply power to the load. The electrical performance of .
’this power supply is shown in Figure 16. The open-circuit voltage is
§ /1200 volts; the maximum power is 102 watts at 1.2 amperes with Ho flow
4 at a rate corresponding to 2.1 amperes. This power output is
‘about 20% lower than that which might be expected from the
measurements of the power output of single batteries. A reductlon
" in temperature of batteries caused by heat losses through the "split"
in the furnace and a non-uniform distribution of air flow through the
. batteries have been shown to cause in part this reduction in power.
\ With excess Hz flow, the performance of the battery is improved as shown
+ in Figure 17 and a maximum power of 110 watts is achieved. :
! : “The 100-watt power supply demonstrates the feasibility
of generating fuel-cell power by means of banks of solid-electrolyte

, batteries. This, plus the demonstrated ability of the batteries to produce

'

Ju
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-pover efficiently from carbon monoxide — carbon dioxide — water —
nydrogzen mixtures with the employment of a chrome bxidé catalyst,
dePODSuPateS the technical feasibility of generatlng this power ’
from coal. . '
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Table 2

Polarization Voltage Losses with C0~CO, in a Three~Cell
Solid-Electrolyte Battery

Fuel: 90 mol % CO, 10 mol % CO
' 2
no = 1.1
5¢7 cc/sec
Oxidant: air °
Temperature: 31000°C

Cell area (active): 2.0 cn®

Current density, I/A_ = 1, milliamperes/cm>: 25 50 100
Polarization Yoltage loss, Vo, volta: 0.37 0.k 0.51

0.92

Derived Tafel constants: an . 2'
' : 0.6 milliamperes/cm

i
[

/;“/ "oy

150
055
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"Fig. 1—Schematic cross section of fuel cell TC#8 )
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Fig. 2 —Generated voltage of a fuel cell using a C-0 fuel
mixture as a function of fuel mixture composition
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Fig. 3 —Generated voltage.of a fuel cell using a C-H-0 fuel mixture at
1060°C as a function of fuel mixture composition
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Fig. 5—Load curves for fuel cell TC 48 using CO-C()2 fuel mixtures at 940°C
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Fuel Feed Tube
[ Base Tube of Fuel-cell Battery
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TT: 995°C

Middle

i
§ 1020°C
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T
B 950°C

fig. 14-Section view of base plate

T = 995°C
Furnace Power

Top 360 watts '
Middle 270 watts
Bottom 600 watts

~ Total 1230 watts

.Baﬂery Current =10 amps

X Indicates locations
on base plate at
which no battery
is installed

Fig 15-Battery temperature distribution as a function

of axial position --at operating temperature
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ALCOHOZ AIR FUEL CELLS - DEVELOPMENT. AND APPLICATION
W. Vielstich

Institut fir thSikaiische Chemie der Universitdt Bonn

INTRODUCTION

Taitelbaum (1) in 1910 was the first to convert the chemical
energy of liquid fuels (e.g. petroleum, stearic acid and
starch) in a galvanic cell into electricity. But the use of

fuels like alcohols or aldehydes was proposed many years la-

ter by Kordesch and Marko (2) and by Justi et al (3)..

Kordesch and Marko studied the system formaldehyde/air. The

cell with the alkaline or acid electrolyte contains an oxy-
gen diffusion electrode and a porous-fuel electrode. The
fuel or fuel/electrolyte mixture penetrates the fuel electro-

de from the back. In this manner an enlargement of the two -

phase boundary is obtained. koreover, under proper operating
conditions the fuel concentration is relatively small in the
vicinity of the oxygen electrode, even if no'diaphragm is
use”. This is partidularly important if the oxygen electrode
contains a metal which catalyses the fuel reaction.

In an other method of-construction the alcohol is dissolved
in the electrolyte and both electrodes dip into the fuel-
electrolyte mixture (3,4). :

The use-of liquid fuels in general obviates the need for a
three-phase boundary, and thus facilitates the construction
of the fuel electrode. An additional advantage is that the
fuel can be broughf,to the catalytic electrode in high con-
centration. Thus, if the reaction is fast enough, high’
current densities can be obtained (up to 1 A/cm® at room
‘temperature). Such battery systems can be used conveniently
for maintenance-free, continuous operation if air at ambient
"temperature and pressure is supplied to the oxygen electrode.
Some exaﬁples of this type of fuel cell are discussed in the
following. - ' ’
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METHANOL AIR CELL FOR OPERATION AT LOW CURRENT DENSITIES

-'ngeral Remarks

In recent expefiments (5,6) it has been shown, that the anodic
oxidation of methanol proceeds via formaldehyde, and formate
or formic acid respectivly. On open circuit at platinum metal
electrodes one observes a hydrogenation/dehydrogenation-

_eguilibrium (7), while under load also methanol is not electro-

chemically active itself. At potentials ¥ < + 400 mV versus
the H2 potential in the same solution a preliminary dehydro-
genation takes place. At more positive potentials the fuel
reacts with the oxygen which has been chemically adsorbed by
the electrode surface (8,9). Therefore, a suitable combination
of catalyst, electrolyte and temperature has to be arranged to
obtain the required current density in the desired potential
range over the total oxidation up to CO2 or 003—- respectively.

" In this connection two problems have to be solved when using

an alkaline solution,. which is the most suitable electrolyte

for practical cells,

(i) An appreciable enrichment of formate has to be avoided:
the use of mixed platinum and palladium catalysts is
one possible solution (10),

(ii),The electrode polarization increases with the concen-

: tration of CO,  -ions at current densities j > 5 - 10
mA/em? at 20 = 50°C (11). To obtain a flat voltage/
time curve over the *otal capacity of 6 electrons per
molecule (i.e. CH;O0H + 8 OH —> 003“ + 6 H0 + 6 e7),
the critical current density should not therefore be

exceeded.

'Experimental Results with Laboratory Cells

For the investigation in the laboratory glass vessels con-
taining 1 liter of electrolyte/fuel mixture (10 N KOH and

' 4,5 I methanol) were used. KOH is used because cells with

NaOH have higher polarizations, particularly on the oxygen

'side. The KOH concentration is chosen in such a manner that

even after complete reaction of the fuel the OH -concentration )

will be 1 - 2 molar,
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Platinum on a porous. carrier was found to be a better catalyst.
' than Raney-nickel, Up to now 2 - 5 mg Pt/cm have been used,
At this fuel electrode the oxidation potentials for methanol
‘and formate up to current densities of 5 mA/cm ‘are about the
same. So the formate content of the electrolyte when using . /
methanol as fuel is very low. This results in a flat voltage—
time curve {see Fig. 1.

Slnoe, for the'intended application (see below), only a few
mA/cm2 are needed, porous carbon without metallic additions

is . used on the oxygen side. Plate-like or cylindrlcal electro—
chemically active carbon electrodes (surface area: 250 cm )

" are made hydrophobic with polyethylene dissolved. in benzene to
such a degree that the methanol/electrolyte mixture will not
penetrate through the electrode even after 10, 000 hours (the
thickness of the electrode plates is 5 - 10 mm)..

The EMP of this methanol/air cell is about 0.9 volt; at a
current drain of O. 5 amp the terminal- voltage is 0.75 = 0.6

1volt For short periods of time 2 amps can be withdrawn at

0.6 - 0.5 volt. The long term experiments are performed ta-

king into consideration that the end use will be periodic '

loads (2 seconds at 0.5 amp and 4 seconds 0.C. ). The perio~

dic current 1nterrupt10n not only makes the dlffueion of air
easier but it also increases the 1life time andpreserves the .
activity of the fuel electrode. . : '

Typical discharge curves are shown in Fig. 1. The difference
between theoretical and experimental current'yields can be
'explalned on the basis of analysis of the electrolyte by eva- /
poration of methanol through the porous carbon. The analysis /
also shows that the diffusion of CO2 from the air through the (
carbon can be neglected.

The 1nfluence of temperature on the oxidation rate at constant
electrode potential is very pronounced. Current,denslty—poten—
tial plots obtained after operation for one day at 10 mA/cm
‘are given in Fig. 2. '
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Discussion

The special feature of a methanol/air cell as described-above
is a high Ah-capacity per unit volume or per unit weight:

5.000 Ah/litre metharol, up to 1.000 Ah/1 fuel-electrolyte
mixture, or about 3 kg/kWh for an operating time 6.000 hours,

The experimental results feveal, however, the folloWing dis-
advantages:. '

(i) The current densities at the fuel electrode at ambient
temperatures are relatively low, if small amounts of
noble metal catalysts are used.

(ii). The vapour pressure is unfévauable for moderate. tempera-

ture applications.,

(iii) ¥ith decreasing temperature the power output of the cell
drops considerably. .

FORNIC ACID AND FORKATE AS FUELL

Anodic oxidatién of formic acid, nature of the intermediate

product

In.acid electrolytes methanol and formaldehyde are less reac-

‘tive than formic acid (9,12,13). The oxidation rate at poten-

tials < 0.6 volt (vs. SHE) is determined by the. poisoning-
effect of an intermediate product. The particles adsorbed at

a Ft-electrode are probably formate radicals and-certainly not
carkon monoxide or oxalic acid (14). A potentiostatic potentiai
cscan is especially suited.to give a qualitative view of the
reaction mechanism. Figz. 3 shows three current neaks during the
anodic ‘scan. The first maximum ie Jdue to the reaction step (14)

HCOOH,, — HCQO,_ 4 + Y + e or.

'Hcooz{ad —> COo0H_, + gty e

"In the region of the second and third peaks the fuel reacts

vith chemisorbed oxyvgen as described above for the methanol
oxidation. The adsorbed intermediate too is oxidized in this

notentizl range. FPig. 4 clearly demonstrates the poisoning
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effect of the adsorbed product oh a smooth platinum electrode

at 0.5 volt.

Application of a mixed Pt/Ru-catalyst

Recently Frumkin (15) has discovered that the use of a mixed
platinum ruthenium catalyst diminishes the poisoning effect.

This has been confirmed by the following experlment. An active -
carbon electrode (geom. surf. 24 cm2, 12 mg Pt- metal/cm ) was .

prepared (a)vwith 3 % Pt (b) with 3 % Pt/Ru (9: 1) ratio by
weight. The current densities observed at the two electrodes

~at 0.5 volt were for electrode (a) 2 mA/cm and for electrode

(b) 10 mA/cm . In a long" duration experiment w1th an HCOOH/

air cell (500m2 electrodes, 20 C).the ratio of power outputs_

using the two types of electrode was about 3. The current

yield which is about the same for the two cells is surprisingly

low, less than 20 % on a 2 electron/molecule basis.

Formate ion-oxidation on mixed noble metal catalysts

In early iﬁvestigations\of the anodic oxidation of methanol in
‘alkaline solution with Raney-nickel (9) or platinum (6,10)

electrodes formate ion was usually found as the primary oxi-
dation product. The further oxidation of the formate ions

_occured at a less favourable'potential. Grimes and Spengler

(10), however, have observed that the use of mixed platinum

and palladium catalysts allows the complete oxidation of me-

thanol to carbonate. A formate 1on/oxygen fuel cell with a
nickel substrate as anode (9 mg Pd/Pt (5: 1)/cm2) produced
twice the power output of a similar methanol cell at the
same temperature.

These resultis demonstrate that the oxidation rate of formate.
ions is very sensitive to the composition’ and the structure
of the metal catalyst. Moreover, the electrocatalytic effects
are different for formate ion and methanol, '

Our studies have shown that the formate oxidation rate on
platinum and palladium alloys varies over more than two orders

of magnitude. The formate oxidation has been investigated on

. & series of smooth metal electrodes by use of the potentiosta-
tic scanning method. An example of the'current voltage dia-

- . R ) . R . _;__-_.‘ e X

Y
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grams obtained in 6 N KOH + 4 M HCOOH is given in Fig. 5. .
The height of the high anodic current peak (during the anodic

' scan) is taken as measure of the catalytic activity of the
metal. The activity of the metal surface is controlled by the .

potential range covered and the scanning speed: (100 mV/sec).

. Fig. 6 shows thé'strong influence of the electrode material

on the peak current density.for 20 and 40°¢C.

The_felationship'between electrode material- and current den-
sity obtained offers of course only a first insight into the

'selection of the most suitable catalyst. In battery practice
one has to deal with porous - electrodes and continuous dlschar—

ge. Therefore factors other than metal comp051t10n are also

important.

In preliminary tests- of formate ion/air cells about 10 times
the power output compared with methanol as fuel has been ob—

served. Continuous dlscharge at 20 mA/cm at 20°C is readily

obtained.

Discussion

By use of mixed Pt/Ru~anode catalysts the power4oﬁtput of a
HCOOH/air cell at ambient operating conditions is of the same
order as that of an alkaline methanol/air cell. The reaction
product of the formic acid cell is CO2 and thereﬁore'electro—
lyte renewal is not required. On the other hand one needs for
both electrodes noble metal catalysts. Anofher.disadvantage
is the high rate of the. current-less decomposition. The in-
fluence of. the current density on the reaction yield has.not
yet been investigated.

Due "to the moderate current densities at ambient temperature
end pressure -the formate ion/eir cell with mixed Pt-metal
catalysts'at the fuel electrode offers a new field of appli-
cations. In contrast to methanol the vapour pressure is low,
gso- that operating temperatures up to 100°%¢ can be used, Com-
pared to methanol, however only 2 electrons per molecule are

obtainable.
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EXPTRININTS ©ITH GLYCOL AS FUEL

In acid electrolytes the anodic oxidation of glycol leads to
CO2 as end product. The working potenfial is, however, less
favourable than with formic acid as fuel (9). The oxidation
at alkaline pH results in the formation of oxalate. But at
moderate temperatures (60 - 90°C) a strohg dehydrogenation
takes place ’ o

CH2OH—CH20H +20H —> 0204 + 8H

8 Hog + 8 0 —> &8 H20 + 8 e

ad-

and current densities up to 600 *nA/cm2 can be obtained (9,16).

Gruneberg et al (9,16,17) have developed a glycol/alr cell
one“°t1ng at embient temperature and pressure.

The‘air electrode was pressed from activated carbon and poly-
ethylene powder (500 kg/cmz, 160°C) and.built up in two layers.
The layer on the electrolyte side was made only weakly hydro-
rhobic and contained Ag,0 as catalyst. The electrode had éuch
good mechanical stability that it could be used as an end plate
in the cell, Between the air electrodes there is a fuel élec-
trode of the same size: coarse grained Ni DSK (3) is. held in
place by nickel screens.,

The open circuit potential of such a cell (6 N KOH + 2 M glycol)
is about ﬁ 1 volt. At a load of 3 mA/cm2 such a cell will have
a potential of 0.8 volt at room temperature. For short periods
of time current densities up to 30 mA/cm2 can be withdrawn.

For the investigation of high current density glycol/air cells.’
we have used as fuel electrodes, flame-sprayed Raney-nickel on
a nickel substrate. Electrodes up to a geometric area of

20 x 30 cm2 have been studied. As already stated by Boies and
Dravnieks (18) the activity of the electrode is critically de-
pendent on the grain size, and the substrate must be carefully
prepared to obtain good and stable contact to the catalytic
layer. The increase of the dehydrogenation rate with tempera-
ture has a strong influence on the shape of the curreht/voltage-
curve (Fig. 7). o ‘

The featuresof the glyeol~ce11 operating at moderate temperatures

.are:

e
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noble metal catalysts are not required, high current densities
can be obtained in direct oxidation from an easily handled

”liquid fuel, and streng gas evolution does not take place.
'The price of the fuel and the necessary renewal of the - elec-

trolyte are the main disadvantages.

APPTICATIONS OF ALCOHOL. AIR/C LLL3

General Remarks

Ambient air cells with methanol or formate ion as fuel are

partlculurly Qulted for a nalntenance -free, continuous opera-

tioh at low or moderate current densities. Therefore they
could be used to supply signal devices, stationary or mobile
communication systems, isolated weatherstations etc. Such
alcohol/air cells can start to compete with dry batteries and
wet batteries of the system zinc/NaOH/air.

-The high power glycol cell should be applicable e.g. &8s an

emergency unit. In contrast to such a fuel cell the presently
used Diesel engine has several disadvantages:
it requires maintenance, unreliability of the rotating parts,

uncertain stertlng in an emergency.

Beside batte“y construction cost, fuel cost and availability,
the amount of noble metal used for the electrodes is a peculiar
problem in commercial fuel cell application. In the alkallne
methanol and formate cells developed so far 2 - 5 mg/cm pla—

 t1num and palladium are needed. To what extend this ‘amount has

tobe decreased to make such cells economic depends very nuch

on the spnecial application,

Test of. a 60 Watt methanol/air battery for sea buoys

On the basis of our laboratory investigations described above
Bromn; Boveri a. Cie. have built a 6 volt 10 amp battery for a
flashing buoy. The module contains 10 cylindrical cells '
(Pig. 8). In each cell 18 pairs of electrodes are connected

“in parallel in order to equalize the different performance
" of the individual cells and to prevent the failure of single

electrodes. Prom the 400 litre fuel/electrolyte-mixture 180 k%Wh
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. _can be obtained., By using an electronic derice the power.
' . outputof the battery is stabilised (30 Watt in signal

L operation between 5 and ‘30 °c) against changes of tempera—
ture and changes in fuel concentratlon which occur over

‘a two years perlod of operatlon (1nterm1ttaﬁ 2 sec load,
4 sec 0.C.).. ' ' ) : » X

The'battery is presently in field test for serveral months,

It is felt fhat_the operation cost (methanol and caustic)

will be cheaper than the present propane-consuming buoys.
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Fi'g., 1 Terminai \}oltage at periodic loads (2 sec load and

4 sec 0.C.) of a methanol/air cell, operating time
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rature 10 - 20°C
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Fig, 8 'Three cells of a 10 cell 60 Watt-methanol/air battery
with cylindrical air diffusion electrodes for a
flashing sea buoy
(by courtesy of Brown, Boveri and Cie., Baden/Schweiz)
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The Anodic’ Oxidation of Methanol on
Raney-Type Catalysts of Platinum Metals

A, Binder, A. Kohling, G. Sandstede

Battelle-Institut -e.V., Frankfurt/Main, Germany

1. INTRODUCTION

I'or a couple of years methanol has played an important
part in fuel cell research and development. It has proved
to Le the only alcohol that can be completely oxidized to
carbon dioxide and water in a fuel cell operating with an
aquedéus alkaline electrolyte at. temperatures below 100°C and
a platinum catalyst (1). The disadvantage of a fuel cell
system of this type is the consumption of the alkaline elec-
trolyte due to formation of the carbonate., Therefore, acid
electrolytes would be more desirable; however, on platinum
the oxidation of methanol requires a much higher overvoltage
in acids than in alkaline solution.

It has been the objective of these investigations to
develop a suitable catalyst which does not require the large -
overvoltage during the anodic oxidation of methanol. From
our previous investigations (2) it was concluded that there
might be a more active catalyst among the group of platinum
metals and their alloys and that the Raney method might be
suitable for preparation of alloy catalysts at low tempera-
tures.

2. EXPERIMENTAL CONDITIONS

In our comparative appraisal of the catalysts we used
electrodes of the type described in an earlier communication
(3) Accordingly, it contained the Raney catalyst in a gold
skeleton to which sodium chloride was added for formation of
macropores. The proportion of catalyst was kept constant
with all electrodes. The catalysts were prepared in situ
from Raney alloys of type PtAly or Ag, s5Bg. -A14 by treatment
with potassium hydroxide solution in tﬁe preformed electrode
disk. In separate experiments following the periodic .poten-
tial sweep method the electrochemically active surface area
of the catalyst of such a test electrode was determined to be
about 35 sq.m. per g. in the case of platinum, X-ray dif-

fraction measurements for the example of the ruthenium-plati-

num catalyst showed a solid solution of ruthenium in platinum

which is not quite homogeneous but still contains proportions

of free ruthenium.

The electrolyte was 5 N potassium hydroxide solution and
4.5 N sulfuric acid (reagent grade: "pro analysi", E. Merck,
Darmstadt). In all experiments the methanol was used in a

. .
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Qohcentration_of c =-2 mole/liter (reagent‘grade ofvmethaQ
nel: "pro analysi" E. Merck, Darmstadt)

Phe electrochemlcal measurements were made in the_ half-
cell. arrangement likewise described previously (3) according
to the galvanostatic method. The current densities reported
in this .paper refer to the progected surface area and the
potential relates to a hydrogen electrode in the same solu-
tion, The ohmic drop between Luggin capillary and electrode
was not accounted for..

The plots were taken first at decfeasing and then at in- -
creasing current densities. This implies that a certain pro-
portion‘of the reaction products was present in the electro—
lyte.

- 3. -RESULTS

3.1  Measurements in 6.5 N KOH Solution

Figures 1 and 2 show the differences in the catalytic
behavior of platinum metals. in the oxidation of methanol in
5 N potassium hydroxide at 2500 and 80°C ‘respectively. Mea-

surements on electrodes with Raney gold serve for reference.

It is noted that two platinum metals at a time show a si-
milar - activity. . The three groups thus obtalned conspicuously

Ru Rh Pd

. . 0s Ir Pt

of the.platinum metals in the Periodic Table. Osmium and ru-
thenium, .and also gold are found to be unsuitable as fuel cell
catalysts, since there will not be a constant potential at

high polarization. At 80°C, however, polarization with _re-
spect to the potential at.a current density of 50 mA/cm2 which
is reasonable in fuel cell operation, does not exceed that mea-
sured on iridium and rhodium.

3.2 ‘Measurements in 4.5 N Sulfuric Acid

'3;2;1 Pure‘Platinum Mefals

. In sulfuric acid polarization with all platinum metals is
much larger than in potassium hydroxide solution, Particular-~
ly striking is .the increased polarization ip the case of pal-
ladium at 25°C (Flg. 3), which even at comparatlvely small cur-
rent densities reaches a potential range where corrosion occurs,

Even at 80°C (Fig. 4) palladium shows only sliightly lower
polarlzatlon so that this metal is the least active catalyst in

. the conversion of methanol in sulfuric acid, whereas osmium,




“76-

featuring only low conversion at 250C, is the most active

_catalyst among the platinum metals, If the potential &t
a.current density of 50 mA/cm? is taken as a measure for

the "activity" of the electrode and thus of the catalyst,
the order at ~800C is as follows: ©Os »Ir = Ru»Pt> Rh>Pd.

) TIn sulfuric acid'the platinum metals do not form three
groups as has been observed in ‘the conversion of methanol
;n pota551um hydrox1de solution.

3.2.2 Alloys of Platinum Metals

. ‘The experimental results on pure platinum metals sug- -
pest that catalysts of the lowest activity are found- among
the palladium alloys. Figures 5 and 6 depict the potentlal/
current density curves of alloys of palladium with the ad-
dition of one of tiie other platinum metals (50 atomic per
cent).

A distinct increase in the activity is observed by the
addition of the second component. Worth noting is the ef-
fect of ruthenium which at a current density of 50 mA/cm2
and 80°C (Fig. 53) results in a decrease in polarization by
280 mV and 25°C even causes a decrease by 300 mV(Fig. 6).

It should be borne in mlnd that pure ruthenlum proved al-
most 1nact1ve at 250C,

) It now turns out that the most active catalysts are
found especially among alloys containing ruthenium (Figs. 7
and 8). A combination of pronounced activity is obtained by
a ruthenium-platinum alloy. At a current density of 30mA/cm2
and at 809C (Fig. 7) such a Raney ruthenium-platinum elec-
trode shows a potential of 230 mV. Even at 250C (Fig. 3) the
corresponding potential does not exceed 400 mV. These values
for the polariZation are only about 50 mV higher than ‘the
corresponding values for the most active catalyst in potas—
51um hydrox1de solutlon, viz, platlnum.

This Raney ruthenium-platinum catalyst'is the most ac-
tive of all platinum metal alloys evaluated. This is il-
lustrated by Table 1 which summarizes the potentials of all
alloy catalysts of the composition A50B (atomlc per cent) and
confronts them with those of the pure metals, as observed at

a current density of 50 mA/cm2 and temperatures of 25°C (lower

values) and 80°C (upper values

'NeXt in the activity scale ranges the osmium—platinum
"alloy. 4 very low activity at 80°C is registered not only
for palladium-gold but also for palladium- rhodlum.

Our test electrode consisting of Raney ruthenlum—platinum
on a gold skeleton enabled current densities of at least-
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5000 mA/cmZ.to be reached (Fig. 9), the potential remaining
constant for extended periods of time. At a current density
of 2000 mA/cm~ the potential did not increase. by more. than
20 mV within 600 h (Fig. 10), provided that the concentra-
tion of methanol was kept approximately constant.

Ruthenlum platlnum electrodes can also be used in the
oxidation"of methanol in a pota551um bicarbonate ‘electrolyte
from which the resultant carbon dioxide gas escapes, Also
in this case polarlzatlon is much lower than in the case of
platinum as catalyst (Fig. 11).

- Figure 12 shows the potential of electrodes with Raney
platlnum metal catalysts at 80°C and a current dens1ty of

. 50 mA/cm? as a funcétion of the composition of the catalyst.

It is worth noting that in most cases the potential reaches
a minimum only’ with catalysts where the two components are
present in about equal proportions, whereas in gas- phase re-
actions a synergistic effect is often caused even by minute
additions. Attention is also called to the fact that an ad-
dition of rhodium to palladium hardly affects the potential
within a comparatively wide range.

Discussion

The order of the activity of platinum metals in the oxi-
dation of methanol in potassium hydroxide solution determined
by our measurements is Pt » Pd>Ru = Rh>Ir >»0s >Au and thus
varies from the order Pd > Rh» Au > Pt reported in an earlier
publication (4). Particularly striking is the extreme dis-
crepancy in the case of platinum, which may possibly be ex-
plained by the fact that Tanaka (h) - in contrast to us -

"used the smooth-metals, In addition, it has to be borne in

mind that catalysts prepared by the Raney method contain.alu-
minum in varying proportions (order of magnitude from 0,1 to
1 %), which may have a bearing on the activity.

In acid solutions, too, the order of the activity of pla-
tinum metals Os YRu = Ir »Pt > Rh >Pd as determined by us va-
ries from that reported. by earlier authors (5). However, .
Breiter's values (5) are non-stationary values, since they
were derived by the periodic potential sweep method. These
measurements do not involve enrichment of intermediates in
the electrolyte to such an extent as would always be encoun-
tered in fuel cell operation (6), (7).

Since the consecutive products. of the oxidation of metha-
nol continue to react at different rates in the presence of

. the different platinum metals, the enrichment varies from one

metal to the other, .Formic acid, for example, in contact with
Raney platinum in alkaline electrolytes is oxidized more slow-

“1y than methanol, but more rapidly in the acid medium. 1In
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contact with Raney palladium, on the other hand, formic acid
reacts at a higher rate than methanol even in the alkaline
"electrolyte (3). Owing to this enrichment of the consecu-
tive products all methanol electrodes act as multiple elec-
trodes so that the measured potentials are mixed potentials.

Because of these difficulties there is still some doubt
about the oxidation mechanism of methanol, and this applies
even to platinum, a material often examined thoroughly in ex-
tensive investigations, The differences in the activity of
platinum metals in sulfuric acid as found by our measurements
encourage us to make the following speculations:

As the activity drops in the order Os »>Ru = Ir >Pt >Rh
>Pd, the paramagnetic susceptibility of the metals qualita-
tively rises in almost the same order (cf. Table II); palla-
dium with the largest susceptibility value is the least active
catalyst,

Table II: Paramagnetic Susceptibility of Platinum Metals
(10i6 cge)

Ru Rh Pd

43,2 111 567

Os Ir Pt

9.9 25.6 202 R

Since the paramagnetlsm of platinum metals results from

unpaired d-electrons - the very high value for palladium is
connected with quasi-ferromagnetic regions (8), (9) - it is

not unreasonable to assume a relationship between paramagnetlc
susceptibility and catalytic activity.

Even for the activity of alloys of platinum metals such
a tendency can be qualitatively deduced: the addition of rho-
dium to palladium improves the activity but slightly up to
an amount of 50 at. %, whereas the addition of ruthenium has
a favorable effect (Fig. 12). With respect to susceptibility

(Fig. 13), the addition of small quantities of rhodium results
in a minor increase, and only additions of larger quantities
effect a decrease (10). Addition of ruthenium, even in low

concentrations, reduces the susceptibility significantly (11)

The synergistic effect on the anodic oxidation of metha-
‘nol observed with ruthenium-platinum alloys might be ascribed
to an optimum value of susceptibility leading to optimum sorp-
tion of all reactants. Since quantitative values for the para-
magnetic susceptibility of our alloys are not yet available,
the speculative nature of this statement is emphasized once
more. Evidence for relatively weak sorption is provided by
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the fact that intermediates of the anodic oxidation of higher
or multivalent alcohols are desorbed by ruthenium-platinum
to such an extent that they condense to form brown-black pro-
ducts (12). :

‘Hence, ruthenium-platinum alloys are almost specific for
the conversion of methanol and its consecutive products, but
these catalysts have also been found superior to platinum in
other reactions (13), (14). Even in the oxidation of metha-
nol the consecutive product - formaldehyde - is desorbed more
easily than in conversions on platinum so that in coulometric
measurements according to those described in (1) complete
conversion to carbon dioxide and water is not obtained at a
temperature of 80°C unless formaldehyde is not allowed to es-
cape (12). ’ '

‘In the meantime further references on the excellent pro-
perties of platinum-ruthenium catalysts in the anodic oxida-
tion of methanol have been mentioned (15). The catalyst de-
scribed in these publications has been prepared according to
Brown's method (16) by reduction of suitable salts with sodium
borohydride.

The experimental results available now show characteristic
differences among the binary alloys of the platinum metals' as
concerns the activity in the anodic oxidation of methanol in
acid medium. Some reveal a synergistic effect whereas others
not even show an addition of the activity as a function of com-
position. This dissimilar behavior might be due to the dif-
ferences in the galvano-magnetic properties of the alloys. Fur-
ther data are necessary for a quantitative explanation of the
phenomena observed.
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THE ANODIC OXIDATION OF METHANOL ON
PLATINUM IN ALKALINE SOLUTION

D. Poulil and J.R. Huff#¥
Research Division, Allis-Chalmers Manufacturing Co.
Milwaukee, Wisconsin

ABSTRACT

The electrochemical oxidation of methanol on platinum was
studied as a function of temperature, composition of electrolyte and
pretreatment of the electrode. The majority of the data were obtained
with the linearly varying potential technique. Results indicate

.that the oxidation of methanol in alkaline solutlon proceeds at a

potential some 200-300 mV. less positive than in acid, (potentials
versus the hydrogen electrode in the same solution). Peak currents
for a bright platinum electrode are independent of stirring and
increase with increasing voltage sweep rates. From the effect of
temperature on the reaction rate, it is evident that the formation
of platinum oxide is not the rate determining step. Current transi-
ents at low potentials indicate that the initial step involves

' the abstraction of a hydrogen atom; and that the oxidation of the

remaining methanol fragment determines the reaction rate.

INTRODUCTION

In recent years, the anodic oxidation of methanol on
platinum in both acidic and basic media, has been studied in consi-
derable detail. The impetus for these investigations 1s derived
from a search for suitable fuels to replace hydrogen in the fuel

- cell. Breiter et., al. (1,2) have studlied the oxidation processes

in acid solution; and found the current to be proportional to the
amount of methanol adsorbed on the surface of the electrode, These
authors propose that the initial step in the reaction is the direct
oxidation of the methanol molecule (adsorbed) to a methanol radical
and a hydrogen ion.

The anodic oxidation in alkaline solution has been studied
by Vielstich (3) and Buck and Griffith (4). Vielstich (3) concludes
that rather than the direct electrochemical oxidation of the methanol,
the platinum reacts to form a platinum hydroxide which in turn oxi-
dizes the methanol chemically., The formation of the platinum
hydroxide must then be rate détermining. Vielstich supports his
hypothesis by the fact that the current peak in the current-voltage
characteristic is normally independent of the oxidizable substance.
The fact that methanol in 6-8 Molar alkali 1s oxidized spontaneously
at temperatutes exceeding 80°C is explained by assumlng a base
catalyzed dehydrogenation mechanism,

: Buck and Griffith (4) studied the anodic oxidation processes
in both acid and alkali media. For the basic system, these authors

* Present Address: Globe-Union, Milwaukee, Wisconsin.
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calculated a Tafel siope of 0.21 - 0.28V,;; and they concluded that
the rate determining step 1n alkaline solution involves the reaction
of a methylate and two hydroxide ions with the transfer of two elec-
trons.

Some further work was done. recently by Liang and Franklin
(5), who studied the anodic oxidation of formic acid and formal-
dehyde .in addition to that of methanol. Oxley, et. al. (6). inves-
tigated the anodic processes in acid by studying the potential decay
curves. -The effect of the reductive adsorption of C02 was studied
by Giner (7).

Although a good deal of work has been done ‘in this field
the factors which govern the shape of the current - voltage curve
-obtained by  the linearly varying potential technique (L.V.P.) are,
in general, still unknown. In this paper, we describe some work

carried out 1n order to ascertain which variables dictate the’
general shape of the 1-V curve determined by the technique cited
above. Furthermore, we will examine the theories outlined above
concerning the oxidation of methanol in the light of some current
transient measurements, and the effect of temperature.

EXPERIMENTAL

. The electronic equlpment used 1n these experiments is
based on the use of operational amplifiers to control the potential
of the working electrode. The basic circultry is due to De Ford
(8). A modification permitting compensation of the IR voltage drop
‘between reference and working electrodes has been described else-
where (9). A block diagram indicating the essential components of
the instrument 1s shown in Fig. I. The integrator shown in Fig. I
may be used to generate a single sweep or a triangular wave. 1In

normal experimentation, a triangular wave was applied to the working

electrode.

" The electrolysis -cell was of the conventional H-type with
a sintered-glass disc between anode and cathodS compartments, A
worklng electrode of bright platinum foil lcm.) was spot-welded
to a platinum wire sealed in soft glass. The counter electrode
consisted of a platinized platinum foil, of lcm? geometric area.

The electrode assembly and cell were washed initially with
aqua regia followed by a dilute solution of hydrofluoric acid. Fur-
ther washing with copious quantities of distilled water was carried
out before the cell was assembled for use. The hydrofluoric acid
solution did not appear to have any deleterious effects on the
platinum-soft glass seal.

The electrochemical cell was thermostatted in a water bath
to +0.2°C., 'Nitrogen was normally bubbled through the cell at all
times. The nitrogen was pre-conditioned by passing 1t through a.
solution identical to that in the cell,

A.mercury-mercuric oxide reference electrode was used in
all experiments. Since adequate IR (reference to working electrode)
compensation was achieved electronically, no great care was taken to
place the tip of the reference electrode very near the working elec-
trode surface. All potentials in this paper will be cited with
respect to the potential of the hydrogen electrode in the same
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solution. Rather than calculate the potential of the Hg/HgO elec-

trode versus that of this hydrogen electrode for each set of condi-

tions, its value was determined experimentally., Before the potential
of the Hg/HgO reference electrode was measured, it was established
that the potential of the hydrogen electrode 1s not significantly
affected by the presence of methanol at temperatures below 60°C,

Harleco carbon dioxide free sodium hydroxide and ACS"
analytical reagent grade methanol were used in all experiments. The
appropriate concentrations of reactant and electrolyte were pre-
pared by dilution of the concentrated material with doubly distilled

water,

Since it is normally difficult to obtain reproducible
results when the history of the electrode is not clearly defined,
a pre-treatment was devised to promote reproduc%bility. Initially,
oxygen was evolved from the electrode at 5mA/em= for 5 seconds,

. The electrode potential was then reduced to the initial value for

the subsequent linearly varying potential sweep. After maintaining
the potential at this value for 2 minutes, a repetitive triangular
wave was applied to the working electrode. Nitrogen was bubbled
through the electrolyte to remove oxygen produced during the pre-
treatment as effectively as possible. This type of pre-treatment
normally gave results reproducible to 15%'

RESULTS AND DISCUSSION

: The major portion of this work consisted of an investi-
gation of the system, bright platinum/2M methanol, 4.5 M sodium
hydroxide. Unless stated otherwise in the text, it will be assumed
understood that this 1s the experimental system. The advantage
of the high concentration of methanol is that normally the back-
ground current caused by charging of the double layer and adsorp-
tion of oxide or hydroxide species is negligibly small over an
appreciable potential range, as compared to the oxidation current
of the methanol. The last statement is not necessarily true at
temperatures near 0°C.

The system cited above was chosen to study the effects
of voltage sweep rate, temperature, and voltage sweep range on the
current-voltage characteristic., 1In addition, a study was made of
the effects of electrolyte and methanol concentration -on.the general
features of the current-voltage curve, and on the current at constant
potential, .

The normal voltage sweep range was within the limits of
+300 to +1400 mV. It is felt that the adsorption and possible
evolution of hydrogen at lower potentials and the evolution of
oxygen at higher potentials only complicates the interpretation of
the data. -Of course, in basic solutlon even at +300 mV., a small
amount of hydrogen 1s adsorbed

LINEARLY VARYING POTENTIAL EXPERIMENTS

General Current.Voltage Curve and the Effect of Temperature

In Fig. 2 we show the least complex of the 1-V curves
obtained in this study. The curve is for the 2M CH30H/4 .5M NaOH
system at 60°C and a voltage sweep rate of 100 mV /sec Both the
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1-V curves for the initial sweep and a "steady state" curve are
shown. By steady state, we refer to the condition when subsequent
voltage scans do not alter the curve significantly.

- From Fig. 2, we note that the current at low potentials
for the initial sweep lies below that for the steady state curve, -
At higher potentials, the i1-V curves cross and the current for the’
initial sweep exceeds that of the steady state scan. This sequence
of events is a function of the experimental conditions. The 1-V-
curve for increasing potentials in Fig. 2 (later referred to as the
forward sweep) has a single maximum and no plateaus or inflections.
This feature is rather different from the curve obtained by Breiter
(2) for the oxidation of a molar methanol in molar perchloric acid
solution. Fig. 2 also shows the 1-V curve for the decreasing poten-
tial sweep (later referred to as the reverse sweep). The current - }
maximum for the reverse sweep does not lie outside the forward i-V !
curve as has been observed for some methanol-acid systems (1). The
actual potential of the current peak for the reverse sweep depends
markedly on the experimental conditions; and will be considered in
some detaill later on in this paper.

_ As shown in Fig. 2 the currents in the low potential re-
gion, 1.e. at potentials below that of the current maximum are- ) .
greater for the reverse than the forward sweep. This "hysteresis
loop" 1s less pronounced in the alkaline than in the acid system
(c.f. Breiter {4)). Although the effect decreases with increasing |
temperature, it is still present at 60°C. .

oo ' Fig. 3 depicts the 1-V characterlstic for the same system

at 0°C. The actual currents at the same potentials are obviously

-much lower than at 60°C. Decreasing the temperature has altered

the general shape of the 1-V curve quite considerably. The current

for the initial forward sweep lies below that of the steady state

curve at all potentials; and the loop formed as a result of the

difference between currents for forward and reverse sweeps 1is

appreciably larger than at 60°C. Furthermore, at the lower. tempera- /
tures the 1-V curve for the reverse.sweep is much less symmetrical

about the potential of the current maximum, and the curve shows an
inflection. The “back" side (negative resistance .portion) of the

forward curve, i.e. at potentials exceeding that of the current

maximum, shows a shoulder at 0°C which is absent at 60°C. /

Having discussed the general properties of the 1-V curves
in some detail, we shall now consider possible explanations for
the "hysteresis loop" for forward and reverse sweep currents, and A
the effect of temperature on the shoulder and inflection on the i v
characteristic shown in Fig. 3.

A number of suggestions have been made to account for the
nysteresis loop referred to above. Giner (7) has suggested that a
reduced form of COp 1s adsorbed on the electrode surface while the
electrode is.-maintained at its initial potential; say below 250 mV. 4
in molar acid. The reduced C0O2 may be formed from either CO2 or
carbonate in solution or from methanol. This reduced CO2 then acts
as a poison to the oxidation reaction. It has also been suggested
that the effects might result from a lower concentration of adsorbed
methanol during the reverse sweep, and that oxidation proceeds more
readlly on a bare surface.
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 Although 1t cannot be denied that both explanations, in

~ view of experimental results for the acid system, appear reasonable;

the results for the basic system do not support this explanation.

Let us. consider the reduced COp hypothesis. We have found that the
hysteresls loop is not significantly dependent on the initial poten-
tial and.on the time that the potential was maintained at its initial
value. In our work, the initial potential was always maintained
above the potential of the hydrogen electrode.in the same solution.
Giner (7) reports that in the acid system the reduced COo species 1s
‘produced below. 250 mV,; but in the basic system the corresponding.
potential should be several hundred millivolts .less positive,
According to this author, the reduced speciles is oxidized at poten-
tials exceeding 400 mV. Hence, it does not seem likely that the
reduced COo hypothesis is applicable to the basic system.- Further-
‘more, one should observe an effect of the holding time (time that the

"potential is maintained at its initial value) at the initial poten-

tial., This 1is not observed. A possible explanation is that the
adsorption of the reduced species is so rapid that when the holding
time exceeds one second, no further effect will be observed.

To account for the hysteresis loop by asSumihg that the
reaction occurs more rapidly on a bare surface would seem contra-
dictory to the fact that the current at relatively high surface

coverages, 0.3 - 0.8, appears to be proportional to the surface
coverage. ‘

A possihility that the hysteresis loop 1s due to removal
of a poisonous intermediate at potentials when the surface oxide is
‘present does not seem applicable since the loop is present even when
the most positive potentlal 1s less than that where oxide adsorption
is possible., It could be thought that the increased currents on the
reverse sweep are due to activation of the electrode by adsorption.
and reduction of the surface oxide resulting in a different reaction
product. Although this possibility cannot be discounted for the
alkalil system, 1t does not seem valid in the acid system where the
difference in current for reverse and forward sweeps 1s much too

.large. The reason for postulating a different reaction product for .

a more active electrode is that the reaction product 1s known to
depend on the electrode catalyst material (113. :

A possible explanation for this phenomenon, which to the
best of our knowledge has not been explored previougly, is that a
reaction consisting of an adsorbed methanol species and a methanol
molecule involving a bare surface site 1s responsible., It is
proposed that thls reaction occurs in conjunction with the normal
reaction of the adsorbed methanol, In this manner, the lower
surface coverage in the reverse sweep should yield a somewhat higher
reaction rate and at coverages between 0.3 and 0.8 the reaction rate
could be proportional to the adsorbed material. It must be empha-
sized, however, that this explanation is speculative and more data
regarding the various steps in the reaction mechanism are necessary.

_.The fact that the hysteresis loop in alkall is somewhat
smaller than that in acid may be due to a closer concurrence of
the adsorption isotherm for the forward and reverse sweeps. To
our knowledge, no data regarding these isotherms are avallable
for the basic system,
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The inflection on the 1-V curve for the reverse sweep may
be due to an appreciable oxide reduction current. Such an explana-
tion 1s not satisfactory, however, since the inflection changes to
.a minumum when this cathodic current is made negligibly small, It
1s possible that this inflection results from the same process as
that which causes the shoulder on the forward curve at 0°C, The
shoulder 1s presumeably caused by interaction of the surface oxide,
a methanol specles and a bare site. It seems improbable that the
current can be ascribed to removal of adsorbed methanol, or a dif-
ferent reaction occurring on the oxide surface. At thesé potentials
the surface concentration of methanol must be very small, and if a
different reaction on the surface oxide causes the shoulder, then .
~one would not expect the current to decrease with increasing poten-
tial. The oxide concentration (surface coverage) at the potential

-of the inflection in the i-V curve for the reverse sweep should be
very similar to that at the potential of the shoulder on the forward
curve, It 1s, therefore, not inconceivable that a relation ekxists. -

. The lack of an inflection at higher temperatures (60°C)
1s probably due to the fact that the surface oxide is reduced at a
higher potential and hence the peak current for the main reaction
for the reverse sweep is much higher, thereby making the "surface
- phenomena" less significant. '

The shift of the potential of the current maximum on the
reverse sweep to lower values as the temperature is lowered is
also thought to be a result of a shift in the potentlal at which
the surface oxldes are reduced., It 1s known that the reduction of
the surface oxides occurs at less positive potentlals as.the temp-

-erature is lowered (12). Hence, the current peak should also be
~ shifted to less positive potentilals.

The Dependence of the Tafel Slope on Temperature

A few log l-potential curves for the anodic oxidation of
methanol at 60°C are depicted in Fig, 4. The Tafel slopes for the
initial, and steady state forward and reverse sweeps are 125+ 15 mV.
and 170+ 20 mV,., respectively. These values were found to be
essentially independent of temperature for the initial and steady
state reverse sweeps. - '

The Tafel slope for the steady state forward sweep for
this range of potentials is markedly dependent on the temperature.
Decreasing the temperature from 60° to 0°C caused its value to rise
from 170+20 mV. to 240+25 mV. The latter value is in reasonable
accord with that reported by Buck and Griffith (4) for the.oxida-
tion of methanol on a platinized platinum ball at 25°C, at a voltage
sweep rate of 8 mV./sec. and methanol concentration below 0.025M.
Hence, as the temperature is raised, the Tafel slopes for steady
state reverse and forward sweep conversze.

A value of 125+15 mV. 1s readily, although possibly naively,
interpreted in terms of & one electron transfer mechanism having a
symmetrical energy barrier. However, since the surface concentration’
of methanol changes with potential during the scan it cannot be
assumed that this slope is characteristic of the electron transfer
reaction., Breiter (1), assuming Langmuir kinetics, and correcting
the observed currents for the =ffect of the surface coverage, cal-
culated a value of 0.67 for em, If we consider that the effect of
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decreased surface coverage results in an apparently increased Tafel
slope, 1t would appear that our value of 125mV. is similar to that .
observed by Breiter-(1), indicating that the rate determining steps
are the same in acid and base. '

The Effect of Voltage Sweep Range

. In general, the Tafel slopés are not significéntly affec-
ted by ‘the voltage sweep range provided the maximum and minimum
potentials are not within the range of oxygen or hydrogen evolution.

The current maxima normally decrease with decreasing most
positive potentials attained during the sweep and the number of
cycles required to attain a steady state 1-V curve increases. Fig,
5 deplcts the effect of decreasing the maximum potential attained
during a potential scan., Reference has already been made to the
inflection on the 1-V curve for the reverse sweep (see Fig. 3).
This inflection changes to a marked minimum as the most positive
potential during the sweep is decreased from 1400 to 900mV. The
nature of the hysteresis loop 1s not significantly affected by the
maximum potential provided it exceeds the potential of the current
maximum during the forward sweep. :

The Effect of Voltage Sweep Rate

As found by other investigators, the current maximum rises

‘with increasing voltage sweep rate, The fact that stirring does not

effect the current-voltage characteristic shows that increased
currents at higher sweep rates cannot be accounted for by a dif-
fusion process in the bulk of the solution. In addition, the
increased currents can neither be accounted for by higher double
layer charging currents, since these are negligible at the higher
methanol concentrations. It would appear that this phenomenon is

a result of a higher concentration of adsorbed materials at the peak-

. potential as the sweep rate 1s increased. It has been shown indirectly

that the concentration of methanol on the surface at constant poten-
tial increases with increasing sweep rates (1). Furthermore, the
inhibiting effect of the surface oxide should decrease as the sweep
rate 1s raised since the oxide adsorption reaction is rather
irreversible. -

. Earlier reference has been made to the shoulder on the

1-V curve at potentials exceeding that for the current maximum (see
Fig. 3). The data on Fig, 2 would seem to indicate that this feature
disappears as the temperature is raised. However, even at 60°C, the
shoulder may be made to reappear when the voltage sweep rate is
increased to 500 mV/sec. Such behavior is characteristic of a sur-
face reaction; and i1t was interpreted in thils manner earlier, The
greater prominence of the shoulder at the lower temperatures may be
ascribed to the fact that the current for the main reaction is
relatively more temperature dependent.

. Raising the voltage sweep rate causes the potential of the
current maximum for the reverse sweep to dacrease, This is not too
surprising'since it was assumed that the decrease in current beyond
the maximum on the forward sweep 1s caused by surface oxides; and
the peak current for the oxide reduction shifts to lower potentials
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as the sweep rate is increased, ' At increased sweep rate, the in-
flection on the 1-V curve for the reverse swWeep becomes more promi-
nent. This feature appears only at the lower temperature .’

The Effect of Solution Composition

As the methanol concentration is raised, the current at
constant potentlal increases. However, at concentrations exceeding
10, Molar,  the current begins to decrease, For the concentration

"range 0.1 -2M, the slope of the log 1 vs. log ¢ pleot at constant
.potential is unity, indicating that the reaction is directly propor-
tional to the methanol concentration. The shape of the current vol-
- tage curves- over the range of concentrations where the log 1 vs. log

¢ plot is linear is not significantly affected unless the surface re-

action 1i.e, oxlde adsorption, becomes appreciable. This occurs at
the higher sweep rates,

. Fig. 6 depicts the curve obtained for a solution 0.1M in
methanol. During the reverse sweep, cathodic currents are observed
and the normal reverse sweep peak current 1s absent. Furthermore,

a current minimum and a plateau are observed on the forward sweep.
Similar features have been observed for the anodic oxidation of
methanol in acid. The phenomena are different in nature, however, -
in that for the basic system the minimum and plateau are due to the
oxide adsorption currents which cannot be the explanation for the
acid system since the observed currents are too high,

. The effect of the concentration of sodium hydroxide
‘between 0.01 and 4.5M is small. The general shape of the current-.
voltage curve does not seem to be affected significantly as the

concentration is varied between the limits cited. .

Current Transients

) In these experiments, the potential was raised to a value
between 1200 and 1400 mV., and maintained at this point for about
10 minutes., The potential was then decreased instantaneously to a
value between 200 and 400 mV.; and the current recorded. Fig. 7
depicts the current transient for the conditions cited. The initial
portion when the current is negative has been omitted and the current
to the left of the graph is a combination of the reduction of sur-
face oxide and the oxidation of methanol. The peak current at 400
mV. is about 2.5mA/cm®, some 20-50 times greater than that observed
after one second. The area under the curve corresponds to the
charge required to oxidize a monolayer of hydrogen, The reason for
the experiment was to gain some insight into the relative rates of
adsorption and oxidation at lower potentials. It must not be
concluded .that the peak current represents the maximum rate of
methanol adsorption at this potential., Obviously the rate of ad-
sorption is considerably faster, since the peak value includes a °
cathodic oxide reduction current

Furthermore, it would appear that the initial reaction
4involves the abstractlion of one or more hydrogen atoms which are
oxidized instantaneously at a potential of 400 mV. The sluggish
resitign is then ascribed to the oxidation of the remalning methanol
radica

—_—
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CONCLUSIONS

‘We have already cited the reaction mechanism proposed by
Vielstich (3), who assumes that the anodic oxidation of platinum to
a platinum hydroxide 1s the rate determining step. The methanol
subsequently reacts chemically with the metal hydroxide. The author
supports his hypothesis by the fact that normally the potential of
the peak current is independent of the oxidizable substance.  This
phenomenon -is equally well explained by the assumption that a surface
oxide or hydroxide inhibits the oxidation reaction. For, the forma-
tion of this inhibitor is essentially independent of fuel, Further-

" more, 1t has been shown by Vielstich that at higher temperatures the

potentlal required to oxidize methanol decreases. Although the

.author explains this phenomenon by assuming a base catalyzed dehy-

drogenation mechanism, we have found no evidence for his hypothesis
since the 1-V curves and Tafel slopes for the initial sweeps are
not significantly dependent upon temperature betiween 0° and 60°C.

Furthermore, examination of the 1-V curves for acid and
base systems shows that the potentials at which appreciable currents -
are obtained shift about the same amount for both systems (about
300 mV.) as the temperature is raised from 25° to 85°C. It should
also be stated that the equilibrium potential for the basic system
is some 250 mV, more negative than that for the acid system; and if
the reaction mechanism, Tafel slope and exchange current are the
same for both systems, the oxidation of methanol in the basic
system at 80°C should be quite appreciable near the potential of
the hydrogen electrode in the same solutlion, It would then be rea-
sonable to assume that 1f the dehydrogenation 1is base catalyzed it
is also acid catalyzed.

In the basic system complete dehydrogenation of methanol
would result in the formation of a carbon monoxide species on the
electrode surface, It has been shown that the final product of the
oxidation of methanol is either formate or carbonate (3). This

“implies that carbon monoxide fragments on the surface are further

oxidized. Since the carbon monoxide normally inhibits anodic pro-
cesses (7) 1t may be assumed that the substance is strongly adsorbed;
and should, therefore, decrease the rate of dehydrogenation since
the electrode surface is no longer available for catalysis. It
appears to us, therefore, that a base catalyzed dehydrogenation
mechanism is not responsible for the increased currents in the base
system,

It is our hypothesis, in view of the current transient
measurements, that even at the lower temperature the radicals are
most difficult to oxidize and enhanced dehydrogenatlion should not
influence the rate appreciably, at least not at the lower poten-
tials. It seems to us that the initial reaction sequence can best
be described by the followling mechanism '

cH30H fas§ CcH303qg + Hads
3 3
Hads fas H* + 1le

The CH30z4g is then further oxidized, and at potentials
below 600 mV. this oxidation process is the rate determining step in
the reaction. The actual intermediate formed from the adsorbed
CH30 will probably depend on the final product, whether this be
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the carbonate or the formate ion. In general, it would be reason-
able to assume that the intermediate lies between CH30 and formalde-
hyde  (or adsorbed formaldehyde) since the latter is much more
_readily oxidized than methanol (3). :
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FORMATE ION - OXYGEN FUEL CELLS

 P. G. Grimes and H. H. Spengler :
Research Division, Allis-Chalmers Mfg. Co.
. Milwaukee, Wisconsin

Introduction

Formate ion is one of the more readily oxidizable carbonaceous
fuels 1n basic electrolyte. In the range 80-100° C, formate ion-
oxygen fuel cells, using a platinum-palladium catalyst, have a per-
formance approaching that of hydrogen or hydrazine fuel cells.
Formate ion-oxygen fuel cells with a platinum-palladium catalyst
have been shown to have about twice the output of methanol fuel
cells at ambient temperature (1). ,

Formate salts are easily handled as solids or in solutlon, are
stable, have low toxicity and are potentially low in cost. Formic
acid may also be used as the fuel. It also is stable, and poten-
tially low priced. However, its corrosive properties demand that
it be handled with some care. Formate solutions in base are stable
at 100° C. At this temperature, the fuel is not volatile in con-
trast to methanol.

The investigations of the formate fuel cells were extended to
study the effects of temperature on the cell output. PFurther stud-
les involved variation of catalyst and electrolyte composition and
fuel concentration.

Experimental

A sandwich type fuel cell was used 1in these studies. Grooved
and manifolded stainless steel end plates held the electrodes and
allowed uniform flow of electrolyte-fuel and oxygen over the elec-
trode surfaces. An asbestos sheet (0.060 inch thick) served as
the separator-spacer between the electrodes (2). ‘

The electrolyte-fuel mixture, heated in an external chamber,
was pumped through the cell anode compartment and then back to the
external heater chamber. Oxygen was supplied to the cell at or
slightly above atmospheric pressure. Appropriate cell temperature
was maintained within T 19 C with an auxiliary heating pad. The
external heating and pumping system was constructed of Teflon,
glass and stainless steel materials. The reference saturated cal-
omel electrode (SCE) was connected to the electrolyte system by
means of an external Luggin capillary tube.

Porous nickel plaques (0.028 inch thick) were used as catalyst
support material. Electrode plating solutions were prepared by mix-
ing appropriate amounts (in accordance with the required catalyst
ratio) of the noble metal chloride solutions containing 2 mg. of
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metal ‘per ml. and then adjusting the pH level to 1 with hydrochloric
acid. A vacuum filtration technique was used to draw the plating
solution through the porous nickel plaque at a slow flow rate. The
ratio of the Pd/Pt chemideposited on the plaques was the same as
that in the mixed plating solutions (3). Plated plaques were then
washed with distilled water and stored in a dry atmosphere. A
waterprooflng coating of Teflon was applied over the catalyzed sur—
face of those platinum-palladium electrodes which were to be used

as cathodes to prevent electrods "flooding." All electrodes were
plated with a total of 60 mg/in“ of noble metal catalysts. The geo-
metric area of the electrodes was 6.25 in and the current data
presented are expressed in terms of amperes per square foot (ASF)

Puel cell electrodes were evaluated with a sine wave (4) and a
square wave commutator. The square wave current was generated by a
mercury swltch functlion generator. Operating power was supplied by
a 12 volt storage battery; a second 12 volt battery supplied the
power to operate the auxiliaries of the square wave generator. Volt-
age readings were taken with a Tektronix 564 Storage Oscillloscope
and a R.C.A. Senlor vacuum tube voltmeter when uslng the square wave
or sine wave commutators, respectively. .

. For the half cell studies a current equivalent to 60 ASF was
supplied to the cell for a pre-polarization period of five minutes.
Experimental data at 60 ASP were then taken, 1.e. anodic and cathod-
ic half cell voltages, total cell voltage (ohmic free), and the oh-
mic voltage (IR drop) of the cell. ,

The cells were normally kept at the appropriate current density
for a three minute polarilzation perlod before the potentials were
measured. For the lower temperature (300 C) tests, the cell was
operated at alternately high and low current densities to malntain
a nearly constant temperature in the cell, however, it was not nec-
essary to follow thils procedure at 1000 C.

Results and Discussion

Anode and Cathode Studies -

Formate solutions in basilc electrolyte are stable at elevated
temperatures, allowing operation of cells near the boiling point of
the electrolyte at atmospheric pressure. Studies at ambient and
elevated temperatures were conducted to determine the polarization
curves for anodes and cathodes using different noble metal catalyst
mixtures with formate and oxygen. The standard potential for the
anode reaction is 1.02 volts.

HCOO'(aq) + OH‘(aq)-—€> CO3=(aq) + H20 (1) * 2e

Previous studies have shown that formate ion 1s readily oxi-
dized on an anode catalyzed with a platinum-palladium mixture or
with palladium (1, Platinum catalyzed anodes are severely polar-
ized under applied load Increasing the palladium content of the
catalyst improves the activity of the anodes at 30° C (Figure 1),
All electrodes had a total noble metal catalyst- loading of 60 mg/in
The palladium anode was the least polarized on initial tests. Upon
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extended testlng for over a thousand.houfs at ambient temperature,
a ratlo of five parts palladium to one part platinum by welght
proved to be the superlor catalyst (1).

Formate lon fuel cells were shown ln these studies to have
about twice the performance of methanol fuel cells under the same
conditions at ambient temperature. Performance of the methanol
anode 1is not greatly changed (Figure 2) when the cell temperature

"+ 1s raised to 60° C (limited by the vapor pressure of methanol).

However, anode performance of the formate cell is markedly improved
by the temperature increase. : :

Anode polarization curves obtained for cells operating at
90° ¢ with 4M potassium formate and UM potassium hydroxide electro-
lyte are shown in Figure 3. ThS porous nickel electrodes were cat-
alyzed with a total of 60 mg/in® of catalyst. The performance of
all the anodes improves with temperature (compare with Figure 1).
Obviously, the data show that on initial tests, the palladium anode

‘gave the hlghest potentlal for currents between 1 and 200 ASF at

90° C. The same trend, noted at the lower temperature, of decreas-

ing anode activ;ty with increasing platinum content was observed,
except that the platinum anoge was comparable in performance to the
anodes.

The. effect at 30° and 90° of increasing platinum content of
anodes 1s depected schematically in Figure 4. The markedly improved
activity of a platinum anode at 90° C was unexpected and is inexplic--
able at this time. .

Previous- cathode studies with hydrogen-oxygen cells at ambilent
temperature have shown that platinum-palladium mixtures are more
active than either platinum or palladium (4).  In the 4M potassium
formate - 4M potassium hydroxide system, the oxygen cathode perform-
ance improves with lncreasing platinum conteat. The best cathode
at 30° has a content of 40 mg Pd/20 mg Pt/in“ catalyst. The plat-
inum cathode was highly polarized at 30° C.

The oxygen cathode polarization curves at 90° C for 60 mg/in2
of platinum and/or palladium are shown in Figure 5. At the higher
temperatures, the activity of the cathode catalyst increases with
increasing platinum content. However, again the platinum cathode
is least active at the higher currents. The best cathode catalyst
had equal amounts of platinum and palladium. The trend of cathodic
activity of platinum-palladium mixtures is opposite that of anodic
activity of these same mixtures.

The effect of formate ion concentration on the potential of
the oxygen electrode at 90° C 1is shown in Figure 6. A waterproofed
porous nickel electrode with equal amounts of platinum and palladi-
um was used as the cathode. Potassium formate concentration in the
4M potassium hydroxide electrolyte ranged between 0.5M to UM.

It may be seen from Figure 6 that the formate fuel exerts a
considerable polarizing effect on the behavior of the cathode; and
that the effect 1s greater with increasing concentration of potas-
sium formate. Furthermore, the polarization of the anode decreases
slightly with increasing concentration of fuel. Simllar results
have been observed for the methanol-oxygen fuel cell (5). Explana-
tions for an 1ncreased polarization of the cathode as the concentra-
tion of the dissolved fuels are raised have not been considered in
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detall. It 1s for this reason that we should like to present possi-
ble hypotheses for this phenomenon.  The decrease in anode polarigza-
tion as the fuel conceatration is raised .(Figure 6) may be due to
either a decrease in diffusion limitation or increase in concentra-
tion of fuel in the pre-electrode layer. Since the 1-V.curves do
not exhiblt a diffusion limiting current for any of the concentra-
tions studied, it would appear, therefore, that the effect of fuel
concentration may be explained approximately by the concentration
term 1n the rate equation.

Although the net reaction at the oxygen electrode 1s cathodic,
thls electrode may still function as an anode for formate ilon, pro-
vided an adequate supply of fuel is present at the electrode sur-
face. If this occurs, the net cathodic current is less, and in-
creased polarization will be observed.

It has been assumed that the anodic and cathodlc reactions are
totally independent of one another over the voltage range studiled.
Since formate ion 1is probably adsorbed on the cathode, it would be
reasonable to assume that the surface covered with formate 1s not
avallable for catalysis of the cathodic reaction. However, the
predominating factor controlling the effect of fuel on the cathode
polarization in the system discussed 'in this paper appears to be-
the formate oxidation current, rather than adsorptlion of fuel.

This explanation is supported by the fact that increased formate

. concentratlon results in greater cathode polarization. Furthermore,
the performance of the cathode as a function of the catalyst 1s. the
opposite of that shown for the anode in Figure 6

Operating Cells

A cell was constructed using a platinum anode and a 30 mg P4/
30 mg Pt/in2 cathode. The selection of these electrodes was based
on the catalyst spectrum.studies. The performance of. the cell us-
lng a UM . potassium formate - 4M potassium hydroxide electrolyte is
shown in Flgure 7. An ohmic free cell voltage of 0.82 volts at
200 amps per square foot was obtained at 90° C.

Based on this data, an operating foérmate 1on—oxygen‘fue1 cell
system in strong alkali electrolyte could presently be expected to
produce 120-170 ASF at 0.8 volts per cell at 90° C. The system con-
struction would be similar to that of a hydrazine fuel cell (2). ‘
This performance approaches that of hydrogen-oxygen and hydrazine- .
oxygen fuel cells at the same temperatures. Further studies of the
effects of temperature, formate 1lon concentration, and cell design
to minimize contact of formate with the cathode should lead to
marked improvement in the performance of the formate ilon-oxygen fuel
cell.

The oxidation of formate ion in this system produces carbonate
lon and consumes hydroxyl ion. Continued operation of the system
would convert the cell electrolyte to carbonate. If the cell is to
be operated at high pH, periodic replacement of the electrolyte
would be required. However, if a small reduction in performance is
not a detriment, the cell can be operated using a carbonate electro-
lyte. Figure 8 shows the current-voltage curve of the cell with 4M
potassium formate - 4M potassium carbonate electrolyte at 90° ¢. The
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ohmic free cell voltages at. 200 and lOO ASF are 0 5 and 0.65 volts,
respectively.

. The polarization of the formate anode 1s only slightly greater
in the carbonate than in the hydroxide electrolytes. However, the
performance of the oxygen cathode 13 markedly poorer 1n the carbon-
ate electrolyte. The difference 1n performance of the two cells
shown 1n Figure 8 1s due primarily to the cathode polarization.

In spite of the greater polarization of the cathode 1n carbon-
ate electrolyte such a system may reasonably be expected to produce
100 to 130 ASF at 0.5 volts at 90° C. .

Conclusions

The formate lon- -oxygen fuel cell will produce 0.82 volts at
200 ASF (ohmic free) at 90° C with hydroxide electrolyte. Opera-
tion of the formate lon cell with a carbonate electrolyte reduced
‘the performance of the cathode, lowering the output to 0.5 volts at
200 ASF (ohmic free) at 90° C. ,

Palladium and platinum are the best anode catalysts at this
temperature. A mixed catalyst contalning equal amounts of plati-
num and palladium is the poorest anode catalyst. At 30° C, how-
ever, palladium was the best anode catalyst and activity decreased
with increase 1n platinum content. The mixed catalyst, referred
to above, however, 1s the best for the oxygen electrode at both
30° and 90° C in the presence of formate.

The output of formate lon-oxygen fuel cells approaches that

of hydrogen and hydrazine-oxygen fuel cells. This allows the for-
mate lon-oxygen cells to be applled 1n speclal applications.

Acknowledgements

. The authors wish to express thelr appreciation to Dr. D. Poull,
Mr. T. Reimer and Mr. W. Jenkln of the Research Division for their
technical assistance.



-108-

References

P. G. Grimes, H. H. Spengler, "Formate Ion-Oxygen Fuel Cell,"
Fall Meetin% of The Electrochemical Society,. Washington D.C.,
October,

. S. S. Tomter, A. P. Anthony, "The Hydrazine Fuel Cell System,"

in "Fuel Cells, CEP Technical Manual," American Institute of

Chemical Englneers, New York (1963)

P. G. Grimes, J. N. Murray, H. H. Spengler, "Studles on the
Anodic Character of Mixed Noble Metal Catalysts: Platlaoum
and Palladium,"” Fall Meeting of The Electrochemical Socilety,
Washington D.C., October, 1964.

G. F. Pollnow, R. M. Kay, "A Transistorized 60 cps Slne Wave
Commutator for Resistance and Potential Measurements,"

J. Electrochem. Soc. 109, 648-(1962)

J. N. Murray, P. G. Grimes, "Methanol Fuel Cells" in "Fuel
Cells CEP Technical Manual,"” American Institute of Chemical
Engineers, New York (1963). :




!
}

ANODE VOLTAGE VS. S.C.E.

ANODE VOLTAGE VS. S.C.E.

-109-

-1.00
60 Pd - 0 Pt Mg/IN2

50Pd -10Pt ®

40 Pd -20P¢

30Pd -30 Pt

0 Pd -60.P¢

-0.95

.
(o]
8]
a
v

-0.90

-0.85

_-0.80

P B |
1000

. -0.75|

CURRENT DENSITY (A.S.F.)

Fig. 1.-EFFECT OF CATALYST ON ANODE POTENTIALS IN,&M
_POTASSIUM FORMATE AND 4M POTASSIUM HYDROXIDE AT 30°C
-.2r : ’ ’

[

s}

e FORMATE 60°C
o0 FORMATE 30°C
-0.7} b0 METHANOL 30°C
‘ & METHANOL 60°C
- a4 1 1‘41111 2 L lllJ_LLl ! 1 AIL_ALI_I )
0.6 0 100 1000

CURRENT DENSITY (A.S.F.).

Fig. 2.-ANODE CURRENT-VOLTAGE CURVES FOR THE SYSTEMS
4M METHANOL AND 4M POTASSIUM FORMATE IN 4M POTASSIUM
HYDROXIDE AT 30° AND 60°C



-110-

-1.20

I
o

i
O

-1.05

-1.00 60Pd -0 Pt

ANODE VOLTAGE VS. S.C.E.

®

0 50Pd -10PL

0 40 Pd -20 Pt
-0.95F & 30Pd-30Pt

v 0 Pd-60Pt
- " I lllllll 1 1 IFIILLLJ 1 st
O.QOI : 10 100 1000

CURRENT DENSITY (A.S.F.)

Flg. 3.-EFFECT OF CATALYST ON ANODE POTENTIAL IN 4M
POTASSIUM FORMATE AND 4M POTASSIUM HYDROXIDE AT 90°C

ANODE VOLTAGE

100 Pd % CATALYST CONTENT OF ELECTRODE 100 Pt.

Fig. 4.-SCHEMATIC: ANODE VOLTAGE VS. CATALYST COMPOSITION




o

CATHODE VOLTAGE VS. 5.C.E.

-0.7r

‘e

o]
-06f L

v
_0_5_
-0.4f
-0.3

-111-

60Pd - O Pt Mg/INz
50Pd - 10Pt

40Pd -20Pt - v,
30Pd -30Pt "

O Pd-60Pt "

a
-0.2 ~= a
_o.l 4 1 |l|||||' N n ||1A|||l ' 1|l|1|||
| 10 » 100 1000
CURRENT DENSITY (AS.F.) :
Flg. 5.-EFFECT OF CATALYST.ON CATHODE POTENTIALS IN M
POTASSIUM FORMATE AND 4M POTASSIUM HYDROXIDE AT 90°C
-L.2¢
ﬂJI — OO~ -O—=O O 0
ul . '
U ANODE 60 Pd
9 -of .
7]
>
e
-0.4}
<
J
g
i -03 CATHODE 30Pd-30Pt
d .
s
L -o0.2
<
I

e .5M KCOOH
oM "
a4M "

1 o taaaal 1 T BTN B N S

10 100 1000
CURRENT DENSITY (A.S.F.)

Fig. 6.-EFFECT OF POTASSIUM FORMATE CONCENTRATION ON ANODE

' AND CATHODE POTENTIALS IN 4M POTASSIUM HYDROXIDE AT 90°C



-112-

ANODE 60 Pd-0 Pt

|
[e)
T

|
o
@

T

CATHODE 30Pd -30Pt

HALF -CELL VOLTAGE VS. S.CE.
) )
b [
T T

1
o
N

e TEMP. 30°C
O TEMP. 90°C

0 ! : |l||||l 1 |111||1| 1 llllllll

| 10 100 1000

CURRENT DENSITY (A.S.F)

Fig. 7.-HALF-CELL VOLTAGES FOR THE BETTER ANODE AND CATHODE -

COMBINED IN A SINGLE CELL WITH 4M POTASSIUM FORMATE AND
4M POTASSIUM HYDROXIDE ' ’

l.2¢ .
LlJ '.o
2
r—
)
So0.8
-
J
ut
0 0.6
("]
]
@
('
004
2 s 30°C 4MKCOOH + 4M KOH |
o) o 90°C n n
0-2F g 30°% 4M KCOOH + 4M K,COs
a 90°C " "
o o " nllnlj_l 1 ‘LIIILIJL . I'lllllll

o 10 100 - 1000
CURRENT DENSITY (A.S.F.)
Fig. 8.-CURRENT-VOLTAGE CURVES FOR THE SYSTEMS FORMATE/4M

POTASSIUM HYDROXIDE AND POTASSIUM FORMATE/4M POTASSIUM
CARBONATE (OHMIC FREE)




|
l
.‘
i?

.

DV A

T g—

~

Q

-113-

AN ALKALINE METHANOL-AIR PRIMARY BATTERY SYSTEM

R. E. Biddick & D. L. Douglas

Research & Development Laboratory -~ Gould-National Batteries, Inc..

Minneapolis, Minnesota

A primary battery system operating on methanol dis solved in KOH,

and air, has been developed to the laboratory hardware stage. Fuel-
electrolyte solution flows bygravity threugh palladium-activated porous
nickel electrodes. Teflon waterproofing and semi-péermeable separators
‘minimize fuel and electrolyte loss through the cathode. Condensed in
a chimney, water is recycled from the emerging air stream. Extensive
tests carried out on a battery rated at 30 W (one-third max., power) in-
_dicate that-in series, 24 cells, individually about one-fourth sq. ft. in
area, deliver 12 V. At rated output, utilization of 5 molar CH;OH/6 molar
' KOH fuel is ca. 55 Wh/1b, Single cells have been operated one year at
room temperatures, and cells in test batteries have maintained 3000 hours
of satisfactory output, A preliminary cost analysis indicates that the
system can be competitive with existing primary and secondary batteries,

INTRODUCTION

The:advantages of a methanol fuel and an alkaline electrolyte are well

~ known in fuel cell lore, The two in combination suffer the disadvantage that alkali

is consumed in the fuel cell reaction., Thus, for long term operation either a large
reservoir must be provided or the electrolyte must be contmuously purified of for-
mate, carbonate and other reaction products.

Three fairly comprehensive studies of alkaline methanol systems have been . -
reported in the literature. Murray and Grimes (i) describe a methanol-oxygen
system in which methanol is metered into a circulating electrolyte, Temperature
of the battery is controlled by a heat exchanger in the electrolyte loop. No means
of reformation of carbonate ion to hydroxide ion was provided, so that the size of
the electrolyte reservoir limits the operating time —~ about five hours in the system
described, Electrodes are of a bipolar design. The anode consists of a sintered
nickel plaque impregnated with a palladium-platinum catalyst, and the cathodes
are fabricated from porous nickel plaques containing silver catalyst and Teflon:
wetproofing. Considerable methanol is lost through evaporation, but that which
is oxidized goes to carbonate. o

~ Vielstich (2) describes a methanol-air fuel battery and its application in a
signaling device. In this case, the electrodes are immersed in a container of



-114-

fuel-electrolyte solution, the spent solution being replaced as required.
Platinum catalyst on an unspecified porous carrier serves-as the anode, and the
cathodes consist of wetproofed porous carbon activated with silver, Natural
convection and diffusion serve to provide an adequate supply of air to open-
topped cathodes., A 28-cell battery of this design, fabricated by Brown, Boveri,
Ltd. (Baden, Switzerland), was tested as a power source for a river navigation
‘buoy over a six month period. About a 10% loss in methanol (presumably by
evaporation) was experienced. Oxidation of fuel consumed is to carbonate ion,

An alkaline methanol system in which dissolved sodium chlorite is used as
the oxidizer has been reported by Boies and Dravnieks (3). The development was
not carried past the single cell stage. A fuel solution approximately 5M .in ‘
methanol and 5M in KOH is circulated past an anode which consists of a plati-
nized substrate of flame-sprayed Raney nickel, The oxidant solution (4M in
sodium chlorite and 5M in KOH) similarly flows through a cathode chamber. The

cathode is flame-sprayed Raney nickel-silver and fuel and oxidant chambers are °

separated by a dialysis membrane. External heating of the reactant solutions is
used to maintain a cell operating temperature of 55°C. An output of 144 mA/cm?
at 0.6 V is reported. Methanol is not oxidized past the formate stage, and a
considerable parasitic loss due to chemical oxidation of methanol by chlorite -

- occurs, -

This paper describes a study of a continuous flow alkaline-methanol fuél
battery system which has been carried through the. laboratory model stage. The
work was carried on as part of a joint research and development program of the
Pure Oil Company and Gould-National Batteries, Inc. A primary design objective
‘was areliable system capable of unattended operation over periods of several . ’
months. Only slightly less important were first cost and operating cost., A mini-
mum of power-operated controls and auxiliaries are used. Natural forces, i.e.,

. gravity and surface tension, serve to effect and control the flow and distribution
of reactants, '

CELL DESIGN -

Cell design is shown schematically in Figure 1. A nickel sheet forms one
side of the anode compartment, and a diaphragm forms the other side, The anode
is a standard sintered-nickel battery plaque in which palladium catalyst has been
deposited. The cathode contains silver catalyst bonded to nickel screen by
Teflon particles in the sub-micron size range. In single-cell tests, electrode
size has been two or four inches square, while in batteries the electrodes have
been as large as one-fourth square foot in area.

The diaphragm separating the electrodes may be either a semi-permeable
membrane or a more porous separator such as asbestos. In most of the cells con-
structed to date, we have used Permion 300 or 320 type membranes such as have
been used in experimental silver-zinc batteries.
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‘ 'Electrical connection between cells is provided by a corrugated nickel »
screen which serves also to maintain sufficient separation between cells to permit
air convection. ’

Electrolyte containing dissolved fuel is admitted to the cell at the tob of the

“anode, flowing down under the influence of gravity through the anode compartment

and dripping out of the cell into a collecting trough,

SYSTEM DESIGN

Cells are stacked three per inch and are held in place by compression be-
tween end plates connected by tie bolts. Fuel-electrolyte solution is distributed
to the cells in parallel flow by means of a system of wicks and manifold which
is operable over a wide range of flow rates.

The battery and fuel distributor are enclosed in a cabinet as shown in
Figure 2 of a 24-cell system, Natural draft over the height of the battery cabinet
is sufficient to provide adequate air convection past the cells. Controls and de-
sign features are provided to maintain flow rates and temperatures within the
limits of satisfactory operation over a range of environmental conditions.

Air enters the cabinet through a thermostatically controlled opening near
the bottom. Air leaves the cabinet through an opening near the top, entering a
chimney of narrow rectangular cross section. Some water is condensed on the
walls of the chimney and returned to the battery through the fuel distributor, To
provide auxiliary cooling at high ambient temperature, metallic fins extend from
each cell through the back wall of the cabinet into a secondary air chamber
through which natural air flow is thermostatically controlled, To prevent excessive
heat loss in a cold environment, the cabinet and secondary air chambers are
covered with a layer of polyurethane foam insulation.

The feed rate of fuel-electrolyte solution is controlled automatically in re-
sponse to battery output by means of a controller developed by Honeywell,
Several types of valves and positioners have been tried. One type which resulted
in good control characteristics consisted of a needle valve having a stem with a
one-degree taper which was turned by a small reversible DC motor,

OPERATING CHARACTERIS’i‘ICS

A polarization curve for a typical natural-flow cell at room temperature is
shown in Figure 3, In order to permit comparison with other types of cells in
which electrolyte concentration changes are negligible, the data in Figure 3 were
obtained at a high feed rate. Maximum power output at these conditions was
about 10 W/ft?,

Ordinarily, if this natural-flow system is to be operated with once-through
flow of electrolyte, feed rate will be very slow in order to provide good utilization
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of reactants. The effect of feed rate on output voltage is shown in Figure 4.
These data were obtained with a six-cell uninsulated battery with natural con-
vection of air, Voltage dependence shows two markedly different regions. At feed
rates between about 170-300% of the theoretical methanol rate (100-180% of
theoretical potassium hydroxide rate), voltage is roughly proportional to feed rate.
At higher feed rates voltage increases only slightly with feed rate, and at very
high rates voltage would decrease because of the cooling effect of the feed.

The explanation for this operating characteristic lies in the influence of re-
actant and product concentrations on reaction rate. At low fuel rates concentration
changes in the electrolyte are extensive, and a voltage gradient is observed ’
through the cell along the path of the electrolyte, The potentials of anode and
cathode vs, a reference electrode both become more positive as the reference
electrode is moved from the electrolyte inlet to the electrolyte outlet. Single-cell
data illustrating this effect are shown in Table I. At a feed rate of 275% of
theoretical methanol, the change in potential between inlet and outlet amounted
to 0.14V,

TABLE I. EFFECT OF FEED RATE ON ELECTRODE POTENTIALS

Feed: 5M CH,OH - 6MKOH
Current Density: 10 mA/cm?®
Cell Temperature: - 30°C

Electrode Potentials vs. SCE in:

Feed Rate, Feed Effluent Measured

.‘;\/:I;thhzzs?retical Epnode Ecath.  Eanode Ecath. 'V;:lfeiclge
750 _ -.83 .34 -.83  -.33 .51
470 -.80 -.32 -,80  -.32 .49
345 -.81 =35 =19 32 .46
295 : --.80 -.36 -.74 =29 .44

2175 -.78 -.39 -.65 -.24 . .40

Utilization of fuel, in terms of specific power output of the fuel solution
in Wh/1lb, can be derived from the voltage dependence and is plotted in Figure 4
1f output voltage were strictly proportional to fuel rate in the low rate region,
then fuel utilization would be independent of fuel rate in this region. However,
Figure 4 shows that fuel utilization does increase slightly as fuel rate is
decreased.

Maximum fuel utilization with 5M CH;OH-6M KOH fuel was about 55 Wh/1b.
It was limited largely by methanol loss occurring by evaporation through the
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diaphragm but also by electro-osmotic flow of electrolyte through the diaphragm
and cathode. These losses could be reduced through the use of a more retentive
diaphragm, Concentration of formate in the spent electrolyte is less than -
0.05 mole/liter, - indicating high selectivity to carbonate formation. '

Battery temperature is a function of current and of the flow rates of feed
solution and air, Table II lists operating temperatures of the 24-cell battery
shown in Figure 2 at a fuel rate of about 300% of theoretical based on methanol

content of the 5M CH;OH-6M KOH feed solution used; however, if the fuel rate

were calculated on the basis of potassium hydroxide rather than methanol, it
would be 180% of the theoretical rate required by the current. In these experi-
ments air was forced through the cabinet at a metered rate rather than being
allowed to flow by natural convection.

. TABLE II. OPERATING TEMPERATURE OF 24-CELL BATTERY
' Ambient Temperature: 25°C
Feed: 5M CH,;OH-6MKOH '
Feed Rate: 300% of Theoretical CH,OH

Current Density Air Rate, ' Battery

mA/cm? : % of Theoretical ~ Voltage .Temperature, °C
10 200 10.8 61
10 ’ 500 11.2 58
20 _ 200 8.6 79

20 o 500 12.0. 63

At an ambient temperature of 75°F, battery temperature is roughly 60-65°C
at current densities of 10-20 mA/cm? and at the air rates and feed rates ordinarily
used. At a low air rate the boiling point of the fuel can be exceeded, resulting
in -severe reduction of output voltage. Cell voltages at these currents are
ordinarily between 0.4 and 0.5 V. ’

USE AS A POWER SOURCE WITH INTERMITTENT LOAD

One possible application of this primary fueled-battery system is as a
power source for signalling devices, many of which operate intermittently., A
load of this type was simulated by means of a-timer operating for one second on
and nine seconds off in series with a 250 W, 12 V lamp. Since the current surge.
required to operate this load was greater than could be supplied directly by the
fueled battery, a storage battery was connected in parallel with the fueled
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battery. Thé storage battery was atz Ah, 10 V assembly of sealed nickel -
cadmium cells® A schematic diagram of the system is shown in Figure 5.

This system operated automatically for a three day test period, during
which time the voltage under load remained within the range of 9.0 to 9.7 V.-
Although the storage battery was operated under severe overcharge conditions for
most of the test period, it performed satisfactorily.

LIFE TESTS

Single cells have been tested at room temperature for periods up to one year
under a continuous drain of 10 mA/cmZ. Voltage decline has occurred mainly at
the anode, amounting to 10 to 30% of the initial voltage output. Cracks in epoxy
edge seals have required some increase in feed rate during the progress of the
test in order to maintain cell performance at this level.

Cells in test batteries have maintained satisfactory output for 3000 hours -~ ~
of operating time accumulated in successive test batteries, The longest time
which a battery has been operated thus far is 2000 hours; the battery was utilized
-in system tests rather than battery life tests and was subjected to more extreme
operating conditions than would be expected in an optimum system design.

In some early batteries containing cells with thin-membrane diaphragms,
cell reversals resulted in deposition of palladium and silver in the diaphragms to
the extent that electrical shorting occurred. The problem was eliminated by re- o
moving the cause of cell reversal, namely, unequal feed rate to individual cells -
which resulted in excessive fuel depletion in some cells,

OTHER FUELS

Since the major cause of low methanol utilization in this system is the
high volatility of methanol, one might expect le$s volatile fuels to overcome this ;
difficulty. Ethyl alcohol, for example, boils 14°C higher than methyl alcohol.
In a single cell test, however, fuel loss was not reduced by ‘the subsntunon of
ethyl alcohol. Ethylene glycol is not an acceptable fuel because 1t forms an in-
soluble oxidation product which plugs the cell passages. . ’ !

COSTS

Based on a specific power output of 50 Wh/1b of fuel solution and a cost ' 1
of $0.10/1b of methanol and potassium hydroxide, fuel cost would amount to
$0.80/kWh.

Catalyst cost is about $3/W, most of which is recoverable. Cost of the
complete system would be many times this amount in small scale production.

* Manufactured by Alkaline Battéry Divisior}, Gould-National Batteries, Inc.
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Even so, with a life of only one year the alkaline methanol-air system might be
economically competitive with existing primary and secondary batteries.

CONCLUSIONS

Because a natural-flow fueled-battery system can operate with a minimum

of moving parts, it should be inherently reliable. The system can operate auto-

matically and unattended, giving power on demand and maintaining itself in
standby condition under no load.

_Power capability can be substantially higher than is 'practical with air-
depolarized primary batteries or with secondary batteries. The system is simply

_recharged for a new period of use by refilling the fuel-electrolyte reservoir with

fresh solution. Life tests of single cells indicate a useful life of at least one
year and possibly considerably longer. '

Costs may be competitive with existing low-energy power sources.
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SOME_ASPECTS OF THE DESIGN AND QPERATION
OF DISSOLVED METHANOL FUEL CELLS

by
’ K.R. Williams, M.R. Andrew and F. Jones
"Shell” Research Ltd., Thornton Research Centre, P.0O. Box 1, Chester, U.K.

INTRODUCTION
It ha; long been recognized1 that a soluble fuel such as methanol

may conveniently be used in low temperature fuel cells. However most early

- attempts to realize this type of fuel cell involved the use of an alkaline

electrolyte, which would have been rapidly converted to.carbonate. Thus

potassium or sodium hydroxide solutions do not meet the requirements of

~Invariance implicit in the definition of a fuel cell. At low temperatures,

thgt is at ambient temperéture and slightly above, carbonate electrolytes
are unsuitablé; not only is the performahce of the oxygen electrode poor
aﬁd the anode subject to concentration polarization, but formation of the
bicarbonates, which are of low solubility, makes it difficult to conceive of
a reasonably invariént system when such an electrolyte is used. If
operation at around 120°C is acceptable, then Cairns and his co-workersg’3
ﬁave shown that caesium and rubidiumAcarbonates can be used as invariant
electrolytes for methanol fuel cells. However, the performance of

present oxygen electrodes in this electrolyte falls short of that obtainec:

in strong acids and bases. Furthermore, as Williams and Greg‘ory,+ have shown
only Strong‘acids and bases can be used as electrolytes for low temperature
fuel cells if high current densities are required.

These considerations suggest that a strong .acid is 1ikely t0 be the
most satisfactory electrolyte for a direct methanol fuel cell. Of the
strong acids, sulphuric seems the best choice if operation at temperatures
between ambient temperature and 60 or 70°C is required. This acid has a

high specific conductivity, 1s non-volatile and, although 1t is
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corrosivé, the problems attendaht uéoﬂ.its use are not insurmountable. In
our experience the performance of oxygen electrodes in sulphuric acid is
marginally better thén in phosphoric acid, the major alternafive; also the
electfical conductivity of sulphuriq acid is higher than that of phosphoric
acid at low temperature. Perchloric acid offers no significant advantaée
over sulphuric acid with our electrodes and as there is a possible fire
MMMthwmm®maﬁdwdﬁmmdwemﬁwmdmmmﬁcmm

Another advantage of acid electrolytes is that water removal 1s

easier than with aﬂ alkaline eiéci;olyté. This is beqauée, with an acid
electrolyte, hydrogen ions dischafge on the alr electrode to form water
which is readily removed. On the other hand in alkaline systems, water
has t6 be transported from the fuel electrode through the electrolyte to the
air electrode. This process takes place agalnst the concentration gradient
as the concentration of electrolyte is highest, and hence vapour pressure of
water lowest, éf the region from which water 1s evaporated. '
There are various reasons for accepting an upper limit of
operatihg temperature of 70°C for the dissolved methanol cell. ‘In the
first place methandl, even 1n solution, is sufficiently volatile at
temperatures above 60°C as to necessitate stringent precautiops égainst loss
by evaporation. Secondly, an upper temperature limit of ab6u£-70°C means
that a wide range of cheap, qommercialiy avallable plastics offers sufficient
temperature and corrosion résistance to be useful for fuel cell construction.
Additionally, corrosion problems, particularly in the vicinity of the air -
electrode, are aggraVatéd by increased temperatures and offer a further
incentive to relatlively low temperature operation. Finally, 1f a cell is
designed to run at about 60°C, it will have a reasonable output at room

temperature and will start easily from cold.
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The ability to operate an invariant acid electrolyte system at a
relatively low temperature may be of importance where extreme longevity is
required. In our experience the rate of electrode deterioration increases_
with increasing operating temperatures but even at the present state of the
art, lives of the order of years appear possible if temperatures can be

kept fairly close to 30°C.

EXPERIMENTAL
For our air electrodes we have developed a structure in which micro-
porous polyvinyl chloride (P.V.C.) is used as the substrateB. This substrate

is made conducting by being coated with an evaporated metal layer, which
ﬁay be ﬁhickened by electrodeposition of more metal. Finally, a .catalyst
1s applied to the electrode surface. In acid’' electrolytes we have used
gold as ths conducting metal layer. Since quite thip layers of gold are
acceptable, the intrinsic value of the substrate (microporous polyvinyl
chloride together with the gold film) 1is only about $1.50 per sq.ft.

The performance of oxygen and alr electrodes of this type in acid .
and in acid to which methanol has been added is shown in Figure.I in which
the scale of the ordinate 1s exaggerated in order to emphasize the
differences in electrode performance. It can be seen tha£ the voltage
of the air electrode throughout the current range is within 50 mV of that
of the electrode using pure oxygen. This 1s characteristic of electrode;
of this £ype provided that the catalytie activity 1s high. Whilst the
presence of methanol in the electrolyte has a substantial effect on the open
circult voltage of the air electrode, at useful current densities 1M methanol

depresses the potential of the air electrode by only 20-50 mV.
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VWe have found that the'microporous plastic also makes an ideal
substrate for methanol eleqtrodes. This quité naturally led to our using
bbth sides of the material to make a complete cell. Qne sidévof the
substréte is used for the air electrodé and the other 'side for the methanol-

'electrode, the cell thickness being the thickness of the pérous plastiq
“itself. Thus it is now a relatively simple matter to make complete cells
with an inter-electrode distance of 0.030 inch and haVing a very low
internal resistance. |

The performance of both methanol and air electrodes in a complete
cell at 25°C and 60°C is shown in Flgure 2. Over this temperature range, -

. the air electrode is relatively unaffected by the temperature of operation’
:whereaé the voltage of the methanol electrode at reasonable current densities
deéreases by about 100 mV as the teﬁperature is raised. The internal
resistance of the fuel cells is, of coufse, varied by electrode separation..
A typical voltage loss due to internal resistance at a current density of
100 mA/sq.cm would be ﬁ5 mV per cell. .

Methanol-air batteries with sulphuric acild electrolyte have been
built from cells of‘this type. fhe altefnat;ve design in which a separate
piece of porous plastic-is used for each electrode, with a relatively thick
electrolyte layer between the electrodes, has also been used in the
coﬁstruction of batteries. Both designs of cell are shown scheﬁatically
in Figure 3. With both types of battery internal electrical conhectidns
from the electrodes to the conducting cell separators were made from gold-
plated élastic mesh., ‘ Thus series electrical connection is built into
‘the batteries. The mesh chosen allows the free passage of gas past the
air electrodes, escape of carbon dioxide bubbles from the eleétrolyte and

current collection from the surface rather than from the periphery of the

r/\
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electrodes. The construction of this type of cell is descfibed elsewhere5

and Figure 4 shows a_300 -watt methanol-air battery of 40 cells.

During operation of an 8-cell prototype methanol-air fuel cell
using 6N sulphuric acid, the fuel-electrolyte mixture developed an ester-
like smell. -The electrolyte was extracted with ether and the extract

analysed by gas-liquid chromatography. In addition to the intermediates

normally encountered (formaldehyde and formic, acid), traces of acetic,

‘propionic, butyrie and isobutyric acids were detected together with some

unidentified compounds. These materials were not prgsent in either the
methanol used as fuel or in the ether used for the extraction.

These -side products aré present in small quantities but may be
strongl& adsorbed on the electrocafalyst thereby causing the observed slow
décline in electrical output with time. Experiments in which small
quantities of these materials were deliberately introduced into a fresh
electrolyte - fuel mixture showed that they had a poisoning effect on the
methanol electrode,

We have.carried out some preliminary experiments to determine»the'
source of these.poisons. - The first possibility that occurred fo us was
that these materials might arise as a result of attack by the acid
electrolyte on one or other of the plastics present in the ;eli {polystyrene,
Perspex, P.V.C., or polyethylene). We were able however to detect tracgs
of these organic acids éfter prolonged anodic oxidation §f methanol in

éN- sulphuric acid in all-glass apparatus with a platinized-platinum,anode.
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DISCUSSION
" In spite of the difficulties of choosing inexpensive, acid-
resistant éonstructional'mgterials. developing suitable electroéétalysté and
'minimizing the effedts-of impurities on the electrodes, wevhave built a
.series of satisfactory methanoi-air batteries. The firét battery - a small

8-cell prototype - was built in September 196} and is sﬁill operational,

giving 2.85 ﬁatté at 1 amp compared with its initial performance of 3.15 watts

at the same current density. This téstifie§ to the longevity of the system,
for the only servicingvthe battery has received is an occasional wash with
distilled water. . '

Since the prototype was bullt we have been able to build larger
batteries usingyimprbved éiectrocatalysts and this'work has led to the
construction of a 4o-cell battery delivering 306 watts'at 12 volts at 60°C. .
With this battery, as with all the other 5atter1esAwe have constructed,
there ha% always been an ester-like smell and organic acids have been
detected frequently. It 15 interesting to speculate on the origins of
these mgterials. : l
. Whilst radical dimerizations are frequently éncountered_in'electro-
chemical proégssesé, this type of reaction does not seemllike;y.here. If
a radical were polymeriéing then the expected yields of acids wéuld be
butyric « propionic « acetic.  Even though the isolation of thé organic
aclds is only qualitative it seéms fhat they are presént in quantities which
decrease only slowly as one goes up the homoiogous series, ‘Thus the 1ikeiy
route appears‘to be an attack of a radical on a methanol mo;ecule.

The existence of the radical H - ﬁ - OH has been postulated in the
M
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Fisqher-Tropsch Synthesis7_of organic compounds from carbon monoxide énd
hYdrogen. Formaldehyde, which has been detected in-soiution by several
8‘9, might have this structure in the adsorbed state and, by
progressive condensations with methanol énd subsequent rearréngemenis, would
1éaq to aldehydes which, under the anodic conditions present, would be
electrochemically oxidized to the'organic acids which have been detected.

Howéver, until a more thorough investigation of the spectrum of prcducts is

available, the reaction mechanismvmust remaln obscure. .

Finally, although these'sidg reactions cause some trouble, the
longeyity of our prototype battery testifies to the fact that they do not
have a disastrous effect on cell life.. .However, attentioﬁ will have tb be
dt'avotedvnot ohly to improving the'efficiéncy of Qlectro-catalysts for the
methanol oxidation 5ut also to the suppressionof slde reactions. Probably,
if a catalyst 1s sufficiently good for the overali reaction‘of methanol to
carbon dioxide, thé side products will be formed in negligible quantities.
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FIG. 3—Schematic drawing of two types of single cell
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FIG. 4— 40-cell methanol-air fuel battery
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A COMPARISON BETWEEN EXTERNAL AND INTERNAL: REFORMING
METHANOL FUEL CELL SYSTEMS

Nigelk I. Palmef, B. Lieberman and M., A. Vertes

Leesona Moos Laboratories
Division of Leésona Corporation
Great Neck,. New York )

INTRODUCTION

With the results of several years work in many laboratories now available,
it is possible to compare the rather limited number of fuel cell systems capable
of operating on carbonaceous fuels. Although many of the approaches are
conceptually simple, it must be conceded that none meet the original objectives of
ultra-high efficiency and system simplicity. Because of this, it may be mis-

‘leading to base comparisons only on the characteristics of the central component,
_ice., the fuel cell. The object of this paper is to compare designs for two

complete 6 kw fuel cell systems operating on methanol and air.

Figure 1 illustrates the basic system options that are available. The
direct anodic oxidation approach remains conceptually the most attractive.
However, unsolved problems of catalyst cost and stability, corrosion and
electrochemical efficiency have so far prevented it entering a development stage.
The remaining approaches may all be termed 'indirect' in that the anodic oxida-
tion step involves hydrogen produced from the fuel in a previous stage. System
(2), using an acid electrolyte cell retains some of the problems of thé direct
system; narﬁely, materials and catalyst stability in acid, plus poisoning by trace
amounts of carbon monoxide. System (3) which is undoubtedly the most
developed, retains the advantages of a basic electrolyte cell by prepurifying the
hydrogen -- usually with a palladium/silver diffuser. A variation of this system
combining the last two stages by the use of Yalladium/sﬂver anodes (System 4)
has been described by Chodosh and Oswin. ( More recently, Vertes and Hartner
have described an alternative approach 2) originally developed at Leesona Moos
Laboratories in which the reforming, purification and anodic oxidation steps are
integrated within the anode structure (System 5). This is referred to as an
'integral réforming' or 'internal reforming' fuel cell system.

In principle all the systems shown are capable of operating on any
carbonaceous fuel. Methanol, however, offers several advantages for fuel cell
use, and the systems compared have been designed for'this fuel. Significant
factors determmmg this choice were: ' '

1. The favorable thermodynamics of methanol reforming at
relatively low temperature. ’
2. The favorable kinetics and catalyst stability obtained for the
methanol reforming reaction,
3. The complete miscibility of methanol and water with resultant

simplification of system design.
4, The availability of relatively cheap, high purity methanol.
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INTERNAL REFORMING PRINCIPLES

Before discussing the overall systems, it will be necessary to describe
briefly the operating princiAples of the internal reforming electrodes. Figure 2
illustrates the sequential steps involved. An equimolar mixture of methanol and
water is vaporized and passed through a catalyst bed contained in a thin plenum
chamber behind the palladium/silver membrane. Here dehydrogenation of the -
methanol occurs first,followed by shift conversion of the resultant carbon
monoxide.

Dehydrogenation CH3OH

Shift : - CO + H20 —™*™H; + CO2 (2)

Overall CH30H + HpO—*=CO;, + 3 Hy (3)
Tl gt lecas Uile ceaclive. wwue diffuses through the palladium-silver

membrane to the electrolyte side where it is anodically oxidized.- The 75%
palladmm/ZS% silver membrane,l mil thick, activated with palladium black(3)
imposes no restraint on the reaction and limiting currents exceeding 1 amp/cm2
have been obtained. The electrolyte employed can in principle be either acid or
base, but 85% KOH has been preferred because of its lower vapor pressure, lower
corrosion, and the higher performance obtained.
‘The overall reforming reaction is endothermic., In this system the

. nécessary heat can be supplied directly by the waste heat produced in the cell by
entropy-and polarization losses., Various side reactions such as the methanation
reaction can be suppressed by proper selection of the catalyst. Best results have
been obtained using a mixed oxide type catalyst. It may be observed here that ’
because of the physical separation of catalyst from electrolyte, optimization of
the catalyst is substantially easier than for a direct oxidation anode. Thermo-
dynamically,- conversion to hydrogen is 99% complete at 160°C. The lower
temperature limit for operation is established at about this point by kinetic
considerations. A higher operating limit of 300°C is established by electrolyte
and materials limitations within the cell itself. Selection of the optimum
operating temperature requires an analysis of several other interrelated factors
and is discussed in a later section on system design.

SYSTEM EFFICIENCIES

The primary reason for using a fuel cell is the high efficiency of energy
conversion, although account must be taken of other factors such as weight,
volume, capital cost, etc. The priority of these will be determined by the
requirements of a particular application,

The net thermal efficiencies of both fuel cell systems can be expressed as
functions of the same set of component efficiencies; however, the interrelations
and limits of these component efficiencies are quite different for the two cases.
Figure 3 shows the location of the points of energy loss - expressed as
efficiencies, -

CO+2H, - o (1)
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The eff1c1er1c1es considered are:
Net system efficiency 7= Net electr1ca1 energy delivered
. Heating value of CH3OH supplied

H) produced in the reformer
H; stoichiometrically available irom
CH30H/H,0

Conversion efficiency Ng =

Heat exchange efficiency N = Leat supplied
’ Heat available

H2 anodically consumed

Utilization efficiency 7y = T
Total H roduced
2P

Cell thermal efficiency T =- Gross electrical energy produced
) Heating value of H, consumed

Auxiliaries efficiency 74 @ Net electrical energy delivered
" Gross electrical energy produced

Evidently, defined in this way the net system efficiency is expressed as a
product of the component efficiencies,

3 AHoy' : : ! 4
- where: AH,,' = lower heatmg value of H, (at cell temperature)

AH,.'' @ lower heating value of CH30H (at room temperature)
At any steady operation condition, a state of thermal neutrality must be obtained
for the system. »

Case I. External Reforming System. The requirement of thermal
neutrality is achieved in this system by oxidizing the purge gases from the
hydrogen extractor and supplying the heat produced to the reformer. Provision
must also be made for removing the cell waste heat which in this system is not
utilized. Writing a simplified energy balance for the system,

ngAHR + AHy = Mg { (1-7my) 30 AH ' + (1 -n(‘:) AHox”] (5)

where: AHR = heat required to reform methanol,Kcals/g. mole
AHy = heat to vaporize and superheat methanol and water,
Kcals/g. mole :

Considering the components of efficiency: The conversion eff1c1ency nc
will have a theoretical limit estabhshed by the thermodynamics of reactions (1) _
and (2), This exceeds 0.99 at 200°C, 1In practice however, the primary limitation
results from kinetic factors, i.e., need to minimize the reformer volume. With
external reforming this restriction is not serious and values for 7T as high as 0.95
may be obtained. The cell efficiency 7T has a theoretical limit imposed by the cell
entropy losses (approximately 0.9) and a practical limit determined by a tradeoff
between the capital cost and operating cost. Since the cell waste heat is not utilized,
thermal balance requirements do not impose an additional limit., The auxiliaries’
efficiency 7, can theoretically approach 1.0 for a simple system; in practice it .
will be .as low as 0.7 in small systems, rising to higher values as the gross power
level increases.
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The H utilization efficiency 77U has a theoretical limit in external re-
forming systerns, imposed by the need to supply reformer heat. This limit"

- will be determined by the conversion efficiency and the heat exchange efficiency
between the catalytlc burner and the ‘reformer., The interrelationship between.
Nirs nc and 7g is given in equation (5) and is shown graphically in F1gure 4.
For a given conversion level and heat exchange efficiency, the value of 7y in
thls graph represents the maximum utilization possible for thermal balance,

Table 1 shows the effect of component efficiencies on'the system net -
thermal efficiency., Three cases are considered; the first refers to ultimate
theoretical limits assuming complete reversibility of each component, the second o

" refers to probable practical limits that may be approached,and the third gives ‘
state-of-the-art values employed in the present designs. In the second case a
limiting operating voltage -of 1.0V is assumed.

Table 1, External Reforming System - Component Efficiencies
" Theoretical Practical Present Design
Efficiencies Limit Limit (State of the Art) /‘
Conversion ' Mc 1,0 0.95 - 0.91
Cell T 0.9 ' 0.75 0. 62
Auxiliaries na Lo 0.95 0. 83 _ A
Heat Exchange 735 1.0 0. 80 0. 70
Utilization Ny 0, 78 0.77 - 0.76
Net LAY 0.80 0.51 - 0.40
: y
Case II. . Internal Reforming System, Considering now the internal
reforming system, it is evident that the same expression (5) for net efficiencies -
must hold. However, the expression for thermal neutrality is quite different | ‘
since heat is now supplied by the cell: . 4
Ne AHg + AHy = 3 g My Mg' (1 -707) AHg' ' (6), )
The cell thermal efficiency may be expressed in terms of operating voltage (E):
' 2E_F g . .
N 2 ——————— - ‘ (m 4
AH,,' . (
Substituting this into equation (6), an expression is obtained rela.tmg the .
conditions for the rmoneutrahty to the cell voltage: :
Nc AHg + AHV =3 N¢g Ny Ng' LAHOX' - ZFE] ' L (8
The heat exchange ef'ficiency'te m g’ is 'def.ined essentially as before , but o (/1
has components which themselves must be optimized for thermal balance; '
i e, Mg heat produced - losses to air - losses to surroundings . i

heat produced
As in the previous system, no theoret1cal limits exist for 7. Because

of cell temperature, size, and heat transfer considerations, however, the )

practical limit for 7) o may be lower for-internal reforming systems. This is

due, it must be emphasized, to kinetic rather than thermodynamic considerations. .
It may be mentioned at this point that where thermodynamic limitations do 4
apparently occur, as for example with hydrocarbons, they may in practice be
circumvented. This results from hydrogen extraction through ‘the membrane,
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distorting the equilibrium until co p%ge conversion has occurred. This is
discussed more fully elsewhere, . With the catalysts currently used -at
LML, a limit of about 0.9 is ‘obtainéd for methanol, 7 ;;-has no theoretical
limit in this system, but a practical limit of 0. 97 is probably realistic, . My.
tends to be higher for the internal reforming system because of the fewer
auxiliaries and simplified controls, Unlike the previous case, 7/ is theoretically
limited by the requirement of thé rmal neutrality. Equation (6) shows how this is
related to Mecs Mys and ngp'. Figure 5 shows this relationship graphically and in-
dicates that adequate heat is available from the cell even at low heat exchange
values. The apparent’excess of heat, however, is balanced by lossés from the
cell which may impose a heat deficit. This is shown in Figure 6, which presents
the components of heat balance around the internal reforming cell as a function
of gross power output, The heat requirements for reforming are given for the
theoretical limit of 100% conversion,

- Allowing for heat input to the reformer plus losses to the cathode air
streams and to the surroundings, a small heat deficit occurs, This can then
be balanced by some form of heat ekxchange, Two possible schemes considered
are: (a) inlet air to-outlet air exchange to reduce air cooling; (b) outlet air to
inlet methanol to' reduce the vaporization load. Alternatively, if 7 is below
0.9, catalytic combustion of the residual fuel in the cell exhaust may be used,
e.g., for fuel vaporization. This is the scheme employed in the present design

" study.

Table 2 shows values for component efficiencies equivalent to-those
presented in Table 1 for the external reforming system. Note that the heat
exchange efficiency 7g' is determined by 'assuming a recovery exchanger
efficiency of 75% for the non-utilized cell heat losses. It can be seen that
higher overall system efficiencies may be anticipated for the internal reform-.
ing system at all levels of development,

Table 2, Internal Reforming System - Component Efficiencies
~ Theoretical Practical Present Design
Efficiencie’s Limit Limit (State of the Art)
Conversion ne 1.0 0.91 © - 0.84
Cell . Uy 0.73 0. 69 0. 64
Auxiliaries - Na 1.0 0.95 0.86
Heat Exchange - g 1.0 0.90 ) 0. 69
H,: Utilization ‘ nU. 1.0 0. 97 0.95
Net N 0. 83 0. 66 . 0.50

6 KW DESIGN STUDIES

To p'érrriit‘ a realistic comparison of the two approaches to be made,
design s‘t;‘idies of two complete 6kw systems have been made, The normal
operating output of 6kw (net) was selected as being appropriate for probable
initial commercial applications. The complete systems described have not
yet béen built, although extensive testing of the components and major sub-
systems has been proceeding since 1962, As an example, Figure 7 shows
a typical internal reforming bicevlvl_composed of.two 5' x 5'" anodes and a
single porous nickel bicathode, 'Figure 8 shows an experimental G, 5 kw
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multicell ‘stack with associated instrumentation, .

a. External Reforming: Figure 9 shows a simplified schematic of
 the external reforming system. Methanol/water is pumped to the reformer
where it is first vaporized and then catalytically reformed. The reformer is
operated at a tempe rature of 300°C, a pressure of 75 psig, and a space velocity.
of 1200 IHSV, ¥ with heat supplied by catalytic oxidation of the extractor purge
gases. Product ga.sesé largely Hy, and CO, are purifiedin a palladium/silver
diffuser containing 8 {t© of 1 mil foil-and maintained at 300°C by the hot gases -
from the burner. The fuel cell employed operates at 75°C with circulated 5N
KOH electrolyte. Both anode and cathode are lightweight '"Teflon' *# TFE-
fluorocarbon resin bonded electrodes operating at i psig differential pressure,
In the present system, platinum activation is used but cheaper catalysts are
under development, Figure 10 shows the current-voltage characteristic for
the cell. Electrolyte-water concentration and temperature are controlled in
separate subsystems through which the electrolyte is circulated, The cell
module contains a total of 189 cells with a total electrode area of 64 £t providing
a gross power of 7 kw at normal operating load. The net thermal efficiency
of the system at operating load is 40%. System specific weight and volume are
97 lbs/kw and ‘1.1 ft” /kw respectively. : '

Table 3 summarizes the Weights and volumes of the major components. -

Table 3. 6 kw External Reforming System - Component Parameters

Component : Weight (lbs) Volume (ft3)

Fuel Cell 130 . 1.7

Reformer 61 . 0.77

Extractor - ) 65 . ] 0.53

Battery : 87 0. 75

Miscellaneous Auxiliaries 239 3.1
Total System =-----<-- 582 6. 85

b. - Internal Reforming: Figure 1l shows a schematic of the internal

reforming system. As discussed previously, thermal balance is achieved in
" the system by catalytic combustion of the cell exhaust gases to vaporize and
superheat the methanol/water feed. The thermodynamic and kinetic factors
involved in optimization of the cell operating temperature have already been
mentioned. Other factors which must be considered are the requirements of
heat transfer to the reaction zone and the need to minimize cell volume. As
cell temperature is increased, the catalyst activity increases permitting a
higher space velocity and thus a thinner catalyst bed for the same conversion
level, This also results in increased heat transfer. Analysis of the present
system indicated an optimum operating temperature of 225°C. Temperature
control of the system is achieved by circulating oil through jackets around the
cells. Water of reaction is.removed from the cathodes via the excess air on
a self-regulating basis. ' The air is scrubbed before entering the cells to pre-
vent carbonate formation. Figure 12 shows the voltage-current characteristic
for the cells, . Operating point at rated load is 210 :«.1:rnps/f1:2 at 0.8 V. 121 cells

4 IHSV is the ideal hydrogen space velocity defined as the volume of hydrogen
produced by stoichiometric conversion of the fuel supplied per hour divided
by the reactor volume, :

++ A DuPont registered trademark.
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with a ‘total area of 40 ft? prov1de a gross normal operating power of 7 kw,
System net thermal eff1c1ency at this ope rating point is 50%. Specific weight
and volumes are 80 lbs/kw and 0.57 ft3/kw respectively, Weights and volumes
of the major components are summarized in Table 4,

Table 4, 6 kw Internal Reforming System - Compgonent Parameters
'Component | Weight (Ibs) ~ Volume (ft))
Fuel Cell : . " 284 - 1,5 .
Battery . . 87 0. 75
Miscellaneous Auxiliaries 109 1, 2
Total System --- 480 " 3,45

OVERLOAD AND CONTROL

The cell operating point is determined by the maximum overload re-
quired in a particular operation. In many applications, particularly electro-

.mechanical, theoverload may be high but of relatively short duration. Under

such conditions, an optimumn for capital cost and size may be obtained by a
hybrid combination of fuel cell and secondary battery. This battery supplies

" transient overloads and is automatically recharged by the fuel cell, The fuel

cell itself may then be scaled to satisfy the integrated power requirement

(i. e., total kwh/time) while operating at near peak power densities. This -
approach has been incorporated in both of the present system designs. It
may be noted that a battery will in any case be required to provide the start-
up power necessary for indirect systems, The battery capacity will be de-
termined by either the overload requirements or the start-up demands. In
the present design, lead acid batteries have been specified to provide 5:1
overload capability.

It is impossible in the present discussion to analyze the system con-~
trols in detail; however, some of the factors affecting response to varying
loads should be mentioned. In a simple hydrogen/oxygen cell supplied from
high pressure tanks, response is limited only by gas flow and regulator opera-
tion and is therefore quite rapid. With an indirect system, however, the change
in load must be transmitted to each of the previous stages. Depending on the
capacity and response of these stages, serious control lags may develop. To
provide a smoother response, a small hydrogen surge tank has been 1ncorpora.ted
in the external reforming design.

The control problem is minimized in the internal reforming system
because of the closer integration of the reaction stages. In addition, the high
hydrogen capacity of the palladium/silver membrane provides an effective surge
capacity corresponding to approximately 6 coulombs/cmz. This is roughly-
two orders of magnitude higher than for a platinum activated electrode,

CONCLUSIONS

An analysis of the various factors presented indicates that a selection
between the external and internal reforming systems will depend largely on the
requirements of the particular application. It has been shown that substantially
higher systemn efficiencies are possible with internal reforming. This will be
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obtained however at the expense of a higher capital cost resulting from the. .
higher palladium content and more expensive materials of construction used
in the system. Because of the fewer auxiliaries, the volume of the internal
reforming system is substantially smaller,though system weights are similar,
The superior response characteristics of this system may be important in
- variable load applications.

~ Considering future development the eff1c1ency of the external re-

formmg system can be improved mainly by inc reasing cell operating voltages.
On the other hand, to further improve the efficiency of the internal reforming
system will require development of more active catalysts, This is particularly
necessary if operation is to be extended to the use of hydrocarbon fuels. Capital
cost reduction will require the use of thinner palladium membranes and higher
operating cell current densities. Work along these lines is in progress.

(1)

(2)

(3)
(4)
(5)
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SOME ASPECTS OF .MOLTEN CARBONATE FUEL CELLS

A.D.S. Tantram, A.C.C. Tseung and B. S. Harris

Energy Conversion Limited, Chertsey Road,
Sunbury-on-Thames, England

The ultimate aim of fuel cell development is a system of
acceptable capital cost that can operate in an economic manner on low
cost fuels. Although much effort has recently been put into
investigating the alternative routes, the high temperature cell remains
a [avcured prospect.

Of the two main classes of high temperature cells (a) solid
oxide electrolyte cells and (b) molten carbonate electrolyte cells, the
latter has significant advantages in its lower temperature of
cperation and in the wider available choice of materials.

, Work started at Sondes Place Research Institute and
continued at Energy Conversion Limited, has investigated a wide range
cf’ different concepts of the molten carbonate cell. These may be

brcadly classified as follows:-

1. Free electrolyte cells.
2. Trapped electrolyte cells.
2.1 Porous magnesia diaphraghs.
2.2 "Semi-solid" or "paste" electrolyte diaphragms.
Non—eutectip type.
Inert filler type.

Various combinations and compromises between these types are
alsc possible.

In this paper we are concerned in particular with our
experiences with cells based on the inert filler type of semi-solid
electrolyte diaphragm.

?

Before discussing this work, it is worth summarising very
briefly cur main findings with the other types.

FREE ELECTROLYTE CELLS

The three-phase interface 1s established by the use of dual
pcrcsity electircdes run with a pressure differential. We had great
difficulty in fabricating electrodes of sufficient strength at the
cperating temperature to withstand the necessary differential pressure.
The factors ccontributing to this were:~ the very high surface tension
cf the carbcnate melt (see Table 1), the desirability of a small
ccarse pcre size tc obtain a high reaction area and, particularly
with the cathode, limited chcice of materials. From preliminary
experiments with cell designs suitable for battery construction, it



- -156-

was also clear that the problem of sealing the carbonate melt would
be extremely severe. . ' :

Table 1. Surface Tension of Carbonate Melts, Dynes/cm.

S¢c : Ii, Na, K Li, Na
9, 6, 5 mol ratio 1 1

430 219.8

480 217 ' : v

530 214 233

580 - 211 230.4

630 208.2 228

'MAGNESTA DIAFPHRAGM CELLS

In the absence of any commercial source, we developed
our own porous magnesia diaphragms.

The main problem that we found with these cells was
loss of electrolyte due to creep. It became clear that a much .
" smaller pore size was desirable, coupled with very accurate control /
of the maximum pore size. This would prove very expensive in
practice. An additional economic factor was the necessity for a
machining operation on the sintered diaphragms. Sealing problems
were also difficult.

SEMI-SOLID ELECTROLYTE. NON-EUTECTIC TYPE

This typel depends on choosing a carbonate composition
that is well away from the eutectic, so that there is a range of
temperature where the electrolyte body is semi-solid. An example
is 1i200s 78%, NazCOs 12%, MgO 10%. The function of the small /
amount of magnesia in this context is to act as a nucleating agent
to ensure the formation of small interlocking crystals when the
electrolyte body solidifies after casting. The example given has
a usable range from about 530°C (conductivity limit) to about 630°C
(strength 1limit). It collapses under its ewn weight at 670°C and is
completely molten at 690°C. Above this temperature, it can be cast )
into any desired shape and this facility is the main-advantage of
this type. We have successfully used this electrolyte in the form -
of discs, spun cast tubes and in a cell design involving the casting :
of the electrolyte around performed porous electrodes. The |
disadvantages are the narrow working temperature range and the fact
that the solid:liquid ratio changes with temperature, making interface _
control difficult and uncertain. !

SEMI-SOLID ELECTROLYTE. INERT FILIER TYPE

In the normal version an extremely intimate mixture of ]
a carbonate eutectic and a substantial percentage of very finely ,
divided inert filler (e.g. MgQ) is densified to form an lmpervious . v
electrolyte diaphragm.
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General Properties

. _ _The physical properties are dependent, in particular, on
the particle size of the inert filler and on the percentage used.

’ . At the operating temperature, the carbonate compénent is
molten and in this state the material is somewhat analagous to a
clay-vater system over a particular range of composition.

Under compression the material behaves in typical fashion,

" there being an initial elastic period (with some hysteresis) leading

to a final yield point, which is quite high enough to make the
material of practical use (e.g. >50 p.s.i. for 63% MgO). Compressive

.. creep is extremely small, being undetectable in normal use. Figure 1

shevs the integrity of a diaphragm after a 20-day cell test at 50°C,
in vhich a sealing pressure of 10 p.s.i. was used.

‘ Shear strength is, however, very low and shear strésses
must be avolded in any cell or battery construction with this material.

Optimum composition is dependent in part on the filler
particle size and represents a compromise between strength which
increases with filler content and conductivity which decreases with

-.filler content, e.g. for 50 w% MgO the diaphragm factor is 2.5 and

for 53.5 w% MgO it is 4.0.

There are also rather less definable requirements associated
with the setting-up of an optimum three-phase interface at the electrodes.
Flectrolyte retention is only a problem at the lower end of the range
cf usable filler content.

The forces holding these diaphragms together are almost
entirely surface tension forces and depend upon there being, in

‘3 practice, an extremely high meniscus length (molten carbonate - inert

filler) at the surfaces of the diaphragm. This is demonstrated by the
fact that a sample fully immersed in molten carbonate loses virtually
all its compressive strength.

FABRICATION METHODS

Cold Pressing and Liquid Phase Sintering

It is not possible to produce high density diaphragms by

this methcd, although rather better results are obtained if the

sintering is carried out in vacuum. (See Figure 2).

Three steps normally take place in a liquid phase sintering.
(a) Particle reerrangement under the influence of surface tension
forces. (b) An increase in density by a solution and reprecipitation
prccess. (c¢) 3olid state sintering of the solid component. In the
present case, we are liable to start with a continuous magnesla network
which will resist (a). The solubility of magnesia in the molten
carbonates is too low for (b) to appreciably occur and the temperature
is toc lov Cor appreciable sintering of the magnesia (c). These
factcrs explain why high density diaphragms cannot be made by cold
pressing and liquid phase sintering.
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Hot Pressing
" (a) Above the carbonate melting point.

: . We have had little success with stralght moulding of dlaphragms
by this method, due mainly to extrusion of the material between plunger

and mould. . Some experiments with aneCthD moulding did, however, .
indicate that this would be feasible with high precision equipment. =~ . . i

(b) Below the carbonate melting point.

We find that Just below the carbonate meltlng point the material

eXhlbltS a high degree of plastic flow and "this method enables us to
mould diaphragms to a high density without any of the problems-of extrusion’ /
cr sticking to the mould. The great advantage of this method is that

it enables us to fabricate a wide variety of shapes to a finish as good

as that of the moulding equipment. Figure 3 shows some electrolyte ]
diaphragms made in this way. They are shown "as pressed,'" some of the
- graphite used as the mould release agent still being present. .They

-are cavited to form the electrode gas space, baffled to give good gas.
- distribution and have silver currént collectors and connecting gaskets
pressed on in the same operatlion. We lmve also found 1t possible to

form gasporting in the same moulding operation. It is also possible

to press on electrodes at the same time, thus giving a complete unit

cell from one pressing operation. (Flgure 1),  We find, however, that

the conditions normally used result in an excessive reductlon in '
electrode porosity leading to poor performance. Subsequent attachment
~of the electrodes is therefore preferred.

Pretreatment of the material is important. The magnesila
filler and the alkali metal carbonates are intimately mixed by ball
milling and prefired at 700°C to 7500C. This prefiring treatment is
to ensure intimate mixing, complete reaction of impurities and complete - /
elimination of adsorbed water, (more about this later). It is
important that the. prefiring temperature be above the maximum ultimate
cell operating temperature This pretreatment is repeated at least ¢
~-once more. The material is then ground to below 20 mesh to provide f

the feed for the hot pressing operation. Alternatlvely, it may be
 Turther ground, cold pressed and sintered, to form a blscu1t" blank
for the hot moulding operation.

The effects of some of the variables are shown in figure 2.°

One of our standard compcsitions is 63.5% MgO, which was
based on measuring the porosity of pure MgO hot pressed under the
same conditions and computlng the amount of molten carbonate necessary
to just f£ill this porosity.- We see that in practice (figure 2) much .
higher Mg0O contents can, in fact, be used due to the lubricating ) !
action of the carbonate component . .

o Our normal selected pressing conditions are '5't.s.1.
490°C when using binary eutectic (Na and Li carbonates) and at 385°C
when using ternary eutectic (Na, Li, K carbonates). .
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Our density figuree for the carbonate melts are:-(t in°C)
For Li, Na ,
1, 1 mol ratio, 2.030 — 4.30 x 10™*(t-500) g/cc
For Li, Na, K |
9, 6, 5 mol ratio, 2.085 — 4.87 x 1o“4kt-uoo) g/cc
Infiltration

An infiltration method has also been used successfully
for the fabrication of electrolyte diaphragms. A cold pressed
diaphragm of 100% magnesia will break up on infiltration, but the
prccess may be successfully carried out if the starting material
contains an appreciable percentage of the alkall metal carbonates.
An example is as follows:- ’

A mixture of magnesia 63.5w% with sodium-lithium carbonates
prefired, .ground and cold pressed at 10 t.s.i. This diaphragm
is sintered at 600°C, cooled and placed on a prepressed disc

cf 100% sodium-lithium carbonate. The whole is then reheated

to 600°C feor half an hour. The additional carbonate infiltrates
into the diaphragm as 1t melts. There is some danger that the
infiltrating liquid will bypass some of the pores and leave
these unfilled, but this can be overcome if the operation is
carried out under reduced pressure, a carbon dioxide atmosphere
being advisable. Excess electrolyte is ground off the diaphragm
after cooling. The product contains 46 w% of the carbonate
electrolyte, has a density of greater than 97% of the theoretical
and the linear shrinkage is less than 0.5%.

~Operating Experience

We will 1limit ourselves here to points that are specifically
relevant to the use of semi-solid electrolyte. We have made and
tested some 120 2-1/2" dlameter cells (20 cm® active area) and about
50 of 4-1/2" diameter (80 cm® active area). We have also made some
experimental stacks of 4-1/2" diameter, giving about 50 watts output.
Figure 5 shows one of these stacks complete with heater and insulatim.

A variety of electrode materials have been used, but a
typical example would be — for the anode, "B" nickel, granulated,
presintered and graded to ~100 + 120 mesh — for the cathode, cosintered
Ag/Cuz0/Zn0 (25/2.5/72.5% by wt.) and graded —~100 + 120 mesh. In .
bcth cases these materials are made into a slurry with a silver
suspensicn containing a temporary binder (giving 1% added silver) and
applied to the faces of the electrolyte diaphragm in this form. The
glectrcdes are then sintered in situ as the cell is brought up to
operating temperature. Tynical electrode thickness is -1 mm, porosity
505 on a 3 mm thick electrolyte diaphragm.




-160-

As the electrolyte component of the diaphragm melts, it
expands to partially wet the electrode and a stable three-phase
interface is set up. This process takes rather longer to equilibrate
than one might imagine and is illustrated in figure 6, where the
internal resistance of a new cell is followed over an initial temperature
cycle of 2 hours duration. The extent and lecation of the firee-phase
interface will depend on the balance between the surface tension forces
in diaphragm and electrodes. It will be affected in particular by the

very fine microstructure in the electrode, for instance by the activation

treatment mentioned later. These factors are difficult to control and
this is one of the disadvantages of this type of cell construction.

Performance and Endurance

: We must first of all distinguish between "unactivated"
electrodes and those specilally activated. The rdckel anode may be
activated in situ by a controlled partial oxidation, using a small
percentage of oxygen in nitrogen such that about 5w% of the nickel

is oxidised, followed by reduction with the fuel gas. The effect of .
such an activation is shown in figure 7.

- An electrode activated in this fashion does, however, show

a fall in activity with time and after about 60 hours the performance
is the same as an unactivated electrode, which would remain unchanged
" over this period. We have experimented, with some success, with
‘methods of- stabllising this activation, -but the long term results
" reported here refer to the lower level of performance. Figure 8 .
shows the performance obtained with an activated nickel electrode on
pre~reacted methane-steam and on hydrogen. Figure 9 shows the effect
of the fall in anode activity and the longer term performance
deterioration discussed below.

) Initial endurance tests with these cells showed that there
was a progressive deterioration in performance occurring in the hundreds
of hours region. The behaviour was not particularly reproducible and
did not show any trend with temperature of operation or with current
density and, in fact, similar results were obtalned with cells left

on open circult for the bulk of the time. It was suspected that the
fall-off was due to deterioration of the electrolyte diaphragms.
Physical examination of the diaphragms after the tests, showed the
presence of laminar faults. Examples of these are shown in figure 10.
It should be noted that we have chosen particularly extreme examples
to illustrate the phenomenon, the faults being usually considerably

/

less marked. These faults result in (a) an increased internal resistance ‘

and (b) increasing inter-electrode leaks leading to falling performance.
Using gas chromatographic techniques we were able to obtain a - :
correlation between falling performance and increasing leaks. The
procedure was as follows:- . '

. With the cell on open circuit, hydrogen feed to the anode
and air/carbon dioxide to the cathode, the nitrogen content of the
anode effluent was analysed. This nitrogen could come by inter-
electrode diffusion or by diffusion through a gasket leak from the
external air. The cathode feed was then temporarily replaced by _
methane and the nitrogen estimation in the anode effluent was repeated.
In this manner a semi-quantitative measure of both gasket and inter-
electrode "leaks" could be obtained. The gasket leak did not
normally alter with time and we were, in fact, able to eliminate
this, by making the seal directly between the electrolyte diaphragm

and the Separator i.e. in effect by abolishing gaskets. Figure 11
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shcvs an example cf the correlation between falling performance and
increasing inter-electrode leak.

Diaphragm deterioration was overcome by ensuring complete
elimination of chemisorbed water from the material used for hot
pressing. Any still present would be evolved during operation of
the cell and initiate the lamination faults. These would tend to get
werse with time, due probably to erosion effects arising from chemical
cmMmtmloftm:nmlamlmmmndﬂﬁmhgjnm'medm@w%m

‘Water is very tenaciously held by magnesium oxide and much longer

prefiring times are necessary than might be thought. In addition, the
nrcefired material will quite readily readsorb water and strict precautions
Havc te be taken to ensure that this does not occur. Figure 12 illustrates
the stable performance that can he obtained when strict attention has

paild to these factors. The increase in performance seen in the

1¢ of this particular test 'was not explained. Finally figure 13

S Lhe absence of faults in an improved diaphragm after a cell test

D 450 hours.

Conclusicns

Practical cells, based on "semi-solid" electrolyte diaphragms,
can be made with promising performance and endurance characteristics.
Further improvements are desirable and there are indications that

“these can be achieved.

Careiunl battery design should be able to obviate the
disaavantages of this type of cell and to exploit its advantages.

The hot pressing fabrication technique should be amenable
“o mass production methods, since the required conditions are not too
Tar removed from existing plastic moulding practice. This could prove
an importan: factor in achieving low capital cost.

THE ANODE MECHANISM

For the high temperature cell to fulfill its promise
cerisicerably hicher power densities are required. To be able to take
lc¢iical steps in this direction a better understandlng of the elesuirode
pPOCLSS s and their rate controlling steps is desirable. We are,

roeicrs, talking a fresh look at this problem and the preliminary
resulits are reperted here. The anode process was chosen for the
initial study, since in practical cells the greater part of the
pclarisation is normally at this electrode.

maperimental

The test cell used is shown schematically in figure 1k4.
Alsc included, but nct shown, were a reference electrode and a
thermccouple Dccle Bcth the counter electrode and reference
T ¢ wers of cllthum gauze partially immersed in the electrolyte
wvere supplied ;udecendently with a 2.5:1 air - carbon dioxide
qturc. The electrclyte was an eoulmolar mixture of sodium and
ithiw carbcenates.

The pcsitioning device enabled the electrolyte crucible

ised cr lcwered thus, controlling the degree of electrode
. Starting vith tne electrolyte level below the bottom
st electrede, the crucible is raised slowly until "first
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touch" ‘1s reglstered by an electrical continuity test. The results
quoted here are all with a further immersion of 0.1 inches. In
addition to this there will be a meniscus_about 0.25 inches high.

Initially both nickel and silver-palladium foils were
chosen for examlnation, one point beilng that the large difference
.in possible hydrogen dlffusion rates through the bulk metal could
lead to instructive results. The foil electrodes were 0.005" thick _
and 1.15 cms wide. The silver-palladium used was the 23% silver alloy.
The folls were used as received, with no pretreatment. ,

The anode compartment was swept with a large excess of .
hydrogen at 1 atm.

Results and discussion

Figure 15 shows the corrosion curve for the silver-palladium
obtained under "white spot" nitrogen, and indlcates that only
relatively low corrosion currents are possible in the potential
range of interest.

Figure 16 campares the current voltage curves for ,
hydrogen oxidation on nickel and silver-palladlum at 550°C.. The
nickel curve was not very reproduclble. The reproducibility
of the silver-palladium curves 1s discussed later.

Figure 17 shows plots of E. versus. log 1 for hydrogen
oxidation on silver-palladium at 550°C and 600°¢ respectively.
- It 1s seen that there 1s a very well defined linear portion
: extending over nearly two decades.

At this stage 1t was noticed that the relationship .
between E and 1 was very simllar to that between E and x, where /
© x descrlbes the composition of a partially reacted fuel in the .
manner shown below. . !

N
: Assume that we start with 1 mol of H2 and that x mols ‘)
»react with C0%™,

H2+0032"=H20+Coz+2e - S _
and that b mols of Hy react further with the COZ, . !

Hz + COz = Ha0 + CO ', _ i
equilibrium being reached. -

For 1 atm total pressure, the partial pressures 1n the
resulting mixture are therefore,

=X—-b, P = b

P, =1 —-(x+Db), P =x+b P
He 37— 7 HO T e 1w 0 rEx

and we can write for the water gas eguilibrium

(x+Db) b - K | |

(1 - (x+b)Ilx=-0b1 .. ... . (1)
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M a viven temperature thils equation can be solved to obtain
values of b to correspond with selected values of x. The
corresponding partial pressures may then de derived and, from them,
the ¢ .rresponding values for E using the equation

E = RT ) RT P
IR loge KOPO*Z PCO: + §F IOge P'HZP_ - . (2)
H,0 Coz_ ............

PO; and PCOZ refer to the partlal pressures at the cathode. Ko -

is the equilibrium constant for 2H> + 0z = 2H20.

At a given temperature and for constant cathode conditions
we can write

E = Constant + RT log_ [1- (x +b)] (1 + x)
2F (x + b){x — b) ........... (3)
It is found that the plot of E versus 1log;oX is linear
over a wide range and it 1s the slope (S ) of this plot that
corresponded closely with the observed slopee (Si) of the

Ainitisl experimental E — logioi plots at 550°C and 600°C.. These

fizures sre tabulated in table 2.

Table 2. Values of K, Sx’ Si’ and o

°C K S, Sy oy
' mv mV

550 0.219 197 197 0.414

500 0.295 226 233 0.383

550 - 0.385 246 : 0.372

700 0. 49 262 0.%68

ge7 1 336 0.343

a ' is the value derived from writing SX = 2.3 RT

X 2FaX

These considerations suggested the followlng picture.
In the low current region (i.e. down to about O. 95v) the most
important factor is the diffusion rate of reaction products away
from the react:on site, on the immersed portion of the electrode,
through the meniscus to the bulk gas. Thi. rate should be
proportional to the concentration difference and so the
c:ncentration of products at the reaction site has to build up
appreciably before a reasonable diffusion rate is p0331b1e
This build up will affect the electrode potential in a similar
manner to thst defined by equation 3. As the current is further
increzsed the rate of hydrogen diffusion to the reaction site
would become the most Important factor. Confirmatory evidence for

view 1q thst siiver- osLLa61um, which-has an additional route for

Ciffusion through the bulk metal, supports much higher
than nickeil.
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A more precise statement of the hypothe51s is as fOllOWS -
At ‘a given current the observed polarisation is due to the change in-
surface concentratlions necessary to produce the diffusion rates
of both reactants and products to meet the requlrements of the
processes occurring.

‘Making the following assumptions: -

The partial pressures of COz, HgO and CO in the bulk gas
(Hz at 1 atm.) are all zero.

o ‘The surface concentrations at the reaction site can be.
described in terms of partlal pressures, PH2 etc., .1n atm.

The dilffusion rates are directly proportional to the
partial pressure differences.

'Rate of discharge of CO§™ = 1 (CO8™ + H, = 002 + H20 + 2¢) fast.
Rate of formation of CO =y -(Hg + CO0z = CO + Hp0) frast,

the rates being expressed 1in unlts of current, l.e. coulombs/sec.
Then we can write, i

Rate of Ho in =1 + 3y =k, (1 — PH2) '_ hence PH2 =k — (1+y)
E s : kl
“Rate of HoO out =1 +y = ko PHQO ' hence_PHao =,i +y
. ' k2
Rate of COz ouﬁ =1 —3y = ka PCO2 ' hence P002 =1-y3
_Rate of COout =y = kg PCO hence PCO =3y
. ] X,

The k's involve the diffusion coefficlent, Henry's law constant
and ?he geometry of the diffusion path. The units will be coulombs.
sec atm. *. '

For the water gas equilibrium,

1+y)y -~ K. ke - ke
fky = (L +¥)11 - y1 X, ks

For the cell e.m.f. at a glven temperature

_ RT ke ks , AT %L;_%Ttﬁ
E Cons‘t+2F108 % F 1% T+ ) (L =) +iv...(5)
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We cannot solve these equations without a knowledge of
the k values, but a certain amount of information can be obtained
using the analogy with the equations .in x and b, (1) and (3), which
can be solved. We find (a) that Si will be very little affected by -

the value of k, provided that k; is appreciably greater than 1 +-y
i.e., provided we are not near the limiting current condition -and
(b) that Si_will be appreciably affected by the value of K. The

- exteat of this varlation can be seen by comparing.the variation of

o with K in table (2). To explain the experimental fit" noted
garlier, ks ks would have to be falrly close to 1. .
ki ks - - -

Attempts to obtain confirmatory experimental results,
however, met with some difficulty. In all cases-a well defined .
linear range on the E — log 1 plot was found, the indlvidual
curves reproduced well with rising and falling current, and the
values of Si in -a given seriles.increased wilth temperature. On the

other hand the values for Si; obtained 1n different series, done

for example on different days, showed a wide scatter. Thé following
figures show the extremes recorded.

(a) At a given temperature (650°C)
Lowest 8y = 165 mv , (ai = 0.555)
-Highest si'= 530 mV , (“i = 0.173)
(b) At any temperature.
Iowest 8, = 147 mv , (qi = 0.536) at 520°C.

Highest S; = 800 mV , (a; = 0.121) at 700°C.

At first sight it was difficult to explain these Variatibns
on .the diffusion theory, since they implied a very wide variation in

.the value of ks ka and-it was hard to see how thils could occur.

k.'L kS .
" It was, however, noticed that the value of Si was dependent

on the history of the anode compartment conditions in the following
manner. If the anode.compartment had been left for a long period
under pure hydrogen, low values for Si were obtalned. If, however,

it had been left under carbon dioxide before the tests with pure
hydrogen, high values were obtailned for Si' This observation

suggested the following explanation. In the former case some
decomposition of the carbonate electrolyte in the anode compartment
wlll occur, leaving 1t COz depleted and rich in Mz0. This will
mean that there is a.chemical sink available for the carbon
dioxide,  produced when taking a current, and would be expected to
result in a very high value for ks (COz) as compared with diffusion
through the liquid to the bulk gas. There would also be a tendency
for ka(Hz0) to lncrease for the same. reason, but since the
equllibrium



|2 MOH' + GOz = Mz COs + HzO ........ e (6)

is well over on the carbonate side we might expect the effect on

k> to be considerably less marked. If this is true then we can see that
the value of K* will be con31derably reduced and this will result in

an abnormally low value for S One can also postulate that when the

anolyte has been under. COg, but starved of H»0, similar considerations
will dictate a low value for ks (COz) and a high value for k- (Hz0)"
due to the reverse of reaction (6) above:.  In this case therefore. we
would expect a hlgh value for K* and hence S, Confirmatory - '
evidence is that, in the CO- deficient condl%lon, unnaturally low
open circult voltages were observed on hydrogen - This is to be
expected: % the concentratlon of oxygen ions in the anolyte is
increased 2)

Flnally the la_mltlng current reglon was explored for
various hydrogen-carbon dioxide mixtures on silver-palladium and
the résults are shown in figure 18. With pure hydrogen the
limiting current region was very unstable.

Conclusions

It is possible to explain the experlmental results in terms
of a diffusion control mechanism, but further, more rigorously
- controlled experiments are necessary to obtain a valid quantitative
correlation. We postulate that at a given current density the observed
polarization is due to the change in surface concentrations necessary
" to produce thé diffusion rates of both reactants and products
to meet the requirements of the processes occurring. It follows
that in the lower current density region the diffusion rates of the
products are the dominant factors and that in the higher current density
- region the rate of hydrogen diffusion will become dominant. 1In the
latter case the rate of diffusion of hydrogen through "the bulk metal
can be of great significance. .

i An essentlal part of the treatment is the assumptlon that
the water gas shift occurs at the electrode surface and reaches
equilibrium. -

- Any explanation in terms of activation control seems
unlikely in view of the wide variation in m-‘that'was.found.

Partial decomposition of -the anolyte could strongly
influence the diffusion rates of CO2 and HzO.

The investigation will continue with studles on other
metals and other fuels.
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Fig. 1.-CELL AFTER 20 DAYS AT 650°C AND 10 PSI SEALING
PRESSURE, SHOWING LACK OF DIAPHRAGM CREEP
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) Fig. 3.-HOT-PRESSED ELECTROLYTE DIAPHRAGMS, 2. 5"
AND 4, 6" IN DIAMETER

I ‘ Pig. 4. "SECTION OF INTEGRAL CELL ELEN[ENT
MADE BY SINGLE HOT-PROCESSING OPERATION
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Fig. 5.~ FIFTY-WATT BATTFRY WITH HEATER AND INSULATION
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Fig. 10.-SECTIONS OF ELECTROLYTE DIAPHRAGMS AFTER
450 HOURS AT 600°C, SHOWING SEVERE LAMINAR FAULTS
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THE DOUBLE-DUTY ANODE FOR
MOLTEN-CARBONATE FUEL CELLS
R. W. Hardy, W. E. Chase, and J. McCallum

Battelle Memorial Institute
Columbus, Ohio -

INTRODUCTION

: One of the principal objectives of research on molten-carbonate
? fuel cel}gshas been a battery which would operate on a carbonaceous fuel

! -and air. Natural gas hai ge9n90f special interest because of its low
cost and wide availability. >~’’’  However, in the references cited ‘it
has been recognized that hydrocarbons do-not supply much current when used
directly in the fuel cell. There must be a preceding chemical step such

}

K\ as steam reforming or partial air oxidation to yield electrochemically

* ) active species, predominantly hydrogen and carbon monoxide. The require-
ments for effegtive steam reforming in a fuel cell were discussed in a

\ ' previous paper, and the advantages of carrying out the steam reforming

* . on the anode were described.
: Three advantages are realized by steam reforming natural gas
i directly on the anode:
)
LI (1) Good heat exchange between the exothermic electro-
$ chemical oxidation and the endothermic steam-
4 reforming reaction.

4 (2) Less steam required because product steam from
| electrochemical oxidation of hydrogen is

available.
T (3) More extensive conversion of methane because
\ ' products (H2 + C0) are being consumed.

L i The possibility of realizing these advantages led to the first goal of
L electrochemical research. The goal was to obtain both reforming and
electrochemical oxidation on the anode.

’ THE DOUBLE-DUTY-ANODE CONCEPT

S " "The idea of carrying out steam reforming on the anode itself

% has been 7 oposed by previous Yfrkers. Linden and Schultz suggest it in

/ a patent, = and Schultz et al. = describe results of some reforming 4
i experiments with methane-steam mixtures on nickel battery plaques. Sandler
described results of experiments with mixtures of natural gas and steam

reformed in a separate catalyst chamber in contact with the cell. Schultz's
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data indicated that at 730 C, 15 mole percent hydrogen would be found in
a mixture reformed on a nickel battery plaque, and 12 percent would be
found when reforming on the electrode holder alone. The equilibrium
composition is about 75 percent hydrogen. Thus, nickel battery plaques
are not particularly effective. Sandler reported almost complete (i.e.,
equilibrium) -conversion of methane to hydrogen on his unspecified
catalyst at 580 C.

The performance of all-nickel porous bodies as steam reformers
might be improved by forcing the steam-methane mixture through the pores
" of the coarse layer rather than simply passing the gas mixture along one
face of the porous plaque and allowing the mixture ‘to diffuse into the
reaction zone. It was to obtain this '"forced-by" operation that the
double-duty anode shown in Figure 1 was designed. The term "forced-by"
is used to distinguish this mode of fuel feed from other modes such as
diffusion, "blow-through", and "dead- end"

The electrode is designed for use with a free electrolyte;
therefore, it, is a two-layer, double-porosity electrode. That is, there
is a fine-pore layer which is flooded with electrolyte during operation, -
sealing one face of the coarse layer against gas leakage. By sintering
the other face of the coarse  layer to the electrode holder, a gas passage

" is formed so that fuel gas introduced at one edge of the electrode is
forced through the coarse layer parallel to the electrolyte-gas interface
and out the opposite edge. The use of forced flow requires that pressure
drop be considered. For long flow paths, it would be impossible to
maintain the meniscus in the fine layer near the exit edge without
exceeding the bubble pressure near the inlet. A rule of thumb adopted
for designing electrodes was that the pressure drop between the inlet
and exit edges should not exceed 10 percent of the bubble pressure of
the fine-pore layer.

To meet the pressure drop requirements for large-area electrodes,
a holder was designed which provided short flow paths- without restricting
the overall dimensions of the electrode. 'This design is shown in Figure 2.
The fuel inlet and outlet channels are interlaced to force the methane-
steam mixture through a section of the coarse layer.

OPERATIONAL LIMITS FOR DOUBLE-DUTY ANODE

Most fuel batteries to be economically successful must convert
a large percentage of the fuel to electricity. This requires both extensive
conversion of fuel to products and high electrochemical efficiency. While
much emphasis has been placed on the latter condition (i.e., voltage
efficiency), many investigators seems to have neglected, so far, the first
requirement (i.e., extensive conversion). When the products of the electro-
chemical reaction are gases, not only does dilution of the fuel occur, but

the products reduce the reversible potential as their concentration increases.

P>
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This was.well emphasized by Broers and Ketelaar12 and by Chambers and
Tantram,” who showed the effect of extent of conversion on the theoretical

voltage of a cell. ’

Equilibrium gas compositions were calculated for each cell in a
six-cell series-fed module.(see Reference 8 for model). The calculated
compositions for a 1:1 methane-steam mixture are given in Figure 3. It
is apparent that most cells will be suppliéd,with.H + CO if adequate
reforming occurs. Double-duty anodes were operated ofi the composition
corresponding to 70 percent electrochemical oxidation. This composition
was designated "lean fuel gas'. In the six-cell modules, the electro-
chemical consumption was projected as 84 percent; therefore, the last of
the six cells must consume about half of the fuel value supplied to it.
-The goal established was 100 ma/sq cm at a potential more negative than
-0.78 volt versus ORE* with 50 percent consumption of fuel. (The goal
was also established on the basis of the design study. ) This potential
was. chosen because nickelis thermodynamically .stable to oxidation according

! to the reaction . .

Y
Ni + 1/2 0, &= Ni0
at potentials more negative than -0.78 volt versus ORE when ayio = 1 (i.e.,
when the melt is saturated with NiO) and no other reactions occur.
The ‘potentials calculated (assuming equilibrium) for the fuel
" mixture entering several cells are given in Table 1. Thus, the limitations
P imposed on the potential of the anode in the sixth cell by gas composition
; TABLE 1. OPEN-CIRCUIT POTENTIAL OF FUEL GAS MIXTURES
> -
. ‘ Open-Circuit Poten %§1,
"‘ Cell (of 6) ‘ at 1.4 Atm,vs ORE
\ 1 entering -1.22
\ 4 entering -0.98
6 entering ("Lean Fuel Gas") -0.91
' (a) See footnote, page 5, for description of Oxygen’

Reference Electrode (ORE).

and by the nickel corrosion potential leave only 0.13 volt for polarization.

) : :
. * Unpublished results. "ORE'" is the Oxygen Reference Electrode, a
v reproducible, simple reference electrode for use in molten carbonates.
' It consists of a platinum wire spiral partially immersed in molten
\ carbonate and bathed with a mixture of 70% CO, and 30% O_,. With proper
construction and special attention to isolatidn of the e%ectrolyte

chamber from the bulk electrolyte, potentials are within 5 vf of the
thermodynamically calculated values. It is reversible within the loading

" limits of a potentiometric recorder. In principle, this electrode is like
those described by Stepanov and Trunovl3 and by Janz and Saegusa.lé
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OPERATION OF THE DOUBLE-DUTY ANODE ON A -
LEAN FUEL GAS MIXTURE

To establish that the proper flow pattern could be achieved,
electrodes were operated on-fuel mixtures containing hydrogen and carbon
monoxide before using methane-steam mixtures. Experiments on stability
of the forced-by mode were combined with experlments to determine the
extent of the fuel utilization.

First experiments were performed with 2-sq-cm electrodes mounted

in a holder of the type illustrated in Figure &. The fuel gas was introduced
at the arc- shaped recess on one side and was removed at the recess on the

opposite side. Stability of the forced-by mode was established in several
experiments where current densities up to 100 ma/sq cm were obtained at

-0.78 volt versus ORE. Occasional flooding of the anode occurred when fuel

pressure dropped accidentally or intentionally. Flooding was readily
corrected by closing the exit line to force electrolyte out of the coarse~

pore layer. No permanent loss of performance resulted from flooding. Thus,

stable electrode operation is possible with the forced-by mode.

Most of the electrodes were operated for only a few hours at a

given performance level to establish that the mode of operation was stable.

Some failures occurred, resulting in loss of gas pressure. Failures were
traceable to poor bonding of the electrode to the holder or of the coarse
layer to the fine layer. But, satisfactory long-term performance was
indicated by operating an anode for 11-1/2 days. Initially the electrode
and associated tubing system showed little leakage, but at the end of
11-1/2 days the leakage of gas into the melt had become too great for
further results to have practical significance. Performance remained the
same throughout except during one purging required to remove a flooding
condition. On lean fuel gas - (18 percent H, + CO) the current density was
75 ma/sq cm at ~0.80 volt versus ORE. Flf%y to sixty percent of the fuel
value was converted electrochemically throughout the 11-1/2-day operationm.
This established that good fuel utilization could be obtained along with
adequate performance.

Cause of the gas leakage can be seen on the photograph in
Figure 5. Two types of failure are apparent. The separation in the
coarse layer seen in the section is responsible for the large bulge in
the center. With active fuels which do not require steam reforming,
separation has little effect on electrode performance. Separation is a
mechanical problem and can be corrected by improved sintering technique
and by the use of a mechanical support in the form of a honeycomb alumina
separator between electrodes in a cell which reduces the unsupported span
of the sintered structure.

b
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Pockmarks and the small mounds of powder which appear
predominantly at the edge 0f the electrode were the sites of gas leakage.
The location of pits near the exit side and of powder deposits near the
inlet side suggests that the gradient in reduction potential from inlet
to outlet sides is the cause of this type of failure. A gradient in the
reducing power of the gas phase will result in a similar gradient in the
melt within the pores of the anode. 1In more oxidizing regions nickel
dissolves; in more reducing regions it deposits. Small particles, released
from the porous matrix at one point, are suspended in the melt and are
incorporated in the surface where nickel ions deposit. Despite the poﬁential
seriousness of the loss of material,. two measures can be proposed to reduce
the transfer of nickel:

(1) Provide more uniform gas distribution to minimize
the reduction gradient across the anode.

(2) Overlay the anode surface with a fine mesh screen
to retain particles loosened by dissolution of
nickel. Electroformed nickel screens of 1000 lines
per inch are available and provide the equivalent
of a specimen prepared by powder metallurgy with
large particle-particle contact. ‘Such screens have
given satisfactory performance in short-time =
experiments where the screen was used as the fine-
pore layer.

During the operation of this small (2-sq-cm) anode, a mass
spectrometric analysis was made of a sample of exit gas. On a dry basis,
95 percent of the sample was carbon dioxide. The hydrogen-to-carbon
monoxide ratio was 1 to 1.6, indicating that even without a special water-
gas shift catalyst about one-third of the current was derived from carbon
monoxide. This.result means that it will not be necessary to convert all
the methane to hydrogen, and the water-gas shift need not be complete.

A laboratory-model fuel cell having 18-sq-cm electrodes was used
for several experiments with lean fuel gas. The anode holder of Figure 2
was used in the laboratory cell, Problems of sealing the cell against
electrolyte loss were avoided by dipping both electrodes into a pot of
molten carbonate. . A reference electrode was included in the setup for
recording single electrode potentials. The best performance obtained with
one of these anodes on lean fuel gas was 25 ma/sq cm at -0.78 volt versus
ORE for about two days. The performance of the 18-sq-cm electrode was some-
what low because of design and fabrication problems. Separation of the
anode from the holder allowed fuel to bypass some sections of the electrode,
resulting in a reduction of the effective area. Improvements in the design
and fabricatioh are expected to bring the level of performance of the large
anode up to that of the 2-sq-cm anode, or. 100 ma/sq cm at -0.78 volt versus
ORE.
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) STEAM REFORMING OF METHANE
: ON_ANODE S TRUCTURES

After demonstrating that the double-duty anode would operate
satisfactorily in the forced-by mode and that the lean fuel gas reaching
the last of a series of six cells could sustain adequate current densities,
the next step was use of a methane-steam mixture in-the double:duty anode.
A“fev experiments with nickel double-duty anodes revealed little activity
for steam reforming, in general agreement with the work of Schultz et al.

A suitable steam-reforming catalyst was sought for incorporation
into the nickel matrix. A survey of the literature revealed that a
suitable supported catalyst should be nickel on periclase (natural magnesium
oxide). Near-theoretical conversi?gs of methane-steam mixtures to hydrogen
and carbon monoxide were reported. Magnesium oxide is resistant to attack
bx molten alkali carbonates, as is nickel in the fuel atmosphere.

Several trial compositions lead to a suitable mixture of nickel
and periclase powders which maintained structural integrity after pressing
and sintering. The compact consisted of 15 weight percent periclase and
85 percent nickel. Both were in the form of 100-micron powders. After
pressing and sintering under hydrogen, the compact was treated with nickel
nitrate solution and dried on a hot plate. The nickel nitrate was decomposed
. and reduced simultaneously by heating in a hydrogen atmosphere to 760 C,
- slightly above the operating temperature of the cell.

Prior to making fuel electrodes, small-scale steam-reforming
experiments were carried out with the catalyst-nickel powder mixture. The
small-scale reformer conssted of a 1/8-inch Inconel pipe (0.269-inch ID)
with brass tees silver soldered on each end. A 1/4-inch-OD Inconel’ tube
with 200-mesh nickel screen over the end was inserted into the pipe. The
pipe was oriented vertically in a 1-1/4-inch-diameter, 12-inch-long tube
furnace, and 1.4-cm layer of unsintered nickel nitrate-treated mixture
was packed onto the screen. The system was sealed well enough to keep the
leak rate at only 1 ml of hydrogen in 13 minutes.at 6 psig. The ends of the
furnace were insulated, and heating tapes were used on the entrance line to
keep the temperature above 100 C.

The usual test procedure was as follows: (1) purge this reactor
with hydrogen, (2) heat to 760 C to decompose the nickel nitrate, (3) hold
1/2 to 1 hour at temperature to reduce the nickel oxide in the periclase,

(4) adjust the temperature to the value shown in Table 2, and (5) purge from
4 to 6 hours with methane-steam mixture at the pressure shown before sampling
the exit gas for analysis by mass spectrography. ) )

-
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The flow rate of the methane was adjusted to give a residence time
of about 0.1 minute. A blank run was made with nickel powder in the reformer
tube. Analytical results.of these two experiments and the calculated
equilibrium composition are given in Table 2. - -

TABLE 2. COMPOSITIONS OF MIXTURES RESULTING FROM
STEAM REFORMING OF METHANE

Pres- Témpera- Percent-
sure, ture, age (a)
Condition psig ¢ CH4 H2 co CO2 Reaction
Theoretical :
Equilibrium 5.9 ° 727 7.8 69.2 20.8 2.2 74.6
Nickel
Powder 5.5 732 97.5 0.3 0.8 0.3 1.1
Catalyst . .
Mixture 5.6 727 9.4 68.8 17.9 3.9 70
(a) Calculated f):om:]'6
% CH4
% reaction = |1 - 7 CHA T o r % Coz 100.

Percentage reaction, calculated by the equation of Arnold et al.}6 is a
measure of methane reacted. The extent of the water-gas shift reaction
cannot be measured by the equation. The results demonstrate the efficacy
of the catalyst mixture for steam-reforming methane. A number of other
experiments with differing amounts of catalyst and somewhat different
temperatures and pressures also gave reaction percentages in the region

of the theoretical values. These other experiments support ‘the validity
of the conclusion that the catalyst mixture is effective. The short -
residence time permits use of a 0.05 to 0.06-inch-thick coarse layer in
an anode operating at 100 ma/sq cm. A small double-layer anode containing
15 weight percent catalyzed periclase in the coarse layer was also prepared.
It was a structurally integral disc after pressing and sintering.
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SUMMARY ‘
. It
, w

Experiments have shown the feasibility of obtaining good steam-

reforming activity from a supported nickel steam-reforming catalyst
has also been demonstrated that such mixtures can be incorporated in a
The ability of the anode structure to function

. Stable operation

Further work is needed

structurally integral two-layer electrode
Anodes were designed for dual-purpose operation in a free-electrolyte
Such operation

properly with the forced-by fuel flow mode was demonstrated
at 100 ma/sq cm at -0.80 volt versus ORE was obtained with a fuel mixture

molten carbonate fuel cell.
containing only 18 percent hydrogen and carbon monoxide
demonstrates that adequate performance can be obtained while electrochemically
oxidizing 85 percent of the fuel value in a methane-steam mixture as required

to establish long-time performance of the double-duty anode with methane-

for the battery model discussed in an earlier paper
steam mixtures
The authors wish to thank members of the Fuel Cell Research Group,
who sponsored this work, for permission to publish.
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l . . 7 Nickel capillary tubes

«Nickel electrode holder

~ Layer of coarse nickel
SECTION A-A powder

Layer of fine nickel
powder

Porous electrode i-

2

BOTTOM VIEW

FIGURE 1. DOUBLE-DUTY ANODE DESIGN SHOWING FORCED-BY MODE.
(WHEN COARSE LAYER CONTAINS CATALYST ‘THE ELECTRODE
PERFORMS BOTH FUNCTIONS, STEAM REFORMING OF METHANE
AND ANODIC OXIDATION OF FUEL.)
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" FIGURE 2. HOLDER FOR LARGE DOUBLE-DUTY ANODES.

18 SQ CM.

ELECTRODE AREA
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FIGURE 3. CALCULATED EQUILIBRIUM GAS COMPOSITION IN A FUEL BATTERY
SUPPLIED WITH 1:1 METHANE:STEAM MIXTURE AT 1000 K AND
1.4 ATMOSPHERES,
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ONE GAS INLET

FIGURE 4. DETAILS OF 2-SQ-CM ANODES.

TUBE WITH FERRULE IS SHOWN,
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FIGURE 5. APPEARANCE OF A 2-SQ-CM ANODE AFTER 11-1/2
‘DAYS OF OPERATION ON LEAN FUEL GAS.
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Long run experiments on high temperature
molten carbonate fuel cells

‘_G.H.J. Broers and M. Schenke

*)

Central Technical Institute T.N.O., The Hague, Netherlands

INTRCDUCTION

Research on high temperature fuel cells of the molten carbonate electro~
lyte type, By the Dutch organisation T.N.0., was taken up in 1950. The
development of this work has beendescribed in a series of publications [1
[6]. Commentson the work can also be found in [7] and [8].

A significant step towards the realisation of the strictly necessary
gastightness was made by the application of the so-called paste electrolyte
re], [5]. It is obtained by blending an inert powdered solid such as Mg0 with
a gévin amount of blnary or ternary alkali carbonate mixture (Li CO3, haz O37

K2

Above the eutectic melting point of the carbonates (5OO C for Li-Naj

396 °¢c for Li-Na-K) a stiff and dense paste can be obtained when the inert

"s0lid to carbonates weight ratio remains above a certain critical value. This

value depends on the particle size (and shape) of the solid constituent and

the composition of the carbonate mixture. As a rough-and-ready rule, a 50 soli&/
50 liquid weight ratio will yield a rather stiff paste when the particle size
of the solid (Mg0) is below 1 micron; but closer readjustments have to be made
in accordance with the basic materials used. A too high liquid content will
cause plastic flow, a too low one causes an unnecessarily high electrolyts
resistance. Under optimal conditions, the specific resistance of a typical
MgO/ternary carbonate paste is about two times as large as_the corresponding

pure 11qu1d resistance (paste resistance ~1.5 Rcm at 700 C).

The experlnents to be discussed here were all conducted on a laboratory
scale. It was felt that technologlcal development work was justified only if,
in addition to leaktightness, the following demands could be satisfied:

1) a specific power output of at least 50 mW/cm? at 0.5 volt or better,

2) fuel and oxidant utilisation of at least 80%, at current densiiies of the
order of 100 mA/cm2,

3) a cell life of at least several months at the just mentioned power output,
with the aim of reaching a life of the order of three years [6], [9] in
future developments.

CFLL CONSTRUCTION, ELECTRODES AND FUELS

For purposes of fundamental research, a high temperature cell should
meet the following demands: 1. perfect gastightness; 2. absence of any para-—
sitic current paths, such as caused by metallic gaskets in contact with the
electrolyte; 3. reliable contacts between the electrodes and the electrolyte;
4. presence of a suitable reference electrode, connected to the system by some
form of electrolytic bridga; 5. no galvanlc contacts with the surrounding
heating furnace; 6. appriopriate means to know the degree of galvanic turnover,
that is the ratio of the Faradaic current to the fuel and oxidant feed rate.

*: Corresrondence on this subject to the laboratory address:
198, Hoogte Kadijk, Amsterdam-C, Netherlands.
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Cells .

The mentioned demands are satisfactorily met by the constructions
shown in Fig. 1 and Fig. 2. In Fig. 1 the paste disc is pressed firmly
against the inner wall of a high-purity Alp03 tube at about SOOOC. There
is virtually no reaction between the alumina material and.the carbonate
melt when the former has been pretreated with a small quantity of molten
carbonate for a few days. The working electrodes are pressed against the
electrolyte by means of two additional 41,0y tubes with a number of
openings at the side of the electrodes, prov1d1ng gas passages from in-
side to outside or conversely.

The pressing force on these tubes can be carefully controlled by
means of springs with screw adjustments at their cold ends.

The reference electrode is a Pt or Au wire, dipping into a Al03
capillary filled with electrolyte paste. This 'paste bridge'" serves as
a Haber-Luggin type connection to the disc surface. The phase boundary
of the reference wire thereby is effectively screened from the electro-

"lyte disc proper, and no ill-defined stray currents can pass through the

reference wire, such as is most likely the case with so-called "idle
electrodes". (The latter have their phase boundary situated direct in
the current path between the working electrodes.) The reference is
flushed with the same gas as the working electrode.

.Two lead wires may be cornnected to each of the working electrodes,
one serv1ng as current lead and the other as potential lead. Resistance
changes of each individual electrode can thus be measured too.

Fig. 2 depicts a simplified version of the cell of Fig. 1, being
easier to .assemble (as is evident from the figure). In this version, the
reference electrode is a Pt wire wrapped around the outside of one of
the gas sealing Al03 tubes. Use is made of the (in itself tedious)
"creeping! effect of the carbonate melt along the wall of the tube. The
"creeping film" stabilises within one or two days of cell operation (it
comes to a stop at the colder parts of the tube) and forms a very eZfec-
tive electrolytic bridge between the wire and the ring-shaped periphery
of the paste disc. )

Vhereas in Fige. 1 the reference potential is equal within + 5 mV
to the corresponding working electrode potential at open circuit, the
reference potential in Fig. 2 depends on the gas atmosphere in the
heating furnace. Addition of a small COp, flush to the air inside the
furnace yields very stable potentials.

Great care must be taken to avoid direct contact between any hot
parts of the cell and the (a.c. heated) furnace. The just mentioned
"creeping" may otherwise lead to.severe hum pick-up and electric leakage
to either the a.c. mains or the ground.

Electrodes

The porous fuel electrodes discussed in this paper were all nickel
specimens of various origin. Screens, sieve plates, sintered carhonyl
nickel, nickel plates for secondary batteries and "fiber nickel
plates were used, as well as presintered nickel powder obtained by

* N

E.g. "Clevite" porous Ni; Clevite Corporation, Cleveland, Ohio, U.Sehe
* ' '

Huyck Corporation; Milford, Connecticut, U.S.A.
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reduction of ¥iC with H,. The commercially available types have no
special advantages overeNi powder electrodes and are, at least at the
present-day prices, by far too expensive to be used for anything else
but research purposes. .
_The porous air electrodes were either of silver or copper oxide.

Silver electrodes were used in the form of wire screens and/or
very thin layers of Ag powder (0.1 mm or less), adhered direct to the
electrolyte surface.

The use of Cu0 as air electrode was reported by Justi and co—
workers [7], [10], in connection with work on solid carbonate electro-
lyte fuel cells. In our case, commercially available Cu0 powder was
mixed with some 10% of Cu powder. Small discs _of about 1 mm thickness
‘wele pressed and subsequently sintered at 800 C in an air atmosphere.
In the first few experiments, the discs were connected to all-copper
current leads, in order to make sure that the electrochemical activity
could be attributed solely to the Cu0 - Cup0 system. In later tests,
current leads of stainless steel or Pt wires were connected to the Cul
material, thus avoiding gradual oxidation of the leads in long run
experiments.

Whereas in low temperature cells the initially chosen porosity,
pore size distribution and electro-catalytic activity of the electrodes
‘is of crucial importance, a gquite different situation exists in high
temperature cells. Sintering effects, anodic dissolution and cathodic
precipitation, and both surface~ and bulk oxide formation under varying
polarization strongly tend to alter the initial electrode structure.
Pigs. 3a and 3b show nickel anode specimens before and after*use
respectively. Initially, the commercially available material had a
porosity of 70% and a thickness of 1.0 mm. Fig. 3a is a microphoto of
this material. Fig. 3b similarly shows the same material after 625 hours
of continuous operation at 700°C and (nominally) 100 mi/cm®, on an equi-
librium mixture of Hp, €O, Ho0 and CCp. (iR~free polarization about
+110 mV relative to open circuit.) - , .

The thickness had shrunk to 0.6 mm (40% decrease) and a latéral
shrinkage of about 15% was observed.

Evidently it is of no use to preselect electrode structures for
high temperature cells on any basis different from long term operation
experience. One might state that the high temperature cell tends to
seck its own operating level, and not the one preferred by the investi-
gator on the basis of initial electrode structures.

Mlso, conclusions about cell performances over periods of a few
days have little meaning. Roth overoptimistic and overpessimistic im-
pressions may then result. An example of the latter will be shown in
SecCe 3, Flg- 5.

Fuels

In most of the experiments a "standard fuel" of 1 mole of H, +
1 mole of COp was used. The 'standard oxidant" was 2.5 (vol.) aif +
1 (vol.) C05. The feed rate was usually chosen in such a way that at
10C mA/cre, 10 per cent of the fuel and the oxidants were consumed.
The cells were operated at atriospheric pressure.

*j Sintered nickel, type J.E.G.V.; Mond Nickel Company, London,
' England.
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The overall cathodic and anodic reactions can be written as

2
-2, +3 (1-2) 0

cathode: 2 N, + 20, + €O, + 2 Ao -

" (1-1) €O, +ACO,~" : (1c)

2 2 3

’ 3 o . oS o
anode s H2 + 002 + A.CVB

= (1-2) H, + (1+2) o, + A'Hz

""Ais the conversion degree of the reactants; the composition of
atmospheric -air is taken for convenience as 2 N2 + n O2

"Although the 1 Hp + 1 COp fuel is not in thermodynamic equilibrium

at the inlet of the cell, it turns out that at the Ni anode the equili-

brium is indeed established. In the first place, the less convenient
to handle fuel 1 CO + 1 HoO yields the same open circuit potential as
the forme one. Secondly, this open circuit potential E is virtually
equal to the value calculated on the basis of the equilibrium fuel
composition and the Nernst law (decadic logarithm):

. . o e p2 (0,) » (C0,)n
B (volts) =B (,) + 0.99210 4 q log'[ 3 ; (:{)Zo) pe(co") 2 1@

vhere p_ and P, refer to anodic and cathodic partial pressures respec-
tively.

For A = 0 _in egs. (1c) and (1a) the calculated E values are
968 mV at 1000°K and 980 mV at 700 °c (6]« The observed values at.700 °¢
are between 970 and 985 mV, apart from initial deviations due to '"non-
aged" Ni electrodes. It will be shown in Sec. 4 that the standard fuel
can be considered as being oxidised already for 32% with regard to an
"optimal fuel', just not depositing carbon at 1000-K.

In some of the experiments, CH, + CO, mixtures were used. Usually,
equilibrium in that case is not established at the Ni electrodes, but
insertion of a small amount of commercial Ni on MNgO reform catalyst,
in the anode space, is sufficient to yield equilibrium.

3. OPERATING CHARACTERISTICS AND POLARIZATION EFFZCTS

The cells under discussion were all kept under a continuous current drain
-of 100 mA/cm2 (whenever possible), unless current vs. voltage curves were
measured. The latter measurements were carried out over time intervals of at
least a full hour, so that a steady state was always achieved. :

Individual electrode polarizations could be measured w1th the aid of the
reference electrode, using a mercury-wetted relay for fast (= 2,usec) gurrent
interruption and a Tektronix type 535A oscilloscope to measure {R drops and
potentlal/tlme transients. The method is essentially similar to the one des-
cribed by Trachtenberg [11] and makes use of the "sweep delay" provision of .
the C.R.0. time base, to observe the magnitude of the iR dbreak convenlently
‘and quite sharply.

The principle of the measurement may be clear from Fig. 4a, where a
typical course of the electrode potentials has been plotted on a linear time
scale, for two different current densities before interruption. '

Fig. 4b shows the corresponding cathodic and anodic transienst plotted

on a fz scale. The meaning of the partial linearity of these plots w111 be
discussed hereafter.

O+ 2 Ae - equilibrium fuel (1a)

N
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Fig. 5 shows the steady state (iR free) potentials and the iR drop,
as functions of the current denslty, of a cell at 740°C with a "fiber

" nickel" anode and a silver powder cdthode. The x x points:refer to the third

day of operatlon. It i8 seen that the Ni anode poteritial posltlvates "dange~
rously" at about 80 mA/cm2 ‘whereas the Ag cathode potential varles llnearly
with thé current. Also, the operi circuit voltage of* the cell, 1035 mV, 'is too
high, 960 mV being the true equilibrium value 6].

The open circle points, taken after 18 days of operation; reveal ‘a’
rather striking 1mprovement of the anode, now polarising llnearly with the
current up to 160 mA/cm y" where the polarization is +105 V. The Ag cathode
also shows some improvement, the polarization being -76 mV at 160 mA/cm2. The
open circuit voltage now shows the proper value, 960 nV, indicating that the
fuel gas attains true equilibrium at the "aged" electrodes The iR drop ob--
viously has not changed during the operation period of 18 days.

) The figure clearly shows the relative importance of electrode polariza-
tions and iR drop; at 160 mA/cm?s

iR drop =340 mV> anode polarization =105 mV> cathode polarizatien==76 mV.

Fig. 6a shows similar results for a cell with a CuO cathode on the 27th
dey of operation at 720°C. At 200 mA/cm@: ,

= 325 mV > an.pol. = 102-mV > cath.pol. = 70 mV.

Both anodic and cathodic polarizationsare linear with the current density.
"TFig. 6b shows a number of terminal voltage vs. current density charac-

teristics for the same cell, taken at different times and for different. fuel-

feeds. The line 27 in Fig. 6b corresponds with Fig. 6a. Line 13, on CH4 + G0y,

"in the absence of a reform catalyst, reveals that in this case no equilibrium

is established at the Ni electrode, otherwise a much higher open circuit
potential would have bgen observed (about 1100 mV). Nevertheless, upon current
drain a reasonable performance can be obtained.. (Addition of a few tenths of
a gram of reform catalyst in the anode space ylelds the calculated open cir-
cuit value and correspondingly improved resul is. ). )
The line 28, on pure hydrogen, was taken on the 1ast day before delibe-
rate termination of the test period, with the main purpose to test the leak-—
tightness. The very high open circuit potential (1470 mV) shows the absence
of any significant leakage after 4 weeks of operation. Also the capability
of the CuO cathode to deliver current densities of 250 mA/cm at about 90 mV
polarization (on air + COp) could be demonstrated by this test.

The use of thinner electrolyte discs (9 mm in the case of Fig. 5 and
€.5 mm at Fig. 6) yields improved performances. The results shown in Fig. 4a,
for 1nstance, were obtained with a paste dlgc of 5 mm thickness. The terminal
voltage in this case is 695 mV at 129 mA/cn and still 540 mV at 212 mA/cm Y
with an iR drop of 282 mV in the latter casee. )

The given exanples show that the purely resistive iR drop is always the
predominant term in the total voltage drop of a current delivering cell.
Nevertheless, the electrode polarization is by no means negligible, and there-
fore it is interesting to know whether it is mainly due to mass transport
phenomena or to activation controlled processes (slow electron transfer, slow
sdsorption or’ desorption). A rather extensive.study on this question has been

N

" Polarization with respect to open circuit anode potential.
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made by the present authors, but its details fall beyond the scope of this
article and will be presented elsewhere 12 ] .

Here it may be sufficient to note that d.c., ae.c. and pulse methods,
applied to both "flat" model electrodes {in the form of smooth wires or
strips) and porous Ni and Ag electrodes, %11 point to mass transport con-
trolled polarization (at least, above 600 C). Closer study reveals that the
limiting factor is the presence of fluid electrolyte films on the surface
of the electrodes, through which the reactant and product gases have to
diffuse. At the Ni anode, the "off-diffusion" of the products COop and/or HoC
through the film is rate determining, unless the H, partial pressure beccmes
very low (Sec. 4). At the Ag cathode the diffusion of either 0, or COp ]
{depending on the relative partial pressures), is determining.

Evidence for the diffusion controlled character of the rcactions at the
porous electrodes is shown in Fig. 4b and Fig. 7. Though the porosity of thet
electrodes is ill defined, their properties may be approximated mathematic- !
ally by the model of an "infinitely long" homogeneous transmission line [16].

Provided that the polarization tension at any spot on the phase boundary
of the porous electrode is small enough as to yield an essentially linear
relation between the instantaneous local tension and the corresponding current
density, a mathematical analysis of the transmission line model yields the
following results [12]: ' .

. *
1) Steady state. If the specific phase boundary resistance of a planar elec-
_trode is Ry @20m2), the corresponding effective resistance RP of a porous;

electrode iz proportional to V?fg_ﬁﬁ, vhere P is the specific resistance '
of the electrolyte film and b its thickness.

'2) Alternating current. impedance. Similar to 1), if the phase boundary
impedance of a planar electrode is Zb = A - jB, where A is the real and

B .the imaginary component of Zb and j =\~ 1, then the corresponding

impedance Zp of a porous electrode is proportional to Vb & Zb'

3) Galvanostatic transient response. It is well known that for a diffusion
controlled process at a planar electrode, the overtension v, resulting
from a short constant current pulse Ai, changes proportional to the square
root of time: . :

v = conste AL V+t. -

For the transmission line model of the porous electrode the corresponding
relation can now be written as: )

e 4
v = constant Ai Vpd 1%

Now Fig. 4b depicts the course of anodic (porous i) ang*cathodic
(por?us Ag) polarization tensions after current interruption , as functions
of t4«. It is seen that the curves for both 129 mA/cm2 (geometrical current
density) and 212 mA/cm2 show linear portions, as predicted by the latter '
formula. Moreover, the slopes of these linear portions are proportional with

the current density, both for the anodic and cathodic curves. The anodic an%
. . i

* . ) [y o -
The phase boundary resistance is defined as the ratio of polarization
tension 1o current density. The concept is valid for small polarizations
only (< RT/F). . , :

2

* % .
In order to observe the polarization change accurately, oscilloscoplc

traces were photographed over tine intervals of 10-4, 10-3, 107¢, 10~1 an%
1 second, :




!
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cathodic slopes for the same current density, however, are different. It is
seen that the anodic response is considerably more sluggish than the cathodic
one.. : i

The deviating initial part of the anodic curves (the first 5 milli-
seconds) is probably due to the interference of double layer capacity effects.

Fige 7 is a so~called Argand diagram of the impedance Z, = A.p - J B, of
a nickel brush electrode. In the diagram, the real part A of the observeg
electrode impedance has been plotted against the imaginary part B, for
different a.c. frequencies between 10 c.p.s. and 50 kc.

For a purely diffusion controlled process at a planar electrode, the
phase boungary impedance Z;, is the so-called Warburg impedance:

Zb = Wo © ® exp - j n/4; where Wo is a constant, w the angular a.c. frequency

and /4 = 45° the phase angle (arc tan B/A). According to 2), the correspond-
ing imped?.nce1Zp of the porous electrode should now be proportional to
VZb = WOEFJ-K exp - J ﬂ/8. In the Argandvdiagram of the impedance vector end

points, the latter expression is represented by a straight line with a slope
. o i .
/8 = 2227, and I_Zp!&o4 = constant. It is seen that the observed impedances

satisfy these demands only approximately, with the greatest deviation at high
frequencies. When, however, a correction is made for the influence of the
double layer capacity (by standard vectorial subtraction methods) the cross-
points are obtained, which satisfy the theoretical prediction very well.
Similar results have been obtained for porous anodes with less ideal geometry
than the brush form of the presented example.

. for the polarization implies that the measured polarization always includes

a purely resistive contribution from the electrolyte film. Moreover, since
the true phase boundary resistance Rp only appears as YRp in the expression
for the steady state polarization of a porous electrode, the latter will be
relatively insensitive to small variations of Ry, such as can be expected
ror slightly non-linear voltage-current relations. And finally, because RT/F
at 1000°K has the large value of 87 mV, it is not very surprising after all
that the observed steady state polarizations (Figs. 5 and 6) are essentially
linear with the current density.

FUEL AND OXIDANT UTILISATION
4.1. Oridation of the fuel

In the experiments of Sec. 3, the fuel and oxidant utilisation was
6f the order of 10%, at about 100 mA/cmz, relative to the feed. With
regard to the fuel, the general course of its oxidation by COy~ ions
can be visualised conveniently in the triangular C-H~O diagram of
Fig. 8.

& The "standard fuel"™ 1 H, + 1 COp is represented by P. Its oxidation
(cf. reaction (1a), Sec. 2.3) proceeds along the straight line P - €Oy,
and would be completed at point Pg. Considering P as the initial fuel,
its conversion degree A at P is zero, and A = 1 at Pg on the line H,0 -
COpe The "optimal fuel', however, which can be oxidised along the same
path, is reprcsented by P, on the carbon deposition boundary (¢.D.B.)
curve [61, [ 13] . At 10000K and 1 atm total pressure the composition of
T is 0.17 C + 0.63 H + 0.20 0. Is is easy to show that, with respect to
oxidation by CO3= ions, the standard fuel P is already oxidised for 32%
when Py is taken as the initial fuel. If A, represents the conversion
degree of Py, then Ag = 0.32 + 0.68 A (A = conversion degree of P).
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It is possible to calculate the theoretical (Nernst) EMP for any : ;
value of A or Ay, by means of equation (2), Sec. 2.3 when the equili- {
brium compositions of the C-H-O gas phase on the line Py - Py are known.

The author {Broers) has found a simple method [14] to calculate curves .

of constant CH4 partial pressure (Fig. 8) and curves of constant EMF

(Fig. 9) in the triangular diagram, so that the theoretical EMF values - '

for different points on the line Py, — Pg can be read directly from it.
. The CH; "isobars" of Fig. 8 show that at 1000°K, in the range of

interest, p?CH4) is rather low, so that in good approximation only the.

equilibrium: ) . .

H2 +.00253 H2O + CO

needsto be considered. This makes calculations of the equilibrium com-

positions along the path P, — Pg fairly simple. )

A still more convenient method involves the use of the diagram of
Fig. 9. The curves in this figure permit a direct reading of the "excess
‘EMF", AE (in millivolts), which has to be added to Eo(H,), cf. equation
(2), to obtain the I value with regard to anodic gases. The cathodic {
contribution in (2) can of course be calculated straight forwardly. j
: The course of the theoretical EMF along the path P — Py, i.e.

A=0 to A =1, is shown in Fig. 11, upper curve. The cathodic partial
pressures py(05) and po(COp) are kept constant (0.14 atm and 0.28 atm
respectively), in agreement with the experimental set-up to be described.

- Now the course of the practical cell terminal voltage as a function
of A was determined as follows. Suppose we have a battery of n cells, of
equal surface area, connected in series. The fuel is passed through this /
battery in series flow. Then each cell converts a fraction AA of the '7
fuel, at equal current density. When the current is i, and the feed rate
~of the combustible part of the fuel mixture is equivalent ton i,
Ap = 1/n. The overall conversion degree at the entrance of cell k will
be A = (k - 1)/n, and at its exit A = k/n. Thus, in principle the con- .
version would be complete at the exit of cell n. In practice this cannot
be realised, since progressive fuel depletion .and product accumulation
tendto increase the (mass transfer controlled) polarization, so that in
some given cell of the -battery the actual current density becomes ‘he
limiting one. : . _ ) /,
Since no practical battery was available, relevant experiments were ;
carried out with a single cell at 720°C, by means of a simulator tech- :
nique represented in Fig. 10. Vhen the standard fuel has been oxidised
to a degree A , reaction (1a), Sec. 2.3 has occurred. ' B
In order to realise this reaction, the necessary amount of "CQy }
‘ions" was supplied to the fuel in the form of gaseous 0o and COp (in the ]
proper ratio), so that the latter gases reacted directly in the hot part,
of the anode tube with the incoming fuel, before reaching the electrode.
. The supposed number of cells n was chosen as 10. At a cell current
i the Hp feed was evolved electrolytically at a current 10 i, and the
additional equal COp feed (02 free) by accurate flow meter adjustment.
Oo simultaneously was evolved and supplied electrolytically at a current
10 Ai, and mixed with an equivalent flow of 10 Ai COp (the double amount
of COp against O, when expressed in moles/second). Thus the conversion

»*

Compare Fig. 2, O

o * CO2 entering through auxiliary inlet.



TR s g 2201 oy

Lk ’ *
..of . the fuel could e adgusted qu1te accurately, by ammeter readlngs.

b
} The oxidant flow rate was ‘held constant,fat a 1arge excess, in order
; .-to keep. the cathode potentlal constant.

)

The results, at current densities of 62 mA/cm and 125 mA/cm are
shown in Fig. 11. Since AX= 0.1 and e.g.,-at the entrance of -cell no.
4y, X = 0.3; the voltage reading of cell 4 has been plotted at A = 0.35.
v ~_ The actual voltages observed (full curves) have also been corrected
r o for iR’ drop, yleldlng the dashed curves. It is seen that°-' -

1. At 125 mA/cm about 70% of the standard.fuel (P in Flg- 8) can be
utilised, or about 80% of the correspondlng optimal fuel (P, in
- TFig. 83 Ay axis in Flg. 11). The partial pressure of the remalnlng
. fuel at A=.0.7T1s 0«11 atm.
© 2. At 62 mA/cm2 90% of the standard fuel, or 93% of the.optimal fuel
- can be.utilised. The partial pressure of the lemalnlng fuel at
A= 0.5-is 0.034 atm.
- 3..The dlfference between the. theoretlcal E curve and the dashed curves,

\ AR :that is the polarlzatlon, appears to decrease with increasing fuel
oo conversion, till close to the p01nt where the current density be-
b PR - -comes the limiting one.

This rather surprising phenomenon may be explalned by the alreadj
- known fact that not the fuel, but the products COp and Ho0 are rate
controlling (Sec.-'3), and thatthe overall rate of gas flow increases
"‘with increasing .conversion {equation 1a). Probably the effect of the
increasing COs and HZO partial pressures is counteracted so much by the.

\ . increasing flow rate, that the overall effect is in favour of a polariza-
} ‘tion decrecases But finally the mass-transport of the Ho +.CO .fuel, now
% at rather low partial pressure, takes over: the role of the reaction

products, and total depletion at the electrode surface starts very soon
thereafter.

o These observations clearly show that the attainable fuel utilisa-

b : - tion is a pronounced function of the current density. In order to use

- the greatest possible fraction of the fuel feed, the current density in

. _the Mast cells" of the battery has to be decreased by increasing their

_ surface area. Practically, this becomes a matter of optimising the in-
creasing investment costs against the decreasing fuel costs. In this

\ . sense, the possibility of 90% fuel utilisation at (at least) about

' 60 mA/cn seems a rather encouraging résult.

'

4.2._Utlllsat10n of 05 and CO

- The conversion at the cathode is glven by equation {1c), Secs 2. 3.
) S - The experimental measurement . of the terminal voltage as a function
b of X in an imaginary 10 cell series battery was carried out as follows:
A\ : 1. uxce?s fuel (1 Ho +.1 002) was_ used at the anode (about 10% conver—
sion
2..4t cell currunt i, an electrolytlcally generated O, feed, 10 (1-A) i,
was led into the cathode space of the cell, together with:
3. A COp feed (0p free) of 10 (1=A) i, that is twice the Op flow rate
in volume/sec.
\ 4. A Np feed (0, free) held constant at 4 times the oxygen volume flow
N rate for A = C.

f\ ¥ Also to A values not corresponding with integral cell numbers.
3 e The experiments described here and in Sec. 4.1 were carried out with
\ ) one cell, with a Ag powder cathode and a "fiber nickel" anode. The

measurements lasted 17 days in all.
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The theoretical voltage as a function of A was computed easily
from the Wernst Law (equation (2), Sec. 2.3), using (1c) to calculate
pc(02) and p,(COp). The results, at 720°C, are shown in Fig. 12, for
current densities of 125 mA/cm® and 62 mA/cm®. The dashed curves re-
present the iR free voltages. It is seen that: : : .

1. At 125-mA/cm2, about 85% of the "oxidant" % 0, + CO; can be utilised.
At this conversion, the remaining partial pressures aret
p(05) = 0.034 atm; p(COp) = 0.067 atm. ,

2. Similarly at 62 mA/cmz, about 95% utilisation is possible;

p(02) = 0.012 atm; p(CO2) = 0.024 atm. - 5

3. By maintaining a slight excess of 0, at 125 mA/cm‘,‘corresponding
with A(0,) = 0.80, and studying the effect of A(CO,)20.80 solely,
the dotted curve was found. Thus with regard to COp conversion,

© about 90% can be utilised at 125 mA/cm2.

4. Conversely, by keeping A(CO,) at 0.80 and increasing A{0p) beyond
this value, about 93% O, utilisation could be reached. It seems
therefore that in fact CO, is limiting when the stoichiometrical
'02/002 ratio is used, but the match is rather close and may fall
within the accuracy of the COp flow meter calibration.

5. In contrast with Fig. 11, increasing conversion now brings about
slightly increasing polarization, up till A= 0.75. Since the overall
flow rate in this cathodic case decreases with increasing A ,: this
is the result to be expected. Nevertheless, the polarization increase
is enjoyably small.

" From a purely theprefical standpoint, the maximum possible O, de-
pletion from the air feed is not very importart, though a great excess
of air is definitely unwanted in connection with the heat balance of a
battery system. ’

A quite different situation pertains to 002 depletion. Consider
the (assumedly) complete combustion of a hydrocarbon C_H .
- . n 2n+2
The overall anode reaction is:

C H +(h+1)c%=~Un+ﬂ w2+(n+1)HO4-Mn+2); (3)

n 2n+2
Now the oxidation products are to be recycled to the cathode, and mixed
with air in such an amount that at least (3n+1).C0y= can be formed and
also utilised., Since (4n+1) CO, is available, its conversion degree
should be at least: . ‘ .

2

r(co,) > (3n .+ 1)/(4n + 1)

cath.

Thus the cathodic conversion degree of CO, should be better than 80%
for methane fuel, and still better than 75% for higher hydrocarbons
(n> 1), The experiments depicted in Fig. 12 show that conversion
degrees of this _magnitude can indeed be attained at current densities
up to 125 mA/cmE. )

To the knowledge of the authors, experiments of the kind discuassed
here have not been reported earlier. Only Chambers and Tantram [15]
reported data on Hé conversion percentages, but did neither specify the
current density nor the actual terminal voltages observed.

-

Y
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5e LONG RUN DXP RIMENTS AT CONSTANT CURRZLT DENSITY (100 mA/cm )

In earller work [?] [6], it was not poss1b1e to. draw current densities

-of the order. 100 mA/cm“ for more. than about .1-Week. Improvement of the electro-

lyte .paste propertles eliminated the 1nstab111ty effects at current densltles

->:25 mA/em? virtually completely, so .that.a.long run test at 100 mA/cm? could

be carried-out on a pair of small "twin cells" of 1 cm2 surface area each.
..Standard fuel and oxidant were used at 700°C, w1th 10% conversion relative
to thelr feed rates. Both cells had '"reinforced" Clevite porous nickel anodes

(1n1t1a11y 0% porosity), which were used without any pretreatment. The

cathodes’ were sllver screens (O 5 mm w1res w1th equally large sp301ngs), cells

constructed ‘as shown in Fig. 1+

Flg. 13, upper section, shows the Tesults over a 4600 hours period (af ter
which the measurements were terminated deliberately), in terms of 1. terminal
vol tages, 2. iR free. voltages, ‘3. open circuit voltages- The' latter were ob—
served only oc¢casionally; see polnts .ndlcated.

It is seen that: .

1. The performances run rather 51m11ar1y, the terminal voltages decreaslng
slowly from about 750 mV initially down to 470 mV at 4600 hours.

2. The iR free voltages become practically constant after 2-2% months, so that
the electrode polarizations also become constant after that period. The .
.cathodic polarizations (not shown separately from the anodic,ones)_stabilise
to-about 50 mV, the anodic ones to about 150 mV.

. 3.-Initially tkere is an increase in-polarization, which has to be ascrlbed to

alterations of -the-porous Ni anodes. (Sintering effects, compare Pigs. la-
3b, Sec. 2.2). With respect to these alterations, "ageing" of the electrodes
by a heat pretreatment at 800 °C, in reducing atmosphere, is rather favour—
able.

4. The open circuit voltages (initially too high) attain the calculated value
980 mV within about 2 weeks, up till the end of the test. This indicates
that the cells were still gastight after 6 months.

Analysis of the electrolyte pellets revealed that about 50 mole % of the
initial carbonate content was lost after the 6 months period. In Figs 13,
lower section, the conductivity of cell 3 .(cell 2 gives similar results) has
been plotted as a function of the operating time. It is seen that, roughly
speaking, the decrease of the conductivity is proportional with time, and that
from 500 to 4500 hours a 50% decrease has occurred. This suggests that the only
cause of the performance decrease, after the "stabilising period" of the anode,
is due to slow vaporisation of the carbonate melt.

In principle, carbonate losses may occur by ‘'creeping" as well as by
vaporisation. In the conditions of the experiment, however, creeping of the
Li-¥a-K carbonate melt comes to a stop at the cold parts of the alumina tubes,
within one or two days. Moreover, it is very unlikely that losses through
creepage would alter the ratio of Li to Na to K.

The chemical analysis of the used electrolyte pellets, however, proved
that the mentioned ratio had changed considerably. Initially the alkali atom
fractions were s 0.37 Li, 0.39 Na, 0.24 K,
whereas after 6 months they were : 0.47 Li, 0.36 Na, 0.17 K.

’ Thus the rate of X evaporation is the largest, that of Li the smallest
one. Though the relative order of alkali carbonate stability is just the reverse
with regard to COp vapour pressure [1], it should be kept in mind that in the
present experiments a relatively large COp partial pressure was maintained ail
the time on both sides of the electrolyte pellet.

(A blank experiment with a liquid Li-Na-K carbonate mixture under 002 of 1 atm

at 700°C, using a '"cold finger" to condense the vapours, yielded qualitatively

similar results. It took several weeks to collect a small quantity of condensed

vapour. )
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On the basis of the total amount of fuel and oxidant gases passed over
the electrolyte pellets in the test period, it can be calculated that 1 mole

of 003 was lost per (about) 105 moles of fuel, air and COp. Thus the vaporisa-

tion rate is quite small.

This in turn would mean that a (more or less) continuous supply of fresh
welt in very small quantities would result in a practically constant perfor-
mance over a period of several times the one observed here, that is -in the
order of at least a few years.

In conclusion, it may be stated that with regard to power output,
attainable gas utilisation and life of the essential cell components, the
prospects of the high temperature fused carbonate cell are far more favour—
able than thought hitherto.

Only work on a larger scale can’ show whether the construction of
batteries is technically, and if so, also ecanomically feasible. The authors:

" fully appreciate that this still a long way to go.
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Fig.S. Steady state (iR free) potentials and iR drop of a cell
cf. Fig.2, as functions of the current density. Cathode :
Ag - powder, anode :"fiber nickel"”. x-x-x : 3rd day of oper-

ation; o0-0-0-0 :18th day of operation.
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day 4 ;08H,+08CO [25air +1C0;,

. 13:05CH08 €O, [25 air +1C0
. 20;08H+08 C0y/ 1air +3C0;
. 27,08H2+08 COp/ 1air +3C0,
.+ 28:16Hy

22°%CH,, conv
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56% conv. at 630 mV
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[15air + 2C07
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marm,

nickel brush electrode,simulating an ideally homoporous
0-0-0 : points observed;
corrected for influence of double layer capacity.

system,

Drawn straight line

diffusion control; 22+°slope,

Fig.6b,  Terminal voltase vs.current density characteristics
of the cell cf, Fir.06a, over a 4 weel period.
No ‘iR drop corrections,exent upper curve (dashed).
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B
!
10
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05 R 7 .
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Fig.7. A.C.impedance vettor diasram (Argaend diagram) of a

theoretical prediction for pure
|z} s £%= constant. :

X-X~-X impedances
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Fig.&. C-H-0 triangular diagram,representing at 1000°K and
1 atm : 1) Carbon deposition boundary (CDB) ;
2) Equilibrium partial pressure "isobars" of CH, (dashed);
3) Oxidation path-PPe of the standard fuel P , reacting

\. . © with CO; ions ; 4) Optimal fuel composition Po that may
a . be oxidised along the same path.
P corresponcés-with 3%2% oxidation of Po °
1000°K A
¢ _ - ) EglH;)x 9977 m¥ .

| JAVAVAVAVAVAVAVAVAVAVAS
Vo ARG
N ' at%l X _467‘4 X
% VAVAVAVAVAVINAVI 7% 55

Vs’

”aﬂ%&%AAmgA
\VAVAVAV

A’ v X A,
/XSO N/
' H 10 2 . T H 0" @O 0 —soat%0 '» 80 90 [{
A . ' Cdb. curve and isopotential curves.

A E= constant at 1000°K,1atm.
Motten carbonate cell.

Fio;g, «+ C-H-0 diagram with CDB and curves of constant EMF with
regard to fuel composition,for molten carbonate cells at
12000°K, , 1 atm. o ' ) '

"E(cell)= EO(H2)+-AEKanodic)+ OE(cath,) . ;- cf. Eq.(2).

\ AE(ancdic) can be read directly from the diagram,in mV,
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to point P in Fig.8, », similarly %o point E

Anode:

the fuel mixture; derived from Fig.©

"fiber nlckel",

cathode

Ag screen.

. -an
10} cell .
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Cu - 1 ! (C02+1§Oz) 'd
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a E] Ez J__wzcell G ]
/ %5
Ry Ucozuon R2 Ucoznom ret
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A F2 B
Qir+C0y -
(101i)
Fig.1C.  Determination of fuel utilization in an- imaginary -
10 cell series battery,by means of a single cell. .
E1 :H2 electrolyzer; E2: O2 electrolyzer; F1 and F2:
002 flowmeters with regulating valves R1 and RP H
G : ralvanostat. Cell cf. Fig.2.
Hy# COp+ACO3 " —= (1-A)'Hpr(1+X) COy+ X Hy0
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Fig.11. Results of fuel utilization experlments at 62 mA/cm?

and 125 mA/cm*. X is the conversion degree relative

in Flg 8.
T=720°C.

Theoretical E based upon’ equlllbrlum composition of
and Eqs.(1c)& (2).
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HYDROCARBON- AIR FUEL CELLS EMPLOYING SLURRIED MOLTEN_
CARBONATE ELECTROLYTES T ]

Isaac Trachtenberg

Texas Instruments Incorporated, P. O. Box 5936
Dallas, Texas 75222

Fuel cells employing mixtures of molten alkali carbonates as the electrolyte have been
described. These cells can be divided into three groups: those that employ a fixed .
ceramic matrixl' impregnated with the electrolyte, a paste matrix consisting of

a mixture of fine ceramic particles and the electrolyte that is preformed, and a free
electrolyte '’ 8 with no matrix. In the first two groups, the ceramic-electrolyte body

is the structural member and supports not only itself but also the electrodes. In the
free electrolyte cells, the electrodes are the structural members and must to a great
extent contain the very difficult to handle electrolyte. The slurried electrolyte cell’ ' /
described here takes advantage of the best of the cells mentioned above. There is no
need for a pre-sintered or preformed ceramic-electrolyte body. The electrodes are
the structural members. The ceramic particles serve as a separator and help con-
tain the electrolyte. The electrolyte-ceramic slurry has no requirement for structural
strength. - ‘ : :

Cell Descrlptlon ) I /

F1gure 1 is a photograph of an actual test cell before operation. This unit consists of
two cells connected electrically in parallel and is referred to as a 1l x 2 unit, The fuel
gas supply flows between the two anodes. The unit is placed in a furnace chamber
“which contains the cathode gas supply. The cathodes are connected to the front plenum
and the anodes to the rear plenum. The fuel gas plumbing is used for the current bus-’
bar, and cell voltage is measured between the leads coming from the top of the front
and rear plenums. A silver wire used as a third idling electrode is placed in the
‘ceramic electrolyte reservoir cup. Each electrode is.1 in. x 4 in. Since there are two
such electrodes in parallel, there is a total geometric electrode area of 8 sq. in., or g
51.6 sq. cm, of each electrode {anode and cathode) in these units. Figure 1 shows only(
‘one of the two working cathodes, C

f

A cutaway perspective of the unit is shown in Fig. 2. The primary anodes are not only
connected together at the plenum but also have a corrugated nickel screen welded
between them to yield a stronger structure, provide better distribution of the gases,
and to serve as a secondary electrode. In the experiments described here magnesia
particles are used to form the electrolyte slurry. When the unit is assembled, dry

—— -

MgO of selected particle size (depending on the electrode structure) is placed between?: ’
the working cathodes and anodes. , A mixture of 50 mol % LiZCO and 50 mol %

NapCOj3 is prepared, fused, broken into pieces about 2 to 10-mesh, and placed in the 7
electrolyte reservoir cup. The entire assembly is placed in a furnace and raised to /

operating temperature. At about 500°C the electrolyte begins to melt and is drawn by
capillary action up the MgO-{filled alumina feed tubes and into the MgO particles
between the working anodes and cathodes. Once the electrolyte has saturated the MgO,

the additional electrolyte in the reservoir cup merely remains there until it is needed J
to replace any electrolyte which may evaporate from the slurry. This feature of the
unit permits very easy and rapid addition of electrolyte to the unit when it is operated ;

continuously for extended time intervals.
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. Experimental

. The following discussion will pertain to the performance of several of the 1 x 2 units
in which the stfucture of the electrodes was changed. In these experiments the gas

| supplies were held constant. The fuel gas supply was a simulated natural gas (CH4)
reformate consisting of approximately 80% wet H, and 20% CO,. Previous experience
with the simulated natural gas reformate has shown that this mixture is water-gas
shifted in the Steel plumbing to a nearly equilibrium (> 90%) mixture of HZ H,O0, -
CO;,, 'and CO 4t the operating temperature of the cell.” The cathode gas Supphed to
the furnace chamber was 80% air and 20% COé.

The cells weré under some load for more than 95% of the'reported operating life.
Operation of all the cells described was voluntarily terminated for postoperative
examination while the cells were still performing at an acceptable level (»20 watts/ftz).

The data presented here were obtained from current-voltage (E-I) curves récorded
daily except for some of the week ends. These traces were obtained from the working
\ cathode versus the working anode and from the anode and cathode individually versus
, the third idling electrode. The latter curves were recorded to determine total polari-
zation of the individual electrodes. Traces were obtamed using either an EAT 1110
Varlplotter or a Varlan F80 X-Y recorder

Current interruption studies similar to those previously -reported1 »3 for sintered
matrix cells were performed. These studies continued to show that the total polari-
zation is composed of two components, ohmic and concentration polarization. These
interrupter studies also verified the 1000 cycle resistance measurements of the total
"internal cell resistance and determined the individual anode and cathode ohmic re-
sistances,

‘; Performance and polarization data as a function of operating time were presented to a
' 7040 computer to determine the best least mean square straight line, the standard
' error of the data points, and the standard error of the slope of the least means square
line.” The cell data treated in this manner include power density in watts/ft? at a
fixed terminal voltage, open circuit voltage, total anode polarization, and total cathode
polarization. Total anode and cathode polarization are defined as the difference
k between the potential versus the third idling electrode at open circuit voltage and that
| “at the given current density. These data are discussed in detail in the following section.

Discussion of Results

} Figure 3 shows two power versus hours of operation curves for 1 x 2 unit #47-47.

v This cell was operated at 600°C for 1100 hours before its operation was terminated
voluntarily. It contains 120-mesh Ni screen primary and secondary anodes and silver-
plated 120-mesh stainless steel cathodes. A secondary cathode of the same silver-
plated material was also used on the cathode. (This secondary cathode can be seen

{ on the cathodes in Fig. 10.) The MgO was sized so that it could be contained in the

‘0\ screens (> 120-mesh). The data points shown were selected randomly and are repre-

v “sentative of 411 of the points. The solid lines are the best least mean square line at
the two cell terminal voltages of 0.5 .and 0.7 volt respectively. The dashed line
indicates the standard deviation of the pointb from the line. Although the line at
0. 5 volt shows 5 slight increase in power and that at 0.7 volt exhibits a slight de-

rease in power as a functlon of hours of operation, neither observation is statistically
.ﬂ;:mlu.mt. The errors in both slopes are grenter than the slopes themselves (see
W Table I 4t the end of this section). Similar treatments of the open circuit voltage,
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anode and cathode polarization at current densities up to 75 mzz/cm2 also exhibit
no significant slopes. . .

From these data it is concluded that within the limits of reproducibility of cell per- {
formance from day to day there was essentially no change in performance for 1100
hours of operation.

Cell #47-53 was another 1 x 2 unit operated at 600°C. It contained primary anodes
made by sintering presieved, highly active nickel particles onto 120-mesh nickel
screen. No secondary electrodes were used in this unit. The cathode consisted of
_sintered presieved silver particles on 120-mesh silver-plated stainless steel screen.
The MgO was sized to be contained by thevelectrodes'. Figure 4 illustrdtes the power
at 0.5 volt as a function of hours of operation. Cell operation was voluntarily termi-
nated after 828 hours. Notice that the initial power density of 50 watts/ft? is about
twice that of the preceding unit. Power density remained 42 to 48 watts/ft® for more
than 400 hours of continuous operation. The decline in performance started just after
400 hours of operation and continued to about 500 hours, when it leveled out for the
next 200 hours before resuming a slower rate of decline \mﬁl operation was volun-
tarily terminated. s

Figure 5 illustrates the effects on the open circuit voltage and the total polarization

of ‘both the anode and cathode at 75 ma/cm?. According to these data, the major
cause of decline in power output of the cell was increased polarization of the cathode,
There was essentially-no change in the open circuit voltage during the entire operation,
However, polarization on both electrodes did increase. Again notice that the cathode
exhibits a distinct increase in polarization starting just after 400 hours and continuing

to about 500 hours. The anode at the same time remained at worst unchanged, and {
at best it exhibited a slight decrease in polarization. However, the net result was a ’
decrease in power output,

Vi

Postoperative examination of this cell showed that the sintered silver cathodes had
undergone additional sintering sometime during their operating life with an accompany-
ing decrease in surface area. The electrode appeared to be completely closed and the

particles actually melted in spots. Little or no porosity remained. It is possible /
that a relay on the furnace temperature controller stuck, causing overheating so that
the electrode continued to sinter. Some additional sintering was also observed on the /

nickel anodes, but these electrodes retained most of their original porosity. ‘

Figure 6 illustrates the power at 0.5 volt versus-hours of operation for cell #47-140.
This cell contained 120-mesh nickel screen primary anodes and 50-mesh nickel
screen secondary anodes. The cathodes were silver-plated 120-mesh stainless steel §
screens. The plating was heavier than that used in cell #47-47.

: 2
From 100 to 500 hours of operation power output was at a level of 35 to 40 watts/ft .
Then it started to decline, reaching 22 watts/ft2 at 1100 hours. The cell was termi-
nated voluntarily after 1117 hours of operation, '

The least mean square results are presented in Fig. 7 and Table I for open circuit i
voltage and polarization at 50 ma/cm? for both anode and cathode as a function of

hours of operation. The order of contribution to the decline in power output of this

unit are open circuit voltage .’ cathode polarization, " * anode polarization. Anode
polarization, however, was higher from the start than is usually observed. This is -
attributed to the use of the 50-mesh nickel screen secondary electrode.
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Examination of the electrodes after termination showed that the primary anode was
flooded with electrolyte and had undergone appreciable oxidation. This oxidation is
considered the cause for the decreased open circuit voltage, but is difficult to say
which process occurred first. Previous experience with nickel anodes, however, has
shown that nickel tends not to wet easily while nickel oxide does. The accompanying
loss of active (for the fuel cell reaction) area may also account for the increase in
anode polarization. )

Several times during the operating life of this cell a small fire was observed on one
of the cathodes. This fire was the result of fuel reaching the cathode. Although the
fire did not cause the cell to fail, it did remove the silver plating in its vicinity. The
redistribution of silver resulted in a loss of active cathode surfacé area, which could
easily account for the increase in cathode polarization. Postoperative examination
of these electrodes confirmed the silver redistribution. In many places the stainless
steel screen was exposed to the electrolyte.

-Silver migration on the electrodes and solubility in the electrolyte can be serious

problems in any molten carbonate fuel cell. Migration can be retarded by preventing
thermal and concentration gradients along the electrode. These gradients can be
minimized by good heat management and gas distribution. The solubility aspects
arc a little more complicated. First, more silver must be present initially on the
electrode than the amount required for good cathodes. Second, and more important,

“the solubil{ty of silver can lead to dendrite formation, which can cause an electronic

short and subsequent failure of the cell. In this respect the slurry-electrolyte system

- has an advantage over the other fixed matrix systems. 3,4 Fixed matrix cells provide

a mechanical support for the silver dendrites through the electrolyte. The slurry
system provides little, if any, mechanical support for such dendrites; consequently,
it has considerably less tendency to form shorts. Reliability testing of more than
200 cells containing slurried electrolyte revealed no failures because of any type of
electronic shorting. This was not the case in previous experience with fixed matrix
cells. ‘

Cell #33-1 was very similar to #47-140, but both secondary and primary anodes
were constructed of 120-mesh nickel screen, Figure 8 presents the power output at
0.5 volt and the anode and cathode polarization as a function of hours of operation.
The open circuit voltage was constant during this period of operation. All data points
for the power output are shown. The least mean square line exhibits an increase in
power output with time; however, this slope is not significant (see Table I). The

cell operated at an average power density of 36-37 watts/ft2. It should be noted that
both anode and cathode polarization decreased with time and that these slopes are
significant (sce Table I), However, when their variations are added to the other cell
variables, no significant slope for power output is obtained,

At 382 hours of operation additional electrolyte was added to the reservoir cup. The
power declined in 3 hours from 42.5 watts/ft to 34.5 watts/ft2, At 602 and 625
hours of operation it had declined further to 31.0 and 29.8 watts/ft2. At the same
time the polarization at 75 ma/cm? for the cathode started to decrease, while that
of the anode increased. These observations may be explained on the basis that the
additional electrolyte increased the wetting at both electrodes. In the case of the
cathode the original wetting was less than optimum, while at the anode it was more
than optimum.
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This cell was allowed to operate for a total of 2000 hours before it'wés:voluﬁtarily
terminated. Power output remainéd above 24 watts/ft” for the entire 2000 hours.

These data all point to the composition and structure of the cathode as the weakest
point in the ptesent cell structure and system. Current éxploratory work is aimed

at apprec1ab1y reduc1ng or overcoming this limitation. "Figure 9 répresents a' step
toward increased power performance. At 0. 60 volf this cell was produc1ng 60 watts/ft
At maximum power its output approached 70 watts/ft?. The total anode polar1zat1on )
was 110 millivolts ' at 100 amps/ft, while the cathode polarization was 260 millivolts

at the same current densnty. Even in this cell the cathode presents the greater problem
and the more promlslng area for future research.

Research on new electrodes is contmumg The slu‘rry electrolyte cell design and con-
struction is relatlvely new, and at this writing the 1nvest1gatlons are still oh the lower
portion of the learnmg curve, In little over ‘eight months, progress has been made from
a sustained steady performance of 15 to 20 watts/ftZ to 35 to 40 watts/ft It 1s_"
dlfflcult to pro_)ect what the powér output of similar cells will be in the future.

Multicell Unit

A view of a 3 x 2 unit is. shown in Fig, 10. This unit consists of 6 cells. - Essentially,
it is three l x 2 units connected electrically in series. These units and some similar

2 x 2 'units have been operated on a mixture of Hp,- COZ’ and NZ which s1mu1ates
partial oxidation of JP-4, 9,10 The CO, supply for the cathode is obtained by com-
busting the fuel gas effluent from the anodes in the furnace chamber. These units have"
had intermittent power output in the 40 to 60 watts/ft2 range for short time intervals ..

(6 to 24 hours), and 20 to 40 watts/ft for hundreds of hours of operation. The
fcathodes employed in these units resemble those used in cell #47 -47,

Figure 11 is a view of a 6 x 6 unit consisting of three parallel combinations of two -
3 x 2 units in series.’ This unit contains one square foot each of anode and cathode. ’
-Power output has been as high as 33 watts at 3.0 volt and has remained between: 25
and 30 watts for longer than 500 hours of operation.

Conclusion

Fuel cells employing a magnesia alkali carbonate slurry as the electrolyte have béen
successfully operated for extended time mtervals. Continuous operation for more
than 2000 hours has been achieved., Power output in small units operating on a simu-
lated natural gas reformate fuel has been maintained at 35 to 40. watts/ftZ for longer
than 1000 hours. Multicell units have been operated on a simulated fuel representa-'
tive of partial oxidation of JP-4 at nearly the same level.

New electrode t:ompos_itions and structures in the initialv research stage at this time
are yielding power densities equivalent to 60 to 70 watts/ft2,

There appears to be no fundamental reason why slurried molten carbohate fuel cell
systems should not achieve significantly higher power densities and longer operating
perlods than those reported here.
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-+ TABLE I
' Co-m‘IvJﬁtex‘j‘P;e.sul.ts L L S

Least Mean Square Fit of Déta Presented in -

Figures 3-8
i A S Std. Error'of ° Std. Error of
Yoo oo Slope - Intercept " gSlope = °  Observation
Unit Number watts/ft4/1000 hrs. watts/ff? watts/ft4/1000 hrs’  watts/ft * .
Dependent or or ‘or . or
Variable™ 'volts/1000 hrs. ~  wvolts *  'volts/1000 hrs " volts
$47-47 :
Power 0.7 v -0.7 17.2 1.0 1.1
Power 0.5 v 1.5 25.8 1.5 1. 7
#4753 ' _ .
Powér 0.5v -34.6 , 52 3.7 © 3.0
Open circuit voltage -0.03 .0.92 0.01 0.009
Anode-polarization ' )
75 ma/cm® 0.12 0.15 0.03 _ 0.02
‘ Gathode-polarization o T o SR Sy
75 ma/cm 0.22 0.05 0.09 0.07 f
T $47-140 : , _
Power 0.5v -19.6 - 44 2.9 3.0 -]
Open circuit voltage -0.09 1.01 ' ~0.02 . 0.02
- Anode-polarization ' o . S
50 ma/cm? 0.06 0.16 0.02 0.02 .
Cathode-polaﬁization
50 ma/cm 0.07 0.13 0.01, 0.01, Y
o/
#33-1_
- Power 0.5v ' 1.0 36 3.1 4,8
. Anode-polarization '
75 ma/cm -0.04 0,17 0.02 0.03 {
Cathode-polarization . . ) '
75 ma/cm? -0.05 ~0.30 0.04 © 0,05 .
Sy

: *Hours of operation is the independeﬁt variable.
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Fig. 2.-A CUT AWAY PERSPECTIVE OF A 1 x 2 UNIT.

Fig. 1.-VIEW OF 1 x 2 UNIT SHOWING ONE WORKING CATHODE,
IDLING ELECTRODE, AND THE EILECTROLYTE RESERVOIR.
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PLENUM
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The Semi-Industrial Fuel Cell Element of the Gaz de France

, C ' A. Salvadori
Experimental and Research
\ , ] Center No. 1 of the D.E.T.N. of
« S o ' Gaz de France

3 INTRODUCTION

_ The studies undertaken by the laboratories of Gaz de
France in the field of energy conversion have been carried out
\ for almost four years in order to transform directly into
\ electrical energy in a fuel cell the free energy of gases
currently manufactured or distributed by this national service.

Massive guantities, relatively low prices and ease of
! transport of these raw materials encourage research towards
. perfecting industriel devices that would be simple, rugged, and
! inexpensive, but capable of yielding significant power. Relatively
. inert fuels are the usable gases: both natural gas either
\\ - unreacted or catalytically steam reformed, and gas obtained by
Y partial oxidation of gas and liquid hydrocarbons, nevertheless
contain, although in small quantity, some impurities which seem
\ to prohibit, to our knowledge, the use of sufficiently active,
. but sensitive catalysts which would allow functioning at
A moderate temperatures and in an aqueous enviromment. Under these
conditions, it becomes necessary to counterbalance the catalytic
effect by an increase in temperature and hence to operate in the

3 presence of electrolytes made of molten salts. It seems better to
make the best use of the notable advantages offered by the high

} temperatures providing the condition that the technological

N difficulties and the resulting corrosion problems can be solved.

fo The unavoidable heat release, provoked by any type of

] ~unctioning cell, 1s all the more interesting to recover when the
temperature of the system is high and when the dimensions of the

), pettery are significant. The fuel cell then becomés a means of

‘ base procduction of electrical current which is located upstream

A in a complex. The other devices of this complex can use the thermal
energy released by the cell.

1. PRINCIPLES OF OPERATION FOR AN INDUSTRIAL GENERATOR
principle of an industrial generator can be defined in a general

. " sense and thus serve as a constant objective towards which all
A investizations must be oriented.

\
} - Keepingz these considerations in mind, the operating
\
4

The potentizl at the terminals of an elementary cell are
! low. For an installation to be of industrial interest it is
necessery to group, in a unit well adapted to iscthermal operation,
0 the greatest possible number of elements. However, as these warm




-226-

each other, they must be spaced in the most judiclous way so that
the regulating fluld ensures as homogeneous a temperature as
possible 1n all parts of the enclosure; for obvious reasons alr
used as an oxldant can be used for this role.

- " Two simple geometric forms may be considered a priori for
the basilc cells: the plane and the cylinder. We have deliberately
set our cholce on the latter for the followlng reasons: the thermal

. regulation of an assembly of bundles of the exchanger type 1s.
industrlally well known; the practical constructilion of flat and
thin electrodes of large area presents more difficultlies than that
of tubes; the high temperature construction in the shape of a fllter
press creates important sealing problems and prevents any possibility
of replacing an element without a complete stop in the functioning
of the battery; the phenomena of diffusion or creepage of the
electrolyte at the Joints or in any nonactive part of the cell may
be easlly eliminated 1n tubes by coollng of the 1lnvolved extremity,
at a temperature slightly below that of the melting point of the
fused salts; the reacting gas supply is greatly simplified where
all the cells have an electrode of the same sign in a unique
enclosure containlng the corresponding gas; the mechanlcal
strength of a tube made by successive layers of the anode, of the
electrolyte and of the cathode, is better than that of a plane
surface made under identical conditlons

The construction of a cylindrical cell battery is

advantageously made through a horlzontal disposition of the
. elements inside a heated paralleleplped shaped container of which
“two opposite sides form supports. and to which are fixed the ends
~of the cells bearing the different gas distributlon systems and
the current collectdérs. In order to determine orders of magnitude,
the thickness of such an 1nstallation would be close to one meter,
and 1ts length and helght would be a few meters. An unlimited
number of cells may be used by placing them side by side separated
by a passage large enough to conduct electrlc current of
substantlal size.

Figure 1 shdws,the sketch of an industrial unit.which
would function according to the above mentioned operating principles.

2. DESCRIPTION OF THE SINGLE CELL -

) The conception of an element must satisfy the technological
congraints which have ‘been enumerated and give an answer to the

economlc problems that the development of a new technology can create.

2.1 Choice of Materials

The materlals with which the electrodes are made are
generally expensive and rare, and 1t 1is necessary to use them in
a small quantity and to build them by simple methods relying on
. Industrial techniques that assure reproducible fabrication of
several tens of thousand units. The three phase contact problem,

aseous (tle reacting fluids), liquld (the electrolyte) and solid
the electrodes), has in the beginning of our work brought us to
follow the method used very generally at the time, which conslsts

of using porous metals and looking for thelr best operating conditions.

Because, on the one hand, of the disadvantages that we have observed

e —— ™~
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in the utilization of a relatively thick layer, the accumulation

in the pores either of products of combustion or nitrogen from the
air, -and on the other hand of the knowledge of the good diffusion at
hizh temperature of gases through certain metals, we tried the use of
these metals in thin compact sheets.

The diffusion of hydrogen through palladium and platinum

.is a phenomencn which has been known for a long time; further the

systematic studies that we have made in this field have shown that
the oxidant made of air to which carbon dioxide has been added passes
sufficlently rapldly through thin silver sheets to give results at
least as good as with the porous substances.

2.1 1 The Anode

In splte of above mentioned advantages, the utilization
of palladlum in a sheet cannot be considered for economlcal reasons,
because 1t prohibits the use of any other fuel gas than hydrogen.
For these reasons, the anode in our cells is always a graphite
cvlinder very 11ghtl covered on the surface with palladium
(close to 0.1 mg/cm? :

Graphite has numercus advantages: good electronic
conductance, very low expansion coefficient, relatively good
mechanical strength and easy construction. Furthermore, in the
redu01ng environment in which it is s1tuated it has never shown
signs of deterioration.

2.12 The Cathode

Silver constitutes at the present state of our knowledge,
the only metal usable as a cathode. But used as is and without
preliminary precaution, in the presence of molten carbonates,
it is subject to permanent corrosion. A systematic study has
brought to light three principal aspects of the silver corrosion
that can be summarized in the following manner; one of machanical
nature due to a degradation of the structure and which favors grain
formation; another of a chemical nature which can be defined by a
limited dissolution in the electrolyte; finally the third of an
electrochemical nature making some silver precipitates appear in
the electrolyte, which, because of convection currents and variable
potential lines in the functioning cells, can settle at different
points between the two electrodes. .

However, our observations on the inhibiting role of
combining with refractory oxides either in the electrolyte bath
or in the cathode itself, have lead us to use a film of these oxides
in order to materialize the idea of protecting the silver surface.

The film itself is made in a thin layer (0.1 mm) by

. flame spreying and offers all the qualities of a sheet.

2.1a The Electrolyte

: Onl" electrolytes made of molten salts are usable.
Among - ‘the different possible solutions, carbonates in a mixture
judiciously chosen in relation to the temperature have been employed

for CO= as one of the reaction products and its presence is favorable
in particular to their thermel stability.
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2.2 FEmployment of Materials

To satisfy the conditions preceedingly developed: compactness,
facility of assembling, good mechanical resistance, -small quantities of
materials, easy industrial operation, we have studied in the most
comprehensive way the best method of construction based on the
following: principles:

"~ 2.2; The Active Substance of the Cell (Fig. 2)

On the anode graphite finger palladium is deposited.

‘A layer of refractory oxide, preferably of magnesia or stabilized

alumina is deposited on the anode by flame spraying. Thils very

thin layer, just thick enough to assure a good electric insulation
contains the carbonates and thus serves as a support for the
electrolyte. A silver-based thin film (0.1 to 0.2 mm) which
constitutes the cathode is then deposited on thé assembly. This
metallic film is too thin to insure by itself a sufficient means

for current removal and this is achieved by a silver wire fixed along
the. electrode which can be joined in a battery, to a central
conductor :

2.2, The Top of the Cell (Figure 3)

The open extremity of‘the graphite finger i1s fixed in

.a:brass. piece which contains: an axial nozzle that penetrates to

the bottom of the anode, its role is to feed fuel to the cell and
to collect the anodic current; a radial nozzle through which =

- the excess fuel that has not reacted carries away the products .of .

~of the order of

" the reaction water vapor and carbon dioxide.

This part.of the cell, is connected to the wall of the
exterior enclosure and is maintained at a lower temperature than
that of the melting point of carbonates; they solidify and the
creepage phenomena that would provoke their disappearance is
prevented. .

3. CONSTRUCTION OF A LABORATORY BATTERY USING SEMI-INDUSTRIAL ELEMENTS

The experimentation with single~cells of various dimensions
and method of construction proceeds in different directions with two
goals; first to increase electrical performances, -and second to.
prolong their life. .

The present conceptlon of the cells would allow a unit of
dimensions which are already substantial and the battery that we have
mad e could ea511K be built on a larger scale. .But current densitles

0 mA/cm?® at 600 mV, and limited longevities, do
not permit such an extrapolation.

However, the necessity to come out with a development of
gas cells -as quickly as possible has lead us to deal with problems
created by the grouping of several elements. The latter are many and
the following enumeration mentions only the princlpal ones:

1. Regulation of the unit temperature

2. . Effective collection of the current

£
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3. Evacuation and recuperation of the.reéction products.
4. Controlled féeding of oxidant and fuel

5. Current Efficiency

o. ~Starting and stdpping of the batteries

7. Analysis of results and evaluation of true efficiency

Accordingly the study and construction of a unit of
large laboratory proportions already using some elements at the
semi-industrial scale, has been undertaken in parallel with research
on single cells.

5.1 Description of the Installation

.1, Choice of the Number of Elements

i

In order to correspond to the hexagonal disposition
generally adopted for the bundles of tubes, we have chosen 7 elements
of which one is centrally located. It is necessary to place them in
an oven that will insure their heating at the start and to
compensate for heat losses while in operation.

3.1» The Oven'(Figures 4 and 5)

It permits heating to 1000°C the volume containing the
sevén elements and can be placed under an oxidant pressure of a few
tenths of & bar. It contains three superposed resistances, the
wiring and regulation of which are independent, the 1id of the oven
is fixed and supports the tubular cells; the oven can be lowered to
give access to the electrodes. The lower part can also be taken

. apart and easily repaired in the case of electrolyte leakage; it is

provided, with devices that secure the positioning and support of
the cathodes. This oven is also provided with auxiliaries that
include: | :

1. An elevator assembly made of a platform capable of moving
vertically which supports the oven. o

2. A lifting crane for the block of cells.

3. The regulation of the independent electrical .connections to the
three heat zones.

3.1s juxilieries Insuring the PFunctioning of thé Battery
First let us mention the inlet and outlet circuits of'the

reactants which present a certain complexity since they must insure
constant flows, pressures and mixtures (case of the carbonated

‘oxidant). Furthermore, the products of the reaction are collected

and accounted for.

The ‘problem resulting from the utilization of a current
produced at several tens of amperes under some hundreds of millivolts
has been solved: through the use of.a rotating device.

The oven is surrounded by a platform of dimensions large
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enough to allow the techhlclahs to work dlrectly on the tops of |
the cells: 2all the controlling and measuring 1nstruments are
grouped at this level.

Figure 6 shows a general view of the'system, it shows:
1. 1In the foreground the platform.
2. At the left, the oven.

3. At the right the instruments for measuflng, controlllng and fuel
: supply assembled on the same board.

5.1s Measuring Instruments

The gas reactants are supplied via classical laboratory
flow meters, the water produced is retained by collectors followed .
?y weig?ings: the carbon dioxide is sampled by a mass spectrometer /
Fig. 7). :

The overall electrical characteristics of the battery and
those of each single cell are recorded continuously in order to ‘
obtain the most information from each experlment .

o To account for results.and to calculate the electrical
and electrochemical performances of the installation, suitable
meters are employed. Let us add that these measurements are /
completed by taking temperature at numerous points in the installation - °
and inside each cell.

.- 3.2 Experimental Results A -/

The assembling of the complete installation has Just been
completed but its auxilliary apparatus for production of reformed
gas that is intended for use with it, is not yet functioning.
This installation has been in operation for too short a time to
make it possible to publish definite results that ought to be
further substantiated. As an example we shall give the results obtained ,/
. during the first experiment with a set of 7 cells made under identical
but not optimum industrial conditions.

3.2, Characteristics of a Single Cell

Total Active Weight, gm/cm® - ' f
Length, Diam., Surface, _ Refractory”
mm - mm cm® Cathode Anode Electrolyte Oxide
800 18 220 1 0.130  graphite 0.048 0.170 o
. ' 0.55 o
palladium .
0.002 .
3.22 Opefating conditions ’ , . P

Oxidant air + COz (30%); flow, 300 1/h under 150 m bars.
The flow of air is relatively important due to the oversized
dimensions of the oven. Puel industrial hydrogen flow, 50 1/h
under 130 m bars. 1In this experiment the hydrogen is not
recycled after use. Temperature of operation: 600°C.
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3.23 Principal results obtained

This experiment was particularly aimed at determining the
efficiency of series and parallel assemblies and in both cases the
current potential curves shown on Figures 8 and 9.

The performances obtained with these cells made under

poor conditions and for a relatively low test temperature are modest:

20A at 0.5y, which corresponds to a maximum power of 10w.

The duration of the experiment Wthh was limited to
approx1mately ten hours cannot be. taken into consideration.

This experiment has shown, however, that the whole
1nstallatlon can satisfy all the technological objectives-that
we had defined. PFurthermore, it will be possible to have
twenty cells operate within the same dimensions and the same
connections and the usable surface of each one of the cells
mey be further lncreased

4. CONCLUSIONS

The conception of an elementary cell of semi-industrial
dimensions which we have reached could, from the technological
point of view, lead in the future, without major difficulty,
to the construction of a pilot unit. Numerous problems for
assembling and handling of materials were solved. They permit the
construction of a battery which offers the possibility of studying
the behavior of cells fabricated under various conditionsg, ,
follow1ng operating methods apt to be used in industry.

Important progress has been made to considerably reduce
the causes of corrosion (some silver cathodes preserved through
combination with a coat of refractory oxide have shown no
detectable sign of corrosion after operating for a few hundred
hours). It is now necessary to ensure an industrial application that
we consider, the construction of cells whose lifetime exceeds a

year.

The current densities of some tens MA/cm® that we
obtained from single cells are insufficient to make a powerful
generator operate under advantageous conditions and compete with
standard methods of power generation. We do not believe that this
problem is impossible to solve in a reasonable period of time
because it is difficult to imagine performance of high temperature
cells being inferior to those of cold cells.

On the other hand the lifetime of gas cells which depends
in particular, on many phenomena of corrosion, on the modification
~and the change with time of the properties of materials at
various temperature, will require important efforts if the research
is to be brought to the proper value.

For this purpose, Gaz de France is worklng in collaboration
with specialized laboratories at universities or in industry and
particularly with the Compagnie. Generale d' Electricité. Gaz de
France has obtained a research contract as a result of action of the
committee for conversion of energy which is part of the General
Delegation for Technical and Scientific Research.
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'Filgure 2: Mein Section of a Single Cell
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~

Figure 3: Top of a Single Cell




Top View

-235-

[Figure 4: Seven-Element Battery,
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Seven-Element Battery, Bottom View

Figure 5
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Total System

Tigure 6
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Recovery of the Reaction Products

Figure 7
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ELECTRODE REACTIONS OF CO AND CO2. IN MOLTEN CARBONATES
_ ' Allna Borucka
Cambridge University, Cambridge, England

STRACT

Experiments have béen made oﬁ-the electrochemical
reactions of CO/COr gas mixtures at gold electrodes in molten
ternary. eutectic of lithium, sodium.and potassium carbonates. at
temperatures up to 900°C“ At zéro applled current, the electrode
potential depends on the partlal preséures of G0 and COz according
to the Nernst equation for the reaction: CO + COs~ 2 = 2002 + 2e”.

Anodic current/potentlal relatlonshlps have been studied up to

" polarizations of 500 mV; similar measurements in the cathodlc

" range. have been made within the limits set by the Boudouard reaction.
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MOLTEN CARBONATE FUEL CELL WITH WATER‘INJECTION '
J. Millet . -~ R. Buvet

Direction Des Etudes Et Recherches
De L'Electricite de France

17. Avenue de la Liberation
Clamart, Seine, France
1. . INTRODUCTION

Since the end of the 19th century, using the chemical

cxidation energy of fossil fuels has been considered in order to

produce electrical energy directly from fuel cells.

The fact that a cell is more easily supplied with a gas
especlally a carbon containing gas has lead engineers to be interested
for a long time in molten carbonates as an electrolyte. The first
works .of Ostwald (1) then those of Baur (2) and his co-workers were
concerned vith cells using gases Wthh contain hydrogen and carbon
monoxide.

Davtyan (3) then Broers and Ketelaar (4) recommended a
molten electrolyte fixed in a porous solid matrix. Gorin (5),
Justi (6) and more recently many others such as Hart (7) and
Salvadori (8) have also recommended uhe use of molten carbonates

. in fuel cells.

An important improvement has been brought forward these
last few years, especially by Broers, in the performance of molten
carbonate cells by adding carbon dioxide to oxygen feed.

2. USE OF AN ELECTROLYTE BUFFER

Several goals of our research group have been aimed at
understanding the mechanism of exchange in the molten carbonates

‘and the functioning of oxygen and hydrogen electrodes.

Ihe carbonate solvent 1is entlrely dissociated 1nto the
anion COs®” and cations and the anion C0s2 is further dissociated
according to the zguilibrium: '

C03%™ = CO2 + 027 1]
The system C0s® /CO2 can thus be considered an acid-base

system according to Lux (9) and Flood and FSrland (10) with exchange
of the 072 ians.
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. To the equilibrium [l] there corresponds an equilibrium
cors tant X = Cya- Ppy  that Dubois (ll) has found equal to 10 -8

The solubility of COg in carbonates has been measured .
Cno-
. PO — ;lo"lj
CO2

In these formulas the pressures _are expressed in atmospheres
and the concentrations of solutions in molarities.

A more recent work of Busson and Palons (12) on the
petential at zero cubrent of the oxygen electrode in the carbonates
has made it possible ' to establish with.precision the constant of .
equilibrium to be K = 6.

om A solution of molten carbonates ‘can be defined by _the
pO27, ‘the negative logarithm .of the concentration of ions 0.

The function of the oxygen electrode in the molten

.carbonates produces some 0% ions.

Oz + be = 2 02~

o In the vicinity of the oxygen electrode, the concentration
of 027 ions increases and this increase, inasmuch as it is not
ccunter-balanced by diffusion,: produces -a polarization of the cell.
which can be called acidity polarization. .

Tc bring COz to the oxygen electrode, is to counter-balance
the production of 0% through the contribution of the aCid part of
the solvent, which as the effect of maintaining the- p0%” at a high
value. This is a buffer effect. This effect may be visualized
thrcugh Fig. 1. The diagram represents potentials of the oxygen
and hydrogen electrodes as a funCthﬁTOf 02 .. The straight lines
AC and BD are parallel and of slope =pe The potential at zero
current is the thermodynamic cell potential equal to AB and CD.
If the hydrogen €lectrode operates at p027= 0 and the oxygen
electrode at p0276, the potential of the cell is reduced to EB-and
the overpotential of acldity polarization is AE-A 600°. This
overpctential is at the maximum of approximately 83 mvV X = 500 mvV.

. The p0%~, of the electrolyte of the cell can also vary
at the Fuel electrode through a contribution of COz or, of -other
products or where the pressure of COg in the atmosphere rises
abcve “the electrolyte.

‘It is thus. very. important in order to obtain a cell
which operates in all Circumstances, to maintain the pO of the
electrclyte constant on all parts’of the cell. T
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Through association with the phencmena observed in
aquecus solutions, we shall use weak acld systems relative to
the sclvent. . :

The orthosilicate metasilicate system fits very well:
251 04°7 = 251 032" 02~

The same applies to other salts exchanglng the 02"
ion.

. Our research has brought us to a, much more s1mple and
Lpdustr\ally profitable system. It is the water system.

3. WATER IN MOLTEN CARBONATES

Water has the properties of a weak acid-in molten carbonates.

The properties of water may be summarized by the two
equilibrium reactions: .

20H” + COz = Ha0 + C032 (3]
20H™ = Hs0 + 0%~ . (4]

: Thé constants and K are arranged to correspond
respectively to these equ%llbrla according to the relations:

P .- = K

CO2 OH . A
- 5]
- TH20
Zre0 - B0y (63
Yon~ B o

These relatlons imply that the chemical potential of the
solvent is constant, that lS

Co= << ©

o C08" ' 7]

In an acid environment, the pressure of COz determines
the equilibrium potential, K belng the equilibrium constant [11].

E=Eo+rlogP +-2—F.logPCO +—2—F-pK (81

-In the presence of a water system, the potential of the
oxygen electrode is given by the relation:

= RT RT -
E_Eo+ﬁ‘lOgP02+2—FlOgPH20--F'_logCOH—+2F pK

ol
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By varing the OH™ concentration and the partial pressures
of water and .oxygen in.the. :atmosphere in equilibrium with the molten
carbonates, we have shown that p Kp 1s close.to 5. We conclude that,

pK, = p K- p‘K 1 5 (by taklng the” reference states ‘of gases. at
a pressure of ane: atmosphere) T S

' There is a- constant contrlbutlon of water vapor at the
hydrogen electrode On the oxygen electrode the contribution of water

vapor has the effect of malntalnlng the bas1c electrolyte at a
determfned p.0%" (below 6.2). , .

4. APPLICATION TO FUEL CEIIS

The propertles of a water system in carbonates ‘have
important consequences on the functioning of cells. They allow a
reduction- of the . acidity polarization. as does the carbon dioxide
fed with oxygen. ‘But as it was. demonstrated by Hart (13), the
use of carbon dioxide constitutes a heavy burden from an industrial
point of view whereas the use of water would be much easier and
cheaper. . .

In comparing the properties of similar elements of a cell

‘fed on oxygen vithout any addition, with carbon dioxide and with
.. water vapor, we were able to realize that the performances due to
. the addition:of -vater are the best (Flg 2).

The polarlzatlon is not only diminished by the contrlbutlon
of water vapor (potential of zero current near 1 volt instead of 0.7
volt) but the current at the same cell potential is very superior to
that obtained with the use of CO=. This phenomenon seems to be
comparable with the increase of fluidness of molten carbonates in

the presence of water.

Finally, the action of water as a weak acid allows the use
of fuel gas containing carbon dioxide with an hydrogen electrode of
porous material. Indeed, let us consider a cell functioning with a
water pressure of 0.3 atm, in an hydroxyl ion environment.

Equation [5] gives 0.015 atm as a value of p COz in
equilibrium. Conseqguently, any fuel gas containing a weaker carbon
dioxide gartlal pressure may be used without the risk of modifying
the p 0% of the electrolyte.

5. MAKING OF PROTOTYPES

The preceding studies have first lead to tests on elements
cof cells of a few watts. -

We are presently constructing several prototypes of a power
clcse to 1 kw which vary in their geometric conception (vertical or
hcrizontal electrodes) but have the same electrochemical conception.
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The materials used are steel (25% Cr, 20% Ni) and dense
alumina for the containers, thin sheets of palladium (50 microns)
of an alley of 24% silver-76% . palladium for the fuel electrodes
and silver and porous steel for the air electrodes. The electrolyte
is a ternary eutectic of lithium, sodium and potassium carbonates
functicning at 600°C. The fuel 1s a gas obtained through the
reforming of natural gas and the oxidant air contains from 10 to 30%
ol water vapor.

The gases are fed at a préssure slightly higher than
atmospheric. .

Figures 3 and 4 are photcgraphs of prototype elements
"with horizontal and vertical electrodes.

Naturally, these prototypes must be placed in an oven
because their dimensions are too small to be autothermic.

_ The prototypes will give rise to a technico-economical
study aimed at searching for the place of this system in the
industrial production of" electrical energy.
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Fig. 4.-VERTICAL ELECTRODE PROTOTYPE
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A

INTRODUCTION

High temperature fuel cells have not recelved as much
attentlon in the United States as their low tempetature counterparts.
As & result, from the viewpolnt of a total system, the high temperature
fuel cell 1s far less developed. The reason for this 1s simple. High
temperature fuel cells are not as attractive for most milltary and
space applications as low temperature fuel cells.

In Europe, especially in France, England, and Holland, a
much larger portion of fuel cell development 1s dlrected toward -
commercial applications. The high temperature fuel cell 1is belng:
more -extensively Investigated because it has a much more dttractlve
economic potential. At the Institute of Gas Technology, interest’
in fuel cells is very definitely directed toward commercdal goals.
Emphasis on both high and low temperature fuel cell research is
almed at the development of inexpensive systems. This paper on the
High-Temperature Molten Carbonate Fuel Cell reports on work which
has been in progress at IGT since 1960 Details of much of this
work already appear in the literature.®”®

.The principle advantages of the high temperature fuel
cell are the elimination of expensive electrode catalysts from
the system and the abllity to operate with a variety of fuels
and unpurified air. . )

waever, raising the temperature to a typical figure of
k 900°F or above-in a fuel cell which employs a water electrolyte
\ would require a relatively high pressure system. This would be
’ undesirable from both a technical as well as an economic viewpolnt.

To avoid this difficulty, two solutlons are possible.

\, The electrolyte can.-be either l) a salt that melts at a high
. temperature and which has a very low vapor pressure at this high
N\ ‘temperature,-or 2) an ion conducting solid used at still higher

temperature (about 2000 9F). Operating at thils latter very high
temperature requires the use of noble metals for stability rather
than for catalytic purposes. Thils we want to avold. For this

N reason,. the fuel -cell work at IGT is focused on the use of a
molten salt electrolyte operating in the range of 900 .to 1300°F.

N e

b
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The IGT molten carbonate fuel cell is patterned after-
thé concept of Broers.® In this system, a eutectlc mixture of
two or three alkali metal carbonates 1s mlxed with an inert
material such as a metal oxlde. This forms a ceramic tile-like
structure at room temperatures which becomes a non-Newtonlan
fluid or paste at the operatling temperature.

In the IGT system, the paste electrolyte is held between
a silver film cathode about 10 microns thick and a porous fiber
nickel anode. The cathode 1s supported by a stainless steel grid.
A complete fuel cell element of this type with an active area of one
square foot is shown in Flgure 1. These elements can be stacked.
in various ways to produce batteries of any voltage desired

- At the present time, the fuel for the IGT cell is
reformea natural gas which is prepared by steam reforming in
the presence of commercially avallable catalysts.

PERFORMANCE CHARACTERISTICS

Performance characteristics of high temperature molten
carbonate fuel cells are usually inferlor to those obtalned in
low temperature systems. BSince the elevated temperature should
improve reactlon rate kinetics, an explanation for the poorer
performance must be sought in terms of electrode properties and mass
transfer processes. ILow temperature fuel cell electrodes can be
prepared with very high real to geometric surface areas. This may
. be achieved using high surface area carbons, nickels and preclous

metal blacks. In the high temperature cells, such active surfaces
are unstable. They tend to sinter to form relatively low surface
area electrodes.

A second factor affecting performance levels 1s the
nature of tle gas-liquld-solid interface at the electrode. 1In
low temperature cells, 1t has been possible to achieve a relatively
effective Interface in terms of mass transfer properties, for .
example, a thin film of electrolyte on the bulk of the electrode,
using elther a double porosity electrode structure, waterproofing,
ion exchange membranes, or matrices. In molten carbonate fuel cells,
there has always been evidence of macroscopic flooding on electrodes
which have been in operation for some time — e.g. over several
hundred .hours.

Broers’ and we at IGT® have observed evidence for
diffusion control in the liguid fi1lm for this type cell. Quantitative
measurements in terms of film theory have not been possible because
of lack of information on the solubllity of hydrogen, oxygen,.
carbon monoxide, carbon dloxide, and water vapor in carbonate
melts. Nevertheless, more effectlve use of electrode surface. is
clearly warranted.

: To see if improved interfacilal characteristics could be
achieved, experliments at IGT have been conducted with a Variety of
matrix meterials with different surface areas and particle sizes.
The use of high surface area metal oxides has led to the development
of cells which show no evidence of macroscoplc flooding after
prolonged operation. They have yilelded performance characteristics
of the type shown in Figure 2. Earlier performance levels are also
shown in this Figure for comparison

- X_‘ -.-‘A.'-\
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o - A1l tests at IGT-are performed .on hot pressed electrolyte
discs. Those discs are prepared by pressing electrolyte -powders
at 8000 1bs/inZ and 950°F. . To prevent extrusion of the electrolyte
between sections of the dies, aluminum discs are inserted 1in the
pressing unit. The.discs are designed to take advantage of the
difference in coefficient of thermal expansion between the steel
and aluminum to insure a seal tighter than that which could be
achieved by mechanical tolerances alone. A thin palladium-silver
foil is placed between the electrolyte powders and the aluminum
to facillitate release of the electrolyte discs from the dile assembly.

A series of experiments on different density fiber nickel
electrodes shown in Figure 2, have yielded polarization characteristics
shown iri Figure 4. Higher density electrodes, such as 43 and 62
percent nickel, show a high level of polarization and the appearance
of 1limiting currents. Electrodes having a density of 15, 20, and
33 percent yleld equivalent performance within experimental error.
These data were taken with cells having an electrode area of three
square centimeters. Results have since been duplicated with cells
having surface areas of 32 square centimeters. Cell lifetimes of .
850 hours at the indicated performance level 1s the best achleved so
far. These cells are still belng tested. From these results, it
appears that further optimization of electrolyte and electrodes
may yleld even better performance levels, placing & whole new

. perspective on the use of this type fuel cell system.

In the next sections the impact of these new polarization
curves on heat transfer and overall system efficiency will be
outlined.

HEAT TRANSFER:

Considering the voltage characteristic shown in Figure 2,
it 1s apparent that the maximum voltage-current performance 1s

- desired. . The volume, welght, and cost of the fuel cell system 1s

decreased It 1s of interest, however, to examine the engineering
implications especially as to how heat transfer 1s affected by the
different voltage-current characteristics.

At IGT, we have considered the three dimensional heat
trensfer problem in a fuel cell battery.® Figure 5, is a _
simplified diagram of the fuel cell. Heat transfer 1in such a
cell depends mainly on such factors as battery dimensions, the
voltage-current characteristic, the degree of fuel and air
conversion, and the physical propertles of the materials used to
construct the cell. The complete problem 1s too broad to discuss
here. However, in'Figure 6 thée temperature distribution within
such a fuel cell is shown for the voltage-current characteristics
of Flgure 2. In all cases, the operating cell potential would be
800. millivolts :

It can be seen that the maximum temperature rise from the

'center of the battery to the assumed lsothermal walls (in the case of

the 1963 voltage-current characteristic) 1s only about 7°F. However,
when the performance of the cell is improved (Best 1965), the

maximum temperature rise increases to about 480°F. In practice, of
course, the walls of the fuel cell would not be isothermal. Nevertheless,
one can deduce from the experimental data that the low performance fuel
cell would require the additlon of heat to keep 1t at operating
temperature. 'On the other hand, it would be necessary to remove -heat
from the system having the high performance characteristic
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: This has been partly verified by constructing the 32-cell
stack of elements shown in Figure 7. The performance of this,
battery was based on the 1963 characteristic. As expected, it was
necessary to add heat to the system. The improved performance
characteristics suggests another possibility. This is to incorporate
reforming catalysts near the electrodes so that waste heat from the
fuel cell can be used to sustain the endothermic reforming reaction.
At the same time, this would provide a means for cooling the cell.

A further varilation in cell performance 1s seen in Figure 8.
Here the effect of conversion on temperature distribution is shown. -
In the direction of air flow (Z), it can be seen that as the
conversion of oxygen is increased, two things happen. = The first
effect is a rise in the maximum temperature in the battery.. This would
be expected since less gas 1s avallable to remove heat. The second .
effect is somewhat less expected. The flow of gas through the cell
causes a temperature distribution in the cell that is not symmetrical.
Physically, this situatlon can be interpreted as follows: At a-
high rate of gas flow, heat is being removed fram the section of
the battery near the gas inlet and is being redistributed to the T
section near the outlet. 1In the case of a low rate of gas flow,
complete symmetry in the Z direction can be expected.

. The purpose of these heat transfer considerations was to
determine some feellng for the size and shape of fuel cells which
will be built at IGT within the next few years. More important,
however, it permits assumptions on the nature of heat Inputs in
the system. It also establishes what the overall efficilency of
such a system might be.

"EFFICIENCY

. In the high temperature molten carbonate fuel cell, a

typical operating voltage that 1s compatable with the materials
from which the cell is built is about 0.7 to 0.8 volts. From the
previous discussion, we have seen that cells operating at this
voltage level can be thermally self-sustaining. Thus, the overall
- efficiency of the system depends on the efficiencies of fuel and
air conversion, and the refcrming requirements. Alr conversion is
especially important in high temperature fuel cells where the heat
content of the oxidant 1s substantial. In Figure 9, the overall
efficiency of an external reformer-molten carbonate fuel cell 1s
shown as a function of the efficiency of fuel and oxygen conversion.
The oxidant is air. .

. For purposes of this example, 1t was assumed that 1)

the external reformer was 60 percent efficient and 2) that no gas- ~to-gas
heat exchange i1s possible but heat exchange from gas-to-boiling
liquid 1is feasible. These assumptions are based on the need for
unreasonably large gas-to-gas heat exchangers especlally for low
oxygen conversion. While such heat exchangers could be built, they
would cost more than the fuel cell itself. However, from a practical
viewpolnt, steam generation is more feasible, and heat recovery for
this purpose has been assumed.

It can be seen that at low oxygen conversion, the overall
efficlency 1s not greatly affected by the efficilency of fuel conversion.
It does become more important as the efficlency of the oxygen
conversion improves. The reason for this 1s that when the fuel
conversion is high, but the oxygen conversion is low, it is
necessary to maintaln a separate fuel supply to preheat the air.

At low fuel conversion, the ailr can be preheated by burning
spent fuel. The maximum efficlency for the external reforming
gystem without gas-to-gas heat exchange will probably be between
35 and 39 percent.
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In Figure 10, a similar analysis is made for an internal
reforming system. In this case, the heat for the reformer is
supplied by the polarization and entropic heats from the fuel-

~cell. Again, the concept of gas-to-gas heat exchange for preheating

* feeds has been assumed. to. be .impractical. . The overall efficiency
for this system:is somewhat: higher as might be expected. A figure

y of about 40-43 percent seems to be possible with present technology..

. Finally, it should be noted that oxygen conversions higher
than o0 percent may be possible in:the future. In. such a.case, the
efficiency of 'the overall.system will:be even higher. However, it
is not likely to be greater than 50 percent. unless low cost .

.« gas-to-gas heat exchangers can be developed.

ECONOMICS .

\ The only. real basis for economic evaluation-of fuel cells
at the present time is the cost of materials. Lack of knowledge
and/or experience with manufacturing components and systems ‘

\‘prohibits any more .extensive analysis. To a certain extent,

:* storage battery .hardware can serve as a guide but this breaks
down when .confronted with a new component like the paste electrolyte

\ in the high temperature fuel cell. S

. In an-early publication® we estimated the material costs
of molten carbonate-fuel cells and related these costs to -the
performance of IGT cells.  Applying a similar method, we have once -
again presented our performance data in this fashion, (Fig. 11). Material
costs are essentially the same as in the earlier publication. It

‘can be readily seen that progress has been made which gives rise to

\ considerable optimism for the economics.of this type fuel cell.

v Typical performance. characteristics indicate that material costs of

LY

v about $45 per kilowatt can be achieved and the best performance
\\data reduces that figure tc less than $20 per kilowatt.
] With respect to further improvement, we might look to
/\using copper in place of silver.at the cathode and to reducing
' the amount of stainless steel used for the current collector in the
cell. ILifetime remains the big factor in the case of the molten

\ carbonate fuel cell. Only more intensive experimental work can
*find a solution to this problem. o .
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Fig. 1.-SINGLE ELEMENT OF IGT HIGH-TEMPERATURE FUEL CELIL BATTERY
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Fig. 5.-MODEL OF FUEL CELL BATTERY USED IN HEAT TRANSFER ANALYSIS
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Fig. 7.-IGT 32-CELL HIGH-TEMPERATURE BATTERY
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TESTING OF ELECTRODES FOR HIGH TEMPERATTRE
SOLID ELECTROLYTE FUEL CELILS
E. F. Sverdrup, D. H. Archer, J. J. Alles, and A.-D. Glasser
' Westinghouse Research Laboratories '

Beulah Road, Churchill Borough
Pittsburgh 35, Pennsylvania

B INTRODUCTION

Fuel cell systems utilizing zirconium dlox1de ceramic

. electrolytes are being developed both for electric power generation

and for the electrolytic regeneration of oxygen from carbon
dioxide-water vapor mixtures. Practical devices operate at
temperatures in the VlClnlty of 1000°C in order to obtain high

- oxygen ion mobility in the electrolyte material. The measurement

of the energy losses associated with electrode operation in air
and fuel atmospheres under these high temperature conditions is
the subject of this paper.

ELECTRODE PROCESSES IN THE SOIID ELECTROLTYE FUEL CELLS

~ A typical solid electrolyte fuel cell battery is shown in
Fig.l. It consists of a series of bell-and-spigot shaped cells which
nest together to form a tube. A fuel stream is passed through the
inside of the tube and air surrounds the outside. The steps involved
in thé reaction of the fuel and oxidant to produce reaction products

and electric power can be visualized with the aid of Fig. 2. Oxygen
‘molecules diffuse through the air to the air electrode surface where

they dissociate and are adsorbed. .Surface migration occurs over the
electrode to sites at the electrode- electrolyte interfaces where, combin-
ing with two electrons from the electrodes, an oxygeh atom becomes

an O ' ion and enters an oxygen ion vacancy in the crystal lattice

of the electrolyte. Oxygen ion transport through the electrolyte

occurs. At the fuel electrode, oxygen ions leave the electrolyte give

up electrons to the electrode and react with fuel species which have
_ diffused to and been adsorbed on the fuel electrode surface. The '
- products of the surface-reaction with the-fuel are desorbed from the

electrode and diffuse into the fuel reaction-product stream. The eléctrons
that have been delivered to the fuel electrode pass through the

conducting seal to the air electrode of the next cell where they

again take part in the formation of oxygen ions. At the terminals of "~

each cell a generated Voltage appears (if the external electric

circuit is open) which is given by: .

P
RT 0=H
E_ = 1n ===
f=4 I POzL

Eg = open clrcuit voltage of the cell (volts)

‘R = gas constant, 8.134 ( joules/°K-mole)
T

= absolute temperature (°K)
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0 F = Faraday number (96,500 coul/gm. equiv.)

P = oxXygen partial pressure at the air electrode of the
0=H cell

P = oxygen partial pressure on the fuel electrode of the
O=L cell

This voltage reflects the reversible energy available from the
isothermal expansion of an ideal gas between the two oxygen partial
pressure levels. If the circuit is closed so that electric power
‘is delivered to an external load, the voltage VT appearing at the

terminals of the cell is decreased by irreversible'losses. If the .
battery operates at a load current I equal to the reaction of ho

4F f coulombs mole 02)

moles of Oz per second (I = o, mole Oz . sec ’

2
then the

cell terminal voltage is decreased both by the ohmic resistance losses

caused by the transport of electrons through the electrodes and O

ions through the electrolyte and by the irreversible losses associated
with the transport of reactants and reaction products to and from the

electrodes. Irreversible losses associated with the adsorption,
desorption and surface reaction steps may also occur. .

= E — —
Vp = B, ~ IR~V |
Vqp = terminal voltage of the cell (volts)

E_~= generated, open circﬁit, voltage of the cell (volts)

I = cell current (amperes)

R = total ohmic resistance between cell terminals, electrodes

and electrolyte ( ohms)

V_ = total voltage loss due to non-ohmic 1rrever81ble processes

P (volts)

The ohmic resistance loss "R" may be conveniently separated.
into components due to electron transport in the air electrode, the air
electrode-to-electrolyte contact resistance, the ionic resistance of .
the electrolyte, the fuel electrode-to-electrolyte contact resistance,

and the electronic resistance of the fuel electrode. Techniques
have been developed for isolating and measuring these separately.
The polarization voltage losses are not as easily separated but the

overall potential loss associated with carrying out either the fuel or

air electrode reaction can be measured as a function of the reaction

rate (electrode current density) by measuring the non-ohmic potentlal

drop between the appropriate electrode and the electrolyte.
AN APPARATUS FOR THE MEASUREMENT OF ELECTRODE LOSSES
Figure > is a schematic of an apparatus for measuring

electrode losses. It consists of a furnace, a gas-tight system for
reactant delivery and removal, and a number of spring-loaded probes
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Wthh bear on an electroded test sample Fach probe is a Pt-Pt

%. Rh thermocouple which can be used for sensing temperatures as
well as potential. Fig. 4 is a photograph.of the test cavity showing
the probe arrangement. An electroded test wafer rests in the cavity
and probes. bear on both the upper and lower surfaces. of the tést
specimen when the tester is assembled.

The probe arrangement shown in Fig. M and again in Fig. 5-
allows a number of tests to be made. As can be seen from Fig. 5,
the test sample is a wafer of the ceramic electrolyte with the
electrode to be tested applied to one surface and a suitable counter
electrode to the other surface. The electrode is applied as a
band leaving a portion of the bare electrolyte surface exposed.
Flve probes bear on the electroded portion of eaﬂh surface while
the 31xth probe rests on the electrolyte surface.

This choice of electrode and elzsctrolyte probe locations
allows the important electrode characteristics to be measured. The
techniques involved are described in succeeding sections.

NEAFUREMENT OF THE OHMIC LOQSES ASSOCTIATED WITH ELECTRON TRANSPORT IN
- 'THE ELECTRODE :

‘ The losses which are associated with the transport of
electrons along the electrode film to the sites where oxygen ions-
are formed depend on the electronic resistivity of the electrode
material and on the geometry of the electrode. Expressions which
take into account the non-uniform current density distribution

in the electrode are easily derived but are less useful than the

Relectrode ;'EE 7D
where -
pe = electronic resistivity of the electrode material (ohm-cm)
1l = effective.length of electr~n travel along'electrode (cm)

be = electrode thickness. (cm)

- 7D = circumference of fuel cell (width of electrode) (cm)

As this expre351on shows, the parameter of 1nterest to the
fuel cell designer is the electrode resistivity divided by the
electrode film thickness pe/b ". This quantity is easily measured
in the electrode tester by pa531ng a current between two of the
probes bearing on the electrode .and measuring, potentiometrically,
the potential drop across two other electrode potential probes.
Solution of the two dimensional current- flow problem for the geometry
used allows the direct determination of pg/be from the measured ratio
of voltage to current flow. Alternatively, %he treatment of the
potential problem by L. J. van der Pauw® allows pg /8, to be" calculated
from measurements using four probes placed arbltrarliy on the edges
of an electrode film of arbitrary shape. The required measurements.
are indicated in Fig. 6. The two voltage-to-current ratios yield
directly a value of the resistivity/thickness of the electrode
film. In addition, the use of two differing current paths in the
measurements allows major changes in the uniformity of the film

 during electrode operation to be easily detected. As an example of
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these measurements, Fig' 7 compares the temperature dependence of a
porous sintered platinum electrode and a fused platinum film electrode,

as determined by the van der Pauw. technique, with the calculated temper-

ature variation of a sheet of bulk platinum having the same weight
den51ty As would be expected from the character of the cross-
sections of these films, shown in Fig. 8, the sintered electrode
displays a pe/6e about three times that of bulk platimum. The

- fused electrode film shows pe/é values about 1.5 times greater than
bulk platinum. This increased effectlve resistivity gives some
indication of the mloropor081ty of the electrode film. Figure 7
'also shows the irreversible increases in resistivity/thickness
parameter displayed by both types of electrode when exposed to
hydrogen-water atmospheres

MEASUREMENT AND SEPARATION OF ELECTRODE TO ELECTROLYTE LOSSES

The voltage losses assoclated with the operation of an
electrode are measured using the electrode tester by passing a
current through the (electrode)-(electrolyte)-(counter-electrode)
test wafer and measuring the voltage drop between two non-current
carrying potential probes — one bearing on the test electrode
and the other on the bare electrolyte. 1In practice current is
introduced through the four probes located at the corners of the
electrode and the potential is monitored between the center electrode
probe and the electrolyte probe. The electrolyte probe, as shown
in Fig. 5, is located as far as possible from the edge of the electrode.
The direction of current flow determines the direction of oxygen ion
transport and the reactions which take place at the test electrode.
By .appropriate choice of current direction and atmosphere either
the air or the fuel electrode processes may be studled as illustrated
in Fig. 9. ’

A Tektronix type 545 oscilloscope with a type D high.gain
differential input-d.c. amplifier is used to monitor the potential
drop from the electrode to the electrolyte. The differential input
rejects noise voltages common to both leads of the measuring circuit.
The single trace mode of sweep operation is used and the gate
output, a d.c. voltage of 30 volts which becomes available at the
front panel of the scope when the sweep is initiated, is used in
conjurniction with a booster battery and a fast relay* to energize
or de-energize the electrode current circuit. (Fig. 10) Oscilloscope
traces such as are shown in Fig. 11 are obtained.

When the relay closes establishing current through the
sample the electrode to electrolyte voltage rises to an intermediate
value so rapidly that no trace can be detected on the oscillogram and
then rises at a slower rate until the steady state potential drop
corresponding to the given electrode current density is reached.

*C. P. Clare, Model HG 1202 — operatlng time 5 milliseconds w1th
52.5 volts step function voltage applied to the coil.

v iummite L e Sy, SRRl ~ SR g iy - SEESEA = e g
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Similarly, when the relay opens, the potential decays almost .
immediately to an intermediate level and then more slowly to zero.
The fast processes, which occur so rapidly that no trace is
recorded. on the oscillogram, are associated primarily with the
resistive voltage drop occasioned by the passage of oxygen ions
through the electrolyte. This can be seen by comparison of the
magnitudes of the fast component of the potential drop with
predictions of the electrolyte resistance based on the known
resistivity of the electrolyte and the geometry.of thé sample. The
strong temperature dependence of the electrolyte resistivity offers
a convehient method of separating electrolyte resistance from
other possible rapid polarization processes which would be

expected to show a different temperature dependence.

. An illustrative set of current interruption photographs taken
on a fused-electrode test sample operating in oxygen at 900°C are

shown in Fig. 12. The fast component of the total voltage drop

across the specimen, V4_ O,»can be scaled from the current

interruption photographs and is 680 millivolts. Under the
conditions of this test, a sample current of 1000 milliamps was
being passed through the specimen. An overall "resistance" of

580 mv/1000 ma = 0.68 onms is indicated. At 900°C the resistivity
of (Zr0z)o.s(Y203)6., electrolyte materials is 12 ohm-cm. The '
sample resistance calculated from geometry is then:

POy 12 (@ — cm) 0.09 (cm) |
R .= = : = 0.80 Q 1) .
4710 A 1.36 (sq. cm) (v

It

electrolyte resistivity (ohm-cm) .

bb. electrolyte thickness (cm)

A = electrode area (sqg. cm)

The neasured resistance is 85% of the resistance éstimated from
sample geometry. Measurements of total sample resistance were made .
at various temperatures between 80C°C and 1000°C. The results are
plotted in Fig. 13 and compared with calculated values based on
sample geometry. As is evident from Fig. 13, the temperature
dependence of the sample resistance is the same as that of the
electrolyte, the total sample resistance remainin% 85% of the
calculated except at the lowest temperature — 800°C. S

The accuracy with which electrode area can be measured is
probably +5% and the electrolyte resistance is known only to 5%, soO
the agreement between the magnitude of the resistance characterizing
the "fast process" polarization and the ohmic resistance of the
electrolyte seems satisfactory. :

MEASUREMENT OF THE ELECTRICAL POSITION OF THE ELECTROLYTE POTENTIAL PROBE

, Figs. 12 and 13 illustrate the method used for establishing
the electrical position of the electrolyte potential probe. If the

electrolyte probe were positioned away from the edge of the.electrode, at

a distance which is large compared to the spacing between electrodes,



-6-

the ohmic resistance of the electrolyte included in measurement -
between electrode and probe would approach one half the total
electrolyte resistance of the sample. In practice, it is difficult
to achieve a separation between electrode and probe of more than tw1ce the
electrolyte thicknesses. It is also difficult to control the
position of the probe with respect to the edge of the electrode.

As a consequence, the electrical position of the probe does not
’usually fall in the center of the electrolyte. As Fig. 2 shows,
in Test XXXII the probe was positioned electrically closer to

the fused test electrode, the ratio- of the resistance between this
electrode and probe (Rse-7) and the total resistance (Rs-10) being
0.19/0.68 = 0.28. Figure 12 demonstrates that this ratio remained
constant, independent of test temperature and atmosphere.

MEASUREMENT OF "SLOW" POLARIZATION PROCESSES

Figure 14 illustrates the usefulness of the currerit

interruption technique in the investigation of electrode
polarization. Here the polarirzation voltages of a particular
electrode in oxygen and hydrogen-water atmosphere are compared.
The electrode displays low polarization voltage losses when tested

in oxygen atmospheres. In fuel atmospheres, large polarization losses,
which decay on interruption of the current in times of the order ‘
10 to 100 milliseconds, are typical. Volt-ampere characteristics
of the electrade sample constructed from current interruption data

taken in pure oxygen (Fig. 15) and in hydrogen (Fig. 16) are shown.

Evidently, the electrode desorption reaction:

2o=| - . ‘
: electrolyte + kel (2).
above electrode ’ electrode
and the electrode adsorption reaction:
Oz gas phase + ke Pt electrode - 207 electrolyte ’ (3)

which uake place in oxygen atmospheres are very nearly reversible
even at current densities up to 750 ma/cm®. In fuel atmospheres the
overall desorption reaction corresponding to reaction (2) is:

07 + Hp

electrolyte - Ha0

gas phase + 2elelectrode
(%)
The overall adscrption reaction corresponding to reaction (3) is:.

H=0|

gas phase

~ H, + O

+ee 2|gas phase

bulk IPt electrode electrolyte

(5)

S SNy
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These reactions are not reversible at even moderate current dens1t1es
The degree of irreversibility correspondlng to various current
densities (i.e., reaction rates) has been measured over a range

" from zero to 750 ma/cm® and over the temperature range 1000°C to

750°C. . The results of these tests are presented in Fig. 17.

Current interruption techniques have been used by others?
to study the polarization behavior of molten carbonate cells at
600°C. Polarizations of 0.3 — 0.6 volt at current densities of
100 ma/cm® having decay times of over one second are observed at
the hydrogen electrode. At the air electrode, polarizations

i, of about 0,09 volts, with decay times between 10 "2 agnd 10°! seconds,

are reported. These results may be compared with those presented

. in Figs. 14-17 which show hydrogen electrode polarizations of

0.05 volts with decay times of about 10°! seconds at 100 ma/cm
‘Alr electrode polarizations are less than 10 mv. and decay is less

“than 10 ° seconds.

ADDITIONAL CONSIDERATIONS IN THE INTERPRETATION OF ELECTRODE TESTER
‘RESUITS HEATING EFFECTS ON THE SAMPLE CURRENT

Comparison of the current establishment and current
‘interruption oscillograms of* Fig. 11 shows that the current
establishment oscillogram displays a resistive component of

%%g@m%a = 0.34 Q while the current interruption photograph

400 mv

indicates a lowered resistive. Component of —=7— 1450

= 0.28 Q.

‘Measurements at -other current levels 1ndlcate that the resistive
’ Voltage drop as measured from the current establishment photographs

is directly proportional to current. Resistive drops measured from
current interruption photographs depart from linearity at high

electrode- current densities. This difference may be attrituted to

heating of the sample by the passage of current. The strong temp-
erature dependence of electrolyte resistivity causes appreciable
changes in the sample resistance. Because polarization may also
be strongly temperature dependent; this heating effect must be

- taken into account in obtaining polarization data such as is shown in

Fig. 17. Since the sample is in thermal equilibrium with the tester
furnace when current establishment osciltograms are takén; these
oscillograms may be used to indicate the true resistance corresponding

.to the known sample temperatures. The major polarizations require

times comparable to the thermal time constants of the system to
reach equilibrium, hence their measurement from current-make
oscillograms is not accurate. Current break oscillograms which
yield the polarization corresponding to steady-state operation of
the electrode at a given current density are more reliable. An
estimate of the electrode operating temperature corresponding to

a given current break oscillogram can be obtained by selecting the
furnace temperature at which a current make oscillogram displays an

.equal re81stive component .

ELECTRODE -TO- ELECTROLYTE CONTACT RESISTANCE

The existence of appreciable contact resistance between
electrode and electrolyte due to the electrode contacting only a

small fraction of the electrolyte surface can be detected using
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current-make oscillograms and comparing the measured resistance with
calculated values based on the samgle geometry. The theoretical
calculations of Eisenberg and Fick® on the contact resistance of
idealized contacts may. be used to estimate the effective area of”
contact.

EFFECT 'OF HICH ELECTRODE RESISTIVITY/THICKNESS PARAMETER

: When the electrode re31st1v1ty/th1ckness parameter is less
than one, the electrode surface can be considered an equipotential.
A uniform current density in the electrolyte between the two
electrode can be expected. If high reSLStance electrodes are

tested, the assumption of uniform curfent density will not hold

and care must be used in interpreting tester results. The electrode-
to-electrolyte probe will then indicate the resistive and polarization
drops associated with the reduced current density existing in the
electrolyte near the electrode potential probe. A rough estimate

of the actual current density at the probe may be obtained from

the resistive component of the current interruption-oscillogram.

A back-up current-distribution screen has been used in several
experiments to makethe electrode surface more nearly an

equipotential and to obtain more reliable measurements of polarization.

CONCLUSTONS

An apparatus for the testing of electrode structures for
high temperature, solid-electrolyte fuel cells has been described.
Independent measurement of electrode resistivity/thickness and
resistive and polarization voltage drops corresponding to
electrode operation at. variocus current densities {reaction rates),
temperatures, and atmospheres have been carried out using current-
interruption and current-establishment oscillograms. These
techniques have proved useful and are being used in our efforts
to develop low cost, long-life electrodes for solid-electrolyte
fuel cells.
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Fig. 1.-Bell-and-spigot fuel cells with
five-cell battery assembly

. Oxygen motecuies diffuse through air to electrode surface
- Adsorption and dissociation of O2

Surface migration to reaction site .

Oxygen combines with electrons from fuel side of previous cell forming O ions

. Ionic transport of 0” through electrolyte

. Deionization and surface reaction with fuel, delivery of eiectrons to the fuei electrode
Diffusion of fuel to fuel electrode surface

Adsarption of fuel on eiectrode, surface migration {o reaction site.

. Desorption of reaction product and diffusion into fuel stream

DR No W

Air Stream

Air Electrodes

- Ceramic

Fuel Electrodes

Fuel Stream

Fig. 2.-An electrode reaction process chain
for solid electrolyte fuel cells
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Fig. é~Measurements to determine the electrode resistivity / thickness parameter
using the van der Pauw technique




Electrode Resistivity/Thickness Parameter, pe/be, ohm-cm/cm

e
%)
I

Sintered
Electrode
(Test SC-2)

After Exposure

o
T

After Exposure
to H2 & HZO \

Before Exposure to {Test IX)

H, & HZO ,

10mgjem]
Bolk Platinum
Fitm { Calc. )

e
—

Temperature, °C

Fig. 7—A comparison of the temperature dependance of the resistivity/

. thickness parameter, (pe/bel, for sintered and fused platinum electrodes’

Sintered Platinum Electrode: 1000X

Fused Platinum Electrode: 1000

Fig. 8.-Cross=-section photomicro=
graphs of platinum electrodes

.
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Fuel Cell - Fuel Electrode Simulated

Fuel Atmosphere

Air Atmosphere

Fuel Cell - Air Electrode Simulated

Fig. 9—Simulation of air electrode and fue! electrode operation by
choice of current direction and surrounding atmosphere

" Etectrode Probe Lead

Electrolyte

Probe Lead

Dwg. 746A197

Gate
~® A Input Output
(A-B}
B Input

i

22.5 voits
Booster
- Battery

‘ Fig. 10—Circuit used for electrode 1o etectrotyte potential mea§urements




Sample Current
(Voltage Drop Across
a 1.00 ohm Resistor)

Current Establishment'
Oscillogram

Current Break
Oscillogram

~ Vertical Scale: 500 mv/cm
Horizontal Scale: 5 msec/cm

Fig. 11—Current establishment and current interruption
, oscillograms .
Fused Platinum Electrode Test XXXIV

H2 Saturated with HZO at 26°C - 975°C
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Interrupli_on

Relay

Fused Electrode
with Backing

Fused
Electrode

]

Screen

Fig.12- i

lustrating method of measuring electrical position of electrolyte potential probe using resistive -
component from current interruption tests

8.0
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4.0
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- 0.0 Data of pgs. 52-56 Book 118702 )

I~ 02 after H, Exposure —
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- in 07 T
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™ & Data of pys. 45-52 Book 118702 [P35,

in Hy Electrode 10 ]
Calculated Sample Resistance, R4-10
Using Electrolyte Resistivity Data of Test XIX
— I
I~ Measured Sample T
I~ Resistance R4-10 1

Measured Fused Electrode to |

Electrolyte Resistance R4-7

SR SR (SRS IS SN S W R (S S _—

“0.1

0.8 - 082 0.84 0.8 0.88 0.90 0.92
Reciprocal Absolute Temperature x 103, (103/T), °K

Fig.13 —Measurements of the electrical position of the electrolyte potential
probe
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4-10 1000 ma

« 0.68Q
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Fuel electrode performance in
oxygen atmosphere

Vertical scale: 100 mv/cm
Horizontal Scale: 5 ms/cm
Indicated R = 0.1 ohms
Indicated polarization: 0 mv

"Fuel electrode performance in
hydrogen saturated with water at 7(°C
Vertical scale: 100 mv/cm
Horizontal scale: 5 ms/cm
Indicated R - 0.1 ohms
Indicated polarization: 105 mv

Fig. 14—Electrical performance of fused electrode sample 517 desorbing
in oxygen and hydrogen atmospheres
Test XXXII  Test Temp. 995°C

Sample current 1.0 amperes

Electrode current density 740 mafem?2

800 600 400 200

Sample Current (ma) Electrode Adsorbing 50 [~

o V4-7 Total Electrode-Electrolyte Test XXX!I
Potential Drop 0 |- Sample 517
L]
o Resistive Component of Electrode- 200 | Temperature 1000 °C
Electrolyte Potential Drop
150
100 |~

| I | 1

] T T T

I

1

Electrode-E lectrolyte
Potential (mv)

!

200 400 600 800
50 Sample Current {ma) Electrode Desorbing

250

Fig. 15—Vvolt-ampere characteristic of fused electrode in an oxygen atmosphere
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Fig. 16=Volt-ampere characteristic of fused electrode in Hy and H20 atmosphere at 1000 °C
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Test XXXIV
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4 60 80 100 200 400 600 800 1000

Electrode Current Density, ") " mafcm?

Fig. 17—Fuel electrode polarization as a function of electrolyte temperature
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USING RADIOTRACERS TO STUDY HYDROCARBON ADSORPTION DIRECTLY AT ELECTRODES
R. J. Flannery and D. C. Walker

Research and Development Department, American 0il Company, Whiting, Indiana

INTRODUCTION

Recent research on low-temperature hydrocarbon fuel cells has

" revealed the importance of the role of adsorption in various electrode

" processes. Knowledge of the concentration and composition of adsorbed
reactants, products, or intermediates on the electrodes and in the elec-
trolyte is needed for a better understanding of such processes as electro-
reduction, electrooxidation, and formation of intermediates.

‘Programmed potential electrochemical techniques (1-3) have
yielded some information about reactant adsorption by inference from oxida-
tive stripping of the electrode, but no adequate techniques have been
available to permit direct measurements while the cell is operating. How-
ever, the fact that radiolabeled organic molecules have been used success-
fully to detect adsorbed films on solid surfaces (4,5) has lead to several
studies of the use of radiotracer techniques for measuring electrode reac-
tions. For example, workers at the University of Pennsylvania have used a
thin, gold foil as an electrode and have counted activity through the foil
(6), or have used a movable metal tape which is withdrawn from solution
and counted (7,8). Such techniques have permitted studies of the adsorp-
tion behavior of some aromatics (9,10), olefins (11), and amines (6,7) on
several metals. Nevertheless, the thickness of the metal foils limits the
sensitivity of the former measurements, and the necessity of w1thdraw1ng
the tapes prevents continuous samplings in the latter method.

) To avoid these shortcomings, we have adapted a method that was

" developed by Cook (4) and later modified by Walker and Ries (5). 1In our
adaption, a metal film, deposited directly on & mica substrate, is made
the electrode in a fuel cell, and the activity of a radiolabeled hydro-
carbon is counted directly through the mica while the cell is operating.
High sensitivity is possible because the metal film is only a few thousand
angstrom units thick, and the very thin mica sheet absorbs little radiation
compared with metals.

We have solved the major design problems associated with the
technique. We have been able to produce stable, reusable, thin-film elec-
trodes that are thin enough to allow high sensitivity in counting but
thick enough to behave as equipotential electrodes. The cell is small
enough to conserve the radiolabeled hydrocarbon, but is easy to fill
and empty and is free of components that would adsorb fuel from the elec-
trolyte. Air is excluded rigorously, and operation is confined to low tem-
peratures to keep adsorption and oxidation rates low enough to be studied
with 30-second counting periods.
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This paper describes the design and operation of the cell and
summarizes our studies of the adsorption and oxidation of various concen-
trations of radiolabeled n-butane at platinum electrodes in a sulfuric

‘acid -electrolyte at 25° C.

EQUIPMENT AND PROCEDURE

Apparatus

The adsorption cell and its associated electrodes are designed
to minimize mixing of the anode and cathode products during electrolysis.
As shown in Figure 1,.the cell body is a shallow, 7-cc, glass cup, about
5 cm in diameter, to which two sidearms are attached. One sidearm is drawn
to a fine tip within the cell (to serve as a Luggin capillary) and is
equipped with a tapered joint to which an autogenous hydrogen reference
electrode (12) is attached during electrolysis. The tapered joint is also
used for attachment of a syringe by which the cell is filled or emptied.

-The other 'sidearm contains the platinum gauze electrode that serves as a

cathode. The contents of the cell are magnetically stirred at 100 rpm.

.The thin-film electrode, which serves as an anode, is mounted
vertlcally to prevent accumulation of gas bubbles on its surface. It com-
prises a 200Q-A layer of platinum, bonded to a mica support by means of a

'100- to 200-A layer of tantalum on tantalum oxide. It is prepared-as
"follows: A mounted piece of India Ruby Mica (Spruce Pine Co.), about

6 mils thick and 4.3 cm in diameter, is degreased in benzene, cleaned in
chromate cleaning solution, mounted in a conventional sputtering appara-
tus (13), and evacuated overnight at 4 x 1073 Torr. Then tantalum is '

‘reactively sputtered onto the mica in dry air at 0.05 Torr and 2200 volts

at 10 ma for 7 minutes. The resultant layer is purged with oxygen-free
argon, and the tantalum sputterlng is continued in argon for 20 minutes.
Finally, platinum is sputtered onto the tantalum in argon at 0.05 Torr and
1025 volts at 5 ma for 32 minutes.

Before the electrode is sputtered,. the mica substrate is
mounted between two metal rings, one of platinum and the other of Unalloy
50 (Fe-Ni), as shown in Figure 2. The rings are cemented to the mica with

" Pyroceram Number 95, vitrified at 450°C. After the sputtering, the.finished

electrode assembly is cemented to the cell. with melted polyethylene. When
the electrode is in position, the area of platinum exposed to the elec-
trolyte is 15.94 cm2, and the area of mica exposed to the counter is 11.33 cm?
Measured from edge to center, the electrode has a resistance of about 1 ohm.

The counting equipment comprises a proportional counter (Model
D-47, Nuclear Chicago Corp.) employing P-10 feed gas, and a transistorized

scaler (Radiation Instrument Development Laboratories) with a print-out.
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The. potential of the thin-film electrode is controlled by a
Brinkman Model 61-R fast-rise potentiostat in a conventional circuit. A
galvanostat consisting of a helipot and a 90-volt battery is used for con-
stant-current anodic or cathodic stripping. Potential during stripping
is-recorded on a 10-mv Brown recorder through a Keithly Model 610 elec-
trometer.

Materials

The radiolabeled n-butane was obtained from the New England
Nuclear Corporation. It had a cla activity level of 1.9 millicuries per.
millimole and was used without further purification.

The sulfuric acid was J. T. Baker reagent grade.

Water for dilution was laboratory distilled water that had been
“redistilled twice from quartz into quartz receivers. It was deaerated by
evacuation.

‘Stock solutions of butane were stored over mercury and trans-
ferred by displacement with mercury to prevent contact with air. All
othér'reagents and solutions were deaerated before mixing, and transferred
under purified argon.

The argon was purified by passage ovef_copper turnings at 800°C,

Procedures

Preparation of Test Solution. Test solutions containing
various concentrations of radiolabeled n-butane in 1N HS04 were prepared
by diluting aliquots of the butane stock solution with oxygen-free elec--
trolyte and oxygen-free, double-distilled water.

Counting Rate Calibration. Counting rates were calibrated
agalnst a standard source of known activity, and all data were corrected
for attentuation of activity through the mounted thin-film electrode and
for background and solution counts. Reported count rates represent true
values at the electrode surface. :

Determination of Electrode Area. To determine the actual sur-
face area of the thin-film electrode, the surface was potentiostated at
1.2 volts in 1IN HZ8504 for 3 mlnutes. Then the oxide was stripped galvano-
statically at 2 ma (125 ua/cm ). A sharp potential arrect was observed.
The true area was calculated from the total number of coulombs required to
strip the oxide. A factor of 0.3 millicoulombs/cm? derived from other work
(14) was used.

\
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Adsorption Measurements. In a typical adsorption run, the cell
was filled with a blank 1IN H5S04 solution that contained no n-butane, and
the thin-film electrode was pretreated (reduced) at 0.1 volt. Then the
blank solution was replaced with the test solution, and the potential was
controlled at one or more predetermined voltages while the adsorption at’

. the thin-film electrode was measured in counts per minute per cm’ of true

electrode -area. The reference electrode was operated at 5 ma/cm? in the

.same electrolyte (1IN HzSO4).

RESULTS AND DISCUSSION

In the initial experiments, the adsorption of radion-n-butane in
IN HzS04 at 25°C was studied as a function of time, electrode potential,
and n-butane concentration. For a particular concentration of n-butane,

-electrolysis was started at 0.1 volt and adsorption was measured until an

equilibrium value was.reached. THen voltage was increased by 50 to 100 mv,
and equilibrium adsorption was again noted. This procedure was repeated
from 0.1 to 0.5 volt with 5 x 10™% and 5 x 10-5 molal n-butane. For the
latter solution, the voltage was then decreased in several increments.

As shown in Figure 3, equilibrium adsorption was negligible
below 0.2 volt, showed a maximum at 0.3 volt, regardless of n-butane con-
centration, and again was negligible above 0.5 volt. However, when the
voltage was decreased, less n-butane was readsorbed at 0.3 volt and more
was -retained at 0.1 volt. '

Other workers (7,10) have found that the potential at which
maximum adsorption of n-decyl amine and naphthalene occurs varies with
concentration. They attribute this concentration dependence to varia-
tions in the electronic interactions of the pi electron system of the
adsorbed molecules with the platinum. The fact that we observed no such
concentration dependence may reflect a lack of electronic interaction
between n-butane and the electrode.

Galvanostatic data show that at least part of the butane first
adsorbed at 0.3 volt is displaced by hydrogen atoms adsorbed when the
potential is switched to 0.1 volt. Anodic potential sweep data suggest
that the butane adsorbed at 0.3 volt occupies sites normally involved in
the second hydrogen wave (~0.35 volt) usually seen in potential sweep
scans. The decrease in adsorption at higher voltages occurs because
oxidation of n-butane begins to compete with adsorption above 0.3 volt.
The subsequent change in the level of adsorption as the voltege.was '
decreased indicates that an irreversible reaction occurs on the elec-
trode above about 0.3 volt. For example, Figure 4 shows how the adsorp-
tion-time behavior of n-butane is affected by a change in potential.
Here, equilibrium adsorption was established at 0.1 volt, and then the
potential was increased 0.3 volt for several hours. When the potential

was decreased to 0.1 volt, some of the n-butane was desorbed, but the

equilibrium concentration retained on the electrode was much higher
than the value measured initially at 0.1 volt.
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Examination of the electrode as the potential was cycled
repeatedly between 0.1 and 0.3 volt showed that such adsorption-desorp-
tion hysteresis is-caused by the formation of a residue on the platinum.
The residue forms slowly, will not hydrogenate off of the electrode at
0.1 volt, and will not wash off in blank electrolyte. However, it can be ] N
removed completely by oxidation at 1.2 volts..

) In an effort to quantify the surface concentration of this
residue, we first measured the maximum adsorption of n-butane as a func-
tion of concentration at 0.3 volt. Then we measured the amount of residue
formed at each concentration as a result of repeated recycling between 0.1 ) _/
and 0.3 volt. Based on the true surface area determined for the electrode,
we were thus able to calculate the saturation adsorption of n-butane at
0.3 volt and relate it to the amount of surface covered by the residue.

The concentration isotherms and the surface coverage data are shown in
Figure 5 and Table I.

"Results of the galvanostatic procedure used to measure the
residues are illustrated in Figure 6. The residue-covered electrode was
‘first potentiostated at 0.3 volt. The residue was then removed by oxida-
tign at 63p a/cm“, while the number of coulombs passed and the amount of
cl% on the window were recorded simultaneously, starting at 0.3 volt and
terminating at 1.2 volts. A blank galvanostatic curve in IN HzSO04 was
obtained to correct for coulombic contributions from double-layer charging
and- from oxidation of the platinum surface. Coulometric results were also
normalized to the window area by using the ratio of window area (11.33 cm2)
to total area exZosed to the electrolyte (15.94 cmz). As the residue is
oxidized, the cl% 1eaves the window presumably as cl40, , and the count
rate drops.

In Figure 6, count rate and total coulombs passed are plotted
vs. potential. Oxidation of the residue begins above 0.65 volt as re-
flected in both curves. The initial negative values represent oxidation '
of hydrogen that was present on the electrode in the blank electrolyte
at 0.3 volt but was not present on the residue-covered electrode. Some of
the residue was much harder to oxidize and a little still remained at
1.2 volts in the scan. (The remainder can be oxidized if the potential
is held constant for a time at 1.2 volts.)

As shown in Tgble I, if we assume that the n-butane molecules
lie flat ‘and occupy 29 A“, saturation is approached at a frgctional
coverage, 8, of 0.39. Whereas, if we take the value of 50 A2 /molecule
commonly assumed in gas phase adsorption work where imperfect packing is
concluded to-occur, we find that 8 is 0.98. In this work the actual area
occupied by butane must be taken into account because the remaining free
. surface area is available to other solution species. Our data show that
the amount of residue varies with the concentration and accounts for about
1/4 of the initial maximum amount of n-butane adsorbed at 0.3 volt. From
the data for peak adsorption at 0.3 volt vs. concentration, an equilibrium
constant calculated for the adsorption (7) gives Kegq = 4.85 x 104, The
corresponding free energy of adsorption, oAFa, is 3 kcal/mole.
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In our data for the oxidation of the residue, the count rate is
directly related to the number of butane molecules originally adsorbhed on
the electrode. If these molecules were still intact they would yield 26
electrons each. The actual coulombic yields varied with the potential
and reflected various states of oxidation of those portions of the residue

‘rémoved with a given charge increment. In Figure 7, the number of milli-

coulombs measured is plotted against percent C removed. The curve appears
to have four linear segments. On the basis of the count rate, the known
specific activity, and 26 electrons per butane residue, 30 millicoulombs"
would be measured, and the average theoretical slope shown would be followed.
The first two linear segments (45% C removal) have steeper slopes, reflec-.
ting partial oxidation of a substantial amount of the other 55% of butane-
equivalent residue. The remaining 55% Cl4 is removed at a slope equivalent
to one-half or less of the 26 electron slope, showing clearly the existence
of an oxidized intermediate that is difficult to oxidize further. A total
of 37 millicoulombs were passed in removing 80% of the residue. '

CONCLUSION

The existence of the residue is interesting because previous
(unpublished) work with various pulse techniques has shown that at higher
temperatures there is a time-decay in oxidation rate which could result
from decay of active sites, reduction of minor amounts of surface oxide
(resulting from pretreatment techniques), or the formation of a residue

" which blocks catalyst sites. Our radiotracer data strongly support the

latter. Additional experiments with stripping the residue have shown
similar high initial and low final stripping rates. The partially oxi-
dized material might be an unsaturated coke having a C/H ratio of about
1, pérhaps similar to benzene. However, partially oxygenated species
could also account for the observed state of oxidation. Assignment of
an exact structure is not possible with the radiotracer method alone.
Examination of residues from other fuel molecules, modification of the
radiotracer technique to permit simultaneous cl4 and H3 measurement, or

. development of a spectroscopic method for examining the residue would be

aids in that direction. Knowledge of the state of oxidation of the residue
and its response to various treatments would be helpful for an under-
standing of the process of anodic oxidation of hydrocarbons at platinum.
The radiotracer method can supplement conventional electrochemical
measurements in that regard.

The radiotracer method should be used to study a number of
problems in the fuel-cell area. Adsorption behavior should be studied for
a variety of fuel types, such as alkanes, olefins, aromatics and naph-
thenes, and on other surfaces. .Residues from oxidation of these fuel
types and from reduction of radio-carbon dioxide should be examined in
detail. Surface coverage and state of oxidation data for these reactants
may reveal much about the structure and composition of surface species
and their role in limiting the rate of the over-all process. Competitive
adsorption in mixed liquid fuels should be explored, and the effect of
poisons such as sulfur and arsenic on adsorption behavior should be assessed.

A general limitation exists with regard to the temperature
range available for measurements. Adaptation of the cell and the counter
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for use at higher temperatures is relatively easy to accomplish techni-
cally. But reaction rates for adsorption-desorption and oxidation increase
with temperature. This eventually limits the method because feasible
counting periods have a required minimum duration. For a given level

of radio-activity, because of the irregular rate of decomposition ofvclh,

a minimum counting period is required to obtain small data scatter in
repeated counts of the same source. For our work, 6 seconds produced

some scatter. Appreciable increases in rates of sorption or oxidation
processes would allow fewer samplings of count rate, eventually elimina-
ting the possibility of simultaneous measurements.

In its present state of development, the method should accom-
modate acid and alkaline electrolytes and many non-aqueous electrolytes.
A wide choice of electrode metals is possible. Mica is the preferred
window material for hydrocarbons, but Mylar or Teflon may be useful with
other reactants. Because the method has many potential applications,
the cell structure should be chosen to suit the requirements of each
system. :
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THE STUDY OF HYDROCARBON SURFACE PROCESSES BY THE MULTIPULSE
POTENTIODYNAMIC (MPP) METHOD

S. Gilman

General Electric Research Laboratory
Schenectady, New York

INTRODUCTION = °

The ultimate goal of the hydrocarbon fuel anode researcher is to
provide an intellectual basis for the enhancement of system reactivi-
ty. As a step toward that goal, we have undertaken the elucidation
of the detailed mechanism of operation of a single well-defined sys-
tem. The ethane-platinum system was chosen for its relative sim-
plicity.

Other than mass transport, the significant reactions of ethane
all occur on the platinum surface. Some of the reactions (such as
electron transfer) will depend on the electric field strength and
may be classed as electrochemical, others (e.g., possible cracking
reactions) might be classed as surface-chemical, but in a general
sense all are surface processes. It is immediately apparent there-
fore, that for mechanistic studies of organic electro-oxidation to
Have any basic significance, such studies must include characteriza-
tion of the adsorption layer, preferably under anode operating condi-
tions. Such studies come readily within the scope of electrochemical
pulse .techniques (1,2).

Since we are dealing with a complex adsorbate (ethane) and the
platinum surface, we are actually dealing with not one, but a family
of systems. Hence it is necessary to investigate a large number of
C1 and C, adsorbates (since these will yield pertinent surface species)
as well as the adsorption of hydrogen, oxygen and anions. In this
paper, we will stress the relationship of two sub-systems (ethylene
and acetylene-platinum) to the ethane anode problem. :

EXPERIMENTAL

Equipment and Chemicals

The electronic equipment, glass test vessel and electrodes have
been described previously (3). The electrolytes used were 1 N per-
chloric acid and 85% phosphoric acid, each prepared from A.R. grade
acid using triply-distilled water. The ethylene and acetylene used
was Phillips Research Grade. Gas mixtures of ethylene or acetylene
with argon were prepared from the Research Grade hydrocarbon, bottled
and analyzed by the Matheson Co. The test electrode was a length Qf
C.P. grade platinum wire sealed in a soft glass tube with 0.070 cm®.
of area exposed. The exposed end of the wire was sealed in a small
bead of soft glass. The value of "saturation hydrogen coverage",
sQy, measured as previously (3) was 0.296 mcoul./cm¢, suggesting a
"roughness factor" (R.F.) of 1.4 if 0.21 mcoul./cm? is taken to
correspond to R.F. = 1. All measurements were made in a thermo-
statted air bath with control to * 0.1°C.
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Procedure

The potential functions employed are diagrammed in Fig. 1 (time
axes not to scale). The procedure followed during each step of Fig. 1
is summarized in Table I along with the significance of the procedure.
All potentials were measured against a reversible hydrogen electrode
immersed in the adsorbate-free electrolyte.

RESULTS

I. Kinetics of Adsorptioh of Ethylene and Acetylene

Sequence 1, Table 1 was employed in making these measurements.
This sequence is similar to that previously used in the study of CoO,
"(3) in that the passive "oxygen" film is used to hold off adsorption
until reduced in step D. The duration of step B and the potential of
step C have been decreased to avoid unnecessary exposure to oxidizing
conditions (simply as a precaution) without any sacrifice of the
surface reproducibility previously reported (3).

The chargecorresponding to the oxidation of hydrocarbon adsorbed
during step D may be measured by application of sweep E of sequence
1, Table I. The traces of Fig. 2a and 2b were obtained at 30°C, using

"solutions of 1 N perchloric acid saturated with gas mixtures of,
1.08% ethylene -~ 98.92% argon and 0.105% acetylene - 99.895% argon,
respectively. The traces of Fig. 3 were obtained at 120°C using an
85% solution of phosphoric acid saturated with a gas mixture of
1.08% ethylene -~ 98.92% argon. For ethylene, trace 1 of Fig. 2a
was obtained in the absence of ethylene, and serves as ''solvent
correction", The area included between trace 1 and any subsequent
trace is a charge Q which corresponds to the oxidation of the

- hydrocarbon adsorbeENgurlng step D of the sequence. For the sweep

speed employed and for the concentration of hydrocarbon used, it may
be calculated that the maximum amount of hydrocarbon which may arrive
at the electrode (by linear diffusion) and be adsorbed and/or oxi-
dized during step E, is small compared with that already adsorbed
during step D. A similar charge, Q,, may be defined for acetylene
from Fig. 2b.

As for ethane (4) it has been found (5) that the charge defined
by traces such as those of Fig. 3a and 3b decreases for sweep speeds
over approximately 10 v./sec. This is due to retention of a portion
of the ad-layer past the duration of the fast 1l.a.s. The smaller
charge measured at higher sweep speeds may be 'calibrated" however,
so that higher concentrations of adsorbate may be investigated. We
may write the expressions:

1) Ogyg = 2 Qg
%
and 2) 0_A = b QA

where QENE and QA are the high-speed values of charge, and a and b
are the proportionality constants relating these charges to the

10 v./sec. values. For example, for 1 N perchloric acid at 30°C, a
and b were found to have the values 0.79 and 0.64, respective}g for
a sweep speed of 100 v./sec. (5). Plots of QgNE and Qa Vs T ob-
tained for the conditions of Fig. 2a and 2b appear in Fig. 4. The
linear plots suggest diffusion-controlled adsorption. The relation-
ship for semi-infinite linear diffusion is (3):

— e e

>~
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_ 1/2 -1/2 1/2
3) QENE = 2n FCENE.DENE w T
where n = number of electrons to oxidize and desorb one molecule
of adsorbed ethylene
DENE = diffusion coefficient of ethylene
CENE = bulk concentration of ethylene (mole/cma)

and QENE is expressed in coul./cmz. A similar expression. may be -
written for Q4. For the ethylene data of Fig. 4, we choose

- C 3.3 x 1078 mole/cm3 ased on the solubility

ENE (3.04 x 10-6 mole/cm’., Ref. 6) at one atmosphere
in 1 M sulfuric acid at 30°C and assuming applica-
bility of Henry's Law

DENE = 1.56 x 10_5 cmz/sec. (the value for .acetylene in’
water at 20°C, Ref. 7)
n = 10 electrons (assuming complete conversion of a
surface C2H2 species to carbon dioxide and water)

_From these values we obtain:

| Qgng = 0.147 /% x 1072 coul/em?
which exactly agrees with the experimental plot of Fig. 4. Con-
sidering the uncertainty in solubility and diffusion coefficient,
the perfect agreement must be assumed to be fortuitous. The
occurrence of reasonable agreement serves to establish that the ad-
sorption is indeed diffusion controlled (under these conditions)

4)

-and that the value of n chosen is probably correct to 20%. For the

acetylene data of Fig. 5, we assume the same value of D and n as
before. The concentration of acetylene is taken to be

C = 3.68 x 10_8-mole/cm3, based on the solubility in
water at 30°C, Ref. 8) and assuming applicability
of Henry's Law.

From these values, we obtain a theoretical value of:

1/2 -3
D

which is in excellent agreement with the slope of 0.160 of the plot
of Fig. 4. Again, the perfection of agreement is probably fortuitous,
but the general agreement supportis the validity of the assumptions
made.

5 q = 0.164 7;'% x 10 coul./cm?

One would not expect diffusion to a wire electrode to follow a
linear diffusion law for more than a few seconds (9), which makes the
linearity of the plots of Fig. 4 suspect. It is possible to check
relationship (3) for values of Tp of less than one second, by using
more concentrated solutions of the adsorbate and higher sweep speeds.
Results (5) obtained in the fractional second range suggest diffusion-
control up to approximately 80% of full coverage, followed by apparent
activation control. This latter negative deviation oppose positive
deviations from linear diffusion to keep the plots of Fig. 4 linear
for large values of TD'
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I1. Surface Coverage for Ethylene and Acetylene As A Function of Con~
centration and Potential.

Sequence 11 of Table II was employed for these measurements.
Although the information required is the extent of adsorption during
step E at potential U, steps D and F must be introduced to cope with
the complication of surface "oxygen" and with irreversibility of ad-
sorption, within regions of the potential range studied. The
approach followed to obtain the data of Fig. 5 - 8, is as follows:

A. Maximum Adsorption at 0 < U<0.6V.

1) Starting with Zero Surface Coverage -

Tp and Tp of sequence 11, Table I were chosen as zero.
The value of QENE Or Q) was followed as a function of time at each
concentration until a plateau value was reached. The adsorption time
was then increased ten-fold to check on whether the maximum value had
indeed been attained. An adsorption time somewhat larger than that
required was then used to measure adsorption over the potential range.
For 0.1% acetylene and 1% ethylene an adsorption time of 100 sec.
was satisfactory. For 11% ethylene, 10 sec. suffices and for 0.01%
ethylene 200 sec. with stirring suffices. ’

2) Starting with Full Surface Coverage -

At potentials other than approximately 0.2 -~ 0.4 v., there
are processes of oxidation (high potentials) or hydrogenation-desorp-
tion (low potentials) competing with the adsorption process. Attain-
ment of an equilibrium value is apparently very slow. It is possible
that equilibrium surface coverage does not exist in the strict sense
because of irreversibility in the adsorption, desorption and oxida-
tion processes, further complicated by gradual changes in the struc-
ture of the ad-layer. Instead of awaiting apparent equilibrium, we
may assume a ''quasi-equilibrium" value to correspond to the average
of the values achieved when the potential is applied alternatively,
to the initially uncovered and fully-covered surface. The latter
measurement is accomplished by choosing Tp at the value which results
in full coverage for that concentration at 0.4 v. Potential U was
applied for a similar length of time Tg, and the resulting decreased
values of QENE and Qp were measured.

B. Maximum Adsorption at U 2 0.7 v.

1) Starting with Low Surface Coverage -

At potentials above 0.7 v., the rate of reduction of the
passive oxygen film introduced during step B is small (or zero),
retarding adsorption. To compensate for this difficulty, Tp was
chosen at 1 sec., during which time some (but not complete) adsorp-
tion of the hydrocarbon occurred. T was also set at 10 msec., to
reduce surface "oxygen'" deposited during step E, so that this would
not interfere with subsequent determination of the surface coverage
during the l.a.s.

2) Starting with Full Surface Coverage -

was chosen at the value found to give full surface
coverage at B This time also sufficed for complete reduction

5
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of the oxygen film from step B. Step F was chosen at 10 mséc. to

prevent "oxygen" from interfering with the subsequent measurement of
surface coverage.

III. Adsorption (l.a.s.) Traces for CO and Ethane.

Linear anodic sweep traces corresponding to CO surface
coverage during adsorption and during oxidation of CO appear in
Fig. 9a and 9b respectively. The characteristics of the electrodes
used and the method of measurement were described previously (3,10).
The sweep speed used was 360 v./sec. Fig. 9a corresponds to adsorp-
tion from 1 N perchloric acid saturated with a gas mixture of 1%
CO - 99% argon. Fig. 9b corresponds to oxidation at 1.0 v. of a
monolayer of CO adsorbed at 0.4 v. from the dilute CO solution. The
temperature was 30°C in both cases. -

Traces obtained during the adsorption of ethame from a 1 N
perchloric acid solution saturated with pure ethame at 30°C, appear
in Fig. 10. The conditions under which these traces were obtained
were described previously (4). '

The conditions under which the traces of Fig. 9 and 10 were
measured are similar to those for ethylene and acetylene in that
currents corresponding to organic oxidation, correspond only ‘to
material on the surface before application of the l.a.s.

DISCUSSION

~ I. Structure of Adsorbed Ethylene and Acetylene.

We will attempt to deduce certain aspects of the structure of
the ad-layer on the basis of the results of measurement of the rate
of adsorption, of the shape of the charge (surface coverage) potential
plots and of the qualitative appearance of the adsorption (l.a.s.)
traces.

A. Terminology Used In Describing the Adsorption Layer.

As there appears to be no generally accepted vocabulary for
discussing the details of the ad-layer, the following terms and

- definitions have been adopted: -

Stoichiometry of the ad-layer - The relative amounts of the
various elements (carbon, hydrogen, oxygen, etc.) of the adsorbate
present on the surface. This is not necessarily the same as the
stoichiometry of any single surface species.

Stoichiometry of an ad-species - The relative amounts’ of the
elements present in any particular ad-species. This does not reveal
the actual number of atoms of each element in each species.

Composition of an ad-species -~ The number of atoms of each
element present in the ad-species, other than those of the adsorbent.
This may be represented as a chemical formula.

Structure of an ad-species - This includes its composition
and the nature of the valences between each atom of the ad-species
and the nature of each valence between the ad-species and the sur-
face. The 'gross'" structure permits us to draw a qualitative
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diagram showing the bond orientation of the atoms of the ad-species J
to each other and to the surface For a heterogeneous surface, we
must expect that for each 'gross' structure, there will be a number ‘
(or perhaps a continuum) of "fine" structures. The fine structure !
includes information on bond length, bond strength, etc.

Strﬁcture of fhe ad-layer - This includes all information on
the structure of the individual ad-species, and on the structure of !
the adsorbent surface. - :

As an example of the application of the above terminology, we f
may describe the structure of the CO ad-layer on Pt, suggested by

Eischens and Plisken (11). The stoichiometry of the ad-layer, and

the stoichiometry and composition of each ad-species corresponds to

‘the formula CO. It has been suggested that the structure of one CO
ad-species (linear) involves a bond from carbon to oxygen and a bond
from carbon to one surface site. The structure for a second ad-spe-
cies (bridged) involves a bond from carbon to oxygen and from carbon

to two surface sites. This represents only gross structure since the
variations in bond length and strength on various sites of the hetero-
geneous surface have not been taken into account. The gross structure of
the ad-layer includes a certain proportion of the bridged and linear
surface species

—— - S

B. Adsorption (l.a.s.) Traces for CO.

Results obtained for CO are helpful in demonstrating the
effect of changing surface coverage on the characteristics of the :
adsorption trace of a relatively simple adsorbate. From Fig. 9a, we !
se€e that as the surface coverage (charge) with CO increases during
adsorption, the shape of the trace changes and there is a marked -
‘'shift of initial oxidation to the right on the potential axis. Such . 4
a shift could occur for a variety of reasons. For CO, it has been
suggested that this is because the reaction mechanism involves sur-
face sites not occupied with CO ('"reactant-pair'" mechanism, ref. 12).
According to this explanation, the shift is not caused by a change in
gross structure of the ad-species. The important point to be made
here is that any attempt to identify an unknown surface species as
CO on the basis of the adsorption trace, would be misleading unless
comparison were made at (approximately) equal surface coverages.
Since the adsorption trace is a highly complex representation of the
electrochemical reactivity, it is important that all other conditions
(sweep speed, temp., surface preparation) also be held constant.
These principles will be used in attempting to arrive at the struc-
ture of the hydrocarbon surface species, below.

In the traces of Fig. 9b, the surface is initially covered with
a monolayer of CO, and the coverage is progressively decreased by
oxidation at 1.0 v. We see that the traces tend to shift back to
the left on the potential axis, and when comparison is made at equal
values of the surface-coverage, these traces are almost identical
with the traces obtained during adsorption (Fig. 9a). Small varia-
tions may be due to corresponding variations in the fine structure
of the ad-layer. This serves as fair evidence that the gross struc-
ture and in particular, the composition of the ad-species does not
change at high potentials for this simple adsorbate.
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C. Adsorption Traces at 0.2 v, < U £ 0.4 v. for Ethyleﬁe and
Acetylene in Perchloric Acid (30°C).

Fig. 2a presents l.a.s. traces (v = 10 v./sec.) obtained dur-
ing adsorption at U = 0.4 v., of ethylene from perchloric acid at
30°C. We see that a single broad wave was obtained, which shifts
to the right on the potential axis with increasing surface coverage
(charge). The shift is not as marked as for CO (see Fig. 9). Ad-
sorption at the concentration of adsorbate used in Fig. 2a was

complete within 25 sec. The trace for full coverage remained identi-

cal for up to 1000 sec., establishing constancy of the structure of
the ad-layer over this period of time and at a potentialof 0.4 v.
Similar traces were obtained for this concentration at a sweep speed
of v = 100 v./sec. These traces were then compared with those ob-

. tained using a ten-fold more concentrated solution for which full

coverage is achieved within approximately 500 msec. The traces for
identical surface coverage but different adsorption times could be
exactly superimposed. On the basis of these experiments one may
conclude that over the entire range of surface coverages the struc-
ture of the ad-layer remains constant from the fractional-second to
the 1000 second range. Comparison of traces obtained at 10 v./sec.
for U = 0.2, 0.3 and 0.4 v. reveal that the same statement may be
made for each of these three potentials.

Traces for adsorbed acetylene appear in Fig. 2B. The dashed
traces allow comparison of each trace with that of ethylemne at a
value of QgNE = Q4 (to within 10%). We see that the comparable
traces are almost identical. We tentatively conclude that the
structure of the ad-species is the same for both adsorbates. The
slight difference in the traces is ascribed to differences in fine
structure of the ad-layer (perhaps a different distribution of
species on the surface). Study of the traces reveals constant
structure of the ad-layer over the same time and potential interval
as for ethylene.

D. Adsorption Traces for Ethylene and Acetylene at U 2 0.5 v.
in Perchloric Acid (30°C).

Fig. 5a and 5b present l.a.s. traces for ethylene and

Vacetylene respectively for values of U from 0.3 to 0.8 v. Traces 2
"and 3 of each figure are included to emphasize that the adsorption

of less material at 0.3 v. is reflected in a shift of the trace to
the left on the potential axis. Traces 4 and 5 of each figure
represent lower values of surface coverage (charge) than trace 3,

but these traces lie to the right of trace 3. This shift to the
right is clear indication that the structure of the ad-layer is
different at the higher potentials. This change is first (barely)
discernible at 0.5 v. One could argue that this represents only
differences in the fine structure of the ad-layer. For example, the
composition of the ad-layer might be the same as at lower potentials,
but only sites involving relative inactivity (toward electrochemical
oxidation) of the ad-layer might be covered. For CO, we have seen
that there is no such marked change in reactivity of the ad-layer as
we approach a given surface coverage alterpatively from zero coverage
at low potential, or from full coverage at high potential. By
analogy, we conclude that the marked shifts in the traces of Fig. 3
correspond to gross changes in structure; namely, to changes in the
composition of the ad-species. Hydrogen codeposition measurements
support this view (5). One possibility is that de-hydrogenation of
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the surface species leads to a stoichiometry approaching that of car-
.bon. This choice is made tentatively, based on the observation that ;
all oxygen-containing carbon compounds examined to date show higher [
reactivity than that suggested by traces 4 and 5 of Fig. 3. !

E. Inferences from the Results of Measurement of Kinetics of o f
Adsorption of Ethylene and Acetylene. ’

Thus far, the evidence suggests that identical ad-species '
are obtained upon adsorbing either ethyleme or acetylene at poten-
tials below 0.5 v. The simplest possibility for the stoichiometry
of the ad-layer is therefore CH. Excellent agreement with diffusion
theory was shown (in a previous section) if we assumed that 10
electrons are required for the oxidation-desorption of one mole of
either adsorbate. This is precisely the electron requirement for
conversion of the adsorbates to COg and water through surface inter-
mediates of CH stoichiometry. Since the solubility and diffusion
coefficients could not be expected to be reliable to more than 20%,
somewhat smaller ratios of hydrogen to carbon are also consistent
with the kinetic observations. These observations fairly con-
clusively rule out the presence of any oxygen in the ad-species (U<0.5v.), /

. It
.

however, since this would drastically change the value of '"n

The composition of the ad-species obtained at low potential is
suggested by results obtained by Niedrach (13). He found that
hydrogenation-desorption of an adsorbed ethylene layer yielded pre-
dominately ethane, arguing for the conservation of the carbon-carbon
bond. Hence at low potentials and temperatures we conclude that the
ad-species have the composition CgoHo. At higher potentials we
tentatively conclude the formation of species of composition CoH and
Cc,.

2

F. Structure of Ethylene Adsorbed at Temperatures Above 30°C.

The adsorption traces obtained at 60°C in perchloric acid
were similar to those obtained at 30°C, with a slight shift of the
traces to the left on the potential axis. As before, only one broad
wave was apparent., Measurement of Qgng after an adsorption time of
8 sec. in a solution saturated with a gas mixture of 1.08% ethylene-
98.92% argon, yielded a value 20% higher than the corresponding value
at 30°C. This is a reasonable result if we assume diffusion-con-
trolled adsorption(as at the lower temperature) and an increase in
the diffusion coefficient of about 40%. Hence we conclude that the
structure of the ad-species and the mechanism of adsorption is the
same at 60° and 30° in perchloric acid.

For ethylene in phosphoric acid at 120°C, the adsorption traces
(Fig. 4) are considerably different than in perchloric acid. Not
only does oxidation of the ad-layer begin at lower potentials, but
an inflection appears in each trace, suggesting two overlapping waves.
This may be symptomatic of the formation of species containing a
single carbon atom following rupture of the carbon-carbon bond. The
values of QENE obtained under these conditions do not have linear
dependence on T1/2 and the adsorption is therefore relatively slow
(compared with diffusion). Whereas the increased reactivity of the
ad-layer is readily ascribed to the effect of increased temperature,
the explanation for the slow kinetics of adsorption is not obvious.
One possibility is that the surface species formed at this higher
temperature tend to exert long-range (''poison”) effects on the surface.
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Another possibility is that adsorbed phosphate ions (14) influence
the kinetics of adsorption.

G. Structure of Adsorbed Ethane.

Adsorption traces for ethane at 60°C in perchloric acid
appear in Fig. 11. As previously (4) indicated, each trace consists
of a peak lying at relatively low potentials and of a broad maximum
which extends from about 0.8 v. to oxygen evolution potentials (at
v = 10 v./sec.). The first peak is largely retained upon applica-
tion of potentials approaching O v.. Niedrach (15) has suggested
that the first peak corresponds to C - 1 species. The broad maximum
is removed by hydrogenation-desorption and it has already been
suggested that this species has CgHg composition on the basis of

. other evidence (4). This work tends to confirm that conclusion for

potentials in the range 0.2 - 0.4 v. Since the evidence suggests
that the CgHg species convert (possibly further dehydrogenate) at
higher potentials, this must also be true for the ethane system.

II1. Dependence of Surface Coverage On Concentration, Potential and
Temperature for Ethylene and Acetylene.

A. Significance of QgNg and Q.

In perchloric acid, in the potential range 0.2 to 0.4 v.,
the results suggest that the charges Qgpng and Qu correspond to the.
conversion of surface species of the composition C2H2 to CO, and
Ho0. Hence we may write:

6) nT F=1l0 T F

QeNE ENE ENE

where TENE is the concentrat1on of the ad-species in moles/cm if
QENE is expressed in coul./cm? (of geometric area). Conversion to
a '""true area" basis may be made by dividing by the estimated surface
R.F. of 1.4. A similar expression may be written for acetylene.

The fractional surface coverage with an adsorbate is commonly
defined in terms of the experimental maximum value (although vacant

sites may still exist). In terms of charge, we may write:

7 O%ne = NE/QENE(max.)

where QENE(max.) 1S the largest plateau value observed on the charge-
potential plots A similar expression may be written for acetylene.

Since we suspect dehydrogenation of the ad-species at potentials
above 0.4 v., the value of n of equation (6) may drop from 10 to a
minimum of 8. This can introduce an error of no more than 20% in the
estimation of either absolute or fractional surface coverage.

"Saturation" surface coverage (perchloric acid, 30°C) for
ethylene and acetglene adsorbates corresponds to values of
QENE = 0.64 x 10-3 coul./cm? and Q4 = 0.73 x 10-3 coul./cm2. These
charges areequivalent %0 I'gyg = 6.6 x 10-10 mole/cm? (geometric areal
or 4.7 x 10-10 mole/cm (hydrogen or "iaue" area) and Ty = 7.6 x 10~ 0
mole/cm2 (geometric area) or 5.4 x 10~ mole/cm“ (''true'" area). From
hydrogen codeposition experiments (5) only 75% of the hydrogen sites
are obscured by CoHg at full coverage using ethylene as adsorbate,
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and 85% of the sites are obscured using acetylene as adsorbate.

B. Effect of Potential on the Surface Coverage for Ethylene
and Acetylene. ’

-From Fig. 7, we see that for both ethylene and acetylene,
the surface coverage is constant over the potential range 0.2 to
0.4 v. For potentials below 0.2 v., the surface coverage drops off
sharply. Burke et al. (16,17) have shown that the hydrogenation of
ethylene and acetylene are diffusion controlled, and not quite /
diffusion controlled, respectively, at 0 v. It is the hydrogenation )
process, opposing the adsorption process, which causes the surface .
coverage to drop off at the low potentials. For both acetylene and
ethylene, we note that different coverages are measured at a given
‘-potential, depending on whether the experiment is begun with zero
(Tp = 0) or full surface (Tp = 100 sec.) coverage. The average . ‘
value for each of the potentials probably approximates an equili-
brium value.

The surface coverages obtained for ethylene and acetylene at /l
potentials below 0.2 v. are noticeably different. This seems an '
anomaly if one accepts the conclusion that the composition of the
ad-species is identical for both adsorbates. An explanation of
this behavior is presented below.

Let us assume that adsorption must precede hydrogenation (in . /.
the limit, the surface coverage may be almost zero, however). For
_acetylene, the composition of the ad-species is the same as that of r

the adsorbate. At potentials below 0.2 v., there will be two

competing reactions, i.e., the adsorption of CoHg and the hydrogena-

‘tion of surface CgHg. Both rates may be expected to be a function of .
surface coverage and of potential. Starting with either the fully- 1
covered, or uncovered surface, the system will attempt to reach equili- '
brium at a value of the surface coverage at which the two rates are

equal. If the rates in question are complex functions of the surface ,
coverage, and of the concentration of dissolved acetylene, equili-

brium may be attained rather slowly, as seems to be the case. ,

For ethylene at potentials below 0.2 v., we might expect the
_operation of three kinetic processes, i.e., adsorption of ethylene
to yield CgHg surface species, hydrogenation of adsorbed CgHg to
yield ethane and (unlike the situation for acetylene adsorption),
the hydrogenation of CgHyg (present at close to zero concentration on
the surface) to yield ethane. Only the second process is held in
common with the acetylene adsorbate system, hence one would expect
to arrive at different equilibrium coverages for the two systems.

The lower values of surface coverage obtained (below 0.2 v.)
for ethylene as compared with acetylene can be a consequence of a
slower adsorption step, or of an appreciably larger rate for the
reduction of the CgH4 species. Since the over-all rate of formation
of ethane from ethylene is larger than for acetylene (14,15) the latter
condition must be fulfilled. This is also an intuitive conclusion,
if we accept the conclusion that the dehydrogenation of CgH4 to
C2H2 on the surface is a spontaneous process throughout the potential
range studied.

In the region of the flat plateau for ethylene and acetylene
(Pig. 8) we see that the surface coverage for acetylene adsorbate
exceeds that for the ethylene adsorbate by approximately 10%.
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Hydrogen co-deposition experiments (5) reveal that only approximately
85% of the total (hydrogen) sites are covered even for the acetylene
system. Since adsorption of ethylene requires a dehydrogenation on
the surface (to CgHg) it seems reasonable to conclude that the surface
might be sterically blocked at lower values of the surface coverage

than for acetylene, for which system no surface dehydrogenation is
necessary.

At potentials above 0.4 the surface coverage drops off with
increasing potential for both acetylene and ethane. Both of these
adsorbates undergo oxidation at these potentials. One might argue
that full coverage should yet be attained unless the oxidation pro-.
cess were diffusion-controlled, because only then would it exceed
the rate of adsorption. However, the rate of adsorption is only
rapid at potentials within the range 0.2 - 0.4 v., where the ad-
species are of constant composition. At potentials above 0.4, we
have already seen evidence that the ad-species change composition.
Results of measurement of rates of re-adsorption (5) suggest that as
the potential increases, almost a combined monolayer of the hydrogen-
poor species and surface oxygen results, with the latter contribution
increasing with potential. THe rate of adsorption from the point of
incomplete coverage to full coverage is relatively slow. Since the
rate of re-adsorption may be expected to depend also on the concen-
tration of the adsorbate, we find the concentration-dependencies of
Fig. 6.

‘C. Effect of Concentration of the Adsorbate On Surface Coverage.

- For ethylene, the effect of concentration on Qgyg (and hence
on the surface coverage) is presented (perchloric acid at 30°C) in Fig.
6. In the (potential) region of maximum Qgyg, We See that there is
no methodical increase in surface coverage with concentration, of
the type generally associated with the adsorption isotherms of
systems exhibiting thermodynamically reversible adsorption. The max-
imum surface coverage is taken as essentially constant over the range
of partial pressures covered. The average maximum value of QENE is
0.62 mcoul./cmz, with an average deviation of ¥ 0.02 mcoul/cmé, or
+ 3% average deviation. The occurrence of full (effectively, since
all adsorption sites are not necessarily covered) coverage at low
partial pressures of adsorbate is not uncommon for systems which
possess a high heat of adsorption. i

In the potential range above 0.4 v., we see considerable effect
of concentration on the surface coverage. The surface coverage at
steady-state (assuming that such a state exists in practice for an
ad-layer which may undergo continuous change in structure with time)
would correspond to the value at which the rates of adsorption and
of oxidation are in balance. Both of these rates may be complex func-
tions of surface coverage, but the rate of adsorption must also be a
function of concentration of dissolved adsorbate. Hence it is particu-
larly the rate of adsorption which must decrease with decreasing con-
centration of adsorbate, and the surface coverage falls. It must be
borne in mind, that in the range of potentials above 0.4 v., we are
not dealing with diffusion-controlled rates of adsorption, as at
lower potentials, since the structure of the ad-layer is more com-
plex. It is probably the high rate of adsorption (relative to oxida-
tion) that maintajns a flat maximum over a wide range of potentials
for the most concentratrated adsorbate of Fig. 6, when the experiment
is begun with full coverage. The slow approach toward equilibrium
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is further argument against the shape of the surface coverage-potenQ
tial plot's being determined by essentially electrostatic forces.

D. Effect of Temperature On Surface Coverage.

i ‘Fig. 8 reveals that at 60°, the maximum surface coverage
achieved for ethylene is 5% higher than at 30°C. 1In either case, all
adsorption sites are not fully occupied. One way in which the tempera-
ture may increase "full" coverage is to increase the mobility of the
ad-layer, permitting closer packing of the ad-species.

It has already been noted that at 120°C and in phosphoric acid;
the kinetics of adsorption and the compositiog of the ad-layer are
complex. Values of QgNg up to 0.83 mcoul./cm® could be measured

“(adsorption for 100 sec.). If we assumed CgHy composition of the

ad-layer, this would be equivalent to 95% of full coverage (on basis
of available hydrogen sites). It is not unlikely that the large
value of charge actually corresponds to close packing of considerable
C-1 species.

E. Comparison with the Results of Tracer Studies.

The adsorption of ethylene on platinized platinum (1 N
sulfuric acid, 30 and 80°C) has been investigated by J.0'M. Bockris
et al. (18), using tracer techniques. The results of this work
disagree with those of our predecessors in several ways. An attempt
to reconcile this disagreement appears below, on the basis that the

.only significant dif ference between the two systems is the surface

roughness. Bockris (18) observes only a gradual increase of surgace
coverage with concentration from approximately 107° to 1.5 x 107
mole/1l. bulk concentration of ethylene, with full coverage achieved
at the higher concentration. _In this work we attained full coverage
at a concentration of 3 x 107 mole/1. (1.3 x 10~4 Atmos.). In our
experiments, the adsorption was transport-controlled and required
approximately 200 sec. for completion in a well-stirred solution

(3 x 10-7 M./1.). By comparison, adsorption from a 10~° M./l. solu-
tion would require 20 sec. for our system. For a platinized elec-
trode with a R.F. of 100, .as used by our predecessors, an equili-
bration time of 2000 sec., or approximately 30 minutes would be re-

.quired. It is possible that such time durations were not allowed

routinely. A second possibility is that the 100 fold greater rates

of oxidation (on basis of geometric area) and hydrogenation-desorption
encountered on the platinized electrode, tend to result in partial
diffusion control for these reactions even at low potential, forcing
the surface coverage down.

Bockris et al. (18), also found that maximum adsorption was
attained only at higher potentials than in this work. The decrease
in surface coverage encountered in this work, as the potential is
lowered to less than 0.2 v., has been ascribed to the effect of
the opposing rate of hydrogenation-desorption, which increases as
the potential is lowered. For the platinized surface this rate
would be increased 100-fold at comparable potentials. Such an
enhanced rate might lead to sufficient depletion of the adsorbate
to drive the surface coverage down at approximately 0.3 v., as
found by Bockris.
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111. Mechanism of the Electrochemical Oxidation of Hydrocarbonms.

The studies of adsorption reported in this paper are a necessary

_preliminary to future detailed study of the mechanism and kinetics

of the electrochemical oxidation of the hydrocarbons. It is possible
at this time, however, to draw some qualitative conclusions on
mechanism, based on the available information.

. ‘The rate of continuous oxidation of any complex molecule which
yields a variety of surface intermediates, may be expressed in terms
of the partial currents for each of '"n" surface species:

8) Ii = n F ki fi (91, 62,..7.9n) gi(U)~
where n, = number of electrons required to convert

species '"1'" to the next identifiable
surface species

ki = appropriate rate constant

f. = a function relating the current for species "i"

i - ) .

to the surface coverage with the various species
(assuming interaction) ‘

gy = a function relating the current to the applied -

potential for species "i"

Equation (8) also covers the situation for any reaction path re-
quiring an adsorbed intermediate, even if the effective concentrat-

-tion of that species is vanishingly small. 1In addition there may be

"m" reaction paths involving the initial reactant in the non-adsorbed
state (Rideal-Eley as opposed to Langmuir-Hinshelwood mechanism,
ref. 19): '

9) 1. = n. F k. h,
3 3 i3

where the symbols have significances similar to those for equation
(8). The total current may then be expressed as:

n m
. ~ . T :
1= 3: o+ ) I
i=1

j=1

(), 05,....0,) 3;(U)

N

Since ethylene, acetylene and ethane all hold one group of surface

species in common, we may discuss the qualitative dependence of the
corresponding partial current omn surface coverage, bearing in mind
that this is a small part of a much larger problem area.

For the potential range 0.2 - 0.4 v. in perchloric acid, it
appears that we have the common surface species C2H2. The traces
of Fig. 2 reveal that as the surface coverage with this species
increases, the corresponding trace shifts to the right on the
potential axis, or in other words, the initial oxidation becomes
increasingly more hindered. One interpretation is that the elec-
tronic character of the surface changes with surface coverage. A
more tangible possibility is that the transition state for oxida-
tion of the surface species, involves surface sites not blocked by
the hydrocarbon ('"free" sites). The similar observation for CO
(see Fig. 9) led to the suggestion of a 'reactant pair" mechanism,
involving adjacent sorbed CO and water molecules (3). For the,
complicated CoHgstructure there are several plausible explanations
for similar dependence of oxidation rate upon free sites. These
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include the requirement of extra sites for the rupture of carbon-
carbon . and carbon—hydrogen ‘bonds. ‘Additional information will be.-
required béfore a conclusion. may be reached in this area.

For the potential range above 0.4 v. (perchloric acid), the
l.a.s. traces of Fig. 5 reveal that the ad-species formed at higher
potentials undergo initial oxidation less readily than does the
CaHg -surface. species. . On this basis it has already been. suggested
that the structure may be approaching Co stoichiometry at the high
potent1als If this conclusion  is correct, sequential dehydrogena-
tion is one of the possible paths for the oxidation of all of the
C - 2 hydrocarbons. It is appar=ntly the path of smallest specific
rate for ethane, for which a low potential wave appears in the
l.a.s. trace (Fig. 10). For ethane, it has been suggested that an
adsorbed ethyl radical is the common antecedent of both reaction
paths (4). The more reactive path is believed to involve C - 1
species (15).

CONCLUSIONS

1. Under the conditions of our experiments, the adsorption of

ethylene and acetylene from perchloric acid was diffusion-controlled.

The early onset of diffusion control implies very rapid adsorption
kinetics (equivalent to a first order electrochemical rate constant
of greater than 0.1 cm/sec.) at low surface coverages.

2 The results of the adsorption measurements suggest that the
compositlon of the ad-species for both ethylene and acetylene ad-
sorbates is identical. 1In perchloric acid, at potentials of 0.4 v.
or less, the ad-species has the composition C2Hz. At potentials
above 0.4 v., the ad-layer becomes more refractory, possibly be-~
cause of further de-hydrogenation of the acetylenic surface species.
There is no evidence for conversion of the CgHy species to more '
easily oxidized '"oxygenated' species at moderate temperatures.

3. In phosphoric acid at 120°C, the kinetics of adsorption of
ethylene follows a complex law. The structure of the ad-layer is
also complex. It is possible that both temperature and specific
anion effects play a significant role in the system.

4. The adsorption of ethane from perchloric acid is slow, and
yields two categories of surface specles represented as two ""waves"
on the linear anodic sweep traces. Wave I is not (significantly)
desorbed at low potentials, and is comparatively electrochemically -
active (with respect to oxidation). Wave II is readily desorbed at
low potentials and is identical with the acetylenic species obtained
upon adsorbing ethylene or acetylene. At moderate temperatures,
wave II does not convert to I at any appreciable rate and hence
(in a sense) acts as an undesired residue as compared with wave I.
The variation, with potential, of the composition of the ad-species
represented by wave II is the same as that reported for ethylene or
acetylene.

5. Full coverage of the surface is obtained (in perchloric
acid) at partial pressures of ethylene as low as 10-4 atmospheres.
The shape of the surface-coverage-potential plot for both ethylene
and acetylene is consistent with a model such that the surface
coverage is driven down at the low and high potential regions by
rates of hydrogenation-desorption and of oxidation, which oppose
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the rate of adsorption. 1In the high-potential region, the combined
coverage of adsorption sites with multiply-bonded carbon species
and with "oxygen" is high, even though the sgrface concentration of

basis. The rate of
adsorption of ethylene or acetylene on a surface partially covered
with the high-potential carbon species is very slow compared with
that on a surface partially covered with CgHg.
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Table 1.-PROCEDURES FOLLOWED DURING POTENTIAL SEQUENCES OF FIG. 1

‘Step
(refers to )
Sequence  Fig. Fig. 1) Procedure Purpose
I 1(a) A 1. Potential normally held at 0.4 v. 1. To minimize exposure of elec-
between experiments. trode and adsorbate to oxi-
o dizing or reducirng conditions, /

B 2, Bubble gas‘l through solution 2. To remove adsorbed materials
with paddle-stirring for from the surface, and to
TB = 2 secondst. produce a passive film which

blocks re-adsorption.

C 3. Continue gas bubbling, and stir- 3. The passive film of step B
ring for 1/2 minute. Stop is retained while desorbed °
bubbling and stirring and allow materials and oxygen re-
solution to become quiescent for ‘leased during step B are
1 1/2 minutes, Total value of swept into the bulk of the
Te = 2 min, solution and diluted. The

solution is allowed to be-
come quliescent to restrict
mass transport to ordinary
diffusion in subsequent
steps.

D 4. The adsorption is allowed to pro- 4. The passive film is largely
ceed for TD seconds. reduced during the first few

milliseconds, allowing, ad-
sorption of the hydrocarbon
from solution.

B 5, Apply linear anodio sweep E of 5. The amount of material ad-
speed, v, sorbed during time interval

Tp may be determined from
the l.a.s. trace.
11 1(b) A-D 1 - 4, Same as for Sequence I. 1 - 4. Same as for Sequence I.

E 5. The potential is raised (or low- 5. Further increase, or de-
ered) to value U, for time TE’ crease occurs in the surface

coverage acquired in step D.

F 6. Apply l.a.s, F, of speed v. 6. The amount of material on

the surface may be determined
from the l.a.s. trace. This
amount will be a function of

TD and TE' ‘ .

* The gas used was a2 designated mixture of argon and hydrocarbon,

t "T" with the appropriate subscript is the duration

POTENTIAL

0.4v

04v

{a)
1.8v
f.2v
B C - 0.4v
D
(b}
1.8v
1.2v U
B C . 0.4v E
D
TIME —

of any particular step.

Fig. 1.-POTENTIAL SEQUENCES APPLIED TO THE TEST ELECTRODE (TIME
AXES NOT TO SCALE).
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20

@ = 10v /sec
1) Tp = 0.010 sec.
2) vz 2. "
3) n =63 "
a) v 16, v
5)n €00,
|

50 ' 100 150 Tg , msec.
1.0 15 2.0 POTENTIAL,VOLTS
(b)
,'\'
20+ 40," \4o
N /30
)
g S
!
! 30
p 2 :
) l‘ -
10k 2o | ©#:10v /sec.
/ 1) Tp = 0.010 sec.
2082b) 0 =2,
3083p) » =8 "
4084p) v =16, v
L,y L, |,
50 " 100" 150" Tg , msec.
L0 1.5 2.0 POTENTIAL ,VOLTS

L.A.S. Traces Corresponding to the Adsorption at 0.4 v.,

of Ethylene and of Acetylene (1 N HC1O4, 30°C). Traces

measured using Sequence I, Table I, with v = 10 v./sec.
The traces of Fig. 2a and the dashed traces of Fig. 2b

correspond to 10-2 atmospheres of ethylene. The ‘solid
traces of Fig. 2b correspond to 10-3 atmos. of acetylene.
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4
~20F
~s 3
~ 2
g |
T
1} Tp = 0.010 sec.
2) « 05
3) . s
l4) 1 =lto. L
50 100 7 150  Tg, msec.
05 1.0 1.5 POTENTIAL, VOLTS
5.-L.A.3. TRACES CORRESPOND TO THE ADSORPTION OF ETHYLENE
FROM 85% PHOSPHORIC ACID AT 120°C (ETHYLENE p.p. = 10 2
ATMOSPHERES). TRACES MEASURED USING SEQUENCE I, TABLE I,
WITH v = 10 v./sec. '
B n a 0
o]
B 0
0= Ogyg,! N HCLO,, 30°C, 1.08 x 1072
h ATMOS. ETHYLENE
- D~ Qa, IN HCLO,,30°C, 1051073
ATMOS. ACETYLENE
| | 1 | i - ! | { 1
0

2 4 | 6 | 8 |(_)
' T72, sec’

Fig. 4.-KINETICS OF ADSORPTION OF ETHYLENE AND OF ACETYLENE FROM

1 N HEC10,. THE ABSOLUTE SURFACE COVERAGE IS PROPORTIONAL
TC THE CHARGE, Q (SEE TEXT).




=, = =

-

e

e

P

=

S

= /«:f/7r

20F
10
“e
<
L=
E .
—
20~
10
Figure 5.

1}u=03v, Tg =0.010 sec.
2) " 03 n 8 "
~3)w 03 v 25 "
4) «~ 06 v 100. "
S5)» 0.8 » 100 "

o1 L 1
50 100 ' 150 © 200 Tg, msec. :
0.5 10 1.5 2.0 POTENTIAL, VOLTS

1) u=03v,Teg= 0.010sec.
2)4:03 w8 u
3) w203 w 25, w
.4) v =06 v 100. "
5)»:=08 v 100 "

50 100 " - 150 200 Tg ,msec.
05 1.0 1.5 2.0 POTENTIAL ,VOLTS

L.A.S. Traces Corresponding to the Adsorption
of Ethylene and of Acetylene at Various
Potentials (1 N HCl04, 30°C.). (a) p.p. of
ethylene = 10-2_atmospheres, (b) p.p. of
acetylene = 10-3 atmospheres. Traces measured
using Sequence II, Table I, with v = 10 v./sec.
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0 1.3 x10-% ATMOS. ETHYLENE, Tg= IOsec. UNSTIRRED SOLUTION
-2 : B Tp=0(U<0.6v)
0 1.08x107% ATMOS. ETHYLENE, Tg = 100 sec. UNSTIRRED SOLUTION 10
a 114 x10™" ATMOS. ETHYLENE, Tg=200sec. STIRRED  SOLUTION J T0° 1 sec.(U20.7v)
@13 x10™% ATMOS. ETHYLENE, Tg = 10sec. UNSTIRRED SOLUTION

® 1.08x10~2 ATMOS. ETHYLENE, Tg = 100 sec. UNSTIRRED SOLUTION}TD"OO sec.
4 1.14%10™" ATMOS. ETHYLENE, T¢ =200 sec. STIRRED ~ SOLUTION

°
=

o
1

OENE' MCOU'/CMZ

©
)

U, voLTs

Fig. 6. -VARIATION OF SURFACE COVERAGE WITH ADSORBATE PARTTIAL PRESSURE
AND WITH POTENTIAL, FOR ETHYLENE (1 N HC104, 30°C).

FRACTIONAL SURFACE COVERAGE MAY BE DERIVED BY NORMALIZING
THE MAXIMUM CHARGE TO 1.

3 : OR Tp= Isec. (U2 0.7v)
10— O-Qa  FOR 1.05x 1077 ATMOS. ACETYLENE

0-Qgyg FOR 1.08 x10™2 ATMOS. ETHYLENE }TD:O(US 0.6v)
Te= 100 sec.

L ©—Qgye FOR 1.08x 1072 ATMOS. ETHYLENE

. 3 . }TD= 100sec.= T
®-Qa  FOR 1.0SxI0™~ ATMOS. ACETYLENE

i

- uJ

Q, meoul. fem?

. . L
04 06 - . 1.0 12

U, voLTs -

Fig. 7.-VARTATION OF SURFACE COVERAGE WITH POTENTTAL FOR ETHYLENE
AND FOR ACETYLENE (1 N HC104, 30°C, ETHYLENE p. p. = 10 2
ATMOSPHERES, ACETYLENE p. p. = 10 ° ATMOSPHERES).

/

I



N

-49 -
o—T=30°C} Tp=0(U<0.6v)OR Tp =Isec. (U2 0.7v)
_B-T=60°C) Tg=100 sec. ’
08 — .-T= 3000} = ‘s =
8-T:60°C Tp=100sec.= Tg
~N
§
~
S 06
S .
e
o
4
S’ 04
0.2

U, voLTs

Flg 8. -VARTATION OF SURFACE COVERAGE WITH POTENTIAL AND TEMPERATURE
_ .FOR ETHYLENE AND FOR ACETYLENE.
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(a)

N Tads = Omsec
2) » 48 »
3) n 30 ;u.
4) » 98, v
5) w |95 o
05H6) » 910

1.0 2.0 POTENTIAL,VOLTS .-

(b)

1) Tox = 20msec
2) » 12 »
3) “
1O4) »
5) »

"W onoo
-]

0.5

1.0 2.0 POTENTIAL,VOLTS

L.A.8. Traces for Ag'orbod co (1 R BCIO‘,
30°C, CO p.p. = 1074 atmospheres,

v = 360 v./sec.). (a) corresponds to the
adsorption for time, T .3 (b) corresponds
to the oxidation for t!gg Tox.» ©f & mono-
layer of CO.
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{(1)Tags = 10 m sec.
{2) w =20 sec.
5 (3) » = 40 sec.
\ (4) » = 80 sec
(5) » =200 sec.
L _— [
50 100 150 T, m sec

05 1.0 ' 1.5 POTENTIAL,VOLTS

L.A.S. Traces Corresponding to the
Adsorption of Ethane for Time, T.4g.
(1 N-HC104, 60°C, p.p. othane = |
atmosphere, v = 10 v./sec.).
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MULTIPULSE POTENTIODYNAMIC STUDIES OF LOW MOLECULAR
WEIGHT HYDROCARBONS ON SEMIMICRO. FUEL CELL ELECTRODES

L.W. Niedrach

General Electric Research Laboratory
Schenectady, New York

INTRODUCTION

. Because of the limitations on the amount of information that can
be obtained from polarization curves and material balances, it was
‘felt desirable to study the behavior of hydrocarbon fuel cell anodes
with multipulse potentiodynamic (MPP) techniques such as have been
“-developed for microelectrodes(1l,2). An additional purpose of the work
was to compare observations upon fuel cell electrodes with similar
observations with platinum wire microelectrodes. .Such a comparison, -
which has been made in the case of ethane, has been described else-
where(3).

In the course of fuel cell work it has been observed quite
generally that the performances of all saturated hydrocarbons are simi-
- lar although trends are evident as the molecular weight is changed.

For this reason the three simplest hydrocarbons, methane, ethane, and
propane, were used in this study as model compounds, and the more de-
tailed work was confined to the first two fuels. A miniature version
of a previously described(4) "conducting-porous-Teflon" fuel cell
electrode (containing platinum black as the catalyst) was employed.

- EXPER IMENTAL

A three-compartment, Teflon cell described elsewhere(3) was used
in these experiments. The working electrode consisted of a 0.2 cm
diameter Teflon-bonded, platinum black electrode{(4). Both the hydro-
gen reference and the counter electrodes were platinized platinum
flags. The former communicated with the working anode through a Luggin
capillary. The cell was operated in an air thermostat, enabling con-
trol of temperature to within 0.1°C.

) The 4.3 N perchloric acid electrolyte solution used for this work
was prepared from reagent grade perchloric acid and quartz distilled
water. Electrolytic grade hydrogen was used in the reference electrode
chamber, and Phillips research grade hydrocarbons vwere used as the

fuels. Tank argon, deoxygenated by passage over heated copper turnings,

was used as the "fuel" for obtaining solvent blanks. Tank argon was
also used for degassing the solution.

The electronic instrumentation and c1rcu1t have been described
previously(l).

The potential-time sequence applied to the anode for adsorption
studies at constant potential is shown in Fig. 1. The significance
of the steps is covered below.

A. Pretreatment step (15 sec) to remove oxidizable impurities
and to produce a layer of "adsorbed oxygen' which serves to
block fuel adsorption. The solution is vigorously stirred
and purged with argon to remove molecular oxygen and oxida-
tion products formed.
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B. Potential step, during which the oxygen layer formed in (A) is
: maintained, and the solution is purged for an additional 1

minute. The solution is then allowed to become quiescent for
1 minute, )

C. Reduction step (15 sec) during which the ‘"adsorbed oxygen" .
layer is completely reduced within the allotted time. At this
low potential (0,06 volt) the adsorption of the hydrocarbons
is blocked. This step was included so that the reduction of
the surface and the adsorption of the hydrocarbon would not
occur simultaneously. However, omission of this step was found
to have no detectable effect on the equilibrations, except.for
an initial current transient.

D. Adsorption step, during which the hydrogen from (C) is
rapidly oxidized, exposing a reproducibly clean surface for
adsorptign. The duration of this step is the adsorption
time, Tp .

- E. Anodic sweep at 0.1 v/sec. The adsorbed fuel is oxidized and
the surface covered with a layer of "adsorbed oxygen'". Sub-
traction of the charge due to surface oxidation from the
total charge yields the charge, Qg, required to oxidize the
surface species derived from the adsorbed fuel.

EI

Alternative to (E), a cathodic sweep at 0.025 v/sec. which is
used for determination of the '"real' surface area of the
electrode from the charge gQy corresponding to hydrogen
deposition. 1In this case, argon is substituted for the hydro-
carbon fuel.

When the sequence of Fig. 1 is termipated in Step (E') (linear
cathodic sweep) a 'hydrogen-deposition" trace may be obtained. From
the charge, Qp, associated with this trace, the "real" area of the
electrode may be derived(l). 1In the present work gQu was determined
using a sweep rate of 0.025 v/sec. Over the useful range of v = 0.01
to 0.1 v./sec., gQy has been found reproducible to within 5% Tor this
type of e1ectrode(3£. In calculating the ''real' area of the elec-
trode 0.21 mcoul/cm® was assumed to be the charge associated with one
square centimeter(5). » ) :

For the determination of the charge, Qp, associated with the
oxidation of the adsorbed hydrocarbon species, the sequence of Fig. 1
terminating in step (E) (linear anodic sweep) was used. When argon is
serving as the '"'fuel"” the application of the pulse sequence to an
electrode results in an '"oxygen adsorption" trace. When a similar
sequence is employed following an equilibration with a hydrocarbon
fuel, a trace corresponding to oxidation of the fuel as well as the
electrode surface is obtained. The closed area defined by the two
traces may be used for the determination of Qg.(1l) Actually the
closed area corresponds to charge, Qp:, which may include several terms:

Qv = Qp + Qpu + Mo+ &, (1)

where QE = charge corresponding to oxidation of the hydrocarbon
. fuel adsorbed on the surface during step (D).

* X
The subscript here and for other time intervals refers to the step

involved according to Fig. 1.



-54-

QE" = charge corresponding to fuel not adsorbed during
step (D) but which oxidizes during step (E) with
or without a preceding adsorption step.

faa) = Difference in capacitive charges included under the

cap. "oxygen adsorption"” and "fuel" traces due to
differences in initial surface states.
,AQO = Difference in charges due to surface oxidation,
included under '"oxygen adsorption" and "fuel"
- traces. - A '

It has previously been demonstrated, with ethane on smooth platinum, (2)
that Qg if v < 20 v/sec. At h1gher values of v, Qg+ < Qg, at
least part1a§1y because some of the adsorbed fuel is retained on the
surface during sweep (E). At the other end of the scale, it is im-
portant that the sweep speed not be so slow that appreciable read-
sorption of the fuel occur during step (E), and cause Qgn > 0. For
the present electrode the useful range of v was examineg by adsorbing
a fixed amount of ethane (corresponding to TD = 600 sec) and measuring
Qp' for a range of sweep speeds(3). The useful range was found to ex-
tend from approximately 0.1 to 0.4 v/sec., and in this range we assume
QE = Qgt. A sweep speed of v = 0.1 v/sec was used routinely in the
present work.

Polarization curves were obtained in two ways. The first method
involved application of Steps (A-D) of Fig. 1 before each measurement
of current at a particular potential U. In the second method, steps
(A-D) of Fig. 1 were applied only once, at the lowest values of U.
The potential was then changed in increments and the current recorded
for each potential after an apparent constant value was established.
‘The two methods gave essentially identical results.

RESULTS

Traces obtained during linear anodic sweeps (l.a.s.) are shown in
Fig. 2 for methane, ethane, and propane after equilibrations at 60°C
at 0.3 and 0.4 volt. An argon blank is also included for comparison
purposes. The ethane and propane show two types of oxidation waves.
Wave 1 occurs at potentials below which (approx. 0.8 v) the electrode
surface is itself oxidized. This first wave generally exhibits a
well-defined peak. The second wave is more diffuse and extends all
the way from approximately 0.8 volt to oxygen-evolution potentials.
Methane differs markedly in that only wave 1 can be detected during
oxidation of the ad-layer. Similar structures have been observed for
the oxidation waves obtained for ethane adsorbed on platinum wire
micro electrodes(2,6). These results imply a range of reactivities
for a variety of ad-species on the electrode surface.

The adsorption of methane and ethane has been examined over a
wider range of potentials than are shown in Fig. 2. In both cases a.
maximum value of QE occurs around 0.3 v. Below 0,1 volt, both ad-
sorptions become negligible because of suppression by hydrogen on the
surface. At potentials above 0.5 volt no ad-layer is observed for
methane because of rapid oxidation following adsorption. Wave 1 for
ethane becomes negligible at potentials above 0.6 volt and Wave 2
at potentials above 0.9 volt. The former wave, like that for methane,
disappears because the ad-species associated with it are oxidized as
rapidly as they appear on the surface. The latter wave disappears
at the higher potentials because of rapid oxidation as well as

SN ———
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suppression of the adsorption rate.:

"Attempts to obtain similar data for ethylenme with the Teflon-
bonded electrodes have been unrewarding. Rates of adsorption are

excessive for the low scan rates permissible with these electrodes,

and readsorption prevents the accurate measurement of Q. With
platinum wire microelectrodes, however, Gilman(6) has demonstrated
that adsorbed ethylene and acetylene show only wave 2 at 60°C.

The effect of equilibration time on the l.a.s. traces for methane
and ethane adsorbed at 0.3 volt is shown in Fig. 3. At 65°C, the
single wave is evident for methane for equilibration times as long as
one hour. In the case of ethane at 60°C, the ratio of the charges
associated with wave 1 and wave 2 is not a sensitive function of the
adsorption time. At 0.3 volt about 45% of the charge is associated -

-with wave 1, and this value prevails up to a potential of 0.5 volt.

At higher potentials the ratio declines rapidly.

At 0.3 volt, Qg initially varies linearly with time but subse-
quently becomes linear with the logarithm of time for both methane and
ethane. At 65°C the maximum (initial) adsorption rate for methane in
terms of Mg/At is approximately 0.00015 mcoul/sec/cm® of '"real' area.
For ethane at 60°C, Myp/Ot is approximately 0.010 mcoul/sec/cm®, At
25°C the rate for ethane is approximately one tenth that at 60°C. The
rate for ethane at 25°C is too low for reliable measurement with the
present system.

Because of the slow adsorption of methane, even at 65°C, an hour
is required at 0.3 volt before ''steady-state'" coverage is approached.

"In the case of ethane, however, 'steady-state'" is essentially achieved

within 10 minutes at 60°C. At higher potentials, e.g., 0.4 to 0.6
volt, methane also approaches steady-state within 10 minutes (but with
lower surface coverages). At these potentials ethane reaches steady-
state within a few minutes. More detailed treatment of the kinetics
of these adsorptions are given elsewhere(3,7). .

Figures 4 and 5 show the effect of temperature on the l.a.s.
traces for methane and ethane. Because ten minute equilibrations were
used in all cases, the traces do not all correspond to "steady-state"
coverages, particularly at the lower temperatures. It is pertinent to
note, however, that the wave for methane grows in very rapidly as the
"temperature is raised. Similarly, wave 1 for ethane becomes more pro-'
nounced at the higher temperatures - in this case at the expense of

wave 2,

The nature of the species associated with l.a.s. waves 1 and 2
is of considerable interest. In view of past observations’' that the
material associated with the first wave is resistant to removal by
cathodic hydrogenation(6,8) and is probably partially oxygenated(8),
several additional experiments were undertaken. To demonstrate that
related, partially oxidized species do indeed oxidize further on the
Teflon-bonded electrodes at 60°C over the same potential range as
wave 1, the data in Fig. 6 were obtained. For this purpose, the
electrode was equilibrated with CO (at 0.3 volt), COz (at 0.06 and
0.2 volt) and argon saturated with formic acid vapor at 25°C (at 0.06
and 0.2 volt) prior to the l.a.s. It was further observed that the
surface species from these equilibrations were not removed by cathodic

hydrogenation.
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To determine whether some of the species of wave 1 are re- 4
movable by cathodic hydrogenation, and therefore probably unoxy-
genated, additional cathodic hydrogenations were performed after
equilibrations of the electrode with methane and ethane at several !
potentials. In these experiments sequence A-D of Fig. 1 was first
followed. - After adsorption for time, Tp, the potential was again oy
stepped down to 0.06 volt for 2 to 5 minutes before application of .
the linear anodic sweep. The results of these experiments are
summarized in Fig. 7 and Table I. It is clear that in each case a
portion of the surface species was removed by this treatment. The )
amount removed decreased with increasing equilibration potential. '
In the case of the ethane all of wave 2 was removed by the hydrogena-
tion treatment. The present results for ethane differ from those of /
Gilman(2) who performed similar hydrogenations with the wire micro-
~.electrode after equilibrations at 0.4 volt. In that case no desorp-
tion of wave 1 species was observed after hydrogenation at 0,06 volt. . /
The diffuse structure of the Teflon electrode as well as small S
differences in the catalytic behavior may account for the observed
differences.

Table I

Effect of Cathodic Hydrogenation on Wave 1 ‘ !

(TD = 5 min; THyd = 5 min)
Methane 65°C Ethane 60°C
: 0.3 volt U.4 volt 0.3 volt 0.4 volt
Q; = initial; mcouls 4.0 2.8 10.1 8.0 4
Qé = after hydrogenation; mcouls 2.5 2.3 3.8 5.5
agé, mcouls 1.5 0.5 6.3 2.5
per cent removed 38 18 62 31

Another aspect of the problem that was given attention was the
relationship between surface coverage and the polarization curves for
methane and ethane. "Such data for the two fuels, obtained at 65° and
60°C, respectively, are shown in Figs. 8 and 9. In these figures the
abscissa is expressed in terms of the current density per cm¢ of i
"real" and "geometrical" area of the electrode. Therefore, the data
may be related to the adsorption studies as well as performance curves
for operating fuel cell devices.

The form of the polarization curves is typical of those for a
variety of fuels when the data are obtained potentiostatically. Even
hydrogen shows the minimum in the region from 0.9 to 1.4 volt on
smooth platinum. Over the potential range from 0.3 to 0.45 volt, the
curve for ethane has a linear Tafel region with a slope of 0.066 v/
decade of current. -

The surface coverages in these figures are expressed in terms of
the charge per square centimeter of '"real'" area. The charge, Q% refers
to that associated with wave 1, and in the case of ethane, Qg
refers to the total charge associated with the combined species of
waves 1 and 2.
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DISCUSSION

Among the present observations, those of most significance with
regard to the performance of practical fuel cell anodes are the marked
effects of temperature on the rates of adsorption and on the nature
of the surface species as indicated by the l.a.s. traces. In the
case of ethane, a ten-fold increase in the initial adsorption rate on
a "clean" surface occurs in going from 25° to 60°C. A similar factor
applies to the partially covered surface. The effect of tmeperature
on the corresponding adsorption rate formethane appears to be even
more pronounced although reliable data could not be obtained at 25°C.
Such pronounced temperature coefficients for the adsorptions are )
reflected in the observed improvement in performance of hydrocarbon
fuel cells with increasing temperature. In particular, they relate
to the regions of "unstable" performance observed with saturated

‘hydrocarbon fuel cells operating on resistive load.(9-11) Under

these conditions, it will be recalled that at low current densities
steady performance is obtained while at higher current densities the
performance decays with time or, under certain conditions, oscilla-
tions set in(11,12). As a result of the increasing adsorption rates
with increasing temperature, the region of instability occurs at
continuously higher current densities as the operating temperature is
increased.

When polarization curves are obtained potentiostatically, as in
the present work, maximum currents are observed in place of the in-
stability associated with resistive loads. It is of interest to
compare the values of the maximum currents in Figs. 8 and 9 with those

calculated from the observed adsorption rates on clean surfaces as

measured at 0.3 volt.

In converting the adsorption rates to equivalent current densi-
ties, it must be recalled that the former are expressed in terms of
the change in surface charge with time, Mg/At. Allowance must there-
fore be made for any oxidation that occurred during the adsorption-
step itself; e.g., immediate oxidation of dissociated hydrogen. This
may be done by multlplylng ME/At by the ratio of the charge associated
with the hydrocarbon fuel molecule to that of the adsorbed species.

While the precise composition of the ad-layer has not been estab-

-lished for either methane or ethane, especially after short equilibra-

tions, it is possible to calculate a range of limiting currents from
the adsorption data at 0.3 volt. 1In the case of methane, depending
upon whether the ad-layer is assumed to have an average composition
approaching that of methyl radicals or that of a highly oxygenated
species such as CO, the observed rate of adsorption would be equiva-
lent to a steady state current density of from 0.15 to 0.6 microamps/
cm? of "real" area. The observed value of 0.3 microamps/cm? is in
good agreement in view of the evidence for a mixture of Cj radicals
and partially oxygenated species.

For ethane it is reasonable to bracket the composition of the
ad-layer between one corresponding to CgHy radicals and one correspond-
ing to CO. ThlS gives a range of current densities from 14 to 35
microamgs/cm . In this case the observed maximum current of 2.5 micro-
amps/cm“ is much lower than the calculated value. This undoubtedly
reflects the fact that at the potential of the maximum "steady-state"
current some of the more refractory species are present on the sur-
face and lower the adsorption rate relative to that om the '"clean"
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surface at 0.3 volt. The decline in the current density that occurs
at higher potentials appears to reflect further reductions in ad-
sorption rates as a result of ‘such processes as '"'surface oxidation",
-anion adsorption, and stronger bonding of water to the surface,
These processes would also contribute to the similar decline in
methane performance at the higher potentials.

At low potentials, the effect of the adsorption rate on the
polarization curve is minimal. Here it is clear that the overvoltage
required for the further oxidation of surface intermediates to CO2
is- 1limiting. This is true, of course, under potentiostatic condi-
tions as well as with the resistive loads of practical fuel cells.

. With regard to specific mechanisms for the oxidation -reactions,
"it would be premature to attempt to discuss them in any detail at

this time. It is appropriate, however, to consider briefly some of

the possible paths suggested by the available information. 1In particu-
lar, it is pertinent to speculate about the meaning of the two separate
l.a.s. waves seen with ethane and propane, the single wave seen with
methane, and the evidence for the partially oxidized surface species.
In the discussion that follows, ethane will be used as the model with
the expectation that higher molecular weight hydrocarbons will behave
similarly. The behavior of methane, in turn will be somewhat simpler.

The initial step must certainly involve adsorption of the fuel on
the electrode surface. On the basis of careful kinetic studies with
ethane on wire microelectrodes, Gilman has concluded(6) that this

-primary adsorption step corresponds to the formation of an "ethyl
radical" on the surface. This may be represented by

(@) C H (gas) + S ——S—C2H5 + HY + e
at potentials at which appreciable currents are drawn from the elec-
trode. He points out that an equivalent route is given by

(1a) CyH (gas) + 28 — S-C2H5 + S-H
in which case the adsorbed hydrogen is rapidly consumed by the Volmer
reaction:

(lb) S-H — s+ H' +e.

At low potentials, of course, some of the hydrogen will remain ad-
sorbed on the surface.

Gilman then reasons that the ethyl radical follows tﬁo paths.
The first results in the formation of four surface bonds to the sur-
face without rupture of the C~C linkage:

+
- CZH2 4+ 3H + 3e.

(2) S - C,Hy + 385 — §,

*More precisely, the gas will first dissolve in the electrolyte and be
transported by diffusional processes to the electrode where it will
adsorb from solution. While mass transport processes are not limit-
ing in the work under discussion, it is obvious that they can become
important under some conditions of operation. For practical fuel cell
electrodes it is important that mass transport limitations be
minimized.
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This species is associated with wave 2 obtained with a l.a.s. and is
identical with the single adsorbed species obtained when ethylene and
acetylene are adsorbed(6). The present work is in accord with this

interpretation, and cathodic hydrogenations of adsorbed ethane at

25°C have shown that the major material on the surface at that
temperature corresponds to Cy species, while those for propane
correspond to C3 species(8). '

The second reaction path of the ethyl radical results in the
formation of the material associated with wave 1, which Gilman also
obtained for ethane on the platinum wire microelectrode. This wave
he found, in contrast to wave 2, to be resistant to cathodic hydro- .
genation. He has also found that the species associated with wave ‘2
do not readily convert to those of wave 1.(6) 1In the absence of de-.

-tailed kinetic data for the species associated with wave 1 Gilman

did not speculate in detail on its identity.

The new data obtained with the Teflon-bonded electrodes are
helpful in this area. The similarities between the single wave for
methane and wave 1 for ethane strongly suggest that the second re-
action path of the ethyl radical involves C-C bond fission as indi-
cated in the following general equation:

(3) S—C2H5

This is in accord with the previous observation that C] species form
during ethane (and propane) adsorption even at 25°C.(8) Grubb has

+ S —2S - CH_ + (5-2a) ot + (5-2a) e.

"also observed that on open circuit appreciable amounts of methane de-

sorb from propane anodes in fuel cells operating at 65°C.(14) (The

. methylene radical with two carbon bonds to the surface may represent

the principal species in parallel with the CgHg of wave - 2 which also
has two surface bonds per carbon atom.)

The C; species in turn appear to react readily with water to
form a partially oxygenated material which corresponds to the pre-
viously proposed 'CO-like" species of Niedrach(8) and the ''reduced
C02" of Giner(1l5), and which Giner has also more recently found to be
formed during the oxidation of hydrocarbons(16). The specific ident-
ity of the oxygenated species is as yet unknown and the reaction can

»therefore best be represented by:

+ .
(4) S-CHa + b H20 + ¢S _.S(c+1) - CHdOb + (a + 2b-d) H +>(a + 2b-d)e.

That both the Cj species and the partially oxygenated species are
present on the surface and oxidize over the same potential range is
indicated by the new hydrogenation experiments with methane and ethane.
Since Eq. (3) represents a "cracking' reaction, and Eq. (4) a "re-
forming" reaction, these observations suggest that it would be -pro-
fitable to direct attention toward the study of the behavior of al-
ternative catalysts in promoting such reactioms.

With regard to the more refractory species of wave 2, which
oxidize only at higher potentials, it is likely that an entirely
different mechanism of oxidation prevails. This conclusion is based
upon Gilman's observation that conversion to the species of wave 1 is
slow(6). It is therefore likely that oxidative attack occurs before
the C-C bonds .are ruptured. This could result in the formation of
alcohol-like species as intermediates. It should be emphasized, how-
ever, that such intermediates will undoubtedly be quite distinct from
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those involved in the direct oxidation of alcohol-type fuels at o ‘
moderate temperatures. The alcohol-like species derived from hydro-

. carbons would be strongly bound. to the surface by multiple carbon-

metal linkages, and hence complete oxidation to CO2 would be

assured. With alcohol fuels it is more likely that weaker bonds be- }
tween the oxygen and the metal are involved. This is suggested by "
the incomplete oxidation to organic acids that is often obseérved with
alcohols(17) at moderate temperatures. It is further supported by {
the behavior of alcohols towards deuterium exchange, where it is !
found that the hydroxylic hydrogen undergoes exchange most readily(18). /

CONCLUSIONS . |

The behavior of saturated hydrocarbons on platinum catalyzed ‘
fuel.cell anodes is strongly influenced by the rate of adsorption and ;
the ability of the catalyst to promote ''cracking'" of C-C bonds as well
as the reaction of C; radicals with water. Both the rate of adsorp-
tion and the catalytic activity of the platinum have pronounced posi-
tive temperature coefficients. {

Species present on the electrode surface include C] radicals and .
partially oxygenated C] species in all cases. In the case of ethane /
and higher hydrocarbons multicarbon species are also present. These
are strongly bound to the surface by multiple carbon-metal bonds and
are relatively refractory.

After a primary adsorption step, at least two distinct reaction
paths are followed by ethane and higher hydrocarbons. One path re-
sults in the formation of the relatively refractory species. The more
desirable path results in '"cracking'" of the carbon chain to form the
C1 radicals and the partially oxygenated species.

Catalysts for hydrocarbon anodes should promote the cracking of
higher molecular weight hydrocarbons to form Cj radicals and also pro-
mote the reaction of these fragments with water.

In view of the many species present on the electrode surface and
the changes in coverage and composition with temperature, potential,
and time, much attention to analytic detail will be required before a
definitive mechanism can be derived. All of these factors must be con-
sidered in valid interpretations of electrochemical performance data.
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'STUDY OF HYDROCARBON OXIDATION BY EXPERIMENTAL
SEPARATION OF REACTION STEPS — 1. THEORETICAL
ANALYSIS AND ETHANE ADSORPTION ON PLATINUM.

‘M. BONNEMAY, G. BRONOEL, E. LEVART and A. A. PILLA — lLaboratoire

d'Electrolyse, C.N.R.S., BELLEVUE — (S. & 0.) —FRANCE.

INTRODUCTION

The study of electrochemical processes which involve
two or more elementary reaction steps is at present of increased
Interest because of the development of fuel cells. The direct
oxldation of hydrocarbons 1s a case in point since along with’
charge transfer, surface processes such as adsorption,
desorption and posslble conversion may take place. In addition
to the above the effects of mass transfer may have to be taken
into account. The analysis of such systems is diffilcult since
most studies are undertaken with all of the processes occurring

- more or less simultaneously.” Thus the surface reactions are

all coupled with a diffusion step. Theoretlcal analysis is

‘normally carried out under conditlons either of semi-infinite

linear diffusion or of known convectlon with all of the rate
surface constants appearing as grouped constants in the
resulting expressions. BSeparation of parameters 1s difficult
and normally cannot be done without some degree of amblgulty.
The work of Matsuda and Delahay” 1is an excellent example

of the grouped parameter problem when relaxation technigues
are employed. In addition the various mechanlsms which have
been proposed for the hydrogen evolution reaction and which

‘all appear to provide at least partial explanations for this
. process are by now classlc examples of parameter separatlon .

difficulties.

In order to study electrochemical reactions in
which there is at least adsorptlon coupled with charge transfer
such as the hydrogen evolution reaction, relaxation techniques
have been extensively used. The main reason for their use is

because they allow the quantity of hydrogen adsorbed at a given
overvoltage to be evaluated. Charging curve® 12, 1mgedance
measurements’® 15 and the voltage sweep techniquels ® have
been employed. The determination of kinetic parameters using
these methods is not, however, done without some degree of
ambiguity, although the introduction of time as a varlable
normally renders the situation less complex since the number of
simultaneous equations lncreases.

The fact, that the first step in the oxidatlon of

geseous reactants is normally one of adsorption allows the
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possibillity of separating thls step from those succeeding it o J
in time. This would allow independent -analysls of the adsorptlon d
and posslble conversion processes. v

. Such a technique neéessarily involves time .as -
a varlable thus permitting a dynamlc analysis of the reaction oy
steps. It is thus a relaxation technique. :

The direct electrochemical oxidation of hydrocarbons
is recelving much attentlon at tle present time®: %7. Probably [
the most important step in the oxidation and that most studied, , i
1s adsorption followed by possible conversion. Thus the
aspect of catalysis 1n an electrochemical reaction 1s increasingly
. important. It is therefore of interest to be able to elucidate J

the process of adsorption so that the demand for new catalyst
materials to be used in fuel cells may be, at least in part, met. ’

It is the purpose of this commmunlcation to describe a ’
method whereby the reaction steps preceeding charge transfer and !
desorption may be separated in time. A theoretical analysis of the
method will be gilven and an example of its application will be /
made in a preliminary study of the adsorption of ethane and platirum.

THEORETICAL

In order to experimentally separate the reaction steps
in the oxidation of a gaseous reactant it 1s necessary to allow
- the electrode to periodically be in the presence of gas then ‘
In the electrolyte. This may be carried out in the following |
way. The electrode under study 1s placed in a large circular
insulated disc (making up only a small portion of thils to avoid
edge effects). The disc may then be rotated thus allowilng the
electrode to spend part of a rotation in the presence of the
gaseous reactant and electrically insulated from the polarilzation
clrcult and the rest of the rotation immersed in the liquid where
charge transfer and desorption may take place.

Durlng the adsorptilon phase the electrode is covered
with a thin f1lm of 1liquid the thilckness of which may be variled.
. There now exists a diffusion coupled adsorption process. Two
methods by which this occurs may be envisaged. One 1s that in {
which the 1iquid f11m initially contains no gas so that this
must first dissolve In the electrolyte then diffuse through the
film with subsequent adsorption on the electrode surface. This
case will be analyzed here. The second is to Introduce on the
electrode surface electrolyte previously saturated with the gas
under study.

Adsorption then Immedlately starts wlth a diffusion
layer gradually belng created in the film. This case will be
analyzed elsewhere.

The model used for the mathematical analysis gilven
below is as follows. The fllm of electrolyte 1s of thickmess
6 such that finite linear diffusion 1s the sole mode of mass
transfer. The dissolution of gas in the film occurs at
X = 0 and 1s consldered infinitely rapld, i.e. a concentration
step function of time exists at the gas liquld interface.
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The adsorption process occurs at x = 8§ following Langmuir
kinetics which appears to hold for many adsorption processes
in electrochemistry. The case in which Temkin kinetics
prevall will be analyzed elsewhere. Thus the adsorption
process 15 assumed to be given by:

dgtt = a(rm - r(tj ) C(G:t‘) - 1;cdr‘(t) : (1)

In order to take the diffusion process into
account the Fick equation written for 11near diffusion will be used.

3C(X,t) _ pp 32C(X,t) ‘ (2)
2
at 3X

This equation must be integrated using equation (1) from which
the principal boundary conditions will be derived. The use of
(1) as written prohibits the obtention of a closed form solution.
This work is now in progress. Two cases which allow (1) to be
simplified may be envisaged. If T(t) << T,» then:

dr(t) . »
S - e o(8,t) - igm(t)

‘This simplification is probably fairly reasonable as far as
. hydrocarbons are concerned since their solubllity in the

aqueous solutions normally employed in fuel cells is small.

Further, the experimental technique, which is
described in more detall below, allows measurements to be
made at times sufficiently short so that this simplification
may be fulfilled. If, in addition the adsorption process 1Is
surficiently rapid, then: .

kT C(6,8) = kgT(t) (4)

This, of course, is probably not true for hydrocarbon

‘adsorption, but the case is of general interest and will be

presented here.

a) Iow coverage, rapid adsorption: The integration of (2) is
carried out using the following Initial and boundary conditions.

X=0,1t=0 ¢(0,t) = Co
X=6,t=0 C(6,t) = 0
X=6,1t>0" ol6,t) = £ T(t)

Since the surface concentration T'(t) is a function of the flux
of the diffusing speciles at the electrode surface, then:
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T‘(t) =Djz_a_q_a(§_£.§)_'dt ) . | (5>

The use of lLaplace transformatlon leads to:

_.Co r A cosh y(6—X) + sinh +(8X) 7 (6)
8 1 cosh 48 + sinh 0

C(X,s)

‘where y = sl/z/Dl/2 and X = Dy/Ks.

. Thls equatlon represents, in transformed state,
the complete solution of equation (2) for these particular
initial and boundary conditions. It can in principle be used
in thils form as was shown by Wynen*® in a general study. Inverse
transformation may be carried out by & method which has already
been described elsewhere* If, for a glven film thickness
observation is made at relatively short tlmes, then:

cosh y(&X) = sinh y(6-X) = 0.5 exp y(6X) (7)
and
cosh y8 = sinh y§ = 0.5 exp yb (8)

Inverse transformation then gives:

C(X,t) = Co erfo (E];/iﬁt—y;) (9)

Equatilon (9) indlcates that there 1s a certaln time required
before the adsorbant reaches the electrode surface since no
adsorptlon parameter are present in the expresslon. The time
congtant for this process is approximately glven by, 1 = 82/4D.
It 1s to be noted that this result is the same as would be
obtained 1f the liquid film were of Infinite thickness, thus

attributing to the generality of the solution given by equation (6).

If for the same fllm thickness given above observation
times are now longer, then, transforming (6) for T(s):

KCo s A ]

r(s) = s X cosh y§ + sinh y§ (10)

and assuming that:

T e

e
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e
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3 : i
sinh y6 = ¥ + il§l~ ' (11)
‘ and
' - (y6)2 -
) cosh ‘)’6 = 1 + > _ (12)

inverse transformation may be Carried out giving:

5D 6%e” o 8 (3K g) — 3Dt+
6 e 8% + e ~ B(3KFE)

6D 6D

Teking the first term of the series given in (11) and using (12)
as 1s, one obtains:

= — _ _2DbT
I(t) = KCo (1 — exp 5+ 2K6) (1%)

A still simpler expression may be obtained when the first

. term of both of the series given in (11) and (12) are used.

Thus: _
I(t) = KCo (1 — exp — 25) ' (15)

Equations (9) and (13) are the complete solutions
for this particular diffusion adsorption process. They

. progressively characterize a pure diffusion then & diffusion -

adsorption process. The transition between these two behaviors

- 1s particularly evident in equation (13) where it may be

seen that the first exponential term contains only diffusion
parameters, where as the second contains both diffusion and
adsorption parameters. For relatively thinner and thinner
£ilms equation (%) is valid for only very short times,

becoming effectively nonexistant for the thinnest films.
Equation (13) may convenlently be replaced by (14) and then
(15) for the thinner films indicating, as might be expected
that the electrode surface becomes saturated with the adsorbing
species more rapidiy as the electrolyte film becomes smaller.

b) Iow coverage, finite adsorption rate: This case 1s of
grester interest here since 1t has been reported*” that the .
rate of hydrocarbon adsorption is relatively slow. To
integrate equation (2) the same initial and boundary conditions
as those used previously will be assumed to be valid, except
for the following:
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' k
X=6,t>0 c(a,t)=_Kg,d(1;§t)+rK§t).
' t

In addition, equation (5) 1s also employed.

Iaplaceé traﬁsformation results in an equation of the same.
form as that given in (6) where y = s/ 2/D* 2 and,

Ky 4 S)D
x—L—rl—d i

B kd S

Inverse transformation using the simplifications glven in

(7) and (8) results in equation (9), which 1s to be expected.
Using the serles expansions given in (11) and (12) the following
equation results: :

S -mt -nt
, = __mn e _ e .
T(t) = KOo [1 — 7= ( =% = /] (16)
where
’ 2 2 2 ' 2 :
m 6D% + 3D§ kg + 6D6de - (6D + 3D§ ky + 6D6de)2
= : i —
n 6D6% + Kk,48° ' + Z 6D&? + Kk 6°
2
24D kd 1/2
3D§2 + de63

Finally the serles expansion used to obtaln equatlon (15) gives:

Dkdt

I"(t) = KCo [1 — exp — m] (17)

It may be seen that essentially the same comments
as those glven earlier concerning the effect of the time of
observation and the f1lm thickness apply here. The main
difference occurs of course 1in the time constant of the diffusion
coupled adsorptlon process.

The analyses given above are of a very general nature
and indicate that 1t may be possible to determine kinetlc parameters
specific to the adsorptlon process of any gaseous reactant. The
experimental conditions may be chosen so that the simplest of the
equations may be valild for most of the observatlon time, thus

— e e me o N e

T

T ——

=

=
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facilitating the final calculations. In addition a theoretical
study which will be presented elsewhere for the case in which the
1liquld film is initially saturated with.gas shows that the equation

valid for times during which equation (9) holds may be used in

the calculation of F( ) thus increasing the number of simultaneous
equations. : :

EXPERIMENTAL TECHNIQUE

The exploitation of .the equations given above

necessitates an experimental determlnation of the amount of

reactant adsorbed on the electrode after a glven exposure
time. This 1s most easily done by applylng a potentiostatic

" pulse to the system once the electrode is immersed in the

liguid. Integration of the resulting current-tilme curve.
allows T(t) to be evaluated. Error due to double layer
capacity current 1s greatly minimilzed because of the
potentiostatic nature of the experiments.

: The actual experimental cell will only brilefly
be described here. A detailed description will be given
elsewhere. The electrode under study 1s placed in a non
conducting disc, such as plexiglass of teflon, making up
only a small portion of this so that the time between initlal
and complete immersion of the sample 1s negligible compared to
the disc rotation speed. The level of the electrolyte 1n the
cell may be varied so that many different exposure times may be
obtalned. Provision is made to vary the film thickness by means .
of a windshield wiper type arrangement. In addition it 1s possible

‘,to dry the electrode with a suitable hydrophilic material. A
- platinmum counter electrode of large surface area 1s placed so
that the working electrode is 1n a uniform potential field. Two

auxlllary electrodes are placed in the cell such that any gas
which enters the electrolyte is immediately oxidized, thus

ensuring that the liquid film initlally contains no gaseous
reactant. A gold reference electrode found to be suitable for

this work, is placed approximately 0.1 mm from the sample

allowing potentiostatic conditions to be obtained rapldly. A
saturated calomel electrode is also placed in the cell for standard

" comparison purposes.

The electronic circuilt iS.ShOWn in Fig. 1. The’
potentiostat P is a Tacussel PIT type having an amplifier rise

. time of about.30 nsec. In the work described below typlcal

in clrecult rise times are of the order of 700 nsec. The ’
oscilloscope employed 1s a Tektronix type 555 having a dual beam
and a dual time base. Plug in unit L is used to record the
potential-time transient across the working electrode, W, and

the reference electrode, S. Plug in unit D is used to record the
current-time transient across resistance R. S, 1s a mechanlcal
switch which operates as the electrode totally enters the solution.
It serves to close the battery circuit which activates the
mercury wetted Clare relay, Sz, thus allowing the pulse to be
applled Tt also triggers the oscilloscope slightly before the
relay closes due to its approximately 2 m sec. reaction time.
Proper synchronization of the two time bases allows pulses of the




-74 -

type shown in Fig. 2 to be obtained. C 1s the countér electrode.
ETHANE - ADSORPTION -

" To illustrate the method described above a preliminary
study was made of the adsorption of ethane on a platinum
electrode. Ethane was chosen since 1t 1s a relatively simple
hydrocarbon and because 1t shows significant activity at low _
temperatures. In addition it has been studied by other workers35 %7
thus allowing comparisons to be made.

The experiments were carried out using 5N phosphoric acid
prepared from reagent grade acld and triply distilled water.
The electrode was highly polished platinum of 0.5 cm?® area. ZEthane
is obtained from "Socidte Air Liguide” and is of 99.99% purity.
A11 measurements were made at 259 +0.2°C.

In order to ascertain that the quantity of current
measured is actually that due to the adsorbed ethane pulses
were applled to the system in an Argon atmosphere. The maximum
pulse voltage always attained the same value as that employed
for the ethane oxldation although the voltage difference was
variable. This correction is rather important since there 1s a
considerable amount of faradaic current even in the so-called
double layer region indicating that the platimm electrode is
certainly not inert. The difference between the current-time
traces 1n argon and ethane may be seen in Fig. 3.

The (shaded afea Fig. 3) charge, QE’ corresponding to

various ethane adsorption times is shown in Fig. 4. It may be-
seen that the adsorption times are relatively long, however, they
follow to a good approximation an exponential curve. This would
appear to lndicate that the theory given above is obeyed. However,
integration of equation (1) taking C(6,t) = const. would also
lead to exponential time behavior. In order to declde between pure
adsorption control; or coupled diffusion-adsorption control
experiments were carried out in which the film thickness was varied.
In every case and even for the longest adsorption times QE depended

upon the film thickness. It thus appears that the adsorption of
ethane is partly diffusion controlled even when relatively thin films
are present. It is to be noted that this does not indicate that there
would be a limiting diffusion controlled current for all overpotentials
in steady state fuel cell operation. It does, however, indicate

that diffusion contributes to some extent to the total observed
polarization and that higher hydrocarbon solubility would

greatly 1ncrease performance.

It has been shown®° that knowledge of the evolution
of open circult potential with adsorptlon time can provide
Information concerning. adsorptilon especially 1f surface conversion
exlsts. The experiments performed here give thils data.
Analysls of the potential-time curves for different exposure
times indicates that the observed voltage difference is a
direct measure of the equilibrium potentlal since the voltage
base line varies with adsorption time and, because of the set up
of the electric circuit, can only be due to different equilibrium
potentlals. A typical surve is shown in Fig. 5. It may be seen
that there appears to be a slight arrest in the curve after
approximately 10 min. exposure time. This function is & measure of
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the extent of electrode surface coverage and indicates that

there are probably two surface species one corresponding to low
coverages and the other to high coverages. They are very probably
related to the two peaks observed in the voltage sweep experiments
used in similar studies and reported by Gilman®*7.

In order to examine the behavior of these surface
specles and to obtain some indication of the precesses which
follow adsorpticn it is then necessary to examine the current-
%tme.curve obtained after application of the potential step

unction. : '

The first observation 1s that it appear falirly
evident that the charge transfer and desorption processes
take place much more rapildly than the adsorption and '
conversion processes. These latter then comprise the global
rate limiting steps in the oxidation of ethane at these
temperatures and indicate the importance of catalysis in this
process.

Exploitation of the current-time curves may be
carried out in the following way. If the current is due to
the concentration of surface species then this should be an
exponentizl functlon of time, thus:

1 = A exp — Bt (18)

where A contains electrochemical and proportionality constants
and B8 represents the time constant for the charge transfer and

"desorption process. Semil logarithmic plots of the current

time curves obtained 1n the presence of ethane show good

linearity after the first 100 p sec. No such linearity occurs for
the curves obtained 1n an Argon atmosphere. These results
indicate that diffusion control 1s nonexistant.

Fxamination of eguation (18) shows that the intercept
of the semi logarithmic plot should result in consistent
values for the same surface specles (taking into account
surface concentratlion and overpotential).

Two sets of va ues were obtained corresponding to
low and nhigh coverages (See Fig. 5) indicating the presence
of two surface species.

The study presented above 1s a preliminary one serving
t¢ give some indication of the potentilalities of the method
described in this work. It may be seen that a large variety
of data may be obtained and that 1t is Indeed possible to
separaie e two global processes occurring in the electrochemical
oxida:iion of nydrocarbons. The results obtained are less
arbiguous and it is hoped that future work will elucldate the
phenorenon of calalysis in electrochemical processes.
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LIST OF SYMBOLS

T(t)

c(X,

erfc
erfc

T(s)

Co

s)

Surface concentration of adédrbing species at time t.
Maximum surface concentration of adsorbing species.
Adsorption rate constant.

Desorption rate constant.

Concentration of adsorbing species at electrolyte—'
solid interface.

Concentration of adsorbing specles at a point X
wilthin the liquid film.

Diffusion coefficient of adsorbant.

Liquid film thickness and coordinate of electrolyte
solld interface.

Point within liquid film.
kT /ky-
Laplace transform parameter.

Concentration of adsorbing species after Laplace
transformation at a point X within the liquid film.

Error function.
1 — erf.

Surface concentration of adsorbant after Laplace
transformation.

Initial gas concentration.

Charge corresponding to ethane surface concentration.
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‘Fig. 1 — Electronic circuit for appliéation of potential-time
step functions. ,

Fig. 2 — Upper curve : potential-time trace.
- Lower curve : current time trace. Horizontal
axis 1 m sec/cm, vertical axis 50 mv/cm.
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Fig.- 3 — Current-time traces for Argon and ethane. Shaded . i
area represents Qg.
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Fig. 4 — Variation of ethane surface coverage with time
in adsorption phase.
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ELECTROCATALYSIS AND HYDROCARBON OXIDATION
"A. T. Kuhn, H. Wroblowa and J. O'M.‘'Bockris

" Electrochemistry Laboratory
University of Pennsylvania
. Philadelphia, Pennsylvania 19104

'EXTENDED ABSTRACT

An attempt is made to correlate the catalytic activities
-and physical properties of noble metal electrocatalysts, using
ethylene oxidation at 80°C, in 1 N sulfuric aclid as a test
reaction. Relative catalytic activities are measured by a

. comparison of current values at an arbitrarily chosen potential.

A correlation was found between catalytic activitj and
both Latent Heat of Sublimation of the metal (L_), which according

to Pauling's formula reflects the adsorbate-adsdrbent bond strength,

and also the number of unpaired "d" electrons in the metal. Both
of these parameters gave a 'volcano" type relationship, when
plotted against reaction rate.* (Figs. 1 and 2) ’

o .- In both cases, Pt lay at the peak of the curve. Values.
of L, for alloys were computed by assuming additivity of the L
valugs of the components. Values of n_, the number of unpaire

- "q" electrons, were obtained by using the values obtained for the
- first Period of Transition metals, and again assuming additivity
in the case of the alloys. : :

. In order to interpret the above relationships, the
diagnostic criteria for mechanism determination were examined,
and information on adsorption of, ethylene was obtained elsewhere.?®
The results are shown in Table 1, A and B.

0xygen coverage on the noble metals has been shown® to
be proportional to the number of unpaired "d" electrons, and
similar behaviour might be expected for ethylene. Thus on Gold,
ethylene is known to be very slightly adsorbed!, while on
Platinum, the saturation covera%e is that amount that miéht be
predicted on the basis of 0.55 "d" electrons per Pt atom®. The
apparent weak adsorption of ethylene on Rhodium, appears to
result from competitive adsorption with oxygen, which is known
to adsorb more strongly on this metal than on Pt*. The presence
of less than 10% oxygen coverage is known to inhibit adsorption
of organic speciesS. :

* The almost identical behaviour of Au and Pd (see Table I A)
suggest that under the conditions of the experiment, hydrogen
or hydrogen containing species are absorbed in the Pd, thus

“filling the "d" band vacancies.

P P
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Table I A
Metal Tafel Slope igoo d log ‘i dlog ‘i | Reaction
. ’ Prod
(mv) P, dpH roducts
. -6
Platinum 140 5x10 -0.2 o €O,
) . ‘7 oo Q
Palladium 190 2x10 +0.5 0% 50% CO,
: balance
aldehydic
{ Rhodium 160 1x10”7 +0.5 0 co,
s : -7 '
Iridium 160 3x10 +0.5 0 CO,
Gold 200 %1077 +0.5 0% As Pd
) s -8
Osmium - <1x10 +? - -
. -7
Ruthenium . 165 Ixio ° . + ? - -
3 -8 ' .
Silver - 5x10 + ? - -
-8 :
Mercury - <1x10 + ? - —
1600 denotes current at 0.6 volts vs R.H.E.
0% denotes that pH effect was zero in the range pH = 0 to 4.0. The
reaction.did not appear to proceed in alkaline solutions
- denotes parameter not measured due to experimental difficulties
+ ? denotes positive pressure effect of unknownmagnitude
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Table I B

Alloy Tafel Slope igoo d.i/d.Pét
Pd-Au 9

20-80 At% Bx10_,

uH-54 AtS 2RT/F 3x10_, tvevp
78-72 At% Lx10

_Rh-Pd =

25-75 At% 7.0x10” ¢

50-50 At% 2RT/F 1.5%10_ +vn
75-25 At% : 3.0x10

Cu-Rh ) -6 _
'10-30 At% 2RT/F 4,0x10 +vevn
Cu-Au _7

25-75 At% — 1x10 i
Pt-Ru 7

80-20 At% 8x10°

50-50 At% 2RT/F 5%107 tve
Pt-Ni 7

85-15 At% IRT/F 4.0x10 —_—
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In the case of Platlnum, prev1ously described by?, the
following mechanism was suggested

C2Hs - CzH*ads ' o (1)
H20 ~OH' + H'+ e L (2)
‘CoHagq  + OH = C2HeO '+ H' + e, (3)

" where step (2) was rate determining. This mechanism is obviously
" not applicable to other metals, where a positive fractional order
~ of reaction with respect to ethylene indicates that an adsorbed

organic species is involved in the rate determining step. In
order to interpret the observed empirical rate equ&tion.

1= x fW/RT /0o 0.5 (1)
Two mechanisms are proposed.
I. Radical Attack

. In this mechanism, the sequence suggested ‘above still
applies, except that step (3) is now rate determining. Such a
mechanism would give rlse to an equation such as the above if
coverage with OH® or 0°° were to change linearly with potential,
as is often the case. The change of rate control from step (3)

'In the ‘case of Au to step (2) for Pt and back to (3) for Rh, and -

the various fac¢tors controlling it, are considered in Table II.

TABLE II

strength

Metal-ethylene

bond strength

Parametric Foward Rate of (2) Forward Rate of (3)
Change
" Increase in eOH decreases increases
Increase in eeth decreases increases -
Metal-OH bond : rises to max,
increases

then decreases.

rises to max,
then decreases.
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Thus an optimum value exists, lying between the extremes of weak
adsorption (not true chemisorption% and strong adsorption (immobile
species, metal-adsorbate bond hard to break). The rate of step (3)
will be highest on catalysts with high coverages of both adsorbed
speciés, and intermediate values of bond strengths. It seems that
Pt fulfills these conditions, having however a relatively slow. rate
for step (2) owing to the high coverage of ethylene.

: . This accounts for step (2) being rate determining.. On
. gold, very low coverages and low bond strengths of adsorbed
radicals result in step (3) proceeding slowly. The same istrue

" on Rhodium, again because of very low ethylene coverage but also

. because of the much higher Metal-Oxygen bond strength. In both
cases, step (3) becames rate determining. The weakness of the

. Metal-Organic chemi-bond in the case of gold, is the probable
reason for desorption of intermediates such as aldehydes, as
opposed to the complete oxidation to COz observed on other metals.

IT. BElectron Transfér from Organic Species

In this second possible mechanism, which has already been
proposed for many oxygen containing organic species (6), the
sequence is: . ‘

‘ CoHs ~ CZH‘*ads (l)
4 CzH"’ads - CzHé +H +e ' (2)
CoH3 + Ho0 ~ C2HaO + B +e . (3)

Such a mechanism is possible whenever zero Or positive pressure
-effects with respect to concentration of organic species are
observed.

An attempt to distinguish between mechanisms I and IX
is presently under way, involving H/D isotope effects.
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Catalytic Electrodes for the Anodic Oxidation of Propane
J. D. Voorhies, -J. S. Mayell and H. P. Lendi

- Central Research Div151on, Americen Cyenemid Companv
Stamford, Connectlcut

The complete 'electrochemical oxidation of simple hydrocarbons such
as propane to COp, protons and electrons can be accomplished in squeous
electrolytes with the proper combination of cetelyst end tempersture (1, 2).
In fuel cell applications, an acidic electrolyte is usually required to reject
the CO, produced at the anode, and & moderate temperature in the range of 100 to
200°C is necessary for an apprecigble anode reaction raste. Under these conditions

of temperature and scidity, anodic and chemical corrosion of electrocataslysts can be -
severe.

These adverse corrosion conditions limit the choice of electrocatalysts.
In this investigation, some noble metals of Group VIII as pure metels, binary
chemiczl codeposits and chemicelly reduced deposits on conductive substrates are
considered. The object of this study was to evaluate the contribution of the

chemical.-and physical properties of these electrocatalysts to their activity in the
direct propane anode.

Two conditions of electrolyte and temperature were chosen, namely 85% H4PO,
at 1k0°C and 3N Hp804 at 95°C. Under the first of these conditions, propane has shown
a2 level of act1v1tv elmost sufficient for practical fuel cells. The second set of
conditions represents an objective in terms of reduction of genersl corrosion, better
conductivity and possibly a superior oxygen electrode for combination with the hydro-
carbon anode. Unfortunately, the temperature coefficient of the propane anode current
going from 150 to 95°C is so large that the meximum anode power {milliwastts em=2)
Taridly drops below 2 practicsl level. Anodic measurements in 3N H5504 have been
useful, however, in eveluating electrocatalysts, principslly because of a very
characteristic. limiting current density.

Experimental

All test electrodes consisted of a polytetrafluoroethylene (PTFE) bonded
catalyst layer similar to those described previously (g, E), a porous PTFE backing
and 8 45 mesh platinum collector screen. These three layers were compressed into

a laminate as shown in Figure 1. Propane gas was fed through the electrolyte impermesble

becking to the cetalyst lsyer. The enode reaction occurs in this layer by virtue of
intimete contact of reactent gas, liquid electrolyte and solid electrocatalyst. The
collector screen serves to carry the current from the electrocatalyst to the extermal
circuit.

The test cell was a spontaneous propane/oxygen cell opereting under
controlled resistive load. Anode potentisls were measured with respect to a hydrogen

reference electrode 2t room temperature using the same electrolyte as in the test cell.

Connection to the test cell wes mede through e bridge end cspillery system shown in
Figure 2. Potential reedings were obtained sfter three minutes at each resistive

loed setting. In the region of the limiting current observed in 3N Ho2504 et 95°C,
these potentiel resdings were unstable. Limiting currents meesured by & potentiostatic
technicue using the Wenking 61R potentiostat agreed well with those measured by the
controlled resistive load technique.

e i e e e e e T
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A careful procedure for operation of these enodes wes estsblished in
order to provide meeningful and reproducible velues of esnode potentisl end
limiting current density. This involved reproducible preparation of the electrodes,
rretreatment of the anodes consisting of high rate anodic oxidetion of propane
folloved by open circuit equilihration with propane to an anode potential of ebout
+0.1 volt versus the hydrogen electrode, adjustment of the propane flow rate end
careful positioning of the potential messuring capillary at the center of snd
touching the collector screen. The cell contained e volume of electrolyte sufficient
to provide waoter for the anode reaction and maintein a constant electrolyte compo-
sition. The reproducibility of enode potentials was sbout + 10 mv end of tfe
limiting current densities. +1mh cm? :

Cetalyst Preparation

Borohydride reduction of the chloro complexes of the noble metels wes
freguently used to prepare, catalysts. S to 10% soueous solutions of NaBH, were
added dropwise (3 to A ml/min) to solutlons of the noble metals. In generel, the
reductions were carried out with the meximum possible dilution of the equeous reasction
mixtures and maximum rate of addition consistent with the size of the samples to be
trepa-ed. - For deposition of platinmum onto a conductive support, the suppvort meteriel
wes first suspvended in water with stirring. Then & solution of chloroplatinic scid
wes added and allowed to contect the suspension for abont 15 to 30 minutes prior to

~the initial borohydride addition. A1l finished cetalysts were washed cerefully to

remove residual salts.

Anode Polarizetion at Platinum Bleck

Anodic potential versnus current density plots which are representetive of

the behevior of platinum bleck/provane are shown in Figure 3. 1In 3N Ho504 et 05°C,

well defined limiting current density of 28 mA em=? (reometr1c current density) is
ooservcd for 20 mg cr=2 of platinum black. However, the situation is not typicel
in thet 2 repid decrease in anode current is observed when the enode potential attsins
values ahove + 0.6 volt versus H.Z. In this region pletinum surfece oxide formetion
mey inbibit the propane anode process (2). The limitine currents cited herein refer
to the point at which the anode potential chenges hy more then sbout 0,1 volt per
1 mt em=2 change in current density.

The source of the limiting current in 3N H550, is believed to be some
step in the electrode surface process rather than mess transport of propane to the
surfece. A diffusional limitation would be zpproximately described by e molencstnon
of the Wernst diffusion layer equetion (4),

= nFCD
H
where
ig = diffusion limited current density (A cm-2)

D

diffusion coefficient of propsne (cm=2 sec~)
§ = diffusion lzyer thickness (cm)
n = Faradays vper mole = 20.

Since the reel electrode arez is about 400D times the geometric sres by an electro-
chemicel measurement of surface zree (7), &and estimetes of C and D are 2 x 10-7
moles/ce and b x 10-5 eme sec=! respectively, the estimeted diffusion layer thickness
for igq = 283 mA em=2 is 2 em. This is obviovsly too thick by about two orders of
megnitude. The conclusion is that the limiting current is not diffusion controlled
in 3N HnSO4 2t 05 C.
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In 85% H3PO4 at 140°C, the anode polarlzatlon curve shows no’ 11m1t1ng
current. in the region of spontaneous discharge of the propane/oxygen cell
(< 200 mA cm-2)., The anode potential:st 20 mA em=2 provides a meaningful figure
" of merit for an electrocatalyst and is used a&s such in Tebles I and II. A polari-
zation curve for the oxygen cathode in 85% H4PO, at 1L0O°C is &lso shown in Figure 3.

Unsupported Noble Metal Cata;lsts

Several platinum group noble metal catelysts as single metasls or borohydride
reduced binary codeposits were subjected to anode polarization tests. The results
are shown in Table I. BET surface area measurements are included to show that the
source of variations in performance is generally not the gross surface area of the:
catalyst. It may be argued that there are large differences in the real electroactive
area for propene oxidation which account for the observed differences. This reasoning
is difficult to refute without futther studies, especiallybof propane adsorption.

In Table I, platinum is the most effective of the single noble metal catalysts
while a codeposit of 75% platinum, 25% rhodium is apparently more active than either of
the pure metals. However, borohydride reduction does not produce a black as active as
those obtained fram Engelhard. For this reason, the absolute activity of the best
platinum-rhodium combination is less than that of the best platinum black.

Pletinum Deposited on Carbides and Grephitic Carbons

The borohydride reduction of platinum onto the conductive substrates,
grephite, titanium carbide and tungsten carbide produced catelysts with moderate
activity for propene as shown in Table ITI. These supports were chosen for their
electrical conductivity (o = 10-1 to 10-3 ohm cm when measured on compressed powders ),
corrosion stability and the possibility of cocatalysis.

The generzl effect of the conductive support is to improve the utilization
of platinum at low loadings between 2.5 and 7.5 mg cm=2 of platinum. If there is a
specific cocatalytic effect of the substrate, it is not large enough to be obvious
from the data in Table II. A conductive support is necessary at low levels of
platinum, as the utilization of unsupported platinum is already severely limited at
- 10 mg cm=2,

The surface area and conductivity.of the support are no doubt very criticel,
but commercially availeble carbides do not present s wide choice of these properties.
Two sets of titanium and tungsten carbides were studied, I -325 mesh TiC and WC and
II, 3-4 micron TiC and 1- 1.2 micron WC. The surface areas of these materisls are
somewhat snomalous in that the large particle size TiC (I) nas a higher specific ares
than the smaller sized meterial indicating a difference in perticle structure. Never-
theless, platinum caetalysts prepared from gll of these supports have similar act1v1t1es
with the WC supported meterial showing poor performence in hot phosphoric acid.

Graphitic carbons appear to be promising supports providing one can be
found with sufficient stebility to chemical and anodic corrosion. Stackpole 219XG
has shown some corrosion stability (8) Cyenamid  graphite has not been tested for
this property. The relatively high surface area of the graphites allows a better

distribution of metsl catalyst than is available with the titanium and tungsten carbides.
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Discussion

Owing to the corrosion limitastions imposed on electrocatslysts for propsne
in hot &cid electrolytes, the initial phase of this research effort has been directed
towsrd metals of the platinum group. .However, there are trensition metals outside
of the pletimum group which have good corrosion stebility, and there may be & number
of binary or multicomponent glloys which have much better corrosion resistance then
their pure metal constituents. Beyond chemical end anodie corrosion resistance, the
problem is to find a catslytic source property or properties such as the proper :
1) electronic configurations and energetics, 2) lattice spacings or 3) oxide coverage
end structure. Unfortunately, the simulteneous combination of an effective catalytic
source property with corrosion resistance is not easy.

The electrical conductivity of an electrocatalyst for & fuel cell electrode
is & very critical problem. TFuel cell electrodes should be thin &nd are required to
carry very high current densities, Under these conditions, it is necesssry to have
excellent electricel conductivity from a catalytic site to & collector point in the
electrode structure. It is remotely possible that & non-conductive cetalyst could
be useful throuch catelysis of a purely chemical step in the electrode process, but
this requires extremely efficient and repid migretion of intermediate species between
conductive and non-conductive sites, & condition which is unlikely for complex hydro-
carbon anode reactions. A possible exception is the case in which & non-conductive
catalyst in the electrode promotes & low temperature weter shift reaction of the

‘hydroce>bon or one of the intermediastes to produce hydrogen which would theun serve

as the active fuel. :

) The future of the direct hydrocarbon gnode for fuel cells depends on
significant improvement in one or more of the following areas:

1) better utilization of pletinum or platinoid metals
2) new non-vlatinoid catalysts
3) new inveriant electrolytes

Optimizetion of electrode and cell design is of great importance, but the catelyst
and electrolyte problems remain the fundamentel problems to be solved.
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THE ADSORPTION AND OXIDATION OF HYDROCARBONS ON NOBLE METAL ELECTRODES
Part II.-PROPANE ADSORPTION ON SMOOTH Pt AT ELEVATED TEMPERATURES

by ' , ‘
S. B. Brummer and M. J. Turner

Tyco Laboratories, Inc.
Bear Hill . !
Waltham, Massachusetts

I. INTRODUCTION ‘

. The over-all aim of the present series of papers is to
prov1de the basic scientific understanding of the functioning of

a noble metal hydrocarbon anode. To this end, a study has been

reported of the chemisorption of CsHg from 13M HsPO, solutions onto

smooth Pt electrodes®. 1In that work, measurements were reported for |

experiments made mainly at 80°C but some data were also taken

at 110°C. In the present work, the previous experlments have

been extended to 1R0°C, which is close to the region of effective

operation of a hydrocarbon fuel cell®. As will be seen, most of

the conclusions of the previous work can be carried over to the J

higher temperature region although some modification of the views on the /
structure of the residues which are adsorbed is obtained from the - ,

experiments presented here.

- IT. EXPERIMENTAL

Most of the experimental procedures have been descrlbed -
previously*’®’%°> and only the essential parts will be described
here.

Experiments were carried out at 110°, 130°, and 1%0°
(£0.5°C) using electrolyte solutions of 13M HsPO, purified with
H202! saturated with Nz or CsHg, as required. The electrodes were
Pt wires sealed in soft glass or, in experiments where very good
-approximation of semi-infinite linear diffusion was required, they
were small flat flags. The electrodes were heated in an oxidizing
" gas flame, before use, to minimize surface roughening in the
concentrated acid!. Potentials were measured agalnst the
autogeneous Hp reference electrode described by Giner® and converted
Fo the reversible hydrogen electrode in 13M HsPO, at each temperature
R.H.E

Unless otherwise stated gcf Glossary of Symbols), our

results are expressed in terms of "real cm® A real cm® is defined
in terms of the maximum cathodic galvanostatlc charge for depositing
H atoms on a clean electrode prior to He evolution. It is assumed
that this quantlty, after correction for double layer effects, is
210 p coulomb/cm® (see reference (%) for a discussion of this point).
Thls value of 210 p coulomb/cm® is taken as the reference value of
Qg at each temperature (cf. ref. (1)). A "clean electrode" is defined

one which has recently been anodized according to the procedure
described below.
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The basic experimental technique used in this study, as
before?, involves the rapid sequential manipulation of the.electrode's
potential so as to bring its surface, and the solution in 1ts_
vicinity, into a reproducible and well-defined condition. This
method has been used extensively by Gilman’ and the majcr departure.
from his procedure is the use of a galvanostatic pulse rather than a
linear potential sweep to sample the surface. Prior. to each.
measurement the electrode potential was raised to 1.35v. This a}lows
the oxidation and desorption of adsorbed impurities and results in

“the formation of a passive oxide layer. During the first part of

this treatment (1/2 min.), the solution in the vicini@y of_tbe electrode
is vigorously gas-stirred to sweep away any desorbed impurities.

Then the solution is allowed to become quiescent to establish the

bulk concentration of CsHg at the electrode (its reaction rate at

1.35v is very low). The oxide is reduced at 0.1lv for 10 — 100 msec.
and, since nc CsHg is adsorbed at 0.1v (see later), this brings the
electrode into a clean and reproducible surface condition. The
electrode is then brought to the potential of interest, E, for a

time Tgr. Then an anodic or cathodic galvanostatic pulse is

applied to sample the surface. This potential sequence is shown
in Fig. 1. :

To assist the presentation and discussion of the data, the
symbols used in this paper are summarized in Table I.
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III. RESULTS AND DISCUSSION

Anodic Charging Curves o J

In situ anodic stripping is one of the most- direct and ‘
obvious methods of attempting to measure adsorption on a solid ) 1
electrode and it has been used wildely in the study of adsorption of
organic substances on Pt (see, for example, references (3)-(5) and
(7)-(12)). A considerable problem for smooth Pt electrodes is that 1
at anodization rates which are fast enough to prevent significant ]
readsorption during the pulse the oxidation of the adsorbate is 1
usually pushed into the region of electrode oxidation. This . .
-complicates the interpretation of the charges obtained with anodic
pulse methods. 1In addition to a charge, Qelectrode’ due to oxidation ’

"of the electrode, some charge, le, also flows into the double

layer. Charge may also be consumed in oxidizing material which
. CsHeg
diffuses up to the electrode during the pulse,Qdiff . The total ‘

anodic charge under CsHs in the potential region prior to Oz-evolution

(cf. Fig. 2), (QEEBS%C)CSHB, is then
CsH : ' )
total \CsHs _ 38 CsHe i .
) - Qads + Qelectrode + Qdiff + le (1)

.(Qanodic

.The quantity of interest 1s the charge passed in oxidizing previously !

e . . . !
adsorbed CsHg, Qggga, and it is clear that to_determine it we must T
measure or eliminate the other quantities in equation (1). ’
CaHs
Qdiff is small or negligible since we find that if Tads is
short, viz. < 5 msec, so that an insignificant amount of CsHg 1is
e total \C . total N .
adsorbed, <Qanodic) sHs is the same as <Qanodic) 2, Evidently, even ‘
‘at elevated temperatures which are close to those obtained in a
. hydrocarbon fuel cell®, CgHg must be adsorbed before it can be
oxidized and, as will be seen, there is no adsorption in the
potential region of the anodic pulses (cf. Figs. 2 and 8).

Since is 1likely to be relatively minor the major
1

problem is the elimination of Qelectrode' In order to investigate

a method of doing this, CsHg was adsorbed for 10 sec. at 0.3 v at

130°C and (Qggggic)csHB was measured as a function of the current

density, ia' This variation, is shown in Fig. 3 together with

corresponding measurements made at 10 msec at 0.3 v under Nz. It
is seen that although both quantities depend strongly on ia,.their

difference is independent of ia over more than two orders of magnitude.

The simplest way to account for this behavior i1s to assume that
Qelectrode T le are the same in Nz and CsHs. Then, as before (1),
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CsHg

total \CsHs total \Na _ '
( anodlc) - Qanodlc> = Qads : (2)

The independence of the above difference on iy could also be
explained by assuming that (Qelectrode + le) varies with i,

but that previously adsorbed propane is desorbed during the
measurement also as a function of ia' These two effects would

then have to be assumed to cancel when ia is varied. This is

most unlikely as the kinetics of these processes should vary
r%ther differently with temperature and the non-dependence of
SHB

. Qads on i_ is known to occur at least from 80° to 1%0°. It

a
seems clear then that: the anodic charging method does give an
accurate measure of the amount of ox1dlzable, adsorbed material.
Subsequent measurements were made in the range of currents from
100-200 mA/cm® as was convenient.

Adsorption Kinetics at 130°C from Anodic Charging Curves
: Cals ‘
The variation of Qad with time of adsorption at

various potentials is shown in Flg 4, The data were obtained

total )
anodlc ads
and subtracting the extrapolant from each of the values. This is

8 .
data to T = 0 at each potential

" more accurate than the above procedure of subtracting the 10 msec

CSHB ’ 1/2 -
values. We see that Qads increases with Tads independently of
potential and, as at 80°C (1), this suggests that the initial
adsorption onto a clean electrode 1s limited by diffusion in
solution.

Assuming semi-infinite linear diffusion, with no
retarding effect on the adsorptlon due to blockage by adsorbed
materlal the accumulatlon of material on the electrode is given

by*? 1/2
- (e}
CsHg | 150 ]

Qads - on F l. CgHg 0150 1/2

CoHa Tads coulomb/geom cm?. (3)

~The cver-all reaction of CaHg to COz has been shown to be**

CsHg + 6H20 - 3 COz + 20 H' + 20 &~ (%)

and n should therefore be 20. There is convincing evidence, both
from earlier results® and from those given below, that n is 17
rather than 20. This assumes that the initially adsorbed material
is propane which has lost about three H atoms upon adsorption and
which is oxidized to COz at high positive potentials. This
argument also assumes that there is no turnover of adsorbed

. o
molecules, i.e. no desorption. Then taking Cézgs as 6.8 x 1078

moles/cm® 5, and since the measured electrode roughness
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was 2.0, we may use the initial slopes of Fig. 4 to calculate

o . .
. Dézge as 5.0 x 107% cm®/sec. . The value previocusly found at 80°C

was 1.47 x 107° cm®/sec. Using Walden's rule, these predict

. - - : o
11.8 x 10°° cm®/sec. and 9.3 x 10" °® cm®/sec for DégHe in H=0,

. (e} .
respectively. These are reasonable. values for DggHsand in

reasonable agreement with one another and they substantiate the

conclusion that diffusion limits the initial adsorption on
. clean Pt. -

As before, the rate of accumulation of adsorbed
material on the electrode soon departs from diffusional
limitation (Fig. 4). This occurs after about 6 sec, 2 sec and
0.4 sec at 0.22, 0.3 and 0.4 v respectively and takes place
faster than at 80°C where the effect at corresponding potentials

is. significant after ~ 20-30 sec, ~ 10 sec and ~ 3 sec respectively.

. As can be seen from Fig. 4, the concentration of
oxidizable material becomes constant within 2 min. The values of
CaHg ' A .
Qads in Fig. 8 were thus taken after 2 min. of adsorption.

Adsorption Kinetics at 130° from Cathodic Charging

The purpose of cathodic charging curves is to examine
the electrode surface for the presence of irreversibly adsorbed
residues. Since most of the present studies of CsHg adsorption
were carried out at potentials in or close to the region of H-atom
adsorption an additional potential step (1 - 10 msec at 0.5 v) was
interpolated in the potential-time sequence just before measuning
a charging curve. The purpcose of this step was to displace any
H-atoms, which might have been on the electrode at the lower
potentials, prior to depositing H-atoms on the bare part of the
electrode with the cathodic pulse. The duration of this step

‘ t Calls 1300 .
wvas shown not to alter GH or Qads . The variation of GH with

time of adsorption and with potential is shown in Fig. 5.

At 130°C, and at 0.3 v and 0.4 v, BE decreases with
T;ég at essentially the same rate at each potential. This

indicates, as did the anodic measurements, that adsorption is
initially }}gited by diffusion in solution. Data at 0.2 v also
follow a T relation but with a different slope. CgzHg is a
sufficiently complex molecule that its mecde of adsorption

cannot be assigned a priori. Thus, each molecule of the adsorbed
material could occupy one, two, three, or more Pt atoms on the
surface. In order to discuss these possibilities, we calculate

the diffusion-limited, adsorption rates for each mode of attachment.
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The observed rate of accumulation of CsHg is 1.42 x 107% coul/cmzéiecl{aé
sec
Since 1 em® is equivalent to 1.3 x 101> atoms Pt,. this corresponds i

N i 130° 1/2 .
tc 0.040 3 SH /sec , where 3 is the number of Pt surface atoms

occupied by each adsorbed CsHg molecule. (Strictly, this should be
0.040 8 5%%5 since n.is a slight function of S, cf. equation (5).)

The data at 0.3v and O.4v are well fitted by this equation for S ='3.
At 0.2 v, the data follow the equation for 1 site adsorption. It
seems then that the previous conclusions regarding the mode of
adsorption as a function of potential are valid at 130°C. The

S 130° 1/2 . .
linearity of the SH V8. T.4s plots over wide ranges of 6 with no

apparent effect from surface blocking, i.e. the absence of a (1-6 term),
is oXPlained in terms of a long lived mobile adsorption-precursor
state”. The main adsorption process appears to be chemisorption

but thelprecursor may involve a small quantity of physically adsorbed
material.

1/2
ads
after much longer times of adsorption than do the equivalent

departures of the anodic charging data. Thus, as 0.4 v, 0.3 v, and
0.2 v, respectively, sighificant deviations occur at ~ 10 sec, ~ 30

Departure from linearity of the eg VS. T plots occurs

sec, .and (probably) 100 sec as against ~ O0.%, 2, and 6 sec for the

anodic data. As long as the adsorption follows the lines in Fig. 5,
the rate of adsorption of CszHg molecules is essentially equal to
their rate of arrival at the surface, and the distribution of the
adsorbed molecules is as described above. However, when deviations
from the linearity of the cathodic data are found, the surface is
becoming covered with the equilibrium, or at least steady state,
concentration of CsHeg or related species at the particular potential
of measurement. That this occurs later than the time required to
Cng

. . . i/2
reach saturation as- judged by the Qads vs. Taés curves clearly

indicates that the anodic and cathodic methods do not measure the
same property of the adsorbate. This was noted previously and is
alsc discussed below.

Experiments with Cl~ to Investigate Variation in Mode of
Adscrption with Potential

. As noted above, there is a dramatic change in the mode
of attachment of CsHs to a Pt electrode as the potential is raised
from 0.2 v to 0.3 v. Thus, at all temperatures, each CsHs molecule
adscrbed at 0.2 v occupies one Pt surface atom and, at higher
potentials, more than one. At 80°C and at 0.25 v, the adsorbate
wvhich is initially attached to one site per molecule, appears to
chenge over to the 3-site species®.




-102-

. In order to account for the persistence of the 51ng1y-
bonded specles at 0.2 v, it is tempting to consider that the initial
‘adsorption occurs via a primary carbon atom of the CszHg since this
would be relatively unlikely to yield a 3-site adsorbate. Similarly,-
the adsorption at 0.7 v and above might be assumed to occur via the
secondary carbon atom. The variation of thé mode of attachment of
CsHs with potential can then be seen as essentially the attempt by
the electrode to act as an electrophilic substituent to the CaHs.
This explanation would gain in force if the potential of zero charge
were in the vicinity of the changeover between the two kinds of
adsorption.

- An alternative explanation to account for the observations
is to suggest that initial (l-site) chemisorption always occurs via
the more reactive secondary carbon atom but that further (milti-site)
adsorption requires the presence of high-energy adsorption sites on

the Pt surface. At 0.2 v, most of these are still covered with
H-atoms, at least initially. Thus, extensive l-site adsorption
occurs. Due to this l-site adsorption, H-atoms would be displaced
and, indeed, this is observed. However, by the time that this
occurs there is so much CsHg on the electrode that it is physically
impossible for the singly-bound material to revert to the triply-
bonded species. At 0.3 v, according to this explanation, almost

all of the required deep energy wells are available ahd the progress
from the l-point attachment to the 3-point attachment can proceed.

In order_to test these explanations, an experiment was
devized in which C1  ion in solution was allowed to compete for
the electrode with CasHg. The specific adsorption of C1 on Pt
is well known'®’'7 and this adsorption preferentially occupies
the deep energy wells on the surface. Thus, the characterlstic
H-atom adsorption region is depressed to lower potentials®®. oOn -
this rather oversimplified model one would expect that at, say
0.3 v, where the strongly adsorbed Cl~ successfully competes for
the deep wells with the CsHg, no deep wells will be available.

If the second theory above is correct, this should lead to l-site
adsorption of CsHe at all potentials. On the other hand the
adsorption of Cl~ clearly moves the potential of zero charge to
"more negative potentials and even at 0.2 v the electrode will be
anodic to the point of zero charge. Then on the basis of the
first theory suggested above, the adsorption of CsHg will occur
on -3 sites even at 0.2 v.

The results of this experiment are shown in Fig. 6 for
the adsorption of CszHg at 0.3 v and 110°C. Evidently, the normal
3~-site adsorption is progressively inhibited as more HCl is added
to the HaPO.. Also, the onset of chemisorption is considerably
retarded and, as expected, the final adsorption of the CsHs is
less than usual. In addition, it was found that at 0.2 v in the
presence of 0.17 mM HCl there was no change in the adsorption
kinetics. The results thus indicate that the second theory .
above is closest to the explanation of the variation of the mode
of adsorption with potential. However, the situation is somewhat
more complex_than is suggested by the above theories of the
effect of C1 . Thus, assuming that all the added HCl is

dissociated (which is hardly reasonable) and that, following
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Gilman*®, the rate of Cl~ adsorption is limited by solution diffusion
and that each adsorbed Cl~ ion occupies 1 Pt surface site, we can
calculate the times at which a monolayer of Cl” should be present
on the surface of the Pt. This is shown in Flg 6 for DCl— =2 Dc He’

which is based on the ratio of the known value of DCl_ at 25°C in
dilute solution'® and the value for DC5

see that particularly for the concentrated solutions of HClL the
surface should be covered with Cl~ before almost any CsHs has

been adsorbed. Thus it is difficult to see why increasing the c1”
concentration at this stage should make any difference. The

answer probably lies in the fact that 1n the presence of CsHs the
Cl does not have the electrode all to itself and the CsHg can
effectively compete at least for some of the sites. It is apparent
that when some Cl1 1is adsorbed some CsHg 1s adsorbed on 3=sites as
before and some on fewer sites. Thus the slope of the ech vs.
iég line is decreased although the accumulation of C atoms on the
surface is still governed by diffusion of CzHs.

He given previously. We

T

i Despite these difficulties, it is quite clear that the
model wvhich 1s favored by the experiment is the one based on the
active sites' occupancy with H atoms as a function of potential
and, tentatively, we can conclude that adsorption involving 3-sites
occurs with greater difficulty than the initial adsorption on l-site.
From the point of view of operating a fuel cell, 1t 1s not known

" which of the two species, l-site or multi-site, is the more reactive

but 1t is clear that we can modify the mode of attachment of the
CaHs by adding small quantities of appropriate anions to the
electrolyte solutimn.

Extent of Adsorption as a Function of Temperaturs and Potential

In Fig. 7 we show the coverage of Pt with 1rrever51bly
adsorbed material in CsHs-saturated solu+1ons as a function of
potential and temperature. (Data at 80° and 110° are from ref. (1).)
The data at 0.25 v or greater refer to the steady state but at
lower potentials the maximum adsorption has not been reached. This
is because (c¢f. Fig. 5) the accumulation of C atoms is very slow
(1-site) at low potentials. No attempt was made to obtain the
limiting coverage at these potentials since 1t was thought that
interference from adsorption of lwpurities would be considerable
at the long times that would be involved. For this reason, the
adsorption-potential curve has been represented by a dotted line
in this potential region. It is evident that CsHs adsorption
occurs between 0.1 v and 0.7 v, with a maximum at about 0.3 v.

The effect of temperature is small and within the experimental
error.
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The variation of the anodic charge with potential and
temperature is shown in Fig. 8. The values were taken aftér 2
min of adsorption. Here, the data are in the steady state and
it is evident that the adsorption increases rapidly from 0.1 to
~ 0.2 v and then slowly declines, becoming small or negligible
at ~ 0.7 v. As before, the effect of temperature is small.

It will be seen in the next section that the correlation
between the anodic and cathodic data is fairly good but we have not
attempted to express Ehe above adsorption data in the form of an
‘isotherm related to CCsHa since it will be made clear that the

material which is finally adsorbed on the electrode is not CsHes
as such. | : '

Final Structure of "Adsorbed Propane"

o . It was seen earlier that the anodic and cathodic adsorbate

vs. Téég curves deviate from linearity after different times of

-adsorption. In every case, at all temperatures and potentials, the .
anodic charge vs. T;dg lines curve off first while the cathodic

curves indicate that in fact adsorption is continuing at the
same rate. Previously! it was suggested that this results from
the partial oxidation in the adsorbed state of the originally
adsorbed material. Thus, less charge will be found in the
ultimate oxidative measurement of the amount of adsorption with
the anodic current pulse. This explanation fits all the
observations which we presently have; for example, it accounts
for the fact that the anodic charge talils off sooner at more
anodic potentials and at higher temperatures. It also clearly
-demonstrates the dangers of attempting to characterize the
adsorption in a complex system of this kind solely with anodic -
stripping. ’

If we take the limiting values of QU3o® and 65 , at each

potential, we can estimate the average oxidation state of the
adsorbed material. The fraction of the H atom sites occupied by
"adsorbed CsHg" is then (1-9ﬁ) and, when expressed in terms of the

charge which would be involved in the oxidation of H atoms if they .
were on these (1—9&) sites, this corresponds tov(l-eﬁ) 210 p coul/cm®.

Since ﬁhe oxidation of each H atom involves a single electron, the

ratio of the limiting values of QC35® and (1 - 8f) 210 yields the

average number, [el, of electrons involved in the ultimate, high-
potential oxidation of the adsorbed material per Pt surface atom
which it covers. This quantity is shown as a function of potential
and temperature in Fig. 9 and we see that for E =z 0.3 v [e] is
between 2 and 3 independent of temperatupre. The scatter is
considerable as the limiting values of eH are difficult to estimate.

Below 0.3 v, the adsorbed material is in a less oxidized condition.
It may be recalled that the adsorption process is still continuing
at these potentials so that the data shown in the figure will be
somewhat higher than the values corresponding to the adsorbate

at limitingly-long adsorption times. Consequently, the remaining
discussion refers to data obtained at 0.3 v and above.
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Csle dissociatively adsorbed on 3-sites per molecule
and releasing 3H ions and 3 electrons (cf. equation (5)) should
yileld a material for which [e] is 5.67. Therefore, the residue
found cannot be CsHg itself unless each adsorbed C atom is
attached to about 2.8 Pt atoms (for (el =.2). However, we can
show that this is not likely for we observe in Fig. 5 that at
these potentials the rate of accumulation of C atoms is just that
given by the assumption that each C atom occupies 1 Pt surface
atom (3-site adsorption). This process continues even when the
adsorbate is being oxidized and unless it is assumed that the C
atoms re-orient on the surface same time later, when both

-Sﬁ and Qggga have become constant, we may safely conclude that

the adsorbed C atoms only occupy 1 Pt atom apiece. Then the
observed final value of %e] plus the observation that [e] decreases
during the process of adsorption suggest strongly that the
adsorbate 1s gradually oxidized while it is on the electrode. The
observation that [e] 1s approximately constant over a range of
potentials and temperatures suggests also that this residue is just
a single speciles whose oxidation at higher potentials involves
between 2 and 3 electrons per C atom. Such a hypothesis would
agree with the results of Giner2° and the value 2 for [e] would
recall suggestions that the final residue is something like CO

(see ref. %El) for discussion of this suggestion for a similar
system). However experiments we have carried out show that the
composition of the adsorbate varies markedly with the potential

of adsorption. This is totally unexpected from the data shown .

in Fig. 9.

In order to trace the role played by the adsorbed
intermediates in the over-all process an attempt was made to
study their oxidation kinetics. The experiment consists of
adsorbing material at a low potential and then displacing the
potential so as to oxidize or displace the adsorbed material.

A convenient potential for the latter purpcse is 0.7 v, where
there is insignificant oxide on the electrode to complicate the
sHs

- analysis. Both dis and Gg were followed as a -function of time

at 0.7 v and we find that the amount of adsorbate declines quite
rapidly, becoming almost zero within 10 sec. The unexpected

feature is the observation that Qgggs does not follow (1-9&)

linearly with a slope corresponding to ~ 2 electrons per. covered

Pt atom. This is shown in Fig. 10 for adsorption at 130°C. Here,

GC H is highest to the right of the figure and this corresponds
3lls

to the condition of the adsorbate at 0.3 v. The removal of the
adsorbed material is followed by tracing down the lines starting
from the top right hand corner of Fig. 10. We see that most of

the occupled Pt atoms are covered by a species for which [e]

is ~ 1. However, the last part of the adsorbate to be removed, ard
hence the mes t difficult to oxidize, has a much higher value of [e].
The exact value of [e] in this region carinot be estimated very
accurately at this time and further experiments are in progress.
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However, lt is clear that a fractlon of the C atams (for 100 sec
0.3 v, these cover ~ 5% of the total surface of the electrode)
-are in a considerably reduced state. Because of the high &tate of
reduction. of these species they contribute a large fraction of
C3H8. We cannot discriminate whether more than one such species
1is lnvolved in this region, but it seems safe to hypothésize that
we do.not have alkyl radicals since these are presumably involved .
in the initial (rapid) adsorption and are then easily oxidized
further. More likely, we have extensively dehydrogenerated materials.
For stabilization, these might involve attachment to more than 1 Pt
site per C atom but this is not incompatible with the observations
“-since only a small fraction of the C atoms would be involved.

Similar experiments on the adsorbate from 0.35 to 0.4 v
(Fig. 10) show different effects. At 0.4 v, virtually all the
adsorbed C atoms involve just about 2 electrons for their
oxidation but at 0.35 v some of the C atoms are in a more reduced
state. The increase in the amount of the more reduced (and yet
harder-to-oxidize) residue with 1ncreas1ngly cathodic potential is
. expected.

These experiments demonstrate clearly the complex:.ty
of the spe01es adsorbed on a Pt hydrocarbon anode and indicate that
a-careful and thoughtful approach must be used if we are to elucidate
~the path of the over-all reaction from CsHg to COz2. Tentatively,

we can suggest the following sequence for the adsorptlon—ox_ldatlon
- process

‘slow ste

C i C.H, (physicall (4)
b3H8 (solution) S ffuscs 3Hg gdgorbedg'
0.2v Higher potentials )
where adsorption occurs
+ -
H./. P)+H +e CSHS 3 Pt)+3H +3e”
Goes to (C) .
or similar (6)
material ‘ N
dehydrogenated and/ or + oxygenated .. - oxygenated
oxygenated species (C) species (B) ~ species (A)
slow ‘ slow slow | @)
->6¢ per -le” per | -2e per
— C atom C atom , C atom
e

co, CO, €O,
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. At this time it appears from the number of electrons
involved in reaction (7) that (A) may be a "CO-like" species, (B)
a species similar to the formate radical and (C) is very likely
a dehydrogenated speciés and may in fact arise from a small
gontribution, even at the higher potentials, from singly-bonded
C atoms. )

It is curious that the most highly oxidized residue (B)
is found not at the highest potentials of adsorption but at an
intermediate potential (0.3 V).

The distribution of these species on the electrode is

- demonstrably a function of potential and probably depends also

on temperature and acid concentration. The description of the
roles of these species in the over-all reaction is a first
requirement in the understanding of the CalHs oxidation mechanism
and further studies on their oxidation kinetics will be reported
subsequently.

IV. CONCLUSIONS
The results of the work reported here for CsHg adsorption

at 130 and 140°C largely confirm the previous results at 80 and
110°C?* but some modification of the ideas presented earlier is

.required (see (5) below).  The main conclusions are summarized

below: .

(1) Anodic stripping yields a quantitative estimate of the
amount of  oxidizable material pre-~adsorbed on the
electrode. :

(2) The rate of adsorption is limited by diffusion in
- solution. :

(3) At 0.2 v, adsorption involves 1 surface site for each

: adsorbed molecule but at higher potentials_3 sites are
used. Experiments with the addition of Cl indicate
that this difference is related to the need for deep
energy adsorption wells to convert (initial) l-site
adsorbate to 3-site attachment. It is suggested that
these are covered with H atoms at 0.2 v and that this
prevents significant 3-site adsorption.

(4) The adsorbate is oxidized on the electrode and, thus,
subsequent anodic stripping finds less material than
expected. However, during this oxidation process,
adsorption continues at the same rate and virtually
none of the adsorbed and oxidizing C-atom centers is
removed.
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(5) Because of. this oxidation, residues whose final oxidation
to CO0z is slow accumulate on the electrode surface. The

oxidation of these residues may be the rate llmiting step
"in the conversion of CaHg to COz and, at potentials more
anodic than 0.3 v, appears to 1nvolve about 2 electrons
per covered Pt atom independently of potential and Lo
temperature. This suggests that the same species 1s
involved under all conditions. Desorption experiments
‘show clearly that this is not the case and that the
composition of the residue depends on the potential of
adsorptlon
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Table I.-GLOSSARY OF SYMBOLS

Concentration of CsHs at t°C. (moles/cm®)

Unless otherwise stated, or in connection with CBGHS

or DBaHs’ refers to real area which is defined as

equivalent to 210 p coulomb for QE.

Diffusional coefficient.of CsHs at t°C(cm®/sec).

Potential {(v. vs. reversible H+/H2 (R.H.E.). ).

The average number of electrons involved in the high potentlal
oxidation of the adsorbate per Pt atom that it covers.

The Faraday.

2 Geometric area of the electrode.

~Anodic current density (amp/cm?)

Number of electrons involved 1n oxidation of adsorbed species,
see equation (3).
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Charge (u coulomb/cm?).

Q

le Charge due to double layer charging during anodic.galvanostatic
transient. : : : '
A ' . Charge due to'electrode'oxidation during anddic ‘ ' {

electrode  ,.jyanostatic transient. :

"Qﬁ . Maximum Qathodic H atom charge on a clean electrode at t°C. ’f
/
_Cotal o . . .- . . '
- anodic) N> Charge passed during anodic galvanostatic transient in Na- /
- saturated solution in potential region prior to .Oz-~evolution (

(qtotal )CSHS
“anodic

CzHsg

éds

’ CaHe

m

-“‘dif’f

)

S

Charge to oxidize adsorbed CsHs. ,-

(~0.8 — 1.8 v depending on ia)'

Similar charge in CsHs-saturated solution. ’ : /

Charge due to oxidation of CsHs diffusing up to electrode during J
anodic -galvanostatic transient. 7

Number of surface sites occupied by each adsorbed CszHas moleculé ,
. i
Temperature (°C). ,

Fraction of surface covered with species 1i.:

Ratio of the H atom charge under a given circumstance
to the maximum value at the same temperature.

Time (sec).

Time of adsorption.

‘Time at potential E.

Transition time furing measurement of Qg by
galvanostatic pulse.
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RELATIVE REACTIVITIES IN THE DIRECT OXIDATION OF
BINARY HYDROCARBON FUELS ON PRACTICAL ELECTRODES

H.J.R. Maget and P.J. Chludzinski

Direct Energy Conversion Operation, General Electric Co., Iynn, Mass,

INTRODUCTION

The direct oxidation of hydrocarbon fuels in presence

of acqueous electrolytes and at temperatures less than 200°C

has been extensively studied.* The interest of investigators

has been mainly focused on pure paraffinic hydrocarbons. However,
_practical hydrocarbon fuels will probably be rather complex or

at least consist of binary or ternary mixtures. If the reactivity
of these fuels differs appreciably it can be expected that pre-
ferential anodic oxidation will correspond to the depletion of the
more reactive species at the detriment of others. This, in turn,
will result in an enrichment of the less reactive species. In
addition, competitive adsorption and reactions are expected to take
place on the electrode surface. These processes are not well known
for complex mixtures. Relative reaction rates will also depend

on anodic potentials, resulting in varying fuel reactivity, as the
electrode surface potential varies with over-all currents.

. . The design of multi-cell stacks operating with fuel
mixtures could be based on the least reactive species; gains in
cell performance could be obtained if the behavior of various
-fuels could be understood.

It was decided to approach the problem by studying bi
syspems such as propane/octane, hexane/oc?ane and geptagg}g%tgigéry
Ipleldgal constituents of these binary mixtures have been exten-
sively investigated, and anode performance as a function of molecu-
lar chain length has shown that at 150°C in presence of phosphoric
acid the fuel reactivity varies as: propane>hexane>heptane>octane. 2

EXPERIMENTAL

The experimental work was conducted on porous ati
electrodes (geometric area: 50 cm?) prepared accogding tglteéﬁgm
nicues described elsewhere.3 Phosphoric acid was used as the
_e}ectro}yte at 150°C and concentrations ranging from 95-97 wt.%.
H}gh acEQ concentrations were chosen in order to operate the fuel
at rflaalyely low water vapor pressures, in equilibrium with the
elecgrglype. The electrolyte was pumped in the cell at flow rates
sufficiently large to avoid thermal and concentration gradients.
?be counter-electrode operated on oxygen or air. Isothermal condi-
-lons were obtained by placing the complete cell in an oven, main-.
taining the cell temperature at 150 + 2°C. Figure 1 represents
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the single cell. Single electrode potentials (with and without
ohmic contributions) were measured by means of a hydrogen re-
ference electrode, located in the same envircnment (same tem-
perature and electrolyte concentration). '

The fuel (pure grade 99.9 mole %) was pre-mixed be-
fore entering the anode compartment. The fuel system, single-
pass type, allowed the exit stream to enter a Perkin-Flmer 801
gas chromatograph, provided with a "hot" gas sampling valve and
thermal conductivity cell. The chromatograph was calibrated
with about 50 samples of chemical species and mixtures of species

© to determine separation time, peak heights, areas and the proper

temperature of the column. The calibration was based on the ares
under the "peak" as described by a mechanical integrator on a ILeeds-
Northrup recorder.

Specific calibrations were conducted with known quantities
of ‘carbon monoxide, carbon dioxide, propane, hexane, octane, methane,
air and mixtures of these constituents for a six foot, 1/8 inch 0.D.
column, packed with silica gel. Separation of air, carbon monoxide
and methane could be accomglished at room temperature; carbon
dioxide and propane at 150°C, and hexane and octane at 250°C. The
carrier gas was helium, set at 30 cc/min. at 150°C, and although
the chromatograph had flow compensators to keep carrier flow con-
stant through the programmed temperature excursion the flow de-
creased somewhat at 250°C. ZError was minimized by calibrating the
chromatograph and running a fuel cell sample under the same condi-
tions of temperature programming.

It was necessary to heat the sample valve, the sampling
tube, and all fuel exhaust lines that were exposed to room ambient
in order to prevent condensation of the higher boiling constituents.
The lines were kept constant at about 150°C and monitored by thero-

" couples in various locations.

The anode exhaust was.directed to a heated Teflon de-
humidifier containing two chambers, one which trapped electrolyte

‘leakage, and the other which contained phosphorous pentoxide to

remove water vapor from the fuel exhaust before introduction to
the silica gel column. The small fuel flows (approximately Q.02
cc/min. ) were fed through a capillary tube flowmeter and the rates
determined from pressure drops.

A schematic illustration of fuel feed and exhaust for
the chromatograph system is shown in TFigure 2. Helium was used
to pressurize the fuel tank because its presence in the fuel would
not be detected by the chromatograph. Pressure fluctuations due _
to the helium regulator were dampened by bleeding part of the helium

"to a water column. The bypass allowed the fuel feed line to the

cell to be quickly filled prior to testing. The liquid fuel mixture

was vaporized inside the oven in coaxial metal tubes, the inner

tube supplying fuel to the hot outer tube, where it was "flash" vapor-
ized. The system provided very satisfactory operation, with re-
producible calibration and smooth, steady flow.
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EXPERIMENTAL RESULTS AND DISCUSSION

1. Fuei and Oxidant Migration

Although fuel and oxidant solubilities are rather low.
at 150°C in concentrated phosphoric acid? (0.18 millimoles of
propane/liter-atm., 0.34% millimoles of oxygen/liter-atm., approx.
0.03% millimoles of octane/liter-atm.), measurements were conducted

to determine the rate of fuel loss and carbon dioxide evolution
- at the anode, due to chemical oxidation of the fuel. Results are
reported in Table I. .

Table T

- Transport of Chemical Species'Across the Electrolyte*

Species at - Species at Transport Rate

source electrode Counter-electrode (moles/cm®-sec-atm) x 101°
Octane Helium 1

Octane Oxygen 1

Carbon dioxide Helium : 4

Oxygen , Propane + Octane 52

: *Electrode size: 50 cm®. Electrolyté spacing: 3.2 mm. Phosphoric
acid conc. 95-97 wt.% at 150°C. Species at source electrode at
1.0 atm.

In the case of oxygen transport measurements, the dissolved air
in the fuel (about 0.2 mole %) was not a contributing factor to
the oxygen content of the anode stream.

2. Electrochemical Oxidation of Pure Octane

Octane, at open circuit, showed a carbon dioxide content
in the anode exhaust of 1%. If this is assumed to be chemical
combustion from oxygen migrating from cathode to anode, it corre-
- sponds to a parasitic current density of 0.3 ma/cm.® Pure octane,

at 20 ma/cm® showed a fuel utilization and carbon dioxide production

within 27 of the theoretical value. Corrected for chemical com-
bustion, the agreement was within 1%.

3. Binary Fuel Mixtures

Attempts made to detect hydrogen, carbon mdnoxide or
species other than the fuels fed into the anode chamber, were
negative. Interfering peaks observed at low retention times, were

identified as oxygen and/or nitrogen, due to oxidant migration from
cathode to anode.

a. Propane/octane fuel mixtures.

The experimental results are reported in Figure 3
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for the current contribution of propane as a
function of log mean mole fraction of propane

in the anode chamber. (Inlet concentrations

are determined by flow rates, exit concentrations
by gas chromatographic analysis. All data are
corrected for the vapor pressure of water in
equilibrium with the electrolyte.) The rate of
propane oxidation is proportional to the mole
fraction in the feed stream and also strongly
dependent on the anodic potential, e.g. increasing
the anodic potential induced a decrease in anodic
propane current. This observation is in con-
tradiction with the behavior of pure propane for

increasing anodic potentials, at least up to potentials

corresponding to oxygen deposition on the electrode
surface. Linearity between propane current and

gas phase composition is obtained up to average mole
fractions of 0.3 to 0.4. At higher concentration,
the electrode current is due entirely to the oxida-
tion of propane. ~Similar observations can be mdde
for octane, although the current due to octane

oxidation increases with increasing anodic overvoltage,

as expected. The behavior of this binary mixture
is suggestive of species interaction and competition
~on the electrode surface.

Propane and octane currents can be represented by:

11.6

15/T = 740 e 1 P Tkg . 1.

I}

6.017_Xe

and ig/I = 0.06 e

where Xz and Xg represent the log-mean mole fraction of propane
: and octane in the gas phase. At anodic over-potentials of 0.5

/Hz, at which most of the experimental data was ob-

tained, the currents can be expressed as:

ia/I = 2.2 Xs 3.
and la/I = 1.2 Xa i,
b. Hexane/octane fuel mixtures.

All results reported in Pigure 4 were obtained at
anodic potentials near 0.5 volts vs. HY/H, necessary

. to achieve current densities up to 40 ma/cm®. Approxi-

mate linear relationships between current and gas phase
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composition are obtained. The relative current con-
"tribution of octane 1is identical to that obtained for
the binary propane-octane mixture. (ig/I) is ex-
pressed by equation 4; for hexane: ' '

is/I= 4.0 Xe ) . 5.
¢. Heptane/octane fuel mixtures.
The trends are similar to those obtained for the
other binary mixtures (Figure S5). The current con-

tribution of octane can be expressed by equation 4;
for heptane:

i-/I = 2.5 xv¢ ' 6.

4. Gereral Relations

At high anodic overvoltage (0.5 volts vs. H+/H2 ) all
current contributiocris can be represented by:

in/I= Kxn , - 7.

where K represents a ''fuel reactivity constant' representative
of the molecular chain length of the paraffinic hydrocarbon.

Table II
Fuel Reactivity Constants for Various Fuels (at 0.5 volts vs H'/He )

Fuel : K-Value
Propane 2.2
Hexane ) . 4,0
Heptane 2.5
Octane 1.2

These results are presented in Figure 6. For hexane, heptane and
octane the current contribution can be predicted from:

i/ = (13-1.5 n) x, 8.
where n represents the number of carbon atoms in the molecular
chain. From pure fuel reactivity data reported by others®, the
expected reactivity constant for propane should be approximately
ks = 6.7, whereas the measured value in the propane/octane mixture
is only 2.2. This result may indicate competitive surface processes
between hydrocarbon species of rather dissimilar chain lengths. C;
and Cz; paraffinic hydrocarbons are expected to be less reactive than
propane. (g and C.o n-paraffins are not expected to yield reactivity

PR .~ S
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constants appreciably different from n-octane.

The experimental results are presented in Figure 7 in terms of
corrected current contributions, i.e. i /13—1.5 n) I vs. gas
phase composition (using the experimentgl value of Kz = 2.2
for propane). At present, the exact physical significance

of the fuel reactivity coefficient is not clear.

CONCLUBION

- The anodic electrochemical oxidation of binary fuel mixtures of

hexane, heptane and octane can be predicted from the fuel gas
phase composition and the relative reactivity of these fuels,
which decreases with increasing chain length. The behavior of
propane in propane/octane mixtures is unexpected, the propane
reactivity decreasing with increasing anodic overvoltage.
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PICTORIAL VIEW OF HYDROC/ARBON-AIR LIQUID ELECTROLYTE FUEL

CELL TEST FIXTURE SHOWING FLUID STREAMS
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OCTANE AT APPROX. 0.5 YOLTS ANODIC POTENTIAL.

1.0 ¢ b b 8 id
e . L I T T 1T 17 T
ig/1 T™ CELL CURRENT, AMPS -
ond - T ’ : A 03 -T
g - | O 1.0 .
. 1+ » O'v5 -+
_ 0 20
+ L o
0.5 T— o
— —+
i
+ —
L / 4
HEPTANE
OCTANE
0.1 } 1 —l €L l [ U
v L g oy oY g v v L} ¥ TT T
0.01 0.02 0.05 0.10 0.20 0.5 1.0

-




FUEL REACTIVITY

" CONSTANT K

-127-
L A . 4 F1 i I S L s
T T t I T 1 1 T
S o AS EXPECTED FROM d
' SINGLE COMPONENT
LA REACTIVITY.
N
\
\
6 = \ . . —
\ —O- EXPERIMENTAL RESULTS
\ —-— INTERPOLATED
\ — — —'EXPECTED RESULTS FROM
\ . SINGLE COMPONENT DATA.
R o —+
/.',—.\
4 = ’ /‘ -t
’
4 / 1
4
2 - ~+
] v— —t
0 W

2 3 4 5 6 7 8 9 10

FIGURE 6: DEPENDENCE OF THE FUEL REACTIVITY CONSTANT K
ON THE HYDROCARBON CHAIN LENGTH.




GAS PHASE COMPOSITION: LOG MEAN MOLE
FRACTION OF HYDROCARBON

FIGURE 7

) < 0.02 . 005 . 0.1 0.2 . . 05 o
1.0 —t+—— +—t+t+tt+t+t - Tt t1TT1
- CELL CURRENT, AMPS ' -4
i . R
L A 05 J
KI L ad —
O 1o - *
4+ O s o T
0O 2.0 OO
T" = VALUES OF THE FUEL REACTIVITY CONSTANT K - T .4
PROPANE 2.2 ' . 2
HEXANE 4.0
0.5 + HEPTANE 2.5 o -+ |
OCTANE 1.2 ﬁ
" SUMMARIZED DATA - DEPENDENCE OF THE
1. CORRECTED RELATIVE CURRENT CONTRI. 4 J
BUTION OF PROPANE, HEXANE, HEPTANE
AND OCTANE ON THE GAS PHASE COMPOSI. !
TION, AT 0.5 VOLTS ANODE OVER-VOL TAGE )
VS. H ¢ -"Hz. ’ O .
4+ O T J
J
i
d
p . D — ’
E 7
0.1 | L 1 1 ! 1@ a ] L { [ S T ¢
v T L v v T T 1T T L g —— g v v L
0.01 0.02 0.05 0.1 .02 0.5 1.0



-129-

' FLUORIDE ELECTROLYTES FOR SATURATED
A HYDROCARBON FUEL CELLS
{ . E.J. Cairns

i General Electric Research Laboratory
Schenectady, New York

INTRODUCTION

—

The direct electrochemical oxidation of saturated hydrocarbons
to carbon dioxide and water has been carried out at current densities
in the vicinity of 100 ma/cm? only since 1963.1-8 The most fre-
quently investigated electrolyte in this connection has been phog—

) phoric acid, primarily in the temperature range 150° to 200°c.1-

k Although some success has been obtained with low molecular-weight

Y hydrocarbons at about 100°C, this wa; gt the expense of very high

J : platinum loadings in the electrodes.?: It has been found recently
that the system CsF~HF-Ho0 provides electrolyte compositions with

3 which current densities in excess of 200 ma/cg2 8an be obtained at
150°C, particularly with propane as the fuel, 1 Further work with

'\ fluoride electrolytes disclosed that the HF-H20 system showed good
reactivity with Saturated hydrocarbon fuels at temperatures in the

range 80-110°c.1 All normal saturated hydrocarbons in the range

Cy1 to C1g have shown reactivities within a factor of 20 to 50 ?8

one another, both with the CsF-HF-H0 and HF-H20 electrolytes.

Because of the strong effect of electrolyte composition on pro-
pane performance at 150°¢c,?; it was decided that a more thorough
Ainvestigation of the effects of electrolyte composition and tempera-
ture on the kinetics of the anodic oxidation of propane was in order.

EXPERIMENTAL

In order to prevent any contamination of the electrolyte or
) electrodes, all portions of the apparatus which contacted the elec-
1 trolyte were made of Teflon or platinum. The cell parts are shown
in Figure 1. The end plates were Monel and did not contact the elec-
d trolyte. The gas compartments machined in the Teflon housing were
3 mm deep and of 11.38 cm? circular area. The electrodes used were
Teflon-bonded platinum black supported by 45-mesh platinum screens,
which also served as current collectors. The platinum black loading
‘ for the electrodes was usually 50 mg/cmz, and the electrodes were
b prepared by procedures very similar to those in Reference 1l1. The
Vo center Teflon piece in Figure 1 served as the electrolyte compartment,
|
{

and usually a piece having a 3 mm thickness was used. The cell parts
J were held together tightly by bolts; no gaskets were used since the
| Teflon parts formed a leak-tight seal to one another.

b The electrolyte was prepared from Baker and Adamson reagent grade
48% hydrofluoric acid, having less than 20 ppm impurities; from
cesium fluoride, synthesized with less than 100 ppm impurities by
procedures already reported;l2’13 and from quartz-redistilled water.
To prepare electrolytes having fluoride concentrations higher than
those accessible with the above reagents, pure, anhydrous HF was
distilled from a tank of Matheson anhydrous HF, 99.9% min. purity.
Electrolyte compositions were determined by acid-base titrations for
HF, and by a gravimetric method for Cs as CsgS04; water was determined
by difference.
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The gases used were electrolytic grade oxygen, 99.6% minimum,
and Matheson instrument grade propane, 99.5% minimum purity. For
short experiments it was found  that pre-saturation of the gases was
not necessary in order to maintain the electrolyte composition con-
stant. When necessary, presaturation could be accomplished by thermo-
statted water bubblers, in order to grevent possible deposition of
carbon on the electrode surface.

Figure 2 shows a schematic diagram of the apparatus in which

the cell was operated. The fuel feed rate was controlled via a
needle valve and capillary-~tube flowmeter in the case of gaseous
fuels, and via a constant speed syringe drive in the case of liquid -
fuels. The fuel cell and identical reference cell were operated in
a forced-convection air thermostat. The reference cell contained two
“high-area .reversible hydrogen reference electrodes of Teflon-bonded
platinum black. The exit gas streams from the cell passed through
traps (to separate any liquid leaving the cell) and then to a gas
chromatograph for analysis, as desired. The electrolyte was circu-
lated slowly (about 2 to 3 cc/min) through the cells by gravity,

and then. returned to the reservoir by an all-Teflon pump. The elec-
trolyte circulation system was kept closed to minimize evaporation.

The electrical characteristics of the anode, the cathode, and
the cell as a whole were meagured with the aid of a modified
Kordesch-Marko interrupter. The interrupter circuit yielded
potential readings on a resistance-free basis, and all potentials of
individual electrodes are so reported with respect to a reversible
‘hydrogen reference electrode in the same electrolyte and at the same
temperature. The current density-voltage data were taken at steady
-state (usually 2-5 minutes after a change in current) and in the-
~order of increasing current demsity, starting at open circuit. Re-
sults for decreasing current densities were the same, except at
current densities below about 2 ma/cm?. Cell voltages, including
resistive losses can be calculated from the reported IR-free values
(Ea_c) using the expression

E=E;c 10t 1)
where i is the current demsity

p is the specific resistance of the electrolyte, 1-2 Ohm—cm

t is the inter-electrode distance, 0.3 cnm.

Additional information concerning the experimental apparatus and
techniques may be obtained from Reference 18.

The results reported below were gathered from a total of over
50 experiments using more than 20 cells, primarily with C3Hg as the
fuel.

RESULTS AND DISCUSSION

CsF-HF-H20 Electrolytes: There are two independent composition
variables in the CsF-HF-Ho0 system. The variables chosen to charac-
terize the comp051t10n were the HF/(CsSF + HF) molar ratio (or, alter-
natively, the F~/Cst equivalent ratio), and the mole percent Hg0. The
effects of the two independent composition variables on the rate of
anodic oxidation of propane were studied by preparing electrolytes of
selected compositions and determining the current demsity-potential
relationship for propane at various temperatures, most frequently at
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150°C.

The propane performance at an electrolyte composition near the

-optimum for 150°C is shown in Figure 3. The maximum current density

that could be supported under these conditions was 400 ma/cmz, at an
anode vs Hg reference potential of 0.6 volt. For all the cells
operated at 150°C, the best straight-line Tafel plots yielded an

en value of 0.5 in the current density range of 40 to 250 ma/cm2.

In the current density range above 250 ma/cmz, the anode performance
could be improved by increasing the propane flow rate, up to a
certain point, indicating a gas-phase mass transport limitation,
rather than a kinetically limited current density.

The most striking relatlonshlp between electrolyte composition

"and propane performance at 150°C was found in a set of experiments

which included electrolytes containing varying amounts of CsgC03 as
an alternative to excess HF. The results are expressed in terms of
the current density at an anode vs reference potential of 0.5 volt,
as a function of the F~/Cst ratio, as shown in Figure 4. The water
content was not the same for all of the experiments of Figure 4; the
effect of this variable will be accounted for below. The data points
in Figure 4 were obtained from several cells. Each datum point
represents an average value for all cells operated at that particu-
lar F~/Cs*t ratio. Note that the break in the curve in Figure 4 is
located at an F~/Cst ratio of about 1.2 rather than 1.0. At a F-/Cst
ratio of 1.0, the pH is still greater than 7. The pH does not drop
below 7 unt11 the F~/Cst ratio exceeds about 1.2. The increase of

- performance with higher F~/Cs* ratios is consistent with the idea

that an acidic electrolyte is required for rapid oxidation of satu-

" rated hydrocarbons. The maximum rate of propane oxidation at

Eg-r = 0.5 volt was 400 ma/cm% nearly 2 orders of magnigude greater
than that observed for the alkaline system Cs9CO3-Hg0.

It was found that the water content of the electrolyte also has
an influence on the rate of propane oxidation, but its effect is much
less than that of the HF/(CsF + HF) ratio. The separation of the
effects of the two composition variables on cell performance was

‘accomplished by an iterative data reduction procedure requiring a

considerable number of data points. The value of HF/CsF = 2.0 was

- chosen for cthe point at which the ‘effect of water content at- 150°C

would be determined, since this was in the vicinity of the best
performance. The data in the range 1.8 < HF/CsF < 2.1 were normalized
to HF/CsF = 2.0, and the effect of water content was established. The
original data of Figure 4 were then normalized to an optimum water
content of 12.5 mole percent and were replotted as shown by the solid
line in Figure 5. The effect of water content at 150° is shown in
Figure 6, for two values of the anode vs reference potential.

The results for other operating temperatures were reduced in a
similar manner, using the iterative procedure. The final results for
the effect of electrolyte composition on propane performance at
several temperatures are shown in Figures 7 and 8. Some of the data
used were not gathered at the temperature values selected for correla-
tion. In these cases, the current densities were adjusted to corre-
spond to the desired temperature, using the observed enthalpies of
activation. These adjusted data points are indicated as extrapolated
in Figures 7 and 8.

The results in Figures 7 and 8 show that for any temperature in
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the range 90 to 150°C, the maximum propane performance can be ob-
tained by using the highest HF/(CsF. + HP ratio possible, and a water
content in the range 12-15 mole percent. In this way, current
densities in excess of 400 ma/cm? at Ez_p = 0.5 volt and 150°C can
" be expected, in the absence of mass transport limitations.

It has been found that the HF/CsSF ratio at any selected
temperature has a maximum practical limit set by the boiling point
of the electrolyte under the conditions of operation. For instance,
‘a boiling point of 160°C was obtained for an electrolyte having 10
mole percent water and a value of 2.1 for the HF/CsF ratio. This
limits the operating temperature at atmospheric pressure to about .
150-155°C. At lower temperatures, higher HF/CsF ratios are possible.
For example, values of 3.0 and higher may be obtained at 110°C.

The main virtue of the CsF is that of suppressing the vapor
pressure of the HF by forming stable complexes such as CsF-HF,
CsF-2HF, etc.,20 raising the boiling point of the electrolyte.
Therefore, higher operating temperatures can be used with a con-
comitant increase in current densities for the oxidation of satu-
rated hydrocarbons. Alkali metal fluorides other than cesium
fluoride or rubidium fluoride are not suitable substitutes because
they are not soluble enough and do not reduce the HF vapor pressure
sufficiently2l,22 to allow significant performance improvements.
Cesium fluoride was used in this work because of its greater abundance
and therefore more favorable economics. :

HF-H20 Electrolytes: The rate of electrochemical oxidation of

" propane in the HF-Hg0 system is affected by the composition of the
electrolyte, and since there is only one composition variable, the
optimum composition for a given temperature is easily established.
The temperature range over which reasonable rates of oxidation were
obtained was found to be from about 80°C to the boiling point. The
HF-H20 system forms a maximum boiling azeotrope at 37 mole percent
HF, with a boiling point of 112°C,23 thus setting the upper operating
temperature at about 110°C.

The Tafel plots for a propane cell at 105°C, using a composition
.near that of the azeotrope, are shown in Figure 9. The performance
at 105°C is not as high as the best obtained at 150°C (see Figure 3),
" but only a moderate performance premium was paid for a 45°C decrease
in operating temperature. The maximum current density observed
(130 ma/cm?) was set by the gas-phase diffusional resistance of the
Teflon film on the anode, as shown by the fact that higher maximum
current ‘densities were observed when thinner Teflon films were used.
The effects of both temperature and HF-H0 electrolyte composition
on cell performance are summarized in Figure 10. The dotted portions
of the curves indicate those compositions which have a boiling point
below the indicated temperature and hence are only accessible at
pressures above atmospheric. Since the optimum composition (25-30
mole percent HF) is not far from that of the azeotrope, it has been
found convenient to use the azeotrope for routine fuel cell operation.

Enthalpies of Activation and Tafel Slopes: The enthalpy of
activation for the overall anode reaction was obtained from a plot of
the logarithm of the current density at a fixed anode overvoltage
versus the reciprocal of the absolute temperature. The enthalpy of
activation was determined over the temperature range 80 to 170°C and
over the composition range from no added HF to pure HF. The results
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are shown in Figure 11. It was found that the temperature range had
no effect on the enthalpy of activation, but that there was a sharp
transition from a value of 3.7 kcal per mole to 18 kcal per mole at

a HF/(CsF+HF) ratio of about 0.66, which corresponds to CsF*2HF. The
higher enthalpy of activation indicates that the highest operating
temperature possible should be used, but only up to the point of
being able to maintain a HF/{(CsF+HF) ratio above 0.66.

The values of an obtained from the Tafel plots over the tempera-
ture range 80° to 170°C are summarized in Figure 12. The closed
points indicate those data which were normalized with respect to
electrolyte composition effects. At low temperatures (below 130°C),"
the Tafel plots usually showed two straight-line regions, a low slope
(high en) at low current densities (<10 ma/cm®) and a high slope (low
en) at high current densities (>20 ma/cm2). For temperatures above
140°C, only one Tafel slope was observed, with a value of an near
0.5 .

The ‘composition effect on Tafel slopes is shown for various
temperatures in Figure 13. At 150°C, for electrolytes of low HF
content, the Tafel curve shows two slopes, which eventually yield to
a single slope of an 0.5 at high HF contents. For the higher-
HF/(CsF+HF) ratios at lower temperatures, however, the two-sloped
Tafel curve persists. Only slight changes of Tafel slope with water
content have been observed. In general, the best propane performance
is associated with compositions which show a high enthalpy of activa-
tion and on values of 0.5 and higher. By suitably adjusting electro-
lyte compositions and temperatures, the optimum performances shown in
Figure 14 were obtained. The 150°C curve was obtained using an elec-
‘trolyte of the composition shown in Figure 3.

CONCLUSIONS

The relationships between the rate of the electrochemical oxida-
tion of propane on platinum black and electrolyce composition for the
systems CsF-HF-H20 and HF-H20 have been established. Maximum propane
fuel cell performance at a given temperature in the range 90 - 150°C
is obtained with the maximum HF/(CsF+HF)