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NASA's Fuel~Cell Program

Ernst M. Cohn
Head, Electrochemical Technology Projects

NASA, Code RPP, Washington 25, D.C.

The goal of NASA's fuel-ccll program is to obtain light-
weight, dependable power sources to supply a variety of needs.
These may include, for example, communication; command and control;
guidance; radar; image acquisition, processing, and transmission;
data handling and storage; life support; experiments on environments
and planetary surfaces; and motive power for surface-exploration
vehicles.

Among the major factors to be considered in the design of
space-type fuel cells are (1) the nced for very high reliability,
because chances for repair are extremely limited even on manned
missions; (2) high energy and power densities, because it costs
between $1,000 and $5,000 to put a pound of substance into space,
and our 1ift capabilities are limited while power requirements keep
increasing; (3) the space environment, where gravity is absent or,
on the surface of planets, varies from that on earth; where radi-
ation and meteoroids present hazards; where temperatures can
fluctuate widely; and where there is no atmosphere to provide
oxygen and act as a heat sink.

As this is being written, work is in progress on the low-
temperature fuel cell, with an ion-exchange membrane as electrolyte,
which will power the Gemini spacecraft and on the intermediate- ’
temperature modified Bacon fuel cell for the Apollo vehicle. The
former, estimated to cost $10 million, and the latter (28 million)
represent the first functional uses of fuel cells. At the time of
this presentation, it will have been decided whether a fuel cell
will also power the lunar excursion module of Apollo. These multi-
million dollar programs for developing flight equipment far eclipse
the much more moderate research and development program of KASA.

The former are the responsibility of the Office of Manned Space
Flight, the latter of the Office of Advanced Research and Technology

" (OART) .

In fiscal year 1963, OART spent about $1.25 million on
fuel-cell projects ranging from "basic" research to prototype devel-
opment. On this occasion, I can only select a few examples of our
work to illustrate the range of problems it covers and to give you
some of the reasons for undertaking these projects.

On a NASA grant, Professor Bockris and his co-workers at
the University of Pennsylvania are studying the dynamic behavior of
porous electrodes, potentials of zero charge, and differences
between chemical and electrochemical catalysis,' among other topics.
As part of a grant for work on energy conversion in general, this
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group is also working on the fundamentals of bioelectrochemistry.
We thus hope to acquire basic information that will be useful for
all kinds of fuel-cell systems. I shall return to biochemical fuel
cells later. -

An intéresting hybrid between conventional batteries and
fuel cells is represented by an idea advanced by Bernard Gruber,
who proposes to impregnate a dry tape with anodic and cathodic
material, one on each side, and adding electrolyte just before
running the tape through two current collectors. By operating in
this manner, one can activate the ingredients immediately before
use, thus making possible indefinite storage as well as combinations
of normally incompatible materials. This work is well underway at
Monsanto and promises to yield high-cnergy-density electrochemical
power sources that may compete with both primary batteries and
primary fuel cells. The need for storable reactants -- for emer-
gency use or energy-depot purposes -- may also be met by development
of fuel cells that have multi-chemical capability and might utilize
residual or excess amounts of rocket propellants, such as UDMH and
nitrogen tetroxide.

In devising space power systems, we must consider not only
the power source but also the equipment that is to be run from it.
As a crude rule of thumb, we may assume 25% of the output will be
needed as alternating current, 25% as direct current, and the re-
mainder as either AC or DC. Furthermore, various devices will be
operated at different voltages. Thus, power "conditioning®™ is an
important factor in considering the electrical system as a whole.
liechanical and/or electric pulsing of fuel cells -- now being
studied on grant as well as contract -- may yield advantages of
several kinds: Longer operating life, improved resistance to poi-
soning of catalysts, lower concentration polarigation, and grezter
power output from the fuel-cell battery; and -better circuit control
and higher conversion efficiency from the over-all system may be
obtained by quasi-AC operation. Needless to say, such benefits,
particularly as concerns the fuel cell proper, might be even greater
in ground applications where hydrocarbons or alcohols are used di-
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rectly as anodic fucls.

Another task that should benefit both ezrth and spzce
applications is research on high-performance, thin electrodes that
promise drastic cuts in fuel-cell weight and volume. Over the last
two years or so we have progressed from perhaps 150 1lbs. per kilo-
watt to about 70 1lbs., exclusive of fuel and fuel tankage; 30 to
40 1bs. per kilowatt for fuel cell plus auxiliaries now appears to
be in sight. '

Work under way at Allis-Chalmers is directed not only at
obtaining a space-type, low-temperature, hydrogen-oxygen fuel cell,
with an asbestos retainer for the electrolyte; it is also concerned
with finding a simple and reliable method for removing heat and
water with the least number of mechanical moving parts and minimum
need for parasitic power. This goal should be attained by evapora-
ting water through a capillary membrane adjacent to the elesctrodes,
the cavity behind the membrane being evacuated to a pressure corres-
ponding to that of the vapor pressyre of the KCH electrolyte at its
operating temperature of about 200 F. Operability of such an
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arrangement has been demonstrated, control is simple, and tempera-
ture is not a critical factor.

Primary fuel cells, i.e., those through which reactants
are passed once only, are useful in space only for limited periods.
That is because the product of power and duration (=energy) deter-
mines the amount of fuel and oxidant that must be carried aloft.

For extended missions, therefore, other primary sources of energy
must be used. 1In connectiocn with solar and nuclear energy sources
and conversion devices, fuel cells may be used for energy storage,
as secondary power sources during periods of darkness (solar primary
power), during emergencles, and during periods of peak-power demand.
Anmong the several methods of possible regeneration of reactants from
products, only electrolysis and thermal treatment have proven prac-
tical thus far. Even so, it is not yet clear whether regenerative
fuel cells will be competitive with secondary batteries or other
seccpndary conversion devices. .

At present, we have two efforts under way on secondary or
regenerative fuel cells. (QOne concerns improvements for a low-
temperature hydrogen-oxygen cell, with electrolytic decomposition
of water. The other is a X diffusion cell, in which potassium
ions are transported through the electrolyte and form an amalgam at
the mercury cathode. The amalgam is then decomposed, by heating,
into its more or less pure components. Whereas the former device
appears particularly suitable for use in connection with solear
energy, the latter could receive its primery éenergy from either
solar or nuclear heat.

Biochemical fuel cells captured the public imagination
some time ago. MNeanwhile, further exploration of this 50-year-old
concept has indicated rather severe limitations of power density
and energy density for such devices. Nevertheless, they are likely
to find specialty uses, even if tkese limitations cannot be overcome.
One such possibility is to consider biocells as energy-saving waste
disposals for extended space flights, during which human waste must
be reprocessed for attaining a closed or nearly closeé ecology. In
addaition to the grant mentioned earlier, NASA is supporting e three-
fold attack on this problem by sponsoring basic, applied, and devel-
opmental studies, aimed at finding materials snd conditions conducive
to degradation of human waste. Since the power consumed in such a
device will undoubtedly exceed the theoretical -- let alone the
realizable -- power output, this use of bioelectrochemistry is ob-
viously not aimed at power production. If feasible, however, it may
prove to require less net energy input than any other -approach to
waste reutilization. Similarly, biocells might profitably be con-
sidered as possible means for solving problems of water pollution,
the power produced being a welcome byproduct.

What do we expect from space-type fuel cells? OQur imme-
diste, prime considerations are for high power density and reliz-
bility. The Gemini and Apollo fuel cells, for example, will hzve
perhaps 1/6 to 1/10 the weight of the best available prirary bvat-
teries that are capable of delivering the same total amount of
energy. Furthermore, the product water will be used by the astro-
nauts, an additional bonus not available from batteries.
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Other requirements may become as important or even more
so for different space applications. Longevity and ease of main-
tenance, for example, could well be the desiderata for fuel cells
vsed at a lunar station or depot. Ease of packaging, storing, and
converting chemicals to active species (say, hydrogen and oxygen
may determine what types of fuel cell will look most promising for
propulsion on the moon or for powering space sults.

Apart from requiring a variety of fuel, each optimized
for a particular task, we expect to see a much higher degree of
sophistication in the mode of operation of fuel-cell systems.
Increasing attention is already being directed toward optimization
of controls and operating conditions. Lach system must be opti-
mized in such a way as to take advantage of the leeway permltted
by its size, components, and operating variables.

Fuel cells will have to become truly integrated into the
systems of which they will be parts. I already mentioned bio-
chemical fuel cells as being primary chemical reactors, and the
Gemini and Apollo fuel cells as being sources of potable water.
Not only byproduct chemicals, but a2lso byproduct heat could be use-
ful in some cases. Once we have reliable information about the
composition of the lunar surface, we may need to develop fuel cells
particularly suited for lunar purposes and independent of supplies
from earth.

This necessarily incomplete discussion -of HASA's fuel-
cell program will give you a feeling for the difficulties we face
and the methods we use in attempting to overcome them. Virtually
all of the information thus obtained should be equally as useful
for earthbound as for space-type fuel cells. Thus, we hope not
only to solve a part of the space power problem, but also to con-
tribute directly to the advancement of fuel-cell technology that
will benefit our economy. We are very much interested in your
comments on our program and welcome your ideas ‘and suggestions
for fulfilling our task, which is to provide NASA with reliable,
optimized fuel-cell power that will be applicable to many different
jobs under a great variety of space and planetary conditions.

i,
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FUEL CELL ELECTRODES FOR ACID MEDIA

Walter G. Taschek

U. 8. Atmy Electronics Research and Development Laboratoriles
’ Fort Mommouth, N. J. .

The long range goal of fuel cell research is the development of fuel cell
batteries operating directly or indirectly on inexpensive fuels, e.g., hydrocarbons,
and air as the oxidant. The batteries must operate at high efficiency at practical
current densities and have long operational life if they are to campete with present
forms of power generation. The batteries must employ electrolytes which are not
affected by carbon dioxide. For this approach, acid electrolytes are mandatory.
Consequently, a part of our program is concerned with liquid acid electrolytes.
Also, the development of an efficient air cathode operating under these conditions
is necessary.

Original work was conducted on "Hydrogen and Oxygen Electrodes f?I Acid Media,"
and wvas reported at the 16th Annual Power Sources Conference in 1962. ) It was
found that by means of a new preparation technique for catalyzed, activated carbon
electrodes, wetproofed with paraffin, high performance of hydrogen anodes and oxygen
cathodes could be obtained. The effect of electrolyte concentration on performance
was investigated with 3N, 6, and 1ON sulphuric acid. Little change in performance
was observed. In measuring the electrochemical characteristics of the oxygen

-electrodes, a peculiar effect was observed. This effect 1s shown in Figure 1. By

increasing the current density over 8 mA/cm2 , & decrease in polarization was observed.
However, tests with careful temperature control eliminated this behavior termed

“Heat Effect™. The life of the paraffin wetproofed electrodes was short. Initial
tests made with Teflon wetproofed electrodes showed performances close to that of
paraffin wetproofed electrodes.

In continuation of this work, investigatlions have been conducted on hydrogen,
oxygen, and air electrodes operating in liquid, acld media. Various electrode
preparation techniques have been used, employing paraffin and Teflon as wetproofing
agents. The electrochemical performance of the electrodes has been measured over
extended periods of operation.

The carbon electrodes used in these investigations were supplied by Speer
Carbon Company, grade TT16, dimensions 1 x 1 x 1/8 inch.

The preparation techniques used most extensively were:
A. Paraffin Treated Electrodes
(1) Activation: The rav carbon electrodes were weighed and then fired

in a carbon dioxide atmosphere at 800°C for 8 minutes. After that, the electrodes
were cooled in a stream of carbon dioxide to prevent air oxidation of the hot

_ earbon. Finally, the electrodes were veighed and their weight loss calculated. A

T - 104 welght loss vas desired.

(2) wetproofing: The activated carbon electrodes were immersed in a
wetproofing solution for 1/2 hour. The wetproofing solution contained 2 g of
paraffin per 100 ml of petroleum ether. The electrodes were then dried by drawing
air through the pores for severalhours. This was accomplished by means of a
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water aspirﬁtor. The activated and wetproofed electrodes were then ready for ‘
catalyzation with platimm. {

(3) Catalyzation: A solution of HpPtClc°nH,0 was prepered containing
from 50 - 100 mg of platinum per ml of solution. The volume of solution which was
necessary to cover the electrodes with 2 mg platimm per sq cm of geometric electrode
surface was measured. The electrodes were heated in an oven at 200°C. 'The solution
was then applied to the surface of the hot electrod.es with & brush. Finally, the
electrodes were placed in a vacuum oven at 150 - 175 C for several hours.

B. Teflon Treated Electrodes (Teflon Applied by Immersion)
(1) Activation: Ssme as with pareffin treated electrodes.

(2) wetproofing: 'The activated electrodes were immersed for 15 minutes
in a dispersion of Teflon in water, containing 10 ml of Teflon 41-BX per 100 ml of
wvater. Prior to drying, the excess of Teflon resin was rinsed from the carbon surface
with distilled water., The electrodes were then dried like in the case of paraffin
wetproofing. Teflon 41-BX is a Fluorocarbon resin of hydrophobic negatively charged
particles in an equeocus medium of pH £ 10. The average size of the resin particles
‘?gljt 0.2 microns. The dispersion was obtained from E. I. DuPont de Nemours,
Inc. .

(3) catalyzation: Same as with peraffin treated electrodes.
C. Teflon Treated Electrodes (Teflon Applied by Electrodeposition)
(1) Activation: Same as with paraffin treated electrodes.

(2) Wetproofing: An activated electrode was placed in the electro-
deposition bath containing 4 ml Teflon 41-BX per 100 ml water. Figure 2 shows a
diagram of the electrodeposition apperatus. A DC power supply connected to a
variable resistor served as the source of current. The electrode to be wetproofed
vas the anode (+) and a platimm strip was the cathode (~). A potential of 6 V was
applied across the electrodes and the resulting current was sbout 65 mA. The distance
between the anode and cathode was 1 to 2 inches. Direct current passing through the
dispersion of Teflon 41-BX caused the negatively charged dispersed particles to
‘migrate toward the positive carbon anode by electrophoresis. The particles were
discharged and deposited there. The only occurrence at the platinum cathode was the
evolution of hydrogen gas. It was observed that e heavier deposit of Tefion was
formed at the carbon surface facing away from the cathode.

(3) Catalyzation: Same as with paraffin electrodes. The carbon
surface lean of Teflon deposits was catalyzed.

A diegram of the cell used to test electrodes is shown in Figure 3. The
electrolyte used in all tests was 5N sulphuric ecid. All cells were operated at
room temperature. Gas pressures of hydrogen, oxygen, and air were maintained at the
bubble pressure of the electrode. The bubble pressure was defined as the minimm
pressure required to maintain visible bubbling at the electrode-electrolyte interface.
The interrupter technique describe? Sy Kordesch and Marko was used to eliminate the

IR drop in potential measurements A saturated calomel electrode was used as the
reference electrode.

Mequation was found that described the polarization behavior of the oxygen or
air electrodes. The equation is given by:

(1) log? = loga + log 1

', is the polarization in volts, 1 :I.s the current demsity in amps per square centi-
meter, and a and b are constents of the equation. The equation was found to be valid
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in the range of current densities fram 5 x 10~% to 10~1 p/caP. Its validity could
be established for 19 out of 21 current voltage curves using various electrodes. The
log-log plot of the polarization versus the current density was obtained by super-
imposing the measured potential values on the polarization ordinate (Figure 4) and
assigning an arbitrary open circuit potential of 1.1 volts for oxygen and air
electrodes vs the standard hydrogen electrode. We used an arbitrary open circuit
potential since the experimental open circuit potentials are difficult to reproduce
from one electrode to the next. The range of the experimental open circuit potentisls
observed was about 0.8 volts to 1.1 volts. This range is probaebly caused by mixed
potentials whose value depend on various factors. The reversible open circuit
potential of 1.229 V was not chosen bec?ﬁe related investigations indicate the
presence of another reaction mechanism.

The equation (1) can 8lso be expressed in the exponentisl form:
(2) 7 = at®
Dividing both sides of the equation by i results in:

(3) 3 = aa(>t)
Grouping aib -1 and setting it equal to the varlable term R:L , the equation is then
arranged in the following form:

(4) » = Ry

Ri is a variable term that is a function of ti\e current density i. Ry can be con-
sidered as an over all "Reaction.Resistance".()

In Figure 5 a conventional Tafel plot is compared with a log? vs log i plot
representing & typical set of data. It can be observed that there is no straight
line portion in the Tafel plot. The log?) vs log 1 plot shows that equation (1)
is valid for practic&l ranges of current density. Deviations gccur below current
densities of 5 x 107 and above current densities of 10~ -1 A/cm For low polari-
zations, small errors in experimental messurements are magnified due to the structure
of the log-log plot. Above 10~ -1 A/cm2 , apparent effects of high concentration
polarization are observed.

Detemination of the constants a and b in equation (3) shows that low
polarization is associated with low a values and high b values for b values less than
one. No b values greater than one vere cbserved. The ] high, low, and average values
of a, b, &and the limiting current density I, are tabulated in Figure 6 showing the
differences arising from different preparation techniques. The teble was campiled
from nine trials of A, four trials of B and four trials of C. No significant
deviations were observed in average & values for the three preparation techniques,
although there was considersble variation in these values from one electrode to the
next. Close agreement was found in all b values for techniques A end B, but C
showed higher b values and more variation from one electrode to another. However,
technique C was connected with strong effects of concentration polarization above
current drains of 50 mA per sq cm.

The hyd.rzﬁgn electrodes tested showed ' low polarization in the order of 50 mV
up to 100 mA/ No limiting current densities could be observed over the range of
current density investigated.

Life tests were conducted on hydrogen and oxygen electrodes with paraffin and
Teflon treated electrodes. The electrodes were operated for 8 hours per day.
Figure T shows the results. Life tests of hydrogen electrodes showed nearly constant
performance over all periods of operation.
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Hith Teflon treated oxygen electrodes, over 850 hours of operation were cbtained .
at 10 nm/cm2 without loss in performan Previously with paraffin treated electrodes,
only 80 hours of operation at 10 ma/ <'.mg were obtained before the oxygen cathode
failed. It was observed that after 230 hours of operation, the Teflon treated
electrodes shoved a sharp rise in performance. This potential jump from O0.52 V to
0.76 V v8 S.H.E. resulted from an increase of the oxygen gas pressure from 0.13 atm.
to 0.35 atm. At the start of the test the bubble pressure for the oxygen electrode
was 0.13 atm. This pressure was maintained for 230 hours of operation. It was then
observed that the bubble pressure rose to 0.35 atm. The bubble pressure then remained
stable fram 296 to 850 hours of operation.

From these results it is evident that at relatively low drains of 10 mA/cm2 »
Teflon wetproofing does not impede the electrodes performance, but increases the life
of the electrodes considersbly over that of paraffin wetproofed electrodes.

In addition to the constant performance test, complete current-volta.ge curves
were taken at 0, 296, and 800 hours. FPigure 8 shows the curves for the oxygen ’
electrodes in a log? vs log i plot. The curves show that a values decremsed, b :
values increased, and I, values increased during the course “of the life test. This
means an increase in performnce with aging of the electrode. This can be expected
since the Teflon wetproofing initially prevents the electrolyte fram making extended
contact with the electrode surface. As the life test continues, the electrode surface
becanes more wetted and the performance improves. This can be seen from the table in
Figure 8. A decrease in the a value and a considersble incresse in tke b apd Iy
values 1s observed from O to 296 hours. After that, little change in these values
was observed.

Further, current voltage curves were taken for air cathodes and compered with
curves obtained with pure oxygen cathodes. Paraffin and Teflon treated electrodes
were used. First, a current-voltage curve was taken of the hydrogen-oxygen cell.
Then, after thoroughly flushing the cathode with air for several hours, the second
current-voltage curve was taken of the hydrogen-eir cell. The results are shown in
Figure 9. In both cases the oxygen electrode performed better than the air electrode.
The performance of the Teflon treated electrode decreased only slightly when air was
used instead of oxygen. In the case of the paraffin wetproofing, the air performance

was poor.

In conclusion,

1. Paraffin wetproofed electrodes show high initial performance, but do not
have long life. )

2. Teflon wetproofed electrodes (by immersion) show excellent life charactews
istics without loss of e].ectrochemica.l perfomnce. This has been established so far
for current densities up to 10 mA/cm?

3. Teflon wetproofed eleétrodes (by electrodeposition) show high performance
at low current densities, but have low 1imiting current densities. Life of the
electrodes has not been esteblished.

4. It was found that the polarization of oxygen electrodes can be described
by the equation 1log¥ = log & + b log i. The equation was found to be valid for the
range of current densities investigated.
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Preparation g g 2 i) I, &/at)  1p (A7e)
Technique Average . Average Average
A 0.72-1.10 0.90 0.12-0.1k45 0.13 0.07-0.3 0.19
B - 0.87-1.05 0.96 0.13-0.14 0.13 0.08-0.2 0.12
c_ 0.59-1.15  0.89 6.13-0.22 0.18 0.05-0.1 0.08

Figure 6

Tebulation of a, b, and I; Values
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ELECTROCHEMICAL CHARACTERISTICS OF GRADED POROSITY
CARBON ELECTRODES#*

Edward A. Heintz, Ronald W. Marek and William E. Parker
Research and Development Laboratories, Speer Carbon Company,

A Division of Air Reduction Co., Inc., Packaid Rd. and 47thSt.,
Niagara Falls, N.Y.

INTRODUCTION

For the past several years Speer has conducted a comprehensive investi-
k gation of porous carbon electrode materials for use in fuel cells. Much of the
information obtained from this study has been presented in various reports and
papers (1-9). One result of this prior work has been the development of techniques
} « for fabricating, from given formulations, carbon materials in which permeability

b and macropore distribution can be consistently and predictably varied over wide

[ ranges.
|

\

A logical extension of this finding was to prepare carbon electrode
materials which exhibit a pore size gradient across their thickness. By further
refinements of the techniques, bodies have been fabricated which contain a pre-
chosen number of layers of selected pore size distributions. The evenness of
these strata and their mutual compatability during processing is remarkable. To .
avoid extraneous variation, all layers of each sample are taken from the same
formulation and, indeed, from the same basic mix.

The physical properties of these carbon electrodes and their electro-
chemical characteristics in fuel cell operation are presented.below.

: : EXPERIMENTAL

’ Electrode Preparation

A formulation of petroleum coke and coal tar pitch was selected for the
! initial fabrication of these novel materials. A lignon sulfate derivative marketed
under the trade name Orzan was used as an additive. The latter is employed’as
a means of increasing the porosity of the baked carbon through exfoilation during
the baking process. The materials were intimately mixed at 135°C. and then
crushed to desired size when cooled. The sized materials were then placed in very
even layers in a molding die in the chosen sequence and thickness. All samples were

ry This work has been part1ally supported by USAELRDL, Power Sources Branch,
Fort Monmouth, New Jersey. .
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then molded and baked under uniform conditions to yield electrodes of two of three
zones of predictable permeability and macropore distribution. The physical pro-
. perties of these samples are given in Table I.

Samples 1-Pt through 3-Pt were fabricated in similar fashion except that
2 mg of platinum black per square centimeter of geometrical surface were added to
the zone marked with an asterisk. These materials were processed under conditions
identical to the first set.

Samples 1-Ch through 3-Ch of Table 1 were identical to Samples 1 through
12 except for substitution of a hardwood charcoal for the petroleum coke used as the
filler material in order to obtain very porous, hydrophillic materials. The contact
angle with water, given in Table I, is a measure of the hydrophillic, i.e., wetting,
character of the material; the lower the angle the more hydrophillic the material.
It is readily seen that the charcoal materials are both quite porous and hydrophillic.

Electrochemical Evaluation

Polarization characteristics of carbon electrodes have been determined
with the laboratory hydrogen-oxygen fuel cell previously described (10). The entire
system was reduced to thermal equilibrium at 25.0 to.2°C. prior to. measuring the
electrode polarization in order to remove temperature dependent processes from
consideration. Sulfuric acid (3.0 N ) was employed as the electrolyte. The electrode
preparation procedure was varied only in the application of wetproofing where desired.
Some electrodes were wetproofed by treating with a solution of 2 g. paraffin per 100
ml petroleum ether (b. p. range 30-60°C.) and allowed to dry in air. This was normal-
1y followed by catalyzing with 2 mg. platinum black per square centimeter of geo-
metrical surface area as recommended by Taschek (11). Where no wetproofing was -
applied, the pre-treatment proceeded directly to the catalyzing step. No activation
of electrode materials was employed so that the possibility of masking the effects
and interactions of electrode process variables, raw materials, etc., could be
obviated. The electrodes were studied with a one-inch by one-inch surface in contact
with the aqueous electrolyte. )

A modified Kordesch-Marko bridge circuit (12) was constructed for inter-
rupting the current during measurement of the electrode potential. This bridge
circuit provides for the measurement of combined polarization due to activation and
concentration by eliminating the influence of resistance polarization.

DISCUSSION OF RESULTS

Gas Presgure Studies

The pressures of hydrogen and oxygen were varied so that.the electrical
output could be determined as a function of gas pressure. The maximum pressure
used was just less than that needed to cause rapid continuous gas bubbling from the

" surface of the electrode. The maximum pressure varied with the particular surface
facing the electrolyte and the gas involved. In this work that quantity has been termed

- the "bubble pressure'. The description of the porosity gradients for the materials
studied is summarized in Table I which shows that a variety of two- and three-layered
materials have been prepared. Some have a very coarse zone on oneé face which de-
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TABLE 1

Properties of Graded Huou.om;n%. Electrode

Materials

Probable Pore

Thickness {inches) Permeability ‘Diameter Range Surface Area
of. (darcys) (in microns,p®) Contact Angle (°) {m? /gl
Zone Zone Zone Zone Zone Zone Zone Zone = Zone - Zone Zone Zone Zone Zone Zone

Sample I )il I I I I 1 i I I I js i i m

1 0.031 0.031 0.031 1.38 0.45 0.14 9->90 5-25 3-7 77.0 32.5 28.0 37.4 56.7 137.7

2 0.031 0.031 0.031 1.38 0.45'0.05 9-)90 5-25 3-4 77,0 32.5 27.0 37.4 56.7 158.2

3 0.125 0.031 -- 1.38 0.14 -- 9->90 3-7 -- 77.0 28.0 -~ 37.4 137.7 --

4 0.125 0.031 -- 1.38 0.05  -- 9->90 3.4 - 77.0 27.0 -- 37.4 158.2 -~ -

5 0.031 0.031 0.031 1.38 1.16 0.76 9->90 8-40 8-20 77.0 79.5 30.0 37.4 "71.0 43.3

6 0.031 0.031 0.03F 0.24 0.14 0.09 6- 14 3-7 3-6 ° 34.5 28.0 39.0 46,5 137.7 181.0

7 0.031 0.031 0.031 1.38 0.76 0.14 9->90 8-20 3-7 77.0 30,0 28.0 37.4 43.3 137.7

8 0.031 0.031 0.031 1.38 0.76 0.05 9->90 8-20 3-4 77.0 30.0 77.0 37.4 43,3 158.2

9 0.031 0.031 0.031 1.38 0.05 1.38 9-%90 3-4 9390 77.0 27.0 77.0 37.4 158.2 37.4

10 0.031 0.031 0.031 0.05 1.38 0.05 3-4 93590 3-4 27.0 77.0 27.0 158.2 37.4 158.2

11 0.031 0.031 0.031 1.38 0.45 0.33 9->90 5-25 3-5 77.0 32.5 37.5 37.4 "56.7 129.3

12 0.125 0.031 -~ . .1.38 0.33 -- 9->90 3-5 -- 77.0 37.5 -- 37.4 129.3 -~
1-Pt 0,031%0.031 0.031 1.38#%0.45 0.14 9-»>90*5-25 3-7 77.0%32,5 28.0 37.4% 56,7 137.7
2-Pt 0.031 0.031%0.031 1.38 0.45%0.14 9-)90 5-25% 3-7 77.0 32.5%28.0 37.4 56.7%137.7
3-Pt 0.031 0,031 0.03I1% 1.38 0.45 0.14%9->90 5-25 3-7 77.0 32.5 28.0% 37.4 56,7 137.7%
1-Ch 0.031 0.031 0.031 0.26 0.35 0.24 1.5-20 1-7 0.9 41,5 11.0 16.0 ~ <« -- --
2-Ch 0.031 0.031 0.031 0.24 0.27 0.26 0.9-6 0.9-6 0.9 16.0 35.0 27.0 -- -- -
3-Ch  0.031 -0.031 0.031 0.26 0.23 0.35 0.9-6 0.9-5 1-6 27.0 26.0 25.0  -- -- --

~ -
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creases to a finer zone on the opposite face; some are "uniformly coarse' or

"uniformly fine''; and some have a coarse zone sandwiched between two fine zones

or vice versa. Each material was evaluated with both the '"fine'" (F) and the '"'coarse"

(C)side facing the electrolyte. The first six materials listed in Table 1 were also

" tested in the experimental fuel cell in both a wetproofed (WP) and non-wetproofed
(NWP) condition. The next twelve materials were tested only in ‘the non-wetproofed

condition. - : ’

The observed current density at 0. 3 volt polarization and the bubble
pressure appear to vary with the surface facing the electrolyte and the application
of wetproofing to the electrode material. These data are summarized in Table II
for the samples 1 through 12. In a non-wetproofed condition, the graded electrodes
usually yield a higher current density at a lower fuel gas pressure when the finer
porosity zone faces the electrolyte. In all but one case (Sample 6}, it is seen that
better performance is attained when the materials are not wetproofed. Even in
Sample 6 the non-wetproofed fine zone yields higher current densities on the fine
side.  This could be interpreted as evidence of increased available active carhon
surface together with improved catalyst proximity to this active surface. Sample 6
is the most ""uniformly fine'' material (or perhaps most like a standard, non-graded
electrode) and in this case wetproofing due to paraffin was found to be beneficial.

Another possibility is that the wetproofing treatment inhibits the total
contact of catalyst with the electrode and electrolyte due to the fact that part of the
. catalyzing treatment involves a reheating of the electrode to a temperature well
above the melting point of the hydrophobic agent (paraffin). During the heat treat-
ment, while the paraffin is molten, it is probable that a fraction of the catalyst is
also wetproofed. If this occurs, then the wetproofed, cathlyzed electrode can be
regarded as less active than a non-wetproofed, catalyzed electrode and may even
result in a somewhat different electrochemical response. To test this hypothesis
the following series of experiments were performed: A series-of 5 mm carbon discs
from the same bulk sample and prepared from identical materials as the graded
porosity electrodes were sealed into the end of a glass tube. An electrical contact
was made on the inside of the tube to the surface of the carbon. The tube was con-
nected to a source of oxygen and pilaced inio a 3 N suifuric acid soluiion as pari of a
conventional polarographic system in which the carbon discs were the working elec-
trodes. Oxygen pressure was then applied so that a bubble of oxygen was allowed to
escape from the carbon disc into the solution at a rate no greater than once every
5 seconds. The potential was then scanned in a cathodic direction using a Sargent
Model XXI Recording Polarograph over the range +0.3 to -1.2 v vs S.C.E. Four
different electrodes were used: (1) an untreated carbon electrode, (2) a catalyzed
but non-wetproofed electrode, (3) a catalyzed and wetproofed electrode and (4) an
electrode which was only wetproofed. The first material gave E]/ values which’
corresponded to the reduction of oxygen to peroxide and the reduction of peroxide to
hydroxide. The second material was so active that the size of the disc had to be cut
down to 2 mm diameter in order to hold the current response on scale for the same
two reductions. Electrode No. 3 gave only a poorly defined response for the second
reduction, the first being entirely absent. The last material showed hydrogen evolu-
tion as the only electrode reaction. The presence of the wetproofing material inhibited
the polarographic response, in probably the same manner in which the fuel cell process
is retarded. Wetproofing is thus to be detrimental to optimum electrochemical per-
formance. However, some exceptions to this behavior have been noted, as was seen
for Sample 6, above, where the wetproofed sample showed a better electrochemical
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response. In all other samples wetproofing has a definite inhibiting effect on
electrochemical performance. Because of this, it was decided to omit the wet-
proofing step from the evaluation of all remaining graded porosity electrode
materials.

. One interesting interpretation of these results can be made by utilizing
the capillary transport theory proposed by Hunger (13). It is postulated that the
force (i. e., pressure, p) needed to move the gas through a wetproofed capillary
(i. e., pore) can be expressed as a function of the radius {r) of the pore, the surface
tension (b’) of the electrolyte and the contact angle ( ©) of the meniscus formed be-

" tween the electrolyte and the porous body. This relationship is expressed by a form
of the Washburn equation (14) :
_ 2{ cos ©

T

(1)

‘When "p" is the maximum pressure which can be applied to the porous
body while still maintaining some electrolyte within the capillary, i.e., the bubble
pressure, then a liiniting value of the pore radius, r, can be calculated for a
particular carbon electrode material. The results of such a series of calculations
for the first twelve graded porosity materials listed in Table 1 are given in.Table III.
A comparison of these calculated pore radii with predicted pore diameter range pre-
sented in Table 1 leads to some interesting conclusions. It is apparent, from the
comparison of thé predicted and calculated pore sizes that the position of the reaction
interface, i.e., the common point in the interior of the electrode material where the
gas, electrolyte and electrode meet, varies from one electrode material to another.
In some cases the electrolyte apparently diffuses well into the body of the electrode
material as is shown by materials 1-WP, 2-WP, 3-WP, 6-WP and 1-NWP in which
the calculated limiting pore radii appears not to be in the zone facing the electrolyte,
but, rather into the middle or opposite outer zone. In most cases it is also apparent
that the reaction interface is not on the apparent surface of electrode material but
well within the body of the electrode. For the non-wetproofed materials it is interest-
ing to note that the calculated limiting pore radii are smaller when the finer zone faces
the electrolyte than when the coarser zone is in the reacting position. This is true
for all the materials save Sample 1 which shows the opposite effect. When the
materials are wetproofed, however, it would appear that the paraffin tends to close
some of the smaller pores on the finer zone as most of the calculated limiting pore
radii are larger than, or about the same magnitude as, the values obtained for the
coarser zone. For those materiale which have not been wetproofed the position of
the reaction interface depends on the material. Referring to Table III, it is apparent
that when the fine zone of Sample 1 is facing the electrolyte the limiting pore radius
is 15.35p4indicating that the reaction interface is at least in the middle zone or at
the interface between the coarser and middle zone. When the coarser side faces the
electrolyte the limiting pore radius decreases to an extent that the reaction interface
must be in the fine zone. Thus the electrolyte appears to diffuse through two zones
into the finer zone to react with the fuel gas. For Sample 1, when the coarse zone
faces the electrolyte, the presence or absence of a hydrophobic paraffin coating makes
little difference with respect to the position of the reaction interface. Apparently, the
interface location is a function of the diffusability of both the fuel gas the the electro-
lyte, as well as the factors given in Equation 1. In the case of Sample 2 the untreated
material is easily wet by the electrolyte as evidenced by the low contact angles (F-28°,
C-77"). When the material possesses a hydrophobic film on the surface, however,
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TABLE III

Electron Change {An) Values and Calculated Limiting Pore Radii

for the Oxygen Electrode

Limiting Bubble E,

} Pore Radius Pressure, atl atm O.C.v.
Sample* b atm. vs NHE an” H, O
‘. I-F-WP 5.56 0.0730 - NNB -0.026 0.886
T 1-C-WP 4.17 0.0975 0.797 3.38 -0.043 0.816
' 2-F-WP 5.45 0.0745 0.810 2.27 -0.034 0.905
\ 2-C-WP 4.18 0.0970 - - -0.039 0.770
. 3-F-WP 4.12 0.0985 -- NNB -0.028 0.878
3-C-WP 4.10 0.0900 -- NNB -0.046 0.666
4-F-WP 4.06 0.1000 0.785  0.83 -0.039 0.859
. 4-C-WP 21.20 0.0191 0.782  3.48 -0.031 0.811
> 5_-F-WP 8.08 0.0502 0.808 2.27 -0.022 0.842
5.C-WP 14.00 0.0290 -~ NNB -0.023 0.869
6-F-WP 8. 60 0.0471 0.832 0.75 -0.014 0.855
) 6-C-WP 4.93 0.0825 0.786 2.82 -0.016 0.889
. 1-F-NWP 15.35 0.0199 0.737 2.20 -0.017 0.857
1-C-NWP 3.41 0.0972 0.843 4.18 -0.035 0. 845
2-F-NWP 1.30 0.1005 0.817 2.56 -0.020 ©0.929
2-C-NWP 9.18 0.0360 0.765 1.42 -0.018 0.827
3-F-NWP 2.76 0.0354 - NNB -0.017 0.944
3-C-NWP 6.33 0.0523 - NNB -0.034 0.904
4_-F-NWP 1.76 0.0740 0.832 3.87 -0.027 0.928
* 4-C-NWP 6.85 0.0480 -- NNB -0.042. 0.939
5.F-NWP 3.32 0.0380 0.970 0.94 -0.040 0.879
5-C-NWP 9.95 0.0333 1.025 0.89 -0.025 0.939
6-F-NWP 1.77 0.0645 . -- NNB -0.016 0.897
6-C-NWP 20. 60 0.0248 0.730 1.42 -0.017 0.859
7-F-NWP 5.50 0.0707 0.772  1.59 -0.019 0.934
7-C-NWP . . - . ,
8-F-NWP 2.40 0.0540 .- NNB -0.021 0.976
8-C-NWP 7.83 0.0420 0.793 2.60 -0.027 0.947
9.C-NWP 6.40 0.0515 0.985 0.76 -0.020 0.900
10-F-NWP 1.79 0.0725 0.887 0.92 -0.011 0.8I1
11-F-NWP 3.72 . 0.0311 0.789  4.20 -0.019 0.769
11-C-NWP 12.26 0.0268 -- NNB -0.026 0.781
12-F-NWP 1.36 " 0.0855 0.929 0.77 -0.008 0.848
12.C-NWP 7.00 0. 0468 — NNB -0.030 0.845

#*F signifies fine side faéing electrolyte; C coarse side, See Table I

Average Ej = 0.832 vs N.H. E.
+NNB = Non Nernstian behavior
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there appears to be deeper penetration of the electrolyte from the fine side than
when this film is absent. The small limiting pore radius of 1.30u,is well within
the 3-4 xdiameter range expected for the unwetproofed fine zone of Sample 2.

This low limiting pore radius indicates that the reaction interface is apparently

at or just under the geometrical surface, in the fine zone. Apparently, the hydro-
phobic film present in wetproofed materials is not the only controlling factor in-
fluencing the diffusion of the electrolyte and the position of the reaction interface.
Sample 6 gives a very unusual limiting pore radii for both its fine and coarse
zones. When the fine zone faces the electrolyte it is quite apparent that the re-
action interface can only be in the fine zone. When the coarse zone faces the
electrolyte the calculated limiting pore radius is larger than the pores expected

to be present in the material. Either the reaction is occurring at the ""real surface'
of the electrode or the material has developed unusually large and unexpected pores
during fabrication. Samples 7 through 12 show limiting pore radii which are con-
sistent with the pore size of the zone facing the electrolyte. Because Samples 9
and 10 are made up of a fine zone sandwiched between two identical coarse zones
and a coarse zone sandwiched between two identical fine zones, respectively, it is
impossible to determine which zone contains the reaction interface.

It has been suggested (15) that the concentration of the catalyst in a pre-
ferential location within the body of the material may influence the observed variation
of the position of the limiting pore radius. To test this possibility, a series of
materials duplicating Sample 1 were prepared in which 2 mg. of platinum black per
square centimeter of geometrical surface area was added to one zone per sample.
These materials were then examined in the fuel cell in the same manner as the
other graded porosity materials. If the location of the catalyst exerts a preferen-
tial effect then the calculated limiting pore radius should be in the range of the zone
which contains the catalyst. Sample 1 was chosen because its three zones represent
a coarse, medium and fine porosity. The results of this study are summarized on
Table IV in which Sample 1-Pt contains the catalyst in the coarse zone, Sample 2-Pt
contains the catalyst in the middle zone and Sample 3-Pt has the catalyst in the fine
zone. - The results are, at best, inconclusive as to the relationship between limiting
pore radius and catalyst position. Sample 1-Pt definitely shows that the limiting
pore radius and thus the reaction interface is not in the fine zone, regardless of
which side faces the electrolyte. However, the values obtained for the limiting
radius leave considerable doubt as to whether the reaction interface is in the coarse
(outside) or middle zone. For Samples 2-Pt and 3-Pt the location of the reaction
interface appears to depend on which side of the electrode is facing the electrolyte.
The values obtained for the limiting pore radius suggest that the reaction interface
appears to be located in the zone facing the electrolyte. If diffusion into the bulk of
the electrode material does occur, then these calculated radius values strongly
suggest that the deepest electrolyte penetration is only into the middle zone. A
similar conclusion can be obtained by inspection of the limiting pore radii given for
the non-wetproofed samples in Table III.

The presence of a foreign hydrophobic material like paraffin apparently
alters the physical as well as the electrochemical nature of the electrode material
by filling up the smaller pores as well as covering-the entire material with a:fine:
fikmh. In this respect, it is interesting to note that the bubble pressures are usually
higher for a given material when it has been treated with paraffin. This can be ex-
plained if it is assumed that the wetproofing treatment tends to fill the smaller pores,
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reduce the diameter of the larger pores and, perhaps, reduce the number of
complete routes through the material in which a gas and/or electrolyte can flow.

Two standard, single-layered electrode materials made from the same
raw materials as the graded porosity electrodes were also run at varying gas
pressures. These results are given in Table V. Both these materials were wet-
proofed before testing. It is seen that the finer material has the larger limiting
pore radius, indicating that some of the smaller pores were filled with paraffin.
These data are admittedly limited but it is interesting to note, as described in
greater detail below, that the electron change values correspond to a peroxide or
hydroperoxide mechanism at the reaction interface. This corresponds rather well
with the assumed change using the layered, graded porosity materials described
above.

TABLE IV
Electron Change (An) Values and Calculated Limiting Pore Radii for the
Oxygen Electrode at Platinum Loaded Materials

Bubble E,at - Open Circuit Voltage
Limiting Pore Pressure, 1 atm at Bubble Pressure
Sample Radius,p : atm. vs N.H.E. An H, 0.
1-Pt-F 5.30 7 0.0242 0.857 3.50 ~0.191 0. 831
1-Pt-C 7.06 ) 0.0465 1. 042 1.26 -0.179 0. 944
2-Pt-F 3.76 0.0345 1. 015 3.75 --0.062 0.002
2-Pt-C 12.00 0.0273 1. 000 2.15 -0.196 0.961
3-Pt-F 3.13 . 0.0413 0.962 2.73 -0.139 0.934
3-Pt-C 17.00 0.0193 1.070 2. 64 -0.206 0.916

Average Eg = 0.991 v vs N.H. E.

The open circuit voltages (O.C.V.) of the materials listed in Tables III,
1V, and V provided some intriguing results. For the materials in Table III it is
noted that generally the non-wetproofed materials have a higher O.C.V. than the
wetproofed materials. Also, it is apparent that when the finer zone of a given
electrode faces the electrolyte a higher O.C.V. is obtained regardless of the
presence or absence of a hydrophobic agent. There are some exceptions to this,
as for example Sample 5, but these occur in the materials in which the graded
porosity is less extreme. The addition of platinum to the various layers during
fabrication appears to enhance the values of the open circuit voltages. While the
data in Table V is limited, the trend with respect to the fine-coarse-open circuit
voltage relationship is consistent with that of the other materials.

Table VI lists the electrochemical performance of the charcoal materials.
Unlike the former materials, charcoal based carbons are easily "wet" by aqueous
solutions. Thus the limiting pore radius at the bubble pressure indicates a large
amount of diffusion within the electrode by the electrolyte. The bubble pressures
are all very low indicating the probable existence of a large number of continuous
pores through the material.
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¢ Basal planes of crystallites in this sample orientated perpendicular to surface

TABLE V
Properties and Electrochemical Performance of Standard
Electrodes
Sample 13 14%
Permeability (darcys) 0.285 0.366
Probable Pore Diameter ()4.) 2-9 1.5-9
Calculated Limiting Pore Radius ()‘.) 3. 60 2.22
Bubble Pressure (atm.) _
H, 0.0395 0.0520
o, 0:0350 0.0550
Eo at 1 atm. (vs N.H.E.) 0. 840 0.892
An 1. 8 2.5
Open Circuit Voltage
H, -0.017 -0.016
O 0. 859 0.782

of material; other sample orientation is parallel.

TABLE V1

Electron Change ( An) Values and Calculated Limiting Pore Radii

- for the Oxygen Electrode at Charcoal Materials

Limiting Bubble E, Open Circuit Voltage
Pore Pressure at 1 atm + at Bubble Pressure
Sample Radius, (W) atm. vs N.H. E. An H; O,
1-Ch-C 4.92 7 0.0222 0.740 1.65 -0.022 0.799
1-Ch-F 10.01 0.0141 0.595 1.45 0042 0.699
2-Ch-C 3.81 0.0370 0.727 3.87 -0.019 0. 749
2-Ch-F 7. 65 0.0170 0. 820 5.80 -0.016 0.839
3-Ch-C 7.52 0.0173 0.675 3.92 -0.022 0.699
3-Ch-F 7.07 0.0187 -- NNB -0.022 0.739

*NNB = NonNernstian Behavior

Average E, = 0.771 v vs NHE

Current Density (ma/cm?) at 0.3 v Polarization and Bubble Pressure

Hz 02
1-Ch-C 1.6 17.5
1-Ch-F 5.2 4.5
2-Ch-C 4.5 6.0
2-Ch-F 6.2 --
3-Ch-C 5.2 4.8
3-Ch+F 4.7 6.8
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It will be noted that the finer materials (in_cre'asin‘g sample number
corresponds to increasing fineness) give higher oxygen electrode current densi-
ties at lower polarization in the non-wetproofed condition. The hydrogen electrode
showed little correlation with respect to electrochemical performance and fineness
of the electrode material. Generally, higher current densities at lower polariza-
tions are obtained for non-wetproofed materials for both the hydrogen and oxygen
electrodes. This indicates that there is an inhibiting effect caused by the wet-
proofing agent on charcoal materials similar to the effect described for electrodes
made from other fillers. The effect would be expected to be greater for the char-
coal filler materials than for the standard filler materials in that the untreated
materials are very hydrophillic. When these easily wet materials are treated with
the paraffin in the wetproofing process it would be expected that great changes would
be produced in electrochemical performance. However, the open circuit voltages
of these charcoal based materials give a reverse response to wetproofing compared
to the other materials in this study. Usually, non-wetproofed materials have higher
open circuit voltages than wetproofed materials. In the case of charcoal based
electrodes, wetproofed samples gave superior performance for both the hydrogen
and oxygen electrodes.

While both the hydrogen (anode) and oxygen (cathode} electrodes showed
definite bubble pressures which varied with the particular electrode material, only
the oxygen electrode showed a large variation in open circuit potential with gas
pressure. The variation in O.C.V. of the hydrogen electrode was in the order of
5 millivolts or less for hundred fold changes in pressure. This is probably because

_the reaction at the hydrogen electrode is a simple one electron change given by

1/2H, ———» H' +e” (2)

or if the molecule is considered to react in a step wise fashion then
: +

H, ——» H, +te~ (3)

The existence of H, * is considered to be very transitory (16, 17) so that the
possibility of a long half-life can be discounted. Gaseous hydrogen also has a rate
of diffusion some four times greater than oxygen and is considerably more soluble
in an aqueous electrolyte of low pH than is oxygen.

Oxygen, on the other hand, has the possibility of undergoing several
reactions at the cathode, all of which vary in the electron change per mole of
oxygen. Under the proper conditions one mole of oxygen can add one electron to

form the perhydroxyl ion as shown by
, O, tem——>» O, : (4)
.Oxygen can also add two electrons to form the doubly charged peroxide ion
0, +2e"——— O~ (5).
And, finally, oxygen can add four electrons to form the oxide ion
|0, t+4e” ——> 20° (6}
A general reaction can be written to cover all three cases which takes the form

O, +xX +ne~ ——» yYO (7)
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in which n is the electron change, X is a species such as C, Pt or Ht present in
the system.and YO.is either a surface carbon-oxygen complex or some compound
with Pt (i.e., PtO, PtO;) or H' (i.e., HO,, H,0;, HO, ", or H, 0). Substituting
the factors of equation (7) into the Nernst equation one obtains

x

a P
RT X "0,
+ —
E = E 5 in =y (8)
YO

in which "a" signifies the activity of the various reactants and products, Po2 is
the pressure in atmospheres of gaseous oxygen and the other symbols have their
usual electrochemical significance. If only the pressure.of oxygen (PQ,) is varied

then a’;( and a).; become constant and E will equal E;, the standard electrode

potential. Substituting the numerical values for the constants in equation (8) and
reducing to log)( the equation becomes

E = E+0°59

log Poz (9)

at 298. 16°K. A plot of the observed potential versus the log of Pp, should yield

a straight line with a slope equal to n/0.059. Further, at PQ, equal to 1 atmo-
sphere it is seen that E equals E5. Such a plot for a typical electrode is shown in
Figure 1. Thus, it should be possible to obtain an indication as to which of the
reactions given in equations (4), (5) and (6) may be occurring at the cathodic reac-
tion interface. Such an approach has been used recently in a study of the rest
potentials of the oxygen-platinum-acid system (18).

A tabulation of the An values calculated using the above technique is
given in Tables III, IV, V, VI along with other electrochemical observations. Some
of the carbons tested gave a non-Nernstian behavior pattern (1 e., log Poz versus
E observed lines not linear) and these materials are marked "NNB'" under the An
heading. For those samples that have been wétproofed (Table III), it is noted that
when the coarser side of the carbon body is facing the aqueous electrolyte the an
value.is predominantly in the 3 to 4 electron region. This is an indication that the
reaction occurring at the gas-electrode-aqueous interface (i.e., the reaction inter-
face) is due to the reduction of oxygen directly to the dinegative state (i.e., an
oxide ion). On the finer side, however, the electron change is in the I to 2 region
indicating formation of perhydroxyl (O, ~}, peroxide (O; <) or hydroperoxide (HO; ~)
at the reaction interface. For the non-wetproofed materials it is apparent that the
predominant electron change is in the 1 to 2 range indicating the formation of per-
hydroxyl or more probably hydroperoxide intermediates at the pH values employed
in this study. There appears to be no rigorous relationship between limiting pore
radii, or bubble pressure, and the An values in the materials under study. The
average E_ value is 0. 832 10,059 v vs the N.H. E. Using data from a standard
source of electrode potentials {19) it is seen that this value does not correspond to
the formation of HO,, H,0,, or H, O. The average E,, as well as the individual
values, do, however, fall well within the range of the listed values for the forma-
tion of some substituted quinones. The formation of such a species on the surface
of a carbon body is quite possible as their presence has been determined on certain
carbons by polarographic (20) and spectrophotometric (21) techniques. The fact
that the E, values have a wide variation indicates the influence of various functional
groups, in different positions relative to the quinone groups, on the standard
potential.
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When platinum black is incorporated into the electrode materials during
the fabricating process the electron change values appear to be radically different.
In these materials the reaction at the interface seems to proceed directly to the
oxide ion rather than through the intermediate, less negative, perradical as shown
in Table 1V. The Eg value for electrodes containing platinum black is 0.991 - 0. 054
v vs the N.H. E., a good indication that a different reaction is occurring since the
value is quite different from that found for similar materials catalyzed in the
standard manner. For the quinone-hydroquinone system, higher Ej values indicate
more highly substituted aromatic structures similar to those which could be expect-
ed on a carbon surface. '

) The use of charcoal as a filler material results in electron change values
which depend, to a degree, on the pore size of the electrode. The data for samples
with coarser pores indicates reduction of the oxygen to a peroxide or hydroperoxide
stage. The average E, obtained for these materials is 0.711 . 0.063 v vs the
N.H. E. indicating the presence of less complicated aromatic ring structures (19)
on the surface. The calculated limiting pore radii of these materials vary only
slightly from one material to another, even though the expected change is a twenty-
fold variation. This effect could be caused by the fact that these materials are
readily wet by the electrolyte as shown by their extremely low contact angles.

The wide range in Ej values obtained could well be due to the nature of
the porous electrode material. In comparison with solid, impermeable electrode
materials, porous electrodes possess a larger (by orders of magnitude) contact

- area per unit volume of electrolyte, reactant and electrode. DBecause of this there
can be a range of reactions, occurring at different reaction rates, within the pores.
The distribution of these reactions and the predominance of one or more of these
will be a function of the physical structure of the electrode matrix as well as the
environment in which the electrode material is placed (22, 23). Also, because of
the porous nature of the electrode material, concentrations of reacting species are
constant only at the instant the circuit is closed (i.e., commencement of current
flaw) so that reaction distributions can be qliite non-uniform within the electrode
matrix. Thus linear polarization may occur only at very low overpotentials where
the electrode reaction is initiated. As the reaction interface proceeds further into
the matrix of the electrode, the predominating electrode reaction becomes less
uniform in its distribution and more complex in its nature. The wide variation in
electron change values, An, can be considered as evidence for the complexity of
the reactions at the reaction interface on a '"carbon surface'. The 4&n and E,
values listed in Tables III, IV, V and VI are most probably those for the rate con-
trolling step at the reaction interface so that it is quite probable that some carbons
have surface properties which enhance the formation of one quinone intermediate
over anothtcazr. On a given carbon the formation of a simple quinone group,

O = C’ /C = Q, may occur. On a second carbon, or at another reaction site

on the same carbon, the formation of a degenerate quinone grouping such as
7 AN

C < ., C C could be favored prior to a rearrangement to the

l C 0-0- C .

quinone grouping. Cons1derably more experimental work is needed before a

firmly supported mechanism can be postulated.
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No attempt was made to interpret the electrochemical data in terms of
Tafel slopes (17) derived from activation polarization data since linear polarizations
were obtained only at very low overpotentials, at the initiation of the electrode re-
action, due to the heterogeneous nature of a porous electrode. In addition, other
investigators have also reported (24) that fuel cell systems do not yield linear polari-
zation curves.

CONCLUSIONS

The electroreduction of oxygen at a porous carbon cathode in 3.0 N
sulfuric acid in a fuel cell system appears to proceed through a quinone -hyd;oquinone
reaction based on the comparison of measured potentials with standard potentials.
The initial step in the reduction of oxygen may proceed via a one electron change to
hydroperoxyl (HO,), a two electron change to peroxide (H;O;) or hydroperoxide
(HO; 7) or a four electron change to water (H, O) depending on the particular carbon
material serving as the electrode. When the electrode material has been wetproofed
the reduction is directly to the oxide (An~4) state when the coarser side faces the.
electrolyte and to either the perhydroxyl or hydroperoxide (An~1 or 2) when the
finer zone is facing the electrolyte.

For non-wetproofed materials the electron change is apparently a function
of the particular electrode surface facing the aqueous electrolyte, perhaps indicating
the relative ease of formation of one substituted quinone- hydroquinone group versus
another. No direct correlation between pore size distribution and electron change
values is apparent. Generally, however, zones of finer porosity tend to give higher
An values than coarser zones when a platinum black catalyst has been fabricated
into the electrode material. This could be due, in part, to the increased resistance

" offered by the electrode matrix to diffusion resulting in more complete oxygen

reaction.
L]

The limiting pore radii of the graded porosity electrodes were calculated
in order to define the position of the reaction interface within the electrode matrix.
When the materials had been wetproofed by the addition of paraffin it was shown that
the reaction interface was probably in the same location regardless which porosity
zone faces the electrolyte. This could be explained on the basis that the wetproofing
process plugged the smaller pores in the electrode, producing an electrode material
without a porosity gradient. For non-wetproofed materials, the limiting pore radii
showed that the reaction interface was located closer to the zone facing the electro-
lyte. This is an indication that the aqueous electrolyte does not penetrate theelec-
trode matrix as deeply as the gas in the graded porosity materials. There was no
correlation of electron change and/or extrapolated standard potential with the cal-
culated limiting pore radii. When hardwood charcoal was substituted for petroleum
coke as a filler material, the extrapolated standard potential indicates that a less

" substituted quinone-hydroquinone system may be present at the surface. Since'the
- limiting pore radii for these materials were not appreciably different from the
" petroleum coke materials, it appears that material d1fferences are the principle

contributory factors to this effect.
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A MODEL FOR ANALYSIS OF POROUS GAS ELECTRODES
E. A. Grens IL,* R. M. Turner, and T. Katan

Materials Sciences Laboratory
Lockheed Missiles & Space Company
Sunnyvale, California

The porous gas electrode, usually with oxygen or hydrogen as the reactant gas, has
found wide application in fuel cell systems. The charge transfer reactions for such electrodes
occur under conditions quite different from those at a plane electrode surface; the transport of
current and reacting species to and from the reaction sites and the location of these sites must
be considered in establishing overpotential-current density curves for these half cells.

Several investigators have considered this problem, and from several separate points of view
(1 - 5). Various models have been used, corresponding to different liquid configurations in the
pores, to different methods of reactant transport, and to different local electrode overpotential
relationships at the reaction site. The results have varied as widely as the models. Some
may correspond to one type of electrode, electrolyte, and operation; some to another. The
present treatment analyzes porous gas electrodes in which the electrolyte wets the pore walls.
This situation commonly occurs, except where pore walls have been purposefully rendered
lyophobic to prevent flooding, a practice necessary only where the electrolyte gas interface

is not fixed by pore geometry.

The ability of the electrolyte to wet the pore walls generates a liquid film covering the
walls of part of the gas-filled portion of the pore. The electrode reaction takes place beneath
some portion of this film, where the gaseous reactant can reach the reactant site. Will (4)
has shown that the reactant must be supplied by diffusion of dissolved gas through the film.
However, in Will's analysis of his model, assumptions are made which restrict consideration
to those cases where dissolved gas diffusion is the only rate-determining process. This can
be the case only where reaction exchange current densities are large compared with the
limiting diffusion currents through the film. Since the latter must be on the order of 0. 02
amp/cm2 in pores of micron order,** exchange current densities larger than usually accepted
for many gas reactions (e. g., O2) would be necessary for diffusion control. The influence on
electrode performance of dissolved gas diffusion, local overpotential, and transport of current
and ionic products are all considered in the analysis presented in this paper.

ELECTRODE MODEL

. A porous electrode consists of a very complex arrangement of interconnected voids or
pores in a conducting solid matrix. For simplicity of description, however, an idealized pore
structure consisting of parallel, straight tubes of circular cross section may be adopted.

Each such pore is in part filled with electrolyte, the remainder being occupied by the gas phase.

*Department of Chemical Engineering, University of California, Berkeley
**+For a diffusion coefficient, Dg , of 10~ cm2/sec, a gas solubility of 2 x 10~7 gmol/cm3,
and a film thickness of 0. 1y, the diffusion current is

D ¢’ -5 -7, .5
_g_gd F = (10J@x_1_(5) )(104 = 2x10°2 amp/cm2

10
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The diameter of such pores may be taken as slowly varying compared with the diameter
itself. A changing diameter is necessary for a stable liquid meniscus at constant differential
pressure. Thus, one of the many pores present in the electrode may be represented as in
Fig. 1. The transport of reactant and product species, and of current, may be considered
for three basic regions of the pore: first, transport of ionic species in the electrolyte in the
pore up to the meniscus; second, phenomena in the reaction zone; and third, transport of gas
reactant in the gas-filled part of the pore. The first of these effects may be important in
many cases but is easily treated by standard electrolytic mass transport techniques (6); it
should be kept small in well-designed electrodes. The third effect is absent for pure gas re-~
actants and is readily treated otherwise (6). The treatment here is concerned with the reac-
tion zone, the most critical area in electrode performance.

The meniscus and the associated electrolyte film which wets the pore wall for a very
long distance into the gas region may be simplified to the representation shown in Fig. 2, so
long as the reaction occurs over a length of film that is long compared with the meniscus
dimensions. This will later be shown to be the case under most operating conditions. Here
the meniscus is assumed to be flat, dropping directly to the constant film thickness, & , which
covers the wall for a distance equivalent to many times its thickness. The reaction is assumed ‘
to occur entirely at thie pore wall beneath this film. This implies a negligible portion of re-
action occurring at the walls of the liquid-filled portion of the pore, a condition verified by the
data of Will (4). Moreover, it is shown in the Appendix that current which can be generated by
reactions in this region are small compared with most current drains that would be encountered
in operating fuel cell systems. The film thickness is taken as sufficiently small, compared
with pore diameter, that the wall curvature may be disregarded and a unit width of film on an
essentially plane surface investigated.

The electrode reaction for this model is the general gas reaction

- Z,
G+ne —pHO+vS; (1)

where G represents the chemical symbol for some reactant gas and Sy that for an ionic
species of charge Z, which participates in the reaction; p and p are stoichiometric
coefficients. For this reaction, a realistic overpotential expression of the redox or Erdey~
Grug type is used [see Vetter (7)], giving a transfer current density

‘c. | P 1 c
.8 . &Giax 1 [(a - 1) mF , l
= Joi‘% o | (8 - 00 - 5 e (LR L mE o ¢e,\} )
% °1 f :

This expression is characterized by the exchange current density, j, , and the equilibrium
potential, ¢e , at bulk electrolyte concentration, c‘f , and gas saturation, cg . It should be
noted that the electron transfer in the rate-determining step m is not necessarily the overall
electron transfer n .

In treating the electrode model, the following assumptions are invoked:

Isopotential electrode matrix

Uniform gas phase composition

Constant transport parameters

Electrolyte saturated with reactant gas at gas liquid interface
Isothermal operation

Rl

The examination is restricted to cases in which only one significant nonreacting ionic species,
S2 , is present.
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The transport of chemical species and current in the film are governed by the fundamental
flux equations for electrolytes. For a species i, the flux, N i in the absence of hydrody-
namic flow, is

N; = - DVe; - 7w evé @)

The current density, i, in the film is then

i=F 2 zN, )
SPECIES !

For electrolyte systems (at points outside the electric double layer) the electroneutrality con-
dition may be used in place of the potential (Poisson) equation. This condition is

z; ¢ = 0 ()
SPECIES ' !

Using the assumptions enumerated above, along with the Nernst-Einstein relation, _
u; = Di/kT , which is of the same order of approximation as assumption (3), the steady-state
transport equations for the model may be derived. For the ionic species, fluxes must be
almost entirely in the x direction because of the thinness of the film.

de Fz
- _ _1_ -1, d¢
Ny =-D &% D1 Rt %1 & ©)
de Fz
= _ _2 _ 2, do _
Np = Do "D2aRT ®2ax = ° @

The flux of the nonreacting species is, of course, zero at steady state, as shown. The dis-
solved gas diffuses through the film, having a significant flux only in the y direction.

ey
Ng——Dg & ®)

The current in the film is carried only by species 1 and is thus

i= zy FN1 9)
These equations have the following boundary conditions:

atx = 0: ¢; =c; ;509 =C ;3 ¢ =0

L 2_d . | (10)
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Since a change in current per unit width of film, i6 , can occur only by a transfer to the pore
wall, i can be related to j8 of Eq. (2) by

di i g :
&--1 11)

Similarly, the flux of dissolved gas must correspond to the reaction rate at the pore wall at
the same value of x , giving

.8 .
= .1l _ 6 di
Ng nF nF dx 12)
If now the electroneutrality condition (5) is substituted into Eq. (7); Eq. (6) is inserted into
Eq. (9); Eq. (12)is combined with Eq. (8); and the transformation to dimensionless form,

[¢]
.1 . =Y
C = Y =
¢
4 c ’
G’}:—% ;x=’3‘A (13)
Cg_
= E - . I - I
¢ =gr(¢-90) : I 2. FD. c©
17°1%

is introduced, the equation system describing the film model becomes

dc _ da
= - ZZC aX _ (14)
- dac de
1=+2,C8 (15)
dG _ di
ay - -Q ax . (16)

and the overpotential expression (2) takes on the form

E%I( = -y {G exp [am$] ~ C exp [(@ - 1) mﬂ} an

where G is the valueof G* at Y = 0 and the dimensionless parameters § and y are

(e}
-7 Doy
Q =
nD c0
g8
(18)
- joé
'Y =

0
lech1

L~y
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The boundary conditions (10) are:

i
(=]
Q

I
-
W

i}
L)

it

©
©
!
R
(o]
S’

at X

dc _ de '
X=°°=E=E:T<=° . (19)

*
Y=1:G =1

Integrating Eq. (14) and substituting in Eq. (15) gives

o
e _ 1 ezz(q>—<1> )
dxX 2] " Z

20)

Also integrating Eq. (16) and substituting this and the previous integrated result for C in
Eq. (17) yields : E
z,8° - (z,+m)d
dI 1 2 2
X g, Ll ms) ° -1 @n
Q + ; e

Equations (20) and (21), taken together with the conditions

0 dl )
atX»=0:‘I>=‘I>;atX—>°°;I=a§=O (22)

are amenable to analog computer solution. Such a solution, applied to the oxygen electrode
in 5M KOH, 1is discussed in a following section.
APPROXIMATE ANALYSIS FOR LOW ELECTRODE OVERPOTENTIALS
To obtain analytic solutions for the model, it is necessary to restrict consideration to
cases where the overpotential is small. Then perturbation of a basic condition in which no
current flows can describe behavior of the model.
The variables of the system may be broken down into those representing the nonper-

turbed condition, G, , C,, ®,, lp, and small perturbations G', C', &', I'. For
the unperturbed state characterized by no current flow,

G =1;C =1;8 =8°;1 =0 (23)

and the variables with perturbations are

G=6G,*+G =1+

i§

C=C,+C =1+¢C
)

2° + &

=]
u
o
o
+
o
N
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Then Eqs: (14) and (15) and the integrated form of Eq. (16) become

dc dg"

ax = -z, (1+C')EX—_ (25)

r=9.. 0ren g 26)
- o dr

G =95y @7)

and the overpotential relation (17) appears as

g’x!: = -y {1+ 6) exp [am (2° + @) - (1 + C') exp [(@ - 1) m(2° + &"))}(28)
Neglecting second-order terms and expanding the exponentials in Eq. (28), these equations
take the linear forms

dacC’ dé’
™ T X 29)
i
t
1 (Y _ o
= - ye™m? %1 + G +omd - [14C + (a-1) md'|e ™? } @31
~Combining Eqs. (29) and (30) yields
z ! ‘
dc! 2 dé -1
-2 o, 9 _-1 4, (32)
dX Zgy = Zg dX Zg - 2

Then differentiating Eq. (31) with respect to X and substituting for % 'y ax ’ and X
from Eqs. (32) and (27) gives '

2 o 2 0

a1 amd a’r -md I

— = - ye Q————(am+ Z, = (¢ -1)m)] e )(-—_—-)} (33)
dX2 { dX2 [ 2 ] v 2y = 2

But, since I' is I, this rearranges to just

2
d1 I
= = , (34)
dx L
where
: 0
Q+ 1l -omd
? = Y
m(I>°

am + (z, + m - am) e

—— -_M_LA—L__ -‘—‘A‘_A\

— -
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Equation (34) is easily solved with the condition of Eq. (19) at X —« to yield the expression

X
1=1rel 35)

The equivalent expressions for C and & are easily determined from Egs. (32) and (24).

Q
"
-
+
=
—

1-e (36)

3 67

1]
-
+
e
=
(]

1
——

In all these solutions, the constant ° , representing current in the film at the meniscus
(X = 0), appears. This quantity is determined by substituting dI/dX obtained from
Eq. (35) into Eq. (17) evaluated at X = 0. This gives the result

(8] ]
-md -mé
P -pl-e 1-¢ : (38)

g + 1 g-omd’ 1 -oma° ~ma°
Y 9+;e am+(z2+m—am)e

These approximate solutions are valid only for small values of #0, By comparison

.with analog computer solutions developed in the next section, it appears that they can be used

for values of ° = 0.5 with good accuracy. (See Fig. 5.) This includes single electrode
overpotentials (at 25°C) less than 12 mv, a considerable restriction. However, at 4% =1
the approximate solutions deviate by only about 25 percent; thus, they may be used over a
wider range of operation for qualitative predictions.

The quantity L is characteristic of the length of the film over which reaction takes
place. Its magnitude in commonly encountered situations (e. g., 103-10% for the Oq elec-
trode in 5’ M KOH) indicates that the original conditions assumed in simplifying meniscus
shape are well justified.

ANALOG COMPUTER SOLUTIONS

Equations (20) and (21) have been analyzed on an Electronic Associates Type 131-R
analog computer, mechanized as shown in Fig. 3. The solution is carried out by assuming
I° and checking the approach of I and (dI/dX) to 0 as X becomes very large. Behavior
at large X is used to correct IO for given &°© until all boundary conditions are satisfied.

The analog solution has been carried out for the case of the oxygen electrode in
5 M KOH. For this system, the following values were utilized (at 25°C):

zy = - 1 Zy =+ 1
c(l) =5x1073 gmol/cm3 ; cg = 2x 1077 gmol/cm3
D, =4x 1073 em?/sec ; Dy = 1x 107° em2/sec

n=4 ; m=3 ; a=0.5
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The exchange current density was assumed at 10~4 amp/cm?2 (there being no well established
values for this reaction), and values of film thickness of 10~4, 10-5, and 10~6 cm were
investigated. This gave values of the parameters of the model as

4

Q 2.5 X 107

y =5x107 , 5x10° , and 5x 107
The analog computer produced curves of I and - (dI/dx) (reaction rate) versus X as shown
in Fig. 4 for one case studied (#° =10, ¥y =5X 10“3) . Comparison of solutions over a
range of values of overpotential, &9, results in curves of inlet film current, I°, and charac-
teristic active length, L , versus electrode overpotential, ®° , as shown in Figs. 5 and 6.
Jt must be remembered that the graphs are of the dimensionless variables, conversion to
single electrode overpotential, ¢° - ¢e » involts, and superficial current density, j, in
amp/cm2, being according to '

$° - ¢y = @ volts (39)

o
} 2pz1Fch1

r

° amp/cm? (40)

or for this example with a 50 percent porosity and 1u pore, ¢° - ¢ =~ 0.025 &° volts ;
j = 400 I° amp/cm? . ¢

The results of the approximate solution for this example are plotted in Figs. 5 and 6.
The close agreement for values of &° less than 0.5 is apparent.

CONCLUSIONS

This investigation of porous gas electrodes with wetting electrolytes has established two
significant points about the behavior of such systems. First, except for reactions of very high
exchange current densities at the conditions in the pores (> 10-2 a.mp/cm2 referred to ele~-
mental surface area), the diffusion of reactant gas through the film on the pore wall is not a
controlling effect for the majority of the area over which reaction ocenure. Second, significant
reaction rates exist at the wall under the electrolyte film at distances from the "intrinsic"
meniscus equal to thousands of film thicknesses.

The extent of dissolved gas diffusion control can be seen by examination of Eq. 21).

The effect of this diffusion manifests itself only when the term  is.large compared with the
term exp (- am®/y) (both terms in the denominator on the right-hand side). This condition
can exist, for values of @ and ¥ possible for gas electrodes, only if & is quite large (say
= 5) — that is, only if the electrode overpotential, &© , is large. Even then, gas diffusion
controls only at positions near the meniscus. For diffusion control throughout the entire re-
action zone, #° must exceed perhaps 20 or 25. This corresponds to few cases of electrode
operation.

The prediction of significant reaction rates under the film at distances of 103—104 film
thickness from the meniscus involves a considerably longer reaction zone than the ~ 200 film
thicknesses proposed by Will (4) for a similar model (for Hy in acid). This difference is due
principally to Will's assumption of no local overpotential except that due to dissolved gas
concentration. This condition would give considerably higher local reaction rates, and thus
a narrower reaction zone. It is equivalent to setting ¥ to « in Eq. (21) (with perhaps some
adjustment in the coefficients of & ) and corresponds to the physical case of infinite exchange
current density. The assumption is not realistic for most electrode reactions.
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In addition to the general conclusions mentioned above, this analysis has yielded approxi-
mate expressions for overpotential-current density behavior and for current distribution in
gas electrodes at low to moderate overpotentials, and a method of a.nalog computatlon to deter-
mine these relationships under any reasonable conditions.

NOTATION

English Letters

concentration of species i in electrolyte (gmol/cm3)

(2]

i
c(i) reference concentration of species i (gmol/cm3)
D, diffusion coefficient of species i (cmz/sec)
F Faraday's constant (96,500 coul/equiv. )
i current density in electrolyte film (amp/cmZ2)
j superficial current density for electrode (amp/cmz)
jo exchange current density of electrode reaction (amp/cmz)
jS local transfer current density due to reaction (amp/cm )
k Boltzmann constant )
m number of electrons transferred in rate-determining reaction step
N; flux of species i in electrolyte (gmol/cm2-sec)
n number of electrons transferred in overall electrode reaction
P electrode porosity
R gas constant
r pore radius (cm)
Si chemical symbol of species i
T absolute temperature (°K)
Y mobility of species i (cm/sec-dyne)
X distance coordinate along film (cm)
y distance coordinate across film (cm)
V4

charge number of species i

[

Greek Letters

transfer coefficient

film thickness (cm)

electronic charge

stoichiometric coefficients

potential in electrolyte film (volts) °
equilibrium electrode potential at ¢ (volts)

BSE6FE M OQ
<

(-]

Subscripts

g refers to dissolved reactant gas
1 refers to ionic species involved in electrode reaction
2 refers to nonreacting ionic species )
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Appendix

ESTIMATE OF CONTRIBUTION OF ELECTRODE REACTION IN
FLOODED PORTIONS OF THE PORES

To establish an estimate of the maximum contribution to electrode current arising in
-electrode reaction at the walls of the flooded portions of a pore (see Fig. 1), consider a one-
dimensional analysis under conditions most favorable to such a reaction. If the coordinate
system of Fig. 2 is utilized, the potential locus of such reaction is -« <x <0 . In this
region, reactant gas supply is by diffusion essentially in the x direction.

ey
N =-D Al
g g ax (A. 1)
For conservation of dissolved gas at steady state,
~ oy fa
0 =-V - Ng+sourceterm =Dg dxz - nF (A. 2)

where a is specific area of electrode based on pore volume ( = 2/r for cylindrical pores).
The overpotential expression (A. 2) may be simplified, for hlgh electrolyte conductivity and
constant ionic concentrations, to the approximation

i = Ac_-B (A.3)

where



)
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This corresponds to pure gas diffusion control, which is to be expected for any reaction in
this region. Substitution of Eq. (A.3) into Eq. (A.2) gives

dzc Aa
—£ = "2 -B (A. 9)
dx nFc® E
g
which has the following boundary conditions:
-_— . = o
at x =0 . : cg cg
(A. 5)
X — - o : e = cg =0
This equation has the solution, for the concentration gradient,
de
(A. 6)

&,

1]

+
N
OQQO g

0o

"
2
aq

which corresponds to a flux of dissolved gas at the meniscus of

. a A - _ a o [
Ngx=o ng, cg\ﬁo cg - B DanF % ,’3x=0 @
) g

x=0

or toa tottal superficial current density resultmg from reaction in the flooded portion of the
’

pores,

5 _ 0 .S
o= - nFNg = Dg anch PN (A.8)
Since j8 _, cannot be much greater than j, for the reaction, this contribution is very small

indeed.* For the oxygen electrode treated in the text, with a = 105 ¢cm2/cm3
1/2
f< (1075 [(105)(4)(105)(2 x 10'7)(10‘4)] ~ 107 amp/cm?®

which is negligible. Even if the exchange current density were as high as 1 amp/cmz, this
contribution to superficial current density would be less than 10-3 amp/cm?2.

Thus, reaction in the flooded portion of the pores can be ignored if a film is present.
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Fig. 4 Analog Computer Output Curves (Partial) for I and dI/dX Versus X
. for O, Electrode (KOH) (€ = 2.5 X S\? vy =5x%x1078,8° = 1.0)
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THE OPERATION MECHANISM OF POROUS GAS ELECTRODE
R. Burshtein

Institute for Electrochemistry
Academy of Sclences, USSR

Abstract*

In order to study the operation mechanism of porous gas diffusion
electrodes the pore radii distribution and the surface area of nickel
electrodes having different structures were determined.

On the basis of data on the electrode structure and of measurements
of the rate of the electrochemlcal reaction at various gas/electrolyte pressure
differences, a model for the operation of a porous gas electrode has been

proposed.

The electrochemical reaction is assumed to occur at the surface of
macropores from which the electrolyte has been expelled by the gas near the
orifice of microporeés filled with electrolyte, the latter ensuring the
transport of current. It is further assumed that the sites at which the
current is generated are uniformly distributed over the whole electrode
surface.

According to this model the electrochemical activity of a porous
gas electrode depends on the ratio of the surface area of pores free from
electrolyte to the total cross section of pores filled with electrolyte.

The maximum electrochemical activity corresponds to definite relations
between the experimentally determined structural parameters. A theoretical
treatment of several porous electrode models has been carried out, the results
obtained being in good agreement with the experimental data.

* Comple te manuscript not received in time for inclusion in the Divisional
Preprints.
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POLARIZATION AT POROUS FLOW-THROUGH ELECTRODES

L. G. Austin, P. Palasi and R. R. Klimpel
Fuel Technology Department, Pennsylvania State University,
University Park, Pa.

INTRODUCTION -

The flow-through electrode is an electrochemical system which has received
little attention. It is of primary interest in redox fuel cells (1, 2, 3) where <
a dissolved ionic fuel (or oxidant) is to be reacted -at an electrode. In such
a system, where liquid is circulated through the cell, it is clearly much better {
to force the fresh liquid through the electrode and take spent liquid from the .

. {
~ exit side. The electrode then acts as a separator between fresh and spent liquid 4

and, .more important, the mass transport of reactant to the electrode can be easily

controlled. By forcing electrolyte through the electrode, we no longer have to ‘

rely on diffusion of fuel to the electrode and, consequently, the mass transport
problems of non flow~through electrodes can be considerably diminished. Similar-
ly;=for fuels or oxidants such as methanol, hydrazine, nitric acid,etc., which |
can:be _dissolved -in high concentrations in the electrolyte, it may be desirable '
to use flow-through electrodes (4, 5, 6). ’

When the processes occuring in flow-through electrodes are considered, it
readily becomes apparent that several parameters are of first importance. The
concentration of reactant and rate of flow determine the maximm current which ' 1
can be drawn, since we cannot draw more current than the correspond:lng amount of
reactant put’ in pet second. The speed of the electrochemical reaction, in the
form of the" exchange current for the reaction (7), is of importance in determin-
ing the learl:ation at a given current. In addition, the obmic voltage gradient
in the electrolyte in the pores of the electrode also affects the polarization.

::Perskaya -and- Zaidemman (8) gave the basic mathematical form of the process.
However; they solved the equation only for low current density, low polarization
conditions, where.the approximation exp(GnFn/RT) = 1 + aoFn/RT applies. In our
analysis we have found that this can only rarely be applied. The treatment we
~give. explains reasonablyv well the whole current-voltage range of their experimental
resilts.and also explains the experimental results of Bond and Singman (9). How-
ever;sthe -assumptions. made in the theory are not generally valid and the breakdown
of the theory is demonstrated and discussed.

PHYSICAL SYSTEM TREATED AND ASSUMPTIONS ' ' N
IBVOLVED.

.The physical system studied consists of a uniform, porous, plane electrode
with feactant dissolved in electrolyte flowing into the left hand face; unreacted
reactant and dissolved product flow out of the right hand face (see Figure 1).

The reaction could be a simple redox reaction such as. Felt «@Fe3t 4+ e in acid
solution. 1In a redox cell employing a separator the circuit is completed within
the cell by ®hH flowing from the amode to the cathode. The following assumptions
are made. (i) The flow is uniform through the electrode. This is very nearly
true for a small experimental electrode, but it may not be so for a large electrode.
(i1) Ohmic loss in the material of the electrode is negligible, This will be a
good approximation for properly comstructed electrodes of metal or carbon. (iii)
The reaction at the external faces of the electrode is small compared to the total
reaction. The external faces can be considered as extensions of the internal area
and the assumption would only be false in the limit where the internal area became
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small. (iv) The pores of the electrode are small in radius compared to their
length, so that negligible concentration gradients exist across the radius of the
pore. In other words, the pore radius is so small that radial diffusion is rapid
enough to maintain uniform concentration across the pore radius; the only concen-
tration changes will be linear along the axis of the pore. With this assumption,
the variation of laminar flow rate across the pore radius is of no consequence.
This assumption is discussed later in more detail. (v) The porous electrode has
its pores so well interlinked that it can be considered to act as a homogenous
system, with variation of conditions at a given penetration applying only over
small regions. Electrodes must be constructed so that no major cracks or pinholes
exist. (vi) The flow rate is great enough that axial mass transfer of reactant
and product by diffusion and ionic migration is negligible -compared to mass trans-
fer by the bulk flow. It should be noted that the current must be supported by

. ionic migration and, therefore, this assumption may not always be valid. It will

be a good approximation, however, when the concentration of supporting electro-
lyte is high, e.g. a strongly acid solution is used. 1In this case we can also
assume that the specific conductivity of the electrolyte remains constant, (vii)
The streaming potential is small compared to other effects, which will be true
when strong electrolytes are used. -

A less easily justified assumption is that the electrochemical reaction at
the pore surface is a simple reaction with the rate form (7)

1= o[ ®RRYEV® - (B/py)eN/P] o (1

Rj, Pi are the entering concentrations (assumed equivalent to activities) of the
reactant and product; i, i, refer to unit area of the pore surface, (see list of
nomenclature). Equation 1 may apply to simple redox reactions, but one would
expect, for example, dissolved methyl alcohol fuel to have a more complex form.
At open circuit conditions, with no current flow, R and P are constant though the
electrode and equal to R; and P;, and they determine the theoretical potential.
However, if the basic exchange current is small then impurities in the feed may
give rise to leakage current and a mixed potential may be obtained. A sufficient
rate of flow will prevent diffusion of a disturbing material from the other elect-
rode, but any impurities in the feed are being constantly replaced. Thus, very
low current density measurements and open circuit potentials may not correspond
to ideal values.

THEORY

Consider unit face area of the electrode, Let the velocity of flow through
the electrode be v, cm” per sq cm of face per second. Consider element dx in
Figure 1. The amount of reactant flowing in per second is Rv and the amount flow-
ing out is [R + (dR/dx)dx]v. The amount of R reacted to P in the element, per
second, is given by

di/oF = io[ (R/R)eV® - (P/p1)e /) (s /nF)dx (2

n is the total number of electrons involved for each complete reaction; S is the
reacting area per unit volume of electrode. At steady state, therefore,

Rv -[R + (dR/dx)dx]v = (i,S/0F)[(R/R;)eV/b - (P/pi)g-n/b]dx

or :
~ar/dx = (1,8 /viE) [R/RD VD - (2/pyye VP] (3
Also, at steady state, R; + P; = R + P, therefore '
. b /by
-dR /dx = (103/vnr)[a(93—/— 2 (Ri * PY) -n/by (%

(Ri P{ P
If the specific resistance of the electrolyte fb p', the porosity of the electrode
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€ and the tortuosity factor q (10) then, by Ohm's law,
(p'q/€)i = dn/dx

i

(1/p) dn/dx (5)
where P is understood to include the porosity and tortuosity factors.

The complete solution to the problem is given by the solution of equations
4 and 5. We could not, however, obtain an analytical solution. Computed results
are presented later, but it is informative to consider a limiting condition which
has an analytical solution. The limiting condition is that the ohmic drop within
the electrolyte in the pores is negligible. The effect of ohmic drop can be
considered as a disturbance of this limiting condition.

CASE 1. Ohmic Effects Neglected

Neglecting ohmic drop and working with equation 4 only, we can separate
and integrate from x = 0, R = Rj to x = x, R =R,

1 [(e'f]/b _ e-'f]/bl

(i S/vaF)x =

(6)

When x = L, the thickness of the electrode, R = R¢, the final concentration of
reactant issuing from the right hand face of the electrode. The current per sq cm
of electrode is

i = aFv(Rj - Rf) @)
The limiting current density is clearly given by

iy, = nFvRj (7a)
Thus

i/if, = 1 - Rg/Ry = degree of conversion (8)

To get the relation between current and polarization we have to substitute for Rg
in equation 6 using equation 8, as follows

(LioS /voF) ((eNP/Ry) + (e /b/py))

= In(e/P-e /) - 1n] (Re/Ry)eT/P-(Ry/Py)e 1/ 1Y 4 (Rg/Py)e 1]
For algebraic convenience let 7y = Ri/P;, Q = eN/b _e-n/b, then

(LiOS/vnFRi)(e"]/b + ye'n/b)
= 1lnQ - ln[(Rf/Rj_)(eT]/b + e_n/b) -1+ y)e'n/b]
Again, for algebraic convenience let en/b 4+ ye'n/b = f, then
, e (LioS/IL)E g = Re/Ri)E - (1 + y)e WP

or i/ij = 1 - Rg/Ry = (£ - Qe-(LSio/ig)f - (1 + y)eyn/b)/f
(eN/b + ve-n/b e-N/b _ Ye‘ﬁ/b _ Qe'(Lsio/iL)f)/f
or i/ij = Q (1 - e'(LSiO/iL)f)/f 9

This is the equation relating current to polarization and it includes the para-
meters of iy, S, L, v, Rj, Pj.

Two limiting cases can be considered. Firstly, let us consider the low
current case where 1m — 0.

Using eN/P = 1 4+ /b when 1/b is small,

1In ]
PRy + Py @RDEVE - (R; + 2y - R) R

=T

~

P N o —————n it




51

s s n _h
1/, = 2(n/b)1 — - o @Sip/ip[1 + 5+ v b)])
1+ g+ f 1’-3

When LSio/iL is small, that is, it is a reaction with a relatively low exchange
current,

i/iy = 2(LSi_/ip)(n/b) . - (10

This is the required logical result since, as b = RT/amF, @ ~ 1/2 (n; is the
electron transfer in the rate controlling step), ’

i = (LSip)niFn/RT .
On the other hand, if LSi,/iy, is lafge, then
i/iy = Q/f
= (eN/b - e n/by /(P 4 ve /P
Rearranging .
n = (2.3RT/nF) log[ ¥ ¥i/iL)y : ©(11)
(1 - i/ig )

This is again the expected result: it corresponds to pure concentration polari-
zation (see reference 7, p. 15, where the above result can be obtained from equation

26a by setting i/I = 0). . .
At large values of 7} (the larger is y the larger 1 must be for the following
approximation to hold) e-N/b can be neglected compared to en/b and o

-(SLigy/iy) en/b (A1»‘2)

As necessary, as 1/b becomes large, i/ij - 1. Figure 2 shows the form of i versus
7 for various values of exchange current. To make the curves as general as pos-
sible it is convenient to plot in the form i/ij versus T/b, with T,/ij as the

variable parameter. i, is defined by
o = ioSL . ' ' 13y .

i/iL=l-e

For small values of To/iL, the electrode is highly polarized and the factor

y(=Ri/Pi) does not affect the result. A Tafel region is observed at current

densities well below the limiting current. This can be predicted from equatien

12, since when i/i; is less than 0.1, the exponential term is near 1 and

Ry - . b

ifig ~ (/1) NV
T~ (2.3RT/anpF) log(i/fi,) . (12a)

CASE 2. Ohmic Effects Included

From equation 5 we have
difdx = (1/p) d’n/ax? .
From equation 7 we have
di/dx =-vnF dR/dx .
We can also combine equations 5, 7 and 7a to give
R/R; = (1 - (1/igp)dn/dx)
Cémbining these equations with equation 4 gives

-n/b -n/b (R; + P; e‘ﬂ/b
2/ = oiosr, (1L g 7 ey Ry + Py
d°n/dx¢ = piOS[Rl( Lp a0 (K] YRO) P)

Equation 14 is the basic equation relating polarization to distance into the elec-

. a®

trode. We were not able to find a general analytical solution to the equationm,
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Y U .
therefore, thg‘équation was put into a form suitable for numerical integration. ¢

For computational convenience it is helpful to define reduced values of 7,

x by‘a“ rbxe wol i . ¢
= n/b (15) '
{G1) i = x/L (15a)
It 159%%52(c223f?¥ent to define a maximum ohmic polarization A by ) ;
A= dppL (16)

A is the maximum possible ohmic loss through the electrode and is obtained under
conditions where the reaction is completed in a differential element at x = 0,
so that all the ions supporting ij have to be transported from L to x = 0 (or

x = 0 to L). This can only occur at very large total polarizations. Replacing
. Ry/P; by v, n/b by i, and x/L by X, equation 14 goes to

2=, 2 = 1-b dn -0 -
/e = (/1) (A/b)[g b E%(eﬁ tye M - @+ e ]
Againj it is convenient to define a reduced A by
A/b . (16a)

T and A are reduced quantities,

~trslog woias
asThenpodropping o’

a2n/ax? = (i,/iy) al(1-(1/a)dn/dx) (eHye™) - (1+y)e M)

SRy DBOunddry ¢oﬂd1t10ns ‘are N, at x = 0 and at x = 1, where is the

n=To =Ty L
polarization at tRe fight'hand face of the electrode in mu1t1p1es of b. "Integrat- s
ing{equation 17 once,

‘lbar but remembering that i

(M + ye M -e™ - e Myax - fn (" + veMydn ]

: .Tlo Mo

adl as T orizs

(1;/1L)[Af (e - eMdx - (&N - ve ™M - (e

If x is divided into M small increments of Ax such that over any Ax, n is proportion-
al to x and Aﬂ/Ax is a constant we get, at the N th increment,

Mo _ 'ﬂo

N1

162982 03 doe (1ims - ﬂ fiy-1 N-1
P ST o (e 18m) ™+ e ol e 0]
AeIinnpa moxl be - -[(e - ve T]N) - (e? - ve °)]) (18) *
boe I wren 1 - th . ) .
Any is the increase in poLarlzatlon over ithe N-1 to N acroment. Also, from

equation 5,
GBS 41 = (1/piy) dn/dx

where 1, x are actual values. Replacing, as before, m/b with T, x/L with ¥
1/i; = (b/pigl) dn/dx = (1/B)dn/dx .

Dropping the bars,
1/i; = (1/8) dn/dx .

Thus the total current density from the electrode is
i/i = (1/8) (dn/dx) (19)

To calculate 1 and 1/1&, equatlon 18 is progressively solved using a suitable
value of Ax and the value of 7 plotted versus x. The value of dn/dx at x = 1 is
obtained graphicaL +Egquation 18 is solved by assigning a value of m_ and gues-
m?JQt a vdlue of, n‘T‘tThls is substituted into the R.H.S. of equation 18, with
gﬁ’ Mo, ¥ &Ny - Aﬂl i's calculated. When it agrees with the substituted value of

ﬁaﬁthlﬁhéh%pecifled error, the calculation is correct and may proceed to the

ot cij@ﬁg“ afds ol anidg
program for~ computatlon of equation 18 is available from the
authors.
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next step. The final polarization is at

x = 1, N=M, and the total current is

obtained from equation 19. This is repeated for another value of 1, (which is
the polarization at the left hand face of the electrode) and other values of 7
(at the right hand face) and i/ij are obtained. By this means, the complete

range of 7,, 7 and i/i;, from i/i; small
terms in e can be neglected when 7, is

1
Ly~ (io/iL)Axeno[ZA(Ax/AﬂN)(en N

where nl is measured from 1m,, that is, 7

to i/i; = 1 can be obtained. For vy <1,
greater than 1, and equation 18 goes to

1 1
A A Y (20)

= nl + 7y. This form can be fairly

rapidly computed. When (io/iL)(Ax)enoA is small, the final value of 7~ is small
and ’

dn/dx

(1,/iy) e 0oz %—:(1 +0y = 1= Tyop)
(/i) e 2aSnx

(io/iL)Aenox

Therefore, .
1 N
Ny = (10/1L)e A [ x dx

.. o_3
(i /ip)0e "x4/2 : 1

For this low current condition

n
/i) = (1/8)(dn/dx) _, = (/) (i /i )e °s

(io/iL)eno (22)

This, of course, is a Tafel form. The equations tell us that, for an irreversible
reaction at low current, the additional polarization nl caused by ohmic loss is
one-half that expected if all of the current flowed completely through the porous
system, since, from equation 21 :

ey - Gyl

(i/ip)a/2

This is reasonable, since, under these conditions, the electrode is reacting uni-
formly throughout its thickness and the mean distance the ions have to penetrate
is half the thickness.

Equation 20 predicts that, for irreversible conditions, the shape of the 7
versus 1/ij curves will be the same for any i,/i; value (for a given A value, of
course) but shifted to higher or lower polarizations. This is because (:'Lo/i]_.)en°
is the controllinﬁ parameter and we therefore know that 7" is the same for a given
value of (i,/ij)e'lo. Thus for a given set of ! valués

n (N, + 2179
(olip) e © = (glip)ge © L

where 4n; ) represents the bodily shift. Then

oy, = 2.3 log[(io/iL)]_/(io/iL)Z]

or
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&mypvolts = (2.3b) Iog[(io/iL)I/(io/iL)z]

Let us now consider the limiting case where activation polarization is
negligible and only concentration and ohmic effects are present. From equation !
17, when (i,/ij)A is large, dzn/dxz/(io/iL)A tends to zero and we get equation
11. Equation 11 thus represents the limiting case whether an internal ohmic
voltage gradient is present or not. For a given 7Ty, a larger ohmic effect will
give a higher i/iL since the concentration of reactant and product will change
to keep match with the voltage: but since 7, is essentially zero at all currents
up to near the limiting current, m is determined solely by i/i;, according to
equation 11. The position of reaction in the interior will change with 4, but
the final result will not.

At intermediate conditions where neither equatioh 20 nor equation 11 apply,
equation 18 is tedious to compute. However, if v = 1 the equation goes to

o ox . e s
ong = (210/1L)Ax[Z$A an (cosh My - cosh my_;)-(sinh Ty - sinh no] (18a)
Tables of hyperbolic functions can then be used.

RESULTS OF COMPUTATIONS

In a previous report (ll), the equations were solved by hand computation.
They have since been solved more accurately on an IBM 7074 digital computer. The
later results show a slight change in the values of 7, as compared to the former.
Figure 3, 4 and 5 show the results of computations of the full equation, allowing
for ohmic resistance. (A value of Ax = 1/20 was found to be satisfactory over
most of the current range.) To avoid confusion, the 1 calculated for the case of ’
no ohmic effect is termed Ty, the polarization at the entering face is termed 7,
and the polarization of practical importance, at the exit face, is termed 7.

The physical picture of the effect of ohmic voltage gradient which emerges
from the solution of the equations is as follows. The flowing electrolyte, with
a high concentration of fuel, enters at one face and, with a suitable polarizationm,
it starts to react. The ionic transfer through the electrolyte, which maintains
charge balance, gives rise to an ohmic voltage gradient. This ohmic effect in-
creases the polarization at further penetration into the electrode and the reaction
rate is increased. Therefore, as the fuel flows through the electrode, it is
consumed more and more rapidly, which increases the cumulative ion transfer, which
causes increased ohmic effect, which increases the rate of consumption and so on.
Thus for a large value of A (the index of ohmic effect) the reaction is concen-
trated towards the exit face of the electrode. This is shown in Figure 6 for
A = 100 and currents of 0.84 and 0.23 of the limiting current. For the larger
value, most of the reaction occurs in the final one-tenth of the electrode. For
the lower value, most of the reaction occurs in the final three-tenths. An
important effect of this concentration of the reaction in a zone towards the exit
face is that radial mass transfer limitations across the pore may come into play
sooner than would be expected if reaction were more uniformly distributed through
the pore.

The curves in Fiéure 3 are calculated for a A/b value of 10. Examining the
curves for T /iy = 107¢ it is seen that m, and 7 lie on either side of the 7 curve.
This is as expected, because the ohmic voltage gradient in the electrode speeds up
the reaction toward the exit face, therefore, the initial activation polarization
N,., has to be less to give a certain i/iL value. As predicted by equations 22 and
1Za, the m, value at low current density (but reaction still irreversible) approaches
Ng» both being given by a Tafel form. At i/iy = 0.1, §-Ny ~ 1/2b. 1If this current
fiowed completely from the left hand face of the electrode, the ohmic drop would be
(i/iL)pLiL = (i/ig)a = (0.1)(10b). 'Thus the actual N-No is one-half the maximum
possible M-M,, as predicted previously by equation 21, Over most of the current



55

density range of importance, i/i; from 0.2 to 0.95 for example, the difference
between 7 and Tg is less than 1/% of the maximum possible ohmic effect. Again,
this is reasonable, because the increase in polarization from entrance to exit
in the electrode causes the reaction to proceed faster towards the exit. There-

fore, the mean distance which the current carrying ions have to traverse is

strongly weighted to be near the exit face, giving a relatively small ohmic drop.
Of course, as the limiting current is approached very closely, all of the reaction
occurs towards the entrace face giving the complete ohmic drop. This condition is
only reached as the polarization becomes very large.

We can see, therefore, that the simpler analytical equations leading to
Figure 2 are of value since they predict the main features of the process. The
ohmic effect is a secondary effect. Both Figures 2 and 3 show that a decrease in
the basic parameter Io/i causes a bodily shift of the curves, with no difference
in shape. Considering Figure 2, it can be seen that, as expected, decrease of
I,/iy, by a factor of 10 bodily shifts the polarization curve down by 2.3b volts.
(The 2.3 arises because b is RT/an)F, whereas the normal Tafel coefficient is
2.3RTAan1F.) For a one electron process at room temperature the shift would be
about 0.12 volts, and for a two electron process, 0.06 volts.

In Figure 2, the uppermost curve represents equation 11 with y = 1. This
is a pure concentration polarization curve and applies for all values of iy/ij
above about 1 or 2. The reaction is essentially reversible at all fractional
current densities*, For the more polarized, irreversible curves, -y has no signifi-
cance, but it has a large effect for the reversible case.

The effect of change of A is shown in Figure 4. The results were computed
for A/b = 0, 10, 20, 50 and 100. This covers most of the range likely to be
encountered for electrodes of reasonable porosity and strongly conducting electro-
lytes. Figure 5 shows the polarization for a one electron rate controlling step
at room temperature where the normal Tafel coefficient would be 0.12 volts. For
a given limiting current (given by the flow rate and concentration of reactant),
the important parameters are the effective exchange current T,, the effective
ohmic resistance of the electrolyte in the pores and On;, determined principally
by the number of electrons transferred in the rate controlling step. The ohmic
effect, represented by A, does not give a linear effect on the polarization. For
example, in going from A/b = 10 to A/b = 50, the difference between T and g over
the practical range is not increased 5 times, but less than 5 times. Again, this
is to be expected since the higher ohmic voltage gradient forces the reaction to
occur at nearer the exit face.

Figure 7 shows the results plotted for limiting currents in the ratios 1:2:5,
but with the same T,. This would correspond to a given electrode and fuel at dif-
ferent flow rates. Note that A/b will vary in the same ratio, while TI,/i, will
vary as the inverse of the ratio. Figure 7 shows that the initjal portions of the
curves are almost identical. The figure may be compared with the experimental
results given later.

DATA FROM THE LITERATURE

The theory discussed above was first tested on two sets of experimental
results taken from the literature. The first set (9) is shown in Table 1. The
results for ip = 80 m amps/cm2 are plotted in Figure 8. Comparing with Figure
5 it can be seen that i,/iy = 102, A/b = 20, an; = 1/2, is one set of conditions
that approximately fit the experimental results. The test of these values is
whether they will accurately predict the polarization at the other limiting current

* It should be noted, however, that exp(rn/b) cannot be set equal to 1 + 7m/b over
all the range, because, although reversible, strong concentration polarization
exists.
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TABLE I

2+, 4+
Polarization versus current for anodic reaction of Sn~ /Sn

in a flow-through electrode of porous carbon (9)

Thickness of electrode 2% = 0.4cm
Feed concentration of San_ = 0.26 N
Feed concentration of Sn = 0.30 N
Electrolyte = 6 N HC1
Temperature = 23°C
Area of electrode = .5 cm2
Expt A
i iL n LL n iL n
m amps/cm ma/cm? volts
10 80 0.17 150 400
20 0.23
30 0.27 0.265
40 Flow 0.31 Flow 0.29 Flow 0.30
0.96 1.80 4.92
ml/min ml/min ml /min
50 0.34 0.315
60 0.38 0.34 0.34
70 0.42 0.37
80 0.39 0.375
90 0.41
100 .43 0.41
110 0.46
120 0.50 0.435
140 0.65 0.465
160 0.485
180 0.51
200 0.53
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densities. Thus, for i; = 150 m amps/cm2 io/iL must be (80/150) 10-2 = (5.3)
103, and A/b = (150/80) 20 = 38. For i; = 400 m amps/cm?, iy/ij = (2) 10-3,
A/b = 100, Figures 8a, 8b, 8c compare the predicted with the experimental
values. Bearing in mind that the values of i,/i; = 10-2, A/b = 20, ong = 1/2
were obtained by visual comparison and are thus only estimations, the agreement
between predicted and experimental results is good. Figure 8c also shows the
predicted values of Mg, the activation-concentration polarization without ohmic
effects,

If tﬁe value of A/b is 20 at ip =80 m amps /sq cm then the effective
specific resistance p is given by

A= di; Lp = 20b, p = (20)(0.052)/(0.08)(0.4) ohm cm = 32.5 ohm cm.
The concentrated solutions used (6N HCl) should have a resistivity of about 2

‘therefore

p' = p(e/q) ~ 2 or €/q = 2/(32.5) = 1/16.

This value appears to be lower than the optimum, since we would expect €/q to be
about 1/5 for normal porosities and tortuosity coefficients. However, a tortuosity
factor of 5 and a porosity of about 307 would give the required €/q value, and
tortuosity factors up to 5 or even much higher are often found in compacted bodies
(10). Such high tortuosity factors can sometimes be lowered to more normal values
of about N2 by burning out the carbon to remove constrictions and blockages in

the structure. )

The interesting question now arises as to why anj) = 1/2 gives reasonable
values, when the over-all process is a two electron process. If 0n; is set equal
to 1, b is 0.026. This means that the predicted polarization due to activation -
concentration effects at any given i/iL is very much reduced and more of the actual
polarization must be ascribed to ohmic loss. The values of A/b (and hence q/€)
become much greater; the values of i, and A obtained using one set of experimental
results do not give predictions which fit the other two sets of experiment results.
There is strong evidence, therefore, that the Sn2+ — Sn%+ reaction has a one
electron rate controlling step. An explanation for this has been given by Vetter
(12). - )

T,/1;, for a limiting current of 80 m amps/sq cm is 102, therefore, the
exchange current for the carbon electrode is 0.80 m amps/sq cm. Since the thick-
ness of electrode is 0.4 cms, the exchange current per cubic cm of electrode is
2 m amps. As the internal area of the carbon electrode is now known it is not
possible to convert this figure to a true exchange current per unit area. It must
be recognized that the absence of data on T, Values makes the treatment somewhat
conjectural.

The second set of experimental results obtained from the literature are those
of Perskaya and Zaidenman (8). These authors give essentially the same equation
as equation 14, but they solved it (amalytically) only for a short range of current
density, for low polarization conditions. The analytical form is too complex to
be of much use. 1In one experiment, however, they measured To and M. They used
a 1 mm thick disc of girous platinum prepared from platinum powder and the reaction
studied was Fe2t - Fedt, at equal inlet concentrations of 0.005 N in 1 N H2S504.
Figure 9 shows their results in terms of 7 versus i/ij, for a limiting current of
about 180 m amps/sq cm. These results may be compared to the shape of the 7, o
curves computed for i,/if = 0.5 and A/b = 5, also shown in Figure 9 (if on; is
1/2, the scales of the two figures are identical). The two curves have a strong
resemblance and adjustment of anjp, io/iL and A/b could no doubt be made to bring
the m values into better correspondence. The 7, values, however, appear to be too
different to correct by such an adjustment, since the experimental values approach

the limiting current more gradually than predicted. This may be due to assumption
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iv being false near the limiting current, (see section on Second Limiting Current).

Assuming the values of I /iy to be about 0.5 for the experimental results,
the exchange current per unit volume of electrode is about 0.9 amps/cm3. Parsons
(13) gives the exchange current for this reaction as 6 m amps/sq cm (with a cathodic
any value of 0.58, which suggests an anodic an; of 0.42) on platinum, at 0.015 N
in 2N HySO,. Assuming the same exchange current applies here and correcting for
the difference in concentration, the effective specific area of the electrode would
be (0.9/2)(1000) = 450 sq cm per cm3, which is a reasonable figure. Assuming A/b
to be about 5, b about 0.052 volts, then for i; = 185 m amps/sq cm, P is equal to
14 obm. cm. The specific resistance of 1 N H;50, is about 2.6 ohm. cm, therefore

q/e = p/pl ~ 5.3

5.3 is a very reasonable value since an electrode of, for example, 30% porosity
with a tortuosity factor of N2 would give q/e = &4.7.

EXPERIMENTAL RESULTS

The results reported here have been only recently obtained and insufficient
work has been done to present a complete picture. However, some interesting results
on half cells can be reported which show the limits of the range of application of
the theory presented above. The data has been obtained using a galvanostatic tech-
nique, with a porous electrode mounted in a lucite holder (the circuit and apparatus
will be described in a later report).

To test whether the theory could explain, in a qualitative manner, results
for dissolved fuels such as methanol, a porous electrode made of platinum black
was used. The use of this catalytic material made it possible to reach the
limiting currents at voltages before the oxygen evolution potential. A known
weight of platinum black was compressed between two 80 mesh screens of bright
platinum. For the thicker electrodes made with a greater weight of platinum
black, a third screen was used in the centre of the electrode. The electrode was
clamped in a lucite holder to give compression of the powder. The ohmic resistance
through the electrode material was found to be negligible. A fritted glass disc
was used at the entrance face of the electrode to provide a rigid backing and to
ensure even flow distribution. A counter electrode of platinum screen was mounted
in the lucite tube, in line with the porous electrode. The cell was run vertical-
ly, with the reactant dissolved in the electrolyte entering at the bottom, flowing
threugh the fritted disc and the platinum black electrode, up past the counter-
electrode (at which hydrogen was evolved) and out to a collecter for flow rate
measurement. Evolved gases were taken off from the top of the cell. The voltage
between the electrode and the entering electrolyte was measured versus a saturated
calomel electrode. The electrode-electrolyte voltage at the exit face was also
measured, versus the saturated calomel electrode, by extrapolation to the electode
face of measurements at two known positions downstream.

Blank measurements made without a dissolved reactant showed negligible cur-

rent densities between hydrogen evolution potentials and oxygen evolution potentials.

Some typical results using dissolved fuel are shown in Figures 10 to 13. All tests
were made at room temperature. The broken lines represent the inlet voltage and
the solid lines the exit voltage, where the latter is the curve which shows the
full voltage loss at the electrode (see later discussion of Figure 15). 1In general
the curves were very stable and providing the voltage was not taken too near to
oxygen evolution, it was usually possible to go up and down the curve with negligi-
ble hysteresis.

It is obvious that the results for this type of electrode cannot be completely
explained by the simple theory developed previously. In general, the limiting
currents obtained at the larger flow rates were less than those expected from the

amount of reactant being forced through the electrode. A discussion of the reasons
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for this apparent anomaly is given in the next section.

SECOND LIMITING CURRENT

A study of the results in Figures 10 and 11 show that at low rates of flow,
the limiting current obtained was higher than the expected value. This is partly
due to external back diffusion of unreacted fuel present in the exit volume of
the cell. In time, the flow of fuel-depleted electrolyte will flush out the exit
compar tment, but at low rates of flow this is a slow process. In later tests on
a slow flow rate we kept an electrode near the limiting current for over an hour
and a slow drift of the limiting current to the expected value was observed.

(This was a tedious process since it required constant adjustment of the current
to prevent the potential going to oxygen evolution.) Diffusion from the entrance
volume was negligible due to the sintered glass disc at the entrance, and back
diffusion could have been greatly decreased by using another disc at the electrode
exit. However, this could have prevented the use of a simple extrapolation method
to obtain the exit face polarization. At higher flow rates and limiting currents,
the back diffusion is proportionately less and the flushing of the exit dead space
proportionately faster. It was found that at a flow rate of about 0.4 cm/min the
back diffusion effect was almost negligible.

Figures 10 and 11 also show that at high flow rates the limiting current is
less than that expected. There are at least three possible reasons for this.
Firstly, radial mass transport hindrance across the pores of the electrode might
be significant. Secondly, the rate of chemisorption of the fuel might be rate
limiting, in which case a chemisorption limiting current is obtained when the
fractional surface coverage 6 tends to zero all over the electrode (7). Thirdly,
the electrochemical discharge may be preceded by a dissociation in the bulk of
the pore electrolyte and the limiting current would then be determined by a
limiting rate of the predissociation.

Considering the first possibility, that of radial mass transport, the problem
can be solved with sufficient accuracy by considering the mass transfer analogy to
radial heat transfer in laminar flow systems. The solution for laminar flow, for
a fixed concentration at the wall and for fully developed velocity and concentration
profiles, is given by (14)

Nu = hD/k = 3.66
rate per unit area = h(R, - Rw) (23)

D is the pore diameter; k is the mass transfer coefficient, which is the diffusion
coefficient of the reactant in this case; Ry is the mass flow mean concentration
of reactant and R, is the concentration at the wall of the pore. The assumption

of negligible entrance effects, and fully developed flow, is probably reasonably
good because of the very low Reynold's numbers of flow in fine pores. A limiting
current is clearly reached when = 0 at all points along the wall of the pore.
Let A be the specific geometric ared of the walls of pores, in cm? of area per

cm3 of electrode (note that A does not necessarily equal S). Then the differential
current density in an element dx at the condition where R, = 0 is .

di = oF 3.66(k/D)AR dx (24)
At the same time
di = nFv dR
i= nFV(Ri-Rm)
iL1 = anRi

Therefore,
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R = (1'.Ll - i) /nFv

m
and i L
L2 Ny g

[ "7/ (g, - 1))di = 3.66(Ak/Dv) [ dx

o o
or

ipp/i =1 - e 3.66 (AKL/vD) (25)
Thus the ratio.of the observed limiting current ij; to that of the expected
limiting current i is given by equation 25, where A/D is an unknown factor. ‘An

estimate of the ratio of limiting currents can be made by taking L as 0.1 cm,
k-as 10-5 cm?/sec, v as 1 cm/sec, A as 500 cm?/cm3 and D as 10 microns. The
exponent of the exponential term is then approximately -20 and the radial mass
transport effect would be negligible. However, a 10 fold decrease in the magni-
tude of exponent, given for example by A = 250 cm2/cm3 and D = 50 microns, would
give a significant effect. :

The second possibility, that of a chemisorption rate limitation can be
analyzed by assuming that the limiting rate of chemisorption is given by,

rate per unit area = kR, gm moles/cm?sec. . (26)

This follows from a chemisorption rate equation when 6§ -0, 1 - 8§ - 1. kj is the
rate constant. Egquation 24 is now replaced by’

di = oFkiSR dx.

The treatment then follows as before giving

i p/ipy = 1 - e KLV

The third possibility, of a dissociation before discharge, is similarly
handled by assuming a dissociation rate of
rate per unit volume = kR

A limiting rate is obtained when the reaction is irreversible and the product of
reaction is removed, by electrochemical reaction, as fast as it is formed. Then
the differential current density is given by

di = an2R€ dx

and, as before,

_faarmT 1N
\RZEL, V),

ijp/ipp =1 - e (29)
Thus the three possibilities all give rise to a form
iga/igg = 1 - & OV (30)

where the exponent includes L/v in all cases, but J has a different physical
meaning for the different cases.

If equation 27 or 29 applied it might be expected that different fuels would
give different values of J, whereas if equation 25, that for radial mass transport,
applied then J would be nearly constant for different fuels.

DISCUSSION OF RESULTS

Table 2 shows the ‘value of J calculated for a number of different tests. L
was determined from the weight of platinum black used in constructing the electrode,
from the relation 100 mg per cm? & 1 mm of thickness. For methanol and potassium
formate the value of J was approximately constant, with a mean value of 4.8. When
it is considered that the electrodes are pressed powder and can vary between one
pressing and another, it must be concluded that J is constant within the reproduci-
bility of the system. No significant difference was present between methanol in
acid or methanol in alkali, or between these and potassium formate in alkali. This
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is evidence that the effect is one of radial mass transfer. However, the results
from hydrazine (see below) suggest that if radial mass hindrance is present then
gas evolution reduces this effect. Gas evolution was observed with methanol in
acid electrolyte. For potassium borohydride and hydrazine, on the other hand, J
was again reasonably constant but with a mean value of 35. Bigger J means less
departure from the expected limiting current and would be due to an increased mass
transport factor, increased rate of chemisorption or increased rate of predissoci-
ation. The hydrazine reaction is; )

)
N2H4 + 40H —?Nz + 4H20 + 4e

Vigorous gas evolution from the test electrode was observed. Thus for this type of
electrode, the nitrogen evolved within the electrode may increase the effective
radial mass transport factor; it does not appear to block the electrode. A block-
age of the electrode by trapped gas bubbles would be expected to reduce the ef-
fective internal area of the electrode, leading to higher polarization and a
reduction in J. Blockage does not seem to occur and the reason may be that since
reaction is concentrated towards the exit face, the small bubbles produced by the
reaction may reach the exit face, by vertical travel, before they grow very large.

Decomposition of the borohydride to produce H, was noted at open circuit
conditions. Therefore, some prior decomposition reaction may be postulated,

BH, + 2H,0 B° BO,' + 4H, .

However, the released hydrogen was readily used when appreciable currents were
drawn, giving an over-all reaction,

BH,' + 8 OH' - BOy' + 6H,0 + 8e .

Certainly, some of the hydrogen released to the surface from the borohydride will
never be released as gas under load, since surface hydrogen will be discharged
electrochemically. However, it is possible that enough is released and later
reused to cause increased radial mass transport, comparable to that observed by
hydrazine.

The analysis of J factors given above show that, at least for the platinum
powder electrode, the assumption of a negligible radial mass transfer effect may
not be valid. Alternatively, a slow chemisorption or dissociation may be present.
Although we have not completed the inclusion of these effects in a more compre-
hensive treatment, it is reasonable to suppose that the volitage-current curves wiil
fit into three categories. Case 1 would be where JL/v is large, the interfering
effect is small and the curves correspond to the basic theory. For a one electron
rate controlling step at room temperature, the voltage change between i/i, = 0.1
and i/iL = 0.9, for the center of the 7m,, 71 band, is about 0.15 volts. Case 2
would be for a moderate value of JL/v, such that ijs & i;;, but a considerable
effect on the shape of the curve is present. The effect will be to increase the
general slope of the voltage-current curves, especially near the limiting current.
Case 3 is for a small value of JL/v, which gives a greatly reduced limiting current.
At low currents the curves will be nearly the same, but the greater the effect of
JL/v then the more gradually will the curves approach the limiting current, the
slopes will be greater, and the sharp bend-over near the limiting current for the
T line will be replaced by a gradual approach. Case 2 behaviour can be seen in
Figure 11, the results for potassium formate, where the general slope of the
curves is greater than expected, even when the limiting current is close to the
theoretical value. Figure 10, the results for methanol in basic solution, also
shows this general behaviour but the increase in slope is greater than for the
formate case. This is almost certainly due to two steps of comparable rate being
involved. Other results we have obtained show that formaldehyde is more rapidly
oxidized than methanol or formate, therefore the over-all methanol curve is composed
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of,

methanol slgw formaldehyde f§§t formate slgw carbonate.

If the formate oxidation were much slower than the methanol, two waves in the

_voltage-current plot would be observed. However, since they are of comparable

rate, methanol is reacted to give appreciable concentrations of formate in the
electrode, which then further reacts as the voltage incréases. The two waves
fuze into one long curve,

The analysis of J factors given above indicate that the hydrazine and boro-
hydride reactions are less influenced by the effect. Therefore, it is possible
that results for a high value of L/v for these systems may approach the expected
values for the simple theory. (It is not possible to use too low flow rates,
since back diffusion then becomes appreciable.) Figure 14 shows a comparison of
experimental results with computed results for hydrazine, assuming a value of A/b
of 10, on = 1/2, and a value of T,/ij of 10-3, based on a theoretical open circuit
potential of 1.40 volts (v. saturated calomel). The values were selected from the
difference in entrance and exit polarizations and from the position of the curves
along the voltage scale. 1It can be seen that the shapes of the experimental curves
are in fair agreement with theory up to values of i/ij of about 0.7, after which
they show steeper slopes and a less abrupt change to the limiting current. Thus,
the J factor effect comes into play at the higher current densities, in the expect-
ed manner. The observed open circuit potential is considerably more positive than
theoretical but this is to be expected since, as the voltage is past the hydrogen
evolution potential, a mixed potential will result. Calculation of €/q in the same
manner as before gives a value of about 1/9, which is reasonable.

The results shown in Figures 10 to 13 were deliberately taken at low concen-
trations and flow rates, so that the limiting currents could be reached without
heating effects. At concentrations of several moles/litre, and high flow rates,
the limiting current densities became so great that heating occurred on the passage
of the electrolyte through the electrode. Under these conditions it was possible
to obtain current densities of two or three amps/cm2 at voltages well below the
point of oxygen evolution but, in the design of cell used, the ohmic heating at this
high current caused instability due to boiling of the electrolyte.

The voltage in a fuel cell consisting of two flow-through electrodes using

. fuel and oxidant is illustrated in Figure 15. Line ab represents the voltage change

between the electrode potential at a and the electrolyte at b, at ideal zero cur-
rent conditions. cd is the voltage change from the electrolyte to the cathode ‘under
these conditions. Under load, eb is the loss of voltage, T,j, due to initial
activation polarization on the fuel electrode, while 7; is the total polarization
through the electrode. The line fghi represents the ohmic voltage gradients through
the free electrolyte, gh being that across a separator. ijk is the equivalent ‘
cathode voltage curve to gef for the anode. The terminal voltage is now V, where
V=E, - (M +M +Mp). The results presented in Figures 10 to 13 show only 7
values versus current density for the given fuels. .

CONCLUSIONS

The theory developed for the combined effects of activation, concentration
and ohmic polarization at porous flow-through electrodes is likely to apply for
simple redox systems and electrodes of small pore diameter.  In studies of this kind
of electrode it is essential to make measurements of entering and exit voltage in
order to obtain a complete picture of the process. Results using methanol, formalde-
hyde, potassium formate, hydrazine and sodium hydroboride at non-consolidated electro-
des of platinum black show that further factors are involved. These factors may
include more complex forms of the electrochemical discharge equation, involving a
bulk predissociation or chemisorption step, or a radial mass transfer hindrance,.
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Further work is planned on the theory of such systems. It is also planned to test
the basic equation for simple redox systems and fine-pore consolidated electrodes.

Using platinum black flow-through electrodes at room temperature it was found
that, at appropriate flow rates, methanol could be completely oxidized to carbonate
in alkaline solution or CO, in acid solution. Tests on formaldehyde and potassium
formate in basic solution showed that the formaldehyde is relatively rapidly oxidized
compared to methanol, while formate is only slightly more readily oxidized. It was
not possible to tell whether the chemisorption of methanol or the initial breakdown
of methanol to formaldehyde was the first slow step. On the same type of electrode,
potassium borohydride could be completely utilized giving eight electrons per mole-
cule and hydrazine could be utilized to N,, giving four electrons per molecule. The
evolution of gas did not hinder the performance of the electrode. '
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P LIST OF NOMENCLATURE

A, specific geometric area of pore walls.
L b = RT /anlF
q D, . pore diameter
} £ = exp(n/b) + yexp(-1/b)
p F, Faraday
i, current density
’ ig, true exchange current density
Tp, = ioSL, apparent exchange current density for the electrode
5 . i;, . limiting current demsity )
) i;; = nFvRj, expected limiting current density
\ i obtained limiting current density
J, defined by equations 28, 30, 32, 33
A\ k, mass transfer coefficient of reactant, cm?/sec
\ kq, specific rate constant for chemisorption
ko, rate constant for dissociation
B thickness of electrode, cm
M, number of increments into which L is d1v1ded
? n, number of electrons involved in the reaction
.y, number of electrons involved in the rate controlling step
N'th increment between O and M
, Nu Nusselt number
P, concentration (activity) of product at distance x in the electrode
P, - initial value of P, at x = 0
’ . q, tortuosity factor for conduction in electrolyte in the pores of

the electrode
: Q = exp(n/b) - exp(-n/b)

R, concentration (activity) of reactant at distance x in the electrode
"Ry, initial value R, at x = 0
RT, gas constant times absolute temperature
s, effective specific area of electrode interior, cmz/cm
v, velocity of flow of feed, cm/sec
X, distance into electrode from entrance face
Y X = x/b :
a, transfer coefficient in the direction of reaction
A = i; fL, maximum ohmic polarization
a = A/b
€, porosity of the electrode
n, polarization
7 =ak
o =n -,
To> polarlzat1on at entrance face
A Ns» Polarization with negligible internal olmic effect
Y, ratio of inlet reactant concentration to inlet product concen-
tration )
p effective specific resistance of electrolyte in the pores, ohm.cm
pi, true specific resistance of the electrolyte
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THE DEVELOPMENT OF A HIGH EFFICIENCY NON-POROUS HYDROGEN
DEPOLARIZED ANODE FOR FUEL CELLS

H. G. Oswin and S. M. Chodosh

Leesona Moos Laboratories, A Division Of Leesona Corporation
Great Neck, New York :

During investigations of many types of anodes we have found that all
conventional porous anodes suffer from the disadvantage that physical control of
the three phase interface is necessary in order to stabilize the system and maintain
an acceptable level of polarization. There are presently three ways of achieving
this control over the meniscus:

1. The interface can be maintained by controlling the porosity of the
electrode in the manner developed by F. T. Baconl, and generally known as the
biporous electrode structure. Essentially this consists of two porous structures,
the one facing the electrolyte having a mean pore size smaller than that of the
coarse pore structure facing the gas phase. Thus by careful control of the differ-
ential pressure applied across the electrode, a stable interface is maintained
somewhere within the electrode. If a certain differential pressure is exceeded,
bubbling will commence at the largest pore in the fine pore layer.,

2. Many other investigators have used the homoporous electrode structures,
such as those described by Justi, which are used in a bubbling condition. This
again necessitates a certain differential pressure at which an acceptable rate of
bubbling occurs through some of the larger pores while a stable interface is main-
iained in pores of smalier diameter.

3. The third commonly used technique is to waterproof the electrode
structure, This consists of applying a waterproofing layer to the surface of the
porous structure, which apparently prevents gross flooding of the larger pores.
Whether or not the smaller pores of the structure are flooded is not obvious,

- Likewise, electrodes can be constructed by incorporating waterproofing agents such
as Teflon or Kel-F into a finely dispersed metal powder which is then fabricated
into a porous layer.

All these three types of electrode have certain disadvantages such as the
difficulty of controlling bubbling on waterproofed or homoporous structures with the
consequent loss of fuel and its attendant dangers, or in the case of biporous
structures quality control.during manufacture is essential to achieve reproducible
porous structures. :

The case of true, solid electrolytes is, of course, unique, and it is more
difficult to define interphase structures in the case of such systems as Pt/ion
exchange membranes and Pt/ZrO,-CaO.
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However, it was evident that if a solid diffusion anode could be made by
simple procedures, it would possess some unique advantages. With this object in
view, we chose to investigate the palladium alloy systems as a possible way of
making solid non-porous diffusion anodes.

PHYSICAL AND ELECTROCHEMICAL MECHANISMS INVOLVED

The processes occurring in the solid non-porous diffusion type electrode
are shown in Figure 1. The first stage involves chemisorption and dissociation of

_the hydrogen accompanied by the formation of metal hydrogen bonds at the surface.

The hydrogen then diffuses as a proton interstitially through the bulk metal; the
nature of the diffusion mechanism at grain boundaries is not defined. On reaching
the electrolyte surface of the membrane the protons emerge into specific bound
surface states from which they are removed by the potential difference across the
double layer. Thus the total process involves three distinct activation energies:
activation energy of dissociation, activation energy of the bulk diffusion process,
and the activation energy for the transfer of protons at the electrolyte interface.
There exists a concentration gradient of protons across the membrane which
provides the driving force for the diffusion process. Part of the investigation has
been to determine the role of these various processes and the rate-controlling
mass-transfer mechanisms.

EXPERIMENTAL PROCEDURES

During the development of this electrode both electrochemical studies and
gaseous diffusion studies were carried out simultaneously. The diffusion studies
will, however, be reported separately, but it will be noted that they have confirmed
the findings of the electrochemical studies. :

The electrochemical studies were carried out under controlled conditions of
temperature and pressure using in most cases half cells, that is, the cathode of the
cell consisted of a platinum gauze from which hydrogen was evolved. Certain of
the early feasibility studies and the scale-up studies were conducted on cells
containing oxygen depolarized cathodes. During the feasibility stage some of the
electrodes investigated consisted of tubular structures of the type used for gaseous
diffusion and separation of hydrogen. It had been hoped that these could be
incorporated into concentric type cells giving high power density per unit volume,
but the many problems associated with fabricating, sealing, and gasketing biporous
tubular cathodes resulted in the use of more suitable designs. It was also found
extremely difficult to calculate current-density distributions in cells using circular
cross-section electrodes, i.e., tubes, unless the surrounding cathode was exactly
concentric.

Polarization measurements were made in all cases against.a hydrogen
electrode which consisted of a palladium-silver tube containing hydrogen under
pressure which acted as a non-polarizable reference. Thus, all potentials quoted
are measured against the reversible hydrogen electrode in the same electrolyte
under the same conditions (sometimes referred to as the E* scale).
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Electrode dimensions were in most cases one-inch diameter flat membranes;
in scale-up studies three-inch, five-inch and six-inch square electrodes were used.
Except where stated, 75% Pd-25% Ag was the alloy used.

Electrolytes used during the studies consisted of USP grades of potassium
hydroxide, sulfuric acid, and phosphoric acid over the temperature range from
room temperature to 250°C. :

Luggin capillaries were used to measure the potential at the electrode surface.

All of the data presented here (except Figure 6) are steady state polarization data
and do not include any data derived from galvanostatic transients. Thus all electrode
IR drops are included in the measurements: i.e., those caused by conductor
resistances,

FEASIBILITY STUDIES

Initial feasibility studies were conducted on 25% silver 75% palladium alloy
membranes at temperatures up to 250°C. These early results were somewhat
variable, but very encouraging. Limiting currents up to several amps /cm? were
observed and polarizations of the order of 150 mV were obtained over the current
density range of 200 to 400 amps /ft2. However, at lower temperatures occasional
irreproducibility and varying rates of surface poisoning prompted a study of
surface treatment and preparation.

THE EFFECTS OF SURFACE PRE-TREATMENT

The effects of surface preparation are shown in Figure 2, which clearly
indicates the effect of treating of gas and electrolyte surfaces separately and in
combination. In order to demonstrate the effects clearly, polarization values are
shown for various membranes at 150°C. Pre-treatment of the electrolyte surface
has a significant effect on the activation polarization and has obviously resulted in
a much more active surface, either by lowering the activation energy of the process
or by increasing the number of sites available. Limiting currents are not affected’
however. Activation of the gas surface demonstrates a marked effect on the
limiting current density obtainable from the membranes, confirming as we had
suspected that the surface absorption and dissociation processes were a rate
controlling mechanism. It is of interest to note also that pre-treatment of the gas-
side surface has an effect on the "activation-polarization'' region as well as limiting
currents. This is in fact accounted for by the increased diffusion of hydrogen to
the electrolyte surface resulting in a greater concentration of hydrogen in the
double layer. This increases the pre-exponential factor in the rate equation,
resulting in higher currents at a given polarization value. The combination of gas
and electrolyte side pre-treatment results in an electrode having both high limiting
currents and low polarization,

Diffusion studies conducted concurrently confirmed the results of the
electrochemical investigation, namely, that at lower temperatures the surface
processes were rate controlling. However limiting currents are always somewhat
larger than those predicted from diffusion experiments. The probable explanation
of this anomaly is that on polarizing the electrode a very low pressure of hydrogen

PUENER PV W N
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exists at the electrolyte interface. Taking a very simple view, the electrochemical
process eliminates the recombination step: H + H —>H,. The removal of H from
the surface under conditions of polarization can be far more rapid than desorption
of Hj.

The investigation of surface treatment indicates clearly that the ''electrolyte-
surface'' is potential-controlling while the 'gas-surface' is rate-controlling.

From a practical point of view, this phase of the investigation resulted in
methods of preparing the diffusion electrodes with extremely good reproducibility
and with a minimum need for quality control procedures.

Having easily reproducible electrodes available, a series of parametric
investigations were conducted. '

TEMPERATURE DEPENDENCE

The effects of temperature on polarization and limiting currents are shown
in Figure 3 over the range from room temperature to 200°C. Although at room
temperature polarization is considerably increased, limiting currents of the order
of 300 to 400 mA/cm? are still obtainable and the electrode can provide adequate
starting power from ambient. Above 100°C the measurement of limiting current
becomes extremely difficult due to the very high current values involved. For
example, measurements at 200°C have indicated limiting currents in the region of
3,500 to 4,000 amps /ftz; it is virtually impossible to measure such high limiting
currents with accuracy,

DURABILITY OF THE ANODES

Many anodes of various sizes have been investigated for periods up to 500
hours under varying load conditions. Corrosion appears to be the only factor
controlling electrode durability. However, since the corrosion potential of
palladium silver is some 800 mV positive to hydrogen, only complete poisoning of
the electrode surface can result in such excessive polarization and subsequent
corrosion. It has been our experience using the electrolytes described and gases
of commercial purity that this situation does not, in fact, arise and there appears
to be no theoretical 1limit to the lifetime of the electrodes.

THE EFFECT OF ELECTROLYTE COMPOSITION

The effect of electrolyte concentration has been studied and there appears to

_be no particular effect on polarization or limiting current over the composition

ranges of interest. Naturally the specific resistivity of the electrolyte varies and
this can, of course, affect the over-all polarization of the cell. The lack of
invariance with electrolyte concentration indicates the minimum importance of
concentration polarization at the surface due to electrolyte species,

Polarization in acidic or basic electrolytes is similar.
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THE LIMITING EFFECTS OF HYDROGEN PARTIAL PRESSURE

A study of the partial pressure effects of hydrogen indicated that partial
pressure has little or no effect on polarization until limiting current density regions
are approached. The effects of partial pressure of hydrogen on limiting current
density is demonstrated in Figure 4. It will be noted that significant current
densities can be sustained at partial pressures of hydrogen as low as 1 psia.

In connection with our original concept for a solid, diffusion-anode capable
of operating with impure hydrogen streams, this is an extremely important finding
since it determines the degree of utilization of the fuel. For example, if the
limiting current density acceptable is 150 mA/cm®, then the partial pressure of
hydrogen in the purge gas, i.e., the gas being discarded from behind the electrode,
would be approximately 1 psia. If the in-going partial pressure of hydrogen is
atmospheric, i.e., 15 psia, this would represent about 93% utilization of the
hydrogen. An in-going partial hydrogen pressure of 25 psia would result in 96%
fuel utilization,

THE EFFECTS OF MEMBRANE THICKNESS

The effects of membrane thickness on the polarization and limiting current
are shown in Figure 5. The effects on polarization at current densities below the
limiting current density region are negligible. Limiting current density, however,
is an inverse function of thickness for a given partial pressure of hydrogen, thus
indicating that performance,. as well as economics, can be improved by the use of
extremely thin membranes.

STUDY OF POISONING EFFECTS

A comprehensive study of poisoning has been conducted. Poisoning of the
electrode/electrolyte interface is of course effected (as are all metal surfaces)
by excessive amounts of heavy metal ions and chloride ions but in all cases using
TSP grades of electrelyte and distilled water no deteriovation in perfurmance nas
been observed under working conditions,

A comprehensive study of poisoning of the gas surface has been made
including in the hydrogen;containing streams hydrocarbons, methanol, formaldehyde,
formic acid, CO, CO), ammonia, nitrogen, and water. By control of flow rates
and conditions on the gas side of the membrane, none of the above~mentioned
materials have been observed to cause significant polarization effects.

The studies of sulfur impurities and trace metals such as vanadium have not
been completed. It is difficult at this time to predict in what form and in what
quantity these particular elements might occur in reformed streams. Also if a
reformer stream is used for the fuel cell we do not expect the membrane to be any
more susceptible to poisoning than the reforming catalyst, which may, in fact,
remove selectively some of the undesirable materials such as sulfur and vanadium.
Generally speaking, we can expect sulfur poisoning to become more important at
lower temperatures. Carbon deposition on the gas surface has never been observed.
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An interesting effect, wh1ch is a form of poisoning has been studied. The
effect was reported by Darhng in the course of hydrogen diffusion studies through
palladium. He observed that even when using electrolytic hydrogen of high purity,
that a constant diffusion rate could only be maintained by "purging' the high
pressure side of the membrane. We observed the same phenomenon with "pure"
hydrogen using the Pd-Ag anode. If the gas-vents were closed, a steady increase
in polarization ensued. An experiment in which the "pure'' {electrolytic) hydrogen
was first diffused through Pd-Ag and then supplied to the Pd-Ag anode resulted in
the disappearance of the phenomenon. It can only be concluded that an impurity is
present in small quantities and since the "Darling effect' is observed over a range

. of temperature from ambient to 600°C, it is likely that the impurity does not

chemisorb or physically adsorb. Most probably it accumulates in surface micro-
pores restricting hydrogen diffusion to active sites on the metal surface of such
pores and cracks.

ELECTROCHEMICAL CHARACTERISTICS OF THE
SOLID DIFFUSION ELECTRODE

Polarization values for the electrode at 200°C derlved by transient techniques
are shown in Figure 6 plotted on a semi-log basis. It would appear, as might have
been predicted, that the electrode exhibits Tafel behaviour. Unfortunately because
of the large currents involved it has not been possible to study the electrode .
polarization far into the linear Tafel region; IR contributions become excessively -
large. Essentially, at practical current densities the electrode polarization is in
the non-linear Tafel region,

THE EFFECT OF MEMBRANE COMPOSITION

The effects of various alloy compositions were studied and results are
shown in Figure 7. The 25% silver 75% palladium alloy demonstrates superior
polarization and higher limiting currents than all other compositions studied and there
appears to be little economic advantage at this stage to increasing the amount of
silver in the alloy.

SCALE-UP STUDIES
Scale ;up studies have been conducted on electrodes from one inch diameter

to six inch square size, Results are shown in Figure 8 for electrodes of one, and
five inch diameter. The differences in polarization behaviour are not significant.



90

FUTURE APPLICATIONS OF THE ELECTRODES

This non-porous diffusion anode has been developed to the stage where
reproducibility and simplicity of manufacture have been amply demonstrated. Its
extreme thinness and ability to handle high current densities make it intrinsically
suitable for very high power density systems. :

Further, its ability to handle impure streams of hydrogen and its low
susceptibility to poisoning show it to be an electrode which is extremely suitable
for use with reformer streams using cheap hydrocarbons, methanol or ammonia,
as fuel. Its ability to operate in alkaline or acid electrolyte make it a versatile
anode, as does the fact that it can operate at negative, .zero, or positive
differential pressures.

The authors acknowledge the technical contributions and experimental studies
of Mr. F. Malaspina and the results of the diffusion studies conducted by Mr. N.L
Palmer.
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A New Fuel Cell Anode Catalyst
Raymond Jasinski
Research Division, Allis-Chalmers Manufacturing Company
Milwaukee 1, Wisconsin

Introduction

The operating cost of a fuel cell power plant is determined
primarily by the cost of the fuel. Although hydrogen is generally
more expensive than methanol or propane, there are a number of situa-
tions in which fuel cells operating on hydrogen could be economical.

An example of this is the on-the-site fuel cell oxidation of by-product
hydrogen obtained from commercial processes such as the electrolytic
production of chlorine. Air would be used as the oxidant.

One of the principal items which affects the capital cost of the
fuel cell power plant itself is the cost of the anode and cathode
catalysts. The majority of the ambient temperature H2/02 fuel cells
described in the literature have employed noble metals such as platinum
and palladium. These metals are expensive, and some question has been
raised regarding an adequate natural abundance of the elements (1).°

There are two alternatives to developing inexpensive catalyst-
anodes, either reduce the amounts of the noble metal catalyst on the
electrode to about 1 mg/in2 of electrode, or employ less expensive
non-noble metal catalysts.

The latter approach has been followed for ‘example, by E. Justi (2),
who successfully constructed hydrogen anodes starting with the Raney
alloy (NizA13). It would appear, however, that the economic advantage
of employing relatively inexpensive metals, nickel and aluminum, is
more than balanced by the relatively involved, and hence costly, pro-
cedure of electrode preparation. Furthermore, the problems in adapting
these procedures to the preparation of large electrodes for the construc-
tion of fuel cell power plants may limit the applications of this
catalyst.

These problems are not significant with the use of a new, non-
noble metal, hydrogen anode catalyst, nickel boride, This material
is relatively inexpensive and is easily synthesized in the form of an

electrode.

The properties of nickel boride as an anode in the hydrazine/02
cell and the KBH;/Og cell have been discussed elsewhere (4,5). It
was shown that for these cells, the nickel boride catalyst-anodes
were approximately 0.1 volt more effective for the direct fuel cell
oxidation of NgpHy and KBH; than a palladium catalyst.

The chemical hydrogenation properties of this catalyst have been
discussed only briefly in the literature. Nickel boride has been
reported to be superior in catalyst activity to Raney nickel, and more
resistant to fatigue in the hydrogenation of safrole, furfural and
benzonitrile (6). Some of the properties of this material have also
been described in the Russian literature (7). More recently, H. Brown
has discussed the hydrogenation of olefins by nickel boride (8).
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Nickel boride can be formed by heating nickel oxide to 700-
1000°C in a stream of BClg and Hg (9). Another method of preparation
involves electrolysis of nickel oxide "dissolved in variable quanti-
ties of alkali tetraborates'" (10). The compound can also be formed
directly from the elements by diffusing powdered boron into the
reduced nickel (11). However, the most convenient method has been
that developed by H. Schlesinger (12) in which NigB is formed by
combining solutions of potassium borohydride and a nickel salt.

Chemisorption Porperties

Nickel boride, prepared by the Schlesinger method, is formed in
an atmosphere of hydrogen, produced by the décomposition of the excess
KBH4 on the catalyst surface. As a result, there is a considerable
quantity of Hg chemisorbed on the material so that in some cases it
may be pyrophoric. However no difficulty was experienced in handling
the electrodes.

The chemisorption of hydrogen on nickel boride was studied as a
function of temperature. (The sample employed in these experiments
had a surface area of 15 m2/gm, as determined from the physical
adsorption of nitrogen at -196°C.) Adsorbed hydrogen was removed by
evacuating the sample at 200°C to a pressure of less than one micron.
As will be shown below, heating at this temperature has only a minor
effect on surface area. The results are summarized in Table I for
the adsorption of hydrogen at a pressure of one atmosphere.

TABLE I
Adsorbtion of Hy on NigB

Volume Adsorbed (STP)

Temperature (cc/gram)
~-196°C : 0.6
0° 3.5
25° 3.4
150° 3.2
275° 2.3

The volume of nitrogen required to form a physically adsorbed
monolayer on this sample was 3.5 cc/gram. Thus the adsorption of Ho
at room temperature corresponds very closely to a monolayer.

The variation of the quantity of hydrogen adsorbed with tempera-
ture, as shown in Table I, is characteristic of activated adsorption.
At -196°C, the hydrogen has insufficient energy to overcome the energy
barrier for adsorption. At the higher temperatures, (275°) there is
sufficient energy to break the chemical bonds holding the hydrogen to
the surface of the solid and the quantity of gas adsorbed decreases.

A brief study was also made of the physical structure of the
catalyst as a function of sintering temperature. A sample of NigB

was heated under vacuum to a range of successively higher temperatures.

The surface area of the sample was determined between heat treatments
from the N2 adsorption isotherm.

o a -
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The sample was first degassed at ambient temperature until a
constant pressure of less than one micron was reached. A nitrogen
adsorption isotherm, measured at -195°C, indicated a surface area of
22.5 m2/gm. The boride was then heated under vacuum to 200°C -and
held at a pressure of less than one micron for four hours. A second

‘nitrogen isotherm indicated a surface area of 21.3 m“/gm. The de-

crease is small, indicating little, if any, sintering of the nickel
boride. Next, the sample was heated to 350°C for 17-1/2 hours at a
pressure of less than one micron. The surface area dropped to 13.3
m2/gm. Finally the sample was heated to 475°C for 2-1/2 hours. The
final surface area was 6.38 m</gm. This data is plotted in Figure 1.

Very little chemisorption of hydrogen was noted on the NigB
sample after sintering at 350°C. The sample was cooled to 25°C and
the hydrogen isotherm measured. After evacuating to a pressure of
<1l at this temperature to remove only physically adsorbed hydrogen,
another hydrogen isotherm was measured. The two isotherms were
identical, indicating at most, weakly adsorbed hydrogen. This loss
of active adsorption sites on sintering is confirmed by electro-
chemical data. Fuel cells containing NigB anodes which had been
sintered at 500°C did not attain a voltage greater than 0.4V, while
the samples sintered at 400°C attained a cell voltage of onme volt
but only very slowly.

Apparently, the activity of the electrocatalyst was more sensi-
tive .to heat treatments than would be expected simply from changes
in surface area. A 3" x 3" anode, generating approximately 10 ma/cm2
must have at least 1019 hydrogen atoms chemisorbing and reacting per
second. The minimum current involved in the voltmeter reading of 1
volt was approximately 10°6 amps, i.e., 1013 hydrogen atoms reacting
per second. A catalyst-anode sintered at 500°C achieved an open
circuit voltage of only 0.4 volt. Assuming a proportionality between
the rate of reaction and the number of active sites, there must have
been a decrease by a factor of 106 in the number of active sites upon
sintering at 500°C. The surface area, however, was decreased only by
a factor of four.

This conclusion is also apparent from a comparison of the hydrogen

lchemisorption after sintering at 350°C with the loss of surface area.

The chemisorption of Hgp was reduced to a negligable value while the
surface area had decreased by a factor of four.

Anode Oxidation of Hg

Nickel boride was studied as.a H, anode catalyst in two forms,
first as the powder and then supporteg on a porous nickel plaque.

The powder was prepared by combining a basic solution of 5% KBH4 with
a dilute aqueous solution of a nickel salt, e.g.; nickel acetate. A
voluminous black precipitate formed immediately, and was accompanied
by a rapid evolution of hydrogen gas. The details of the procedure
are all well documented (6) and NigB is the sole, insoluble, reaction
product. As a check on the procedure, a sample of this material was
analyzed and shown to have a Ni/B atom ratio of 2.05. The plaque-
electrode was formed by depositing NigB in the voids of a porous sin;
tered nickel plaque. 'The substrate, commercially available, measured
3" x 3" x 0.03",

Since the nickel boride is an electrical coﬂductOr, it was possible

.to study the catalyst directly, i.e., it was not necessary to first
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support the catalyst on a conducting substrate. The catalyst was
formed into a plug and placed in the catalyst test electrode shown

in Figure 2. The fuel gas was passed down the metal tube, through

the catalyst plug and into the "free" electrolyte. Studying the
catalyst in this form alleviated many of the problems involved in
operating H2/02 fuel cells, such as maintaining the proper moisture
balance in the cell. The two electrodes were "driven" with the
commutator (13), hence the voltages measured were IR free. 1In such

a system, Hp was consumed at the anode and water was electrolyzed at

the auxiliary electrode. A saturated calomel electrode, connected

to the cell by a salt bridge, was used as the reference electrode.

The entire cell was mounted in a constant temperature bath maintained
at 80°C. A typical voltage-current curve obtained for a NigB "plug"
hydrogen anode is shown in Figure 3. A curve recorded under similar
conditions for 1:1 palladium black-graphite mixture is included for
comparison purposes. It is apparent that the nickel boride anode is
sufficiently active to support high current densities, e.g., 260 ma/cm2, ‘
The palladium-graphite anode is only 0.04 volt more negative than the |
more economical nickel boride electrode at current densities of 65 to 4
260 ma/cm2.

A test electrode was then operated at a constant load of 65 ma/cm2 1
and the anode voltage recorded as a function of time. This data is
summarized in Figure 4. There is apparently a small fall-off in per- 4
formance over the first 200 hours, i.e., from -0.87V to -0.83V. The !
voltage then remained constant for the next 700 hours, at which time
the test was terminated. It is quite apparent from this data that .
NigB is capable of extended performance as a hydrogen anode catalyst. |

The NigB catalyst was then evaluated in complete fuel cells of the
conventional Allis-Chalmers design, shown in Figure 5. It was possible
to apply the active powder directly to the surface of the capillary
membrane, and a number of cells of this type were built. Since this
procéedure is inefficient in the use of catalyst, it was desirable to f
employ a catalyst support to more efficiently disperse the catalyst
across the electrode. As mentioned above, a porous, sintered nickel
plaque (3" x 3" x 0.03") was used for this purpose with the NipB ‘
catalyst deposited in the pores of the substrate. A voltage-current
curve obtained for a fuel cell employing such an anode is shown in
Figure 6. The cell temperature in this case was 78°C. It was pos-
sible to support a load of approximately 70 ma/cmZ at a cell voltage
of 0.7Vv. Recent improvements in cell and electrode design have in-
creased this performance to 100 ma/cm2 @ 0.7V.

Extended Performance Tests

The fuel cell data shown in Figure 6 described the initial per-
formance of the catalyst electrodes, i.e., the voltage-current char-
acteristics obtained during the first day or two of operation. How- {
ever, fuel cell electrodes generally do show some loss in activity
with time as shown in Figure 4. . This effect was also studied with a
fuel cell of the type shown in Figure 5 employing an anode of NigB
deposited onto a porous nickel substrate. The initial performance ”
was essentially that described by the voltage-current curve of Figure
6. :

Before discussing the extended performance data, it is necessary
to briefly mention the subject of fuel cell "controls". The principal
problem, common to all Hp/ 0, fuel cells, centers about maintaining
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the proper water balance in the cell. It is desirable to withdraw
from the operating fuel cell only that amount of water produced by
the fuel cell reaction. If an excess is removed, the cell will dry
out; if insufficient water is removed, the electrode will flood and/
or the electrolyte will be diluted. In both cases, the extended
performance of the Hy/05 fuel cell would be adversely affected.

A high operating current density provides for a high rate of
water production and the problem of maintaining the proper amount
of water in the cell becomes more severe. The life test on the NigB
hydrogen anode was carried out at a relatively low current density,
i.e., 32 ma/cm2, At this level, the rate of water production was
determined to be sufficiently low so as not to require an involved
water monitoring system. The moisture in the cell was controlled
empirically by adjusting the hydrogen flow rate to establishing

either a wetting or a dessicating condition as needed. The varia-

tion in cell voltage with time is shown in Figure 7 for a cell oper-
ated in this manner for 1200 hours. There does appear to be a small,
gradual fall-off in cell performance with time. Comparing this data
with that of Figure 4, most of the fall-off after the first 200 hours
must be ascribed to problems of cell control. Nevertheless, this data
is sufficient to establish the point that it is possible to construct
large nickel boride catalyst-electrodes which are capable of extended
operation as hydrogen anodes.

The data presented was taken with 3™ x 3" electrodes. No dif-
ficulty has been experienced in adapting the preperative procedures
to 6" x 4" nickel boride catalyst-anodes. The use of electrodes of
this size in the hydrazine/oxygen fuel cell has already been described

(4).
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Figure 7 - Extended operation of a H,/0, fuel cell
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Thin Fuel Cell Electrodes

R. G. Heldeman, W. P. Colman, S. H. Langer, and W. A. Barber

Central Research Division, American Cyanamid Company
Stamford, Connecticut

I. Introduction

There is considerable current interest in low temperature, light-weight,
high-performance Hp-0z fuel cell components. This company has had for several years
a research program directed toward development of thin electrode structures for the
"equilibrated matrix" hydrogen-oxygen or hydrogen-air cells. Electrodes developed
for this system should be useful also in the ion exchange membrane fuel cell, and
with some modification in the free electrolyte fuel cell.

As a short renge objective, we have required thet such electrodes, when
assembled into an Hp-Op cell, should sustain currents of at least 200 ma/cmz, developing
a potential corrected for internal resistance of 0.8-0.9 volts. They should be useful
with suitable modification of support material in either strong acid or base and should
be capable of sustained operation at temperatures from ambient to 100°C. They should
be capable of manufacture in large sizes, e.g., one foot square, and have good unifor-
mity and reproducibility. Further, material costs/kw of power should be minimum.

II. Experimental

A. Procedures

Much of the initial evaluation work has been carried out in one inch diameter
(5 cm2) matrix cells. We have found that scale up to 2" x 2" cells (25 cm? metive eres)
can pe readily achieved, and the larger cell is preferred for life testing.

For the alkaline system, asbestos is & suitable matrix material, while

glass-fiber paper performs well in the acid system. Seversl types of organic matrix
may also be used.

In life testing, in order to obtain stable operation, it is necessary to remove
water from the system as fast as it is formed by the electrochemicel reaction. In our

‘work this has been accomplished by using just sufficient gas flow to permit evaporation
of the proper amount of water.

B. Electrodes

For the equilibrated matrix system electrodes have been developed consisting
of a porous layer of platinum black and & waterproofing agent with or without extenders,
spread uniformly on a&nd supported by a wire mesh screen. The thickness of the electrode
and platinum loading can be varied by using screens of differing mesh and wire diameter,
and also by varying the amount of extender used. Two major variations are under study.
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In Type A no exterder is used. Thus, with screens in the range 50-100 mesh
\ and .ooe-.ooh inch wire diameter, platinum loadings are typically in the range
! T-10 mg/ en® and electrode thickness 0.004-0.008 inch. Resistivity is nearly that of
"the support screens. In Type B electrodes, platinum is supported on a carbon or graphite
. extender. Electrodes of this type may contain 0.5 to 4 mg Pt:/c:m2 electrode area and
! bhave the same thickness and resistivity characteristics as Type A electrodes.

C. Studies of Type A Electrodes

\ »Compre_hensive studies have been made with platinum black-metal screen
electrodes, since these are capable of sustaining very high currents at low polarization.

1. Acid System

3 In Figure 1, we show typical polarization curves for 50 mesh tantalum screen
) electrodes containing 7-9 mg Pt/cm® as used on both sides of Hp-Op and Hp-air cells.
o Temperature was ambient and the electrolyte 2N HpSO4 in a glass fiber paper matrix.
The polarization curve for H,-O» uncorrected for internal resistance indicates a potential
of about 0.72 volts at 200 ma/cm2 Indeed, similar curves have been found to be approxi-
A mately linear to 600 ma./cm and 0.55 volts. The Hp-Op curve corrected for internal
resistance (based on open current measurements with a Universal AC bridge) indicates
en essentially constant IR free potential of about 0.82-0.87 volts.

-

A The performance of this type of electrode in a hydrogen-air cell is shown
in the lower curve of Figure 1. It will be seen that the increase of polarization is
only 50 mv at 50 ma/cm® and 60 mv at 200 ma/cm® and apparently indicates that at these
current densities performance is not limited by 1nadequa.te diffusion of oxygen into or
nitrogen out of the electrode structure.

A Performance of these electrodes seems to be substantially independent of
temperature as indicated in Figure 2. Somewhat higher performence might be expected
at elevated temperature; however, these cells have not yet been optimized for performance
at higher temperature.

Some indication of life performance has been obtained with the tantalum

} screen electrodes in the Hp-0z system at ambient temperature. These electrodes have
! been operated for over 1000 hours at currents up to 150 ma/ mz without evidence of
deterioration.

~ 2. Base System

Extensive studies have been made of platinum black spread on 100 mesh nickel
\ screens. In Figure 3 we show initial polarization for Hp-Op and Hy~air of the system
) consisting of these electrodes with SN KOH in a matrix cell. The uncorrected Hp~O»
' curve indicates a cell potential of 0.76 volts at 200 me/cm?®, This curve has also
been extended to 600 ma/em2, a potential of 0.6 volts being obteined. Thus, the
electrodes are capable of sustaining very high electrochemical rates in the alkaline

system.

? When the Hp-Op polarization curve is corrected for internal resistance a steady
A potential of 0.85-0.90 is obtained over most of the range of current density. This is

‘ roughly 20-30 mv higher than was observed for the acid system. Individual electrode

' polarization studies have been made which indicate that at these platinmum levels the

e major part of the imitiasl 0.3-0.h volt polarization occurs at the oxygen electrode in

> both acid and base systems.’
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The Hp-air performance is plotted in the lower curve of Figure 3. Additional
polarizstion on air is 40 mv at 50 ma/cm? and 100 mv at 150 ma/cm®. These electrodes
have not been optimized for operation on air.

Performance at higher temperatures has been examined at 70° and 95°C and,
again essentially no change from ambient is found. The data indicate maintenance of
a high level of performance of the electrodes at higher temperatures, at which operation
is probably desirable to facilitate removal of product water.

Life tests for over 1000 hours at ambient temperature and several hundred
hours at 80°C at currents up to 125 ma/cm2 indicate excellent performance stability.

D. Studies of Type B Electrodes

Type B electrodes represent an approach to more effective utilization of
catalytic materials. Carbons added to the formulstion act as extenders and substrates
for the spreading of platinum or other activating ingredient. Excellent control of
distribution of catalyst and waterproofing agent is achieved.

1. Choice of Carbons

As the result of a survey of cver seventy-five carbons, half & dozen promising
carbons have been discovered with good chemical stability and high catalytic activity
when platinized, ranging in structure from graphitic to amorphous, and in surface area
fram 8 to 800 m2/g. One of these is Cyenamid 99% graphite, which is & byproduct of the
manufacture of calcium cyanamide from calcium carbide. Some properties of this material
are listed in Table I.

This material can be compacted into & rather uniform porous structure having
a conductivity characteristic of graphite. Its surface area and pore structure are such

that no appreciable amount of catalytic material need be buried in tiny inaccessible
pores.

2. Base System

. Electrodes were prepared from platinized Cyanamid 99% graphite by methods
similar t0 thouse described for eleciruvdes of Type A. Walerproofing level was hLeld
constant. Platimum loadings of 1 and 2.5 mg/cm2 on appropriate screens were obtained.
Electrode thickness was approximately 0.007 inches. In Figure 4 is shown the performance
of these electrodes in the base type matrix cell. Platinum loadings on each side are
indicated in the table in the lower part of the graph. It is evident that reduction
of platinum loading at either electrode produces some loss in performance. However,
even at a total loading of 3.5 mg/cm? for both sides, the additional polarization is
only about 100 mv at 200 ma/ecm2. It is believed that substantial improvement in

performance by improved methods of platinization can be achieved. Additional polarization

when these electrodes are operated on air is similar to that obtained at high platinum
loadings. Life studies conducted for over 1000 hours, including substantial periods

. at 150 ma/cmz, indicate no significant change in electrode properties when operated

as either anode or cathode.

Similar studies have been made of Type B electrodes in acid systems.
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III. Discussion

' . Based on the above performance and physical characteristics, we can project
that cells constructed with these electrodes will have very desirable weight and volume
' characteristics. A typical electrolyte matrix with two thin electrodes would have a
k total thickness of about 0.030 inches and a weight of about 0.3 lbs/ftz. For a fuel
ﬁell 7pera.ting at 75 watts/ ft2 total electrode-electrolyte weight would be about
1bs/kw.

. If it is assumed that individual cells could be stacked at U to the inch
and operate at 100 amps/ftZ with the potential indicated in the above polarization
; curves, power levels of 65-85 watts/ft2 could be achieved on either oxygen or air,
§ and power densities  in excess of 3 kw/f'l:3 of battery exclusive of auxiliaries should

) be feasible.’ ,

It is believed a power density of 75 watt/ft® can be achleved in the near
future with a platimm usage of about 2 g/f't'.2 of cell area (including both electrodes).
N This represents an investment in platimum of about $80/kw. Moreover, it is believed
A that major part of this platinmum value can be recovered when the useful life of the
° battery has ended.

\

TABLE I
PROPERTIES OF CYANAMID 99% GRAPHITE

Purity . 99.0 Wt. % i
Impurities S5i0z, Cal, Fez0z, A10

Particle Size Approximately 0.25 to 2.0 Microns
Surface Area : 11.4 m2/gram

Conductivity* 50 mho/cm

Bulk. Density* 1.28 g/ce

% Porosity* 4o

X-ray Graphitic

N

* Measured at 2000 psi.
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Current Density and Electrode Structure
A Qualitative Survey

H. A. Liebhafsky,
E. J. Cairns

W. T. Grubb, and
L. W. Niedrach

General Electric Research Laboratory
Schenectady, N. Y.

Abstract*

The effect of electrode structure on the current density obtainable in a
fuel cell is second only to that of the electrocatalysts. The structure and the
functioning of such electrodes are so complex that the quantitative treatment of
simple models can scarcely be expected to do more than suggest further experiments.
In this situation, a qualitative appraisal of the relationship between electrode
structure and current density seems 1n order. '

The qualitative appraisal we have made leads to these conclusions, most of
which are based on work by others:

1. A vworking fuel cell electrode owes much of its effectiveness to thin
electrolyte films through which the reacting gases diffuse.

2. These films are so thin that they can change rapidly in thickness and
extent: a working fuel cell electrode is a dynamic system.

3. The oversimplified idea that electrode reaction occurs mainly at the
3-phase boundary should be abandoned.

L. The increaced importance of gas diffusion through lhin electrolyte rilms

makes the name "gas diffusion electrode™ even more ambiguous. Redefinition is in
order. '

5. Under the simplest conditions (e.g. pure hydrogen at an anode), thin
electrodes are likely to perform in fuel cells at least as well as thick; and they
seem preferable when conditions are more complex.

6. A good electrode structure should give almost as good performsnce on
air as on oxygen over a large range of current densities.

* Complete manuscript not received in time for inclusion in Divisional Preprints.

vl



™

P

- e T

.125)

A Contribution to the Theory of Polarization of Porous Electrodes

Karel Micka

~ Polarographic Inétitute, Czechoslovak Academy of Science, Prague

Introduction .

The problem of polarization of porous electfodgs with relation
to the resistance of the electrode material was solved first by Cole-
man (1) in the case o° cylindrical cathodes of Leclanché elements, ‘In
his differential equation, a supposition is implicitly included that
the faradayic current, u, is directly propbrtional to the polarization
of manganese dioxide particles, although he considered the "electromo-
tive forece of the manganese dioxide particle" as constant. Therefore,
Coleman ‘s expfeésion for the faradayic current as a function of the

- distance from electrode surface is substantially in accord with that

of Buler snd Nonnenmacher (2) who assumed a linear polarization curve
of manganese dioxide electrode. Daniel-Bek (3) was the first to deduce
fundamental differential equations in the form which is used nowadays.
He‘gave the solution for two limiting cases, viz., that the faradayic’
current is en exponential or a linear function of polarization. Final-
ly, Newman end Tobias (4) solved the differential equations under the
supposition that the faradayid current is an exponential function of
polarization and their results are substantially in accord with those
of Daniel-Bek, ' _

None of the mentioned authors’ solutions is vglid for the whole -
polarization region, but only for 1limiting cases of either small or
large overvoltage., However, it is possible to deduce a generally vaglid’

.solution, a8 follows.

Mathematicalisolution

For exactness, let us consider an electrode of rectangular shape
with pores in form of linesr channels parallel to one .edge of the ele-

ctrode, although it is possible to abandon any assumption concerning
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the geometry of the pores (4). The x-axis runs parallel to the pores,
on the electrolyte side being x = O. A metallic conductor as current
collector is placed on the end of the pores, gt x = L. For potential,
¢,, in the electrode material, Ohm’s law holds:

d . : ,
'&%’:‘91"1 ’ %4

where , is the resistance of a cubic centimeter of the porous elec-
trode material in the direction of x-axis, and i, is the electronic
current density corresponding to 1 .sq. cm. of the electrode section
perpendicular to the x-axis. .

When the electrode consists of a depolarizer and an excess sup-
porting electrolyte, and when the concentration polarization can be
neglected with respect to the activation and resistance polarization,
then an analogous equation holds fo: the potential, Pos in the elect-
rolyte:

N dee

dx = =Pty . 72/
. where @, is the resistance of the electrolyte contained in one cubic
centimeter of the electrode, and i, is the ionic current density cor-
responding again to 1 sq. cm. of the electrode section. Finally, ac-
cording to Dahiel-Bek {3), we may write the following equation for the
density of faradayic current, D, on the imner pore surface:
%:—SD, o /3/
where 3 1s e inner surface of a cubic cen
Let us choose for D the following function o
ge/, I

.
-
polarization /overvolta-

)

D = 2i sinh (3E, ' /4/

where B = ¢, -9, fulfills the condition that E = O when D = 0, i, is
the exchange current density, and (3 = F/2RT; it is possible, however,
to substitute for 3 an empirical value obtained by measurement of po-
larization curves witli a planar electrode. For anodic asnd cathodic po-
larization, the values of ( can be difterent. Therefore, it would be
more correct to use the well known general relation between current and
overvoltage from the theory of absolute reaction rates, rather than e-
quation /4/. In that éase, however, the matheanatical solution would be-
come too complicated, without yielding any substantial improvement.

The boundary conditions for equations /1/-/3/ are:

x=0: i, =0, p, =0, /5/
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x=L: i, =1,

and the conservation law of current:

For a cathodic current, I >0, E >0, and D > 03 for an anodic current,

/1

I<0, E <0, and D < 0. The problem defined by equations /1/-/7/ can

be reduced to the following differential equation:

)L d)‘(t = S‘Vv\}\.m
with boundary conditions: A
daw  _
x=0: gx = "(3?11_:

X L: g'&':(}ﬂl

with u = GE, and A = {/V2(S5B(p,+ F,)

The solution of equatlons /8/-/10/ is:
b x~x \ WINAV'S \y)

‘where Flk,vy) stands for .the elliptic integral of the first

the modulus

1
x = J
cosh {u,
and amplitude
sinh +u
Y = arceos———=—1 |
sinh tu

Y

/9/

710/

/11/
kind with

/12/

/13/

Further x, is the value of x at which {ul has the minimum value fugle.
Formally, the solution /11/ is analogous to that which Winsel (5) de-

" rived for the case of P = 0.
The expression for faradaylc current takes the f‘orm

v .

a4 being defined by equation /11/ as

my = 9an§i§fA"*),

/14/

/15/

where sn denotes Jacobi’s elliptic function. Further D, stands for
2i, sinh u, , so that {D,.| represents the minimum value of \D\.
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An important measurable quantity is the potential, ¢, , of the
metallic conductor at the end of the pores /vs., the electrolyte poten-
tial at x = 0/. For this we obtain:

£
T e ——— + 1
fu == T, Bt TR -5l B s
where E, and E, are the values of E for x = 0 and x = L, which fulfill

the following relationship:

cosh3E, - cosh BE, = 13"X e -¢r). /17/
The valuye of E, can be computed from the equation
sinhi0E, 1 /18/
I sin vy,

where I = 2/(57\91, and Y, is the solution of the equation

= = Flkan) « F ko) - Ny

with v, = arctg[(¢/4,) tay,), and k = 1/V1 + I/Iltg"y, .
. Some limiting cases

When the pores are short so that L<-‘5_1v kA and the current is
- large, then k <« 1 and the expression for faradayic current becomes:

D = D_sect T _Tm /20/
In this case, the polarization of the elecirode is iarge, so that the
hyperbolic sine in equation /4/ may be substituted by an exponential
function. Equation /20/ can be shown to correspond exactly to the solu-
tion given by Newmen and Tobias (4).
When, on the contrary, the pores are long and the current small,
so that |I\<< I sinh(L/Zx) , equation /14/ becomes

-X
D D __cosh ____m Vk cosh —-7-\-'1-‘ . /2Y/

When, in addition, the polarization of the electrode is small, so that
fhe hyperbolic sine in equation /4/ mgy be substituted by a linear
function, we can set k = 1 in equation /21/ to obtain a simple formula
which /after suitable rearrangement/ can be shown to correspond exac-—
tly to the solution given by Euler and Nonnenmacher (2).

When the specific resistances of both phases, electrode and elec-
trolyte, are equal, then equation /17/ yields simply E, = E_, so that
the polarization at one end of the pores is equal to that at the other.
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Further x, = 1L, that is, the minimum of the absolute value of pola-
rizetion is in the middle of the electrode. Hence, the feradayic cur-
rent distribution in the electrode is symmetrical., Equation /16/ be-
comes

‘7”11.:"3 -—;:ILP, - /22/

°
When the specific resistance of the electrode is negligible, so
that /P — 0, we’ have the case allready discussed by Winsel (5);
then ¢, = -E,, x,= L. On the contrary, when. the specific re31stance
of the electrode is very great, so that @ /p, — oo, we have ¢, = —uL,

- X, = 0. The results of Winsel (5)'can be applied in this case, if we

introduce a new independent variable x'= L -~ x. In other words, we con-
sider the end of the pores as the beginning and vice versa.

An interesting and very simple case is when the specific resis-
tances of both phases are equal and, simultaneously, the pores are
long and/or the current is small. Then we can express yﬂ_ s1nply as
a function of the current, I:

I L ' :
P = = é- arsinh (; coth é—;) - 1—7_11.91 ) /23/

from which it can be seen that the electrode polarization, Py, is di-

rectly proportlonal to the total current when |I| << I,- Further, we
can deflne the initial polarization resistance as

' 2
R = _.‘_—a_‘ﬁ.':) T COth'——L- + %L?“ . /:4/
°l 1B 2

. The symmetrical form of faradgyic current distribution can be readily

seen from>equation /21/, if we set x, = L/2. .

Other cases gre more -complicated snd we have to compute the po-
larization curves, ¢, = f(I), numerically for a given set of parame-
ters I,, L,A, @, end P,. This will be the purpose of further work.
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EFFECTS OF OXYGEN PARTIAL
PRESSURE ON FUEL CELL CATHODES

A.J. Hartner, M. A. Vertes, V.E., Medina and H. G. Oswin

Leesona Moos Laboratories, A Diyision of
Leesona Corporation
" Great Neck, New York

INTRODUCTION

The study of transporf and electrochemical processes occurring at
the oxygen cathode is of fundamental importance in fuel cell development.
The oxygen depolarized cathode is the major determining factor for cell
efficiency in HZ/An' fuel cells. It becomes important then to investigate this
factor since the oxygen depolarized cathode is commnion to all fuel/air cells.
Additional value may be derived from this study since the investigation of ‘
the transport processes occurring at the oxygen cathode would afford an in- ‘
sight into the processes occurring at anodes using ins oluble fuels and ex~ ]
hibiting activation polarization.

In order to obtain larger practical current densities, it is necessary- l
to provide a large reaction zone for apparent electrode area. This is usually
accomplished by employing porous electrodes having a high ratio of reaction 4
area to apparent electrode area. The liquid electrolyte would then pa.rt1a.11y ‘
permeate the pores of the electrode and the balancing gas pressure on the re- i
verse side of the cathode establishes a liquid meniscus of a three- -phase 1

- {elecirode/oxidani/elecirode) interiace,

During this study, the three-phase interface was produced by partly
immersing a flat-plate cathode into the electrolyte. .This arrangement was
preferred because of two inherent difficulties associated with porous matrices,
namely; poor reproducibility, and the difficulty in accurately defining the re- p
action zone. The effects of PO, UPp to 10 atm on the current-voltage character- -
istics of.these cormplex porous structures compared favorably with results ob-
tained with flat- plate electrodes, The materials used for the flat-plate
electrodes were Pt, Au, Ag and Pd.

Experimental. The experimental arrangement used is shown in F1gure 1.
Standard potential-current measurements were made in the pg, range 0. 10 to q
10 atm. A Wenking potentiostat was used for the series of experiments when {
the potential was maintained constant. In order to eliminate any slight current
contributions that would arise from the electrode portion immersed in the
electrolyte, the data reported herein were obtained with the electrode entering
at the surface of the eléctrolyte. The results indicate that the bulk of the cur~ '
rent is generated in a zone near the meniscus or three-phase interface as also
reported by Sama et al 1 ana win 2,
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The difficulty in defining the three-phase interface is complicated by
the presence of oxides and uneven surfaces. For this reason we obtain
reproducible current densities by expressing them in M4A per linear centi-
meter of the interface. In order to prevent disturbance of the interface,
the electrolyte was not stirred while measurements were taken.

EFFECT OF po2 ON OCV AND POLARIZATION

Results and Discussion. As shown in Figure 2, the partial pressure of oxygen
affects both the OCV and potential at constant current. Although changes in
OCYV are anticipated in accordance with the Nernst equation, the changes in
the potential at constant current merit closer examination, It can be readily
seen from Figure 2 that potentials at constant current become more anodic
with increasing Po, and that polarization decreases as the Po increases.
However, this polarization decrease becomes less rapid as O rises,

. A better understanding of the diminishing effect of p, on polarization
can be derived when.pg, or log pp, values are plotted vs. polarization at
constant current density (see Figures 3 and 4).

According to Weber, Meissner and Sama ~ the rate limiting step for
a partially immersed depolarized oxygen cathode i§ mass transport of oxygen
through the liquid meniscus zone. Since pg, is a major mass transport
parameter our studies were extended to par@ial pressures of oxygen <10 atm
to study its effect, . . : ’
1t is evident from our studies that pg, has a decided effect on the
polarization of the electrodes and that the pn  polarization relationship is
not linear. The current (i) obtainable from ghe transport of oxyfen through
an electrolyte layer can be expressed by the following equation,
ic : DZF(Cy - Cp) /1 o (1)
where: D = the diffusion coefficient )
C] = concentration of Oy at the gas/liquid interface
C; = concentration of Oz at the electrode surface
5 thickness of the diffusion layer .
no. of electrons transferred during the reaction

Z -
F - the Faraday constant .
For a limiting current (i}), C, = 0 and i} = DZF (C) / { 3 (2)
The relationship for concentration polarization (7 c) is:
7¢c =(2.303 RT/ZF}log i} o (3)

i-ig
where: R - the Ideal Gas Constant
T = Temperature, °K
ic= the current obtained at’?c
According to equation 3, a drop in concentration polarization may be
obtained by increasing limiting current, Equation 2 implies that this can be
accomplished by: .
a. Increasing D (i.e., increasing temperature).
b. Decreasing ‘(through agitation).
c. Increasing C)
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D émd[ were kept constant in our experiments by maintaiﬁing constant
temperature and preventing agitation of the electrolyte.
By substituting equations 1 and 2 in 3

'z (2.303 RT/ZF) 1 DZFC1/ &
2c =l ) log DZFC, T4 DEF CI=Golf

At constant current, (C) - C,) will be constant, i.e., equal to K,. Then
#) c =(2.303 RT/ZF) log s C,
' (Cl -K)
) The concentration of oxygen at the gas/liquid interface C; is a
function of PO, Therefore, -

MG = 23BRT o £ (r02)
: ZF 5 (PoT-K)
where lim PO, = oo
f(pOZ) —» co. According to this relationship, for a given current:
a. lil'nvc =0
£ (PO2) —> oo
b. lin'l’pc )
This has been confirmed by experimental data.

Our experimental results show that highly active porous structures
having a three-phase interface exhibit the same sensitivity to PO, as the flat-
plat cathodes (see Figures 5 and 6).

These results also illustrate the limitation imposed by oxygen mass
transport through an electrolyte layer. This is significant because although
the flat-plate cathode may be considered as an idealized model of a porous
structure, the same limiting process (oxygen mass transfer through the
electrolyte meniscus) occurs for both electrode types. Therefore, the flat~
plate "model" electrode system is directly applicable to a porous electrode
for purposes of comparison of pp, effects.

Equipotential Current. It has been observed that at -0. 8 volt from OCV, the
four catalysts tested (Pt, Pd, Ag, and Au) yielded identical currents on flat-
platé electrodes. This reference potential (-0. 8 V) was chosen because a
true limiting current could not be obtained before reaching the Hp - deposition

- region. The maximum obtainable current (ig) refers to the current produced

per cm length of meniscus at -0. 8 volt polarization vs. OCV.

EFFECT OF Po, ON "MAXIMUM CURRENT"

In the initial experiments, PO, Was varied and the corresponding ip
values were observed. The ig - po, 5ata obtained were plotted using log
coordinates (see Figure 5, curve 2). It can be seen from this curve that ig,
is independent of the catalytic material and varies with (pg,) 2, iLe., ip=zA
log pg, + B, where the constant A is 0.5 (calculated) and the constant B

approximately equals 7404 A per cm length of meniscus on the flat-plate cathodes.

This relationship enables prediction of ig; at any PO, within the range studied

- S L
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by the equation:

ig,1 [ Poy 1 | M2 (4)
E,2 POy, 2
where ip ) and ig, 2 are the maximum currents obtainable for a flat-plate
cathode in the same electrolyte concentration at Po, and pg re-
spectively, From the above data it could be safely cbncluded tﬁa% either

the four metals tested have identical catalytic activity, which is unlikely,

or that under the experimental conditions (800 mV polarization from the

rest potential), the catalytic activity no longer has a significant effect on

the current, This is explainable since at potentials 800 mV from the rest -
potential, the electrochemical reaction is no longer rate controlling, and

its effect is masked. Figure 5, line 1 is a log plot of the results obtained
using a porous structure with negligible activation polarization. It can

be seen that with thig structure, the currents obtained at equal polarization
also vary with (pg,) '

Oxygen Transport, When it was established that the catalytic activity of the
electrode was not a current controlling factor, attention was then focused on
other possible factors such as mass transport of oxygen to the catalytic sites,
Sama, et al 1 reported, that the bulk of the current obtained from a half
immersed flat-plate electrode, was generated near the immediate vicinity of
the triple interface. It was also established that oxygen is transported to the
catalytic sites through the electrolyte,

There are two possible rate-controlling steps in such a case. One
is liquid phase diffusion of dissolved oxygen, the other is interphase mass
transfer of oxygen from the gas into the liquid phase. Should ordinary
diffusion in the liquid phase be the rate controlling step, and the liquid surface
in contact with the gas is saturated with oxygen, then a linear variation of
current with PO, would occur,

Investigating the case where 11qu1d phase diffusion could be the only
possible rate controlling factor, Reti ° performed an experiment, in the course
of which he pre-saturated electrolytes with O, at various partial pressures,
He then pumped the electrolytes through silver or platinum screen electrodes.
Under constant hydrodynamic conditions, (flow rate and temperature), he
found a linear relationship between equipotential currents and the partial pressure
of oxygen in the pre-saturating gas. Higher currents therefore can be obtained
for a given pp, if pre-saturated electrolyte is used. ‘

I ordznary linear diffusion was the mass transfer controlling step
under the experimental conditions of our study then pg, would exhibit i,/lnlear
relationship with current. Our experimental data show that ip o.((p which
would appear to eliminate the possibility of ordinary diffusion be1ng a mass
transfer controlling step.

Effect of O, Solubility on ig;. The curves in Figure 8 were plotted from ip vs.
electrolyte molar concentration data which were obtained to determine the
effects of O, solubility on ig. If equation 4 is valid at all concentrations then
the maximum current obtainable at any pn., can be pred.icted from the actual
data measured at any other pn, at the same KOH concentration. For example

- (refer to Figure 8), if the calc ﬁations are based on data at po, = 1 atm, the

predicted (dotted line) and experimental (solid line) values at po2 0.6 atm and
0.21 atm are in close agreement.



s

13k

Studies were made of the currents obtained at various electrolyte
concentrations in which the equilibrium concentration of Oj in the electrolyte was ‘
kept constant (by adjusting pOZ). : : -

As seen in Table 1 (similar plot as Figure 8), at equal equilibrium
concentrations of O in KOH at a given pp {C*), the currents obtained are
approximately equal, Because data for so%ubility of O3 in KOH is very limited
in the literature, extrapolations had to be made at several points to obtain the
solubility value. Thus, because of the lack of solubility data, the actual KOH
molar concentrations at which C* values are equal at different py, values
cannot be accurately predicted. According to the data shown in Figure 7, ip
varied with (POz) 1/2, 1t is well known that in the case of transport of a
slightly soluble gas into a liquid, the bulk of the resistance is in the liquid phase,
Due to this limitation the bulk liquid near the transfer zone is not reaching the
equilibrium saturation as predicted using Henry's law. If we plot ip vs, the
equilibrium solubility of oxygen (C*) at various electrolyte concentrations we i
obtain a relationship similar to the one previously shown, that is i = A' log C* 1
+ B where the experimentally obtained A' value is 0, 48, which compares well
with the previously obtained 0. 5 value (see Figure 9). Use of extrapolated C* -
‘values due to the scarcity of actual solubility data in the literature may be used
to account for this deviation.

- e

Sem A mmcam

TABLE 1 .
ip OBTAINED FOR .VARIOUS C* VALUES
IN KOH ELECTROLYTE

Ckou = M _ p02 = 1atm
{
PO, C* ip Cxoy . C* ip
(atm) {m1/1) A jemT) (M) (ml/1) («A/cm¥)
i 2z.2 1320 - - -
0.6 13, 32 1008 . 2.18 13, 32 1130 ‘
0,21 4,66 685 ) 5.5 4. 66 700

i Length of meniscus

Note- Electrode: Polished Flat Gold-Plate Cathode ?
Temperature: 25°C

The current-partial pressure relationship developed earlier in this paper !
(see equation 4), can be used to predict electrode polarization when E-i curves
are linear. This is the case, for example, for the highly active complex porous
electrode structures shown in curve 1 of figure 7. 3
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If the slope of the linear E-i curve is b then at a given polarization,
bl - 6/i1
by = Dliz

by/by = iZ/il

and similarly
Thus

If’)) is a linear function of i, then
. -1/2
P=7Ji (Poz)
or 1
log7 = logi - 3 log PO, + logJ

Data illustrating this equation are shown in figure 10.

CONCLUSIONS

Data have been presented to show the effect of oxygen partial pressure on
the polarization and maximum current of partially immersed flat-plate cathodes.
It has been proven that polarization - oxygen partial pressure dependence for the
flat-plate electrodes is valid for complex porous structures as well. A marked
decrease in electrode polarization was observed at the lower range of pg, studied
(0.1 to 1,0 atm), Beyond this range the polarization decrease is not as marked.
Therefore extremely high po, values are ineffective in obtaining minimum cathode
polarization for practical fuel,' cell operation.

The following equations are very useful for predicting cathode currents
under different operating conditions if the cathode current is known for one
condition, and there are no other experimental data available.

_(iE,l) fon Y2
ig, 2 C*, ./

(=) - (Zoz) ™

g,z PO, 5 /

These equations are valid for complex porous structures only when:

1. The activation polarization is small,

2. Diffusion (both ionic and gaseous) limitations and electrical resistance

of the structure are negligible.

The difficulty in defining the three-phase interface is complicated by the
presence of oxides and uneven surfaces. For this reason we obtain reproducible
current densities by expressing them in A{A per linear centimeter of the interface,
In order to prevent disturbance of the interface, the electrolyte was not stirred
while measurements were taken.

Since the relationship ip o (poz)1 12 exists at all electrodes involving
interphase transport of O, (gas/liquid), it seems likely that interphase transport
is the mass transfer rate controlling mechanism.

¥ Used when the same KOH concentration is used
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APPENDIX

partial pressure of Oy (atm)

‘maximum obtainable current on a half-immersed flat-plate electrode

that results from the electro-reduction of O, (f»( A/cm meniscus
length) :

number of moles of O, diffusing per unit area - unit time
diffusivity coefficient (unit area/unit time)

mean length diffusion path in the meniscus ]
difference in O concentrations between that at the gas/liquid and
liquid/solid interfaces in the meniscus (moles of O, /unit volume
of electrolyte)

viscosity

equilibrium concentration of Oy in KOH electrolyte at a given PO,
(ml stp of Oy /liter of electrolyte)

proportionality constant

proportionality constant

slope of linear E-i curve

polarization (volts)
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Diffusion Polarization in Air Channels

Henri J. R. Maget and Eugene A. Oster

General Electric Company, Direct Energy Conversion Operatlon
Fuel Cell lLaboratory, West Lynn 3, Mass.

Introduction

Rates of cathodic oxygen reduction, that is, cell currents are dependent on
partial pressures of the oxidant if rate-controlling steps involve the concentration or
partial pressure of oxygen. This is likely to be observed since reaction rates will be
either liquid film or gas diffusion controlled. However, cases can arise where removal
of the reaction product may be hindered by slow transport processes, thus resulting in,
possibly, appreciable lower rates. This could be the case of water removal from the
catalyst surface of an oxygen electrode. If local current densities are either dependent
on partial pressures of oxygen or water, it will become necessary to establish relation-

_ship predicting such local current densities and to design electrode geometries favorable
to uniform current distribution, and as a result uniform distribution of the main
influential variables affecting oxygen electrode performance. Such considerations,
however, would imply knowledge of limiting current densities.

In restablishing over-all oxygen electrode capabilities for fuel cell application,
one of the important variables is the limiting current density. Although these limiting
currents are not simply dependent on some limited parameters, i.e. electrode activity,
electrode structure, electrolyte properties, local températures, anisotropic current
density distributions, etc..., actual measurements are valuable if some reproducible
characteristics can be controlled, i.e. catalytic activity, electrode structure, electrolyte
properties. Thus, measurements are valuable for a specifically designed system, as
related to limiting current densities, and very generally applicable to any air electrode
current collector design, if the geometry is influential on, and descriptive of, the limiting
currents, '

The ultimate goal, that is quantitative description of current-voltage relation-
ships as a function of main variables, can be, in principle, attained from experimental
studies, involving the determination of limiting current densities at discrete positions in
the channels, the establishment of the rate-controlling process for known channel
geometries in the high current density range (corresponding to 0,85 - 0.5 volts), the
derivation of relationships describing the current-voltage behavior over practical oper-
ational ranges, the transport phenomena explaining polarization potentials at these
practical currents and the experimentavl values of open circuit potentials. If all these
equilibrium conditions, rates and processes are known, a reasonable analytical descrip-
tion of local as well as over-all currents and potentials, can be expected,

It is possible then, that limiting currents can be associated with channel
geometry and that diffusional processes in restricted channels become small enough i.e.,
rate-controlling.

The purpose of the present work was to obtain experimental results and inter-
pretation to explain polarization in channels of defined geometry and to establish
influential parameters which would affect electrode performance. In order to establish
applicability of a self-breathing air electrode, viz, without forced ¢onvective air-flow,
for low current densities, experimental investigations were started on straight air
channels. Furthermore, since such a self-breathing electrode had to operate away from
limiting currents, in order to minimize diffusion polarization, additional work for forced
flow (at various air flow rates) was conducted in straight air channels. This work will
be reported elsewhere. (2)
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Experimental Equipment

The system chosen for experimental investigation was based on platinum black
electrodes associated with a solid-matrix electrolyte {cation exchange membranes). Such
a system offered multiple advantages in preparing discretely separated small electrodes,
displaying godd and uniform contact with the electrolyte. The individual electrodes
included metallic screens in order to increase surface conductivity.

Reference potential measurements were based on a Luggin-type capillary-SCE
system, specially developed for application to ion exchange membrane electrolytes (1).
A low-leakage capillary was placed against the membrane and sulfuric acid used to
establish the bridge with the calomel electrode. In all cases, the ion exchange membrane
extended outside of the apparatus for potential measurements, Effects of capillary
positiors were investigated by placing the tip against and within the membrane. No
appreciable differences were observed.

The ten segmented electrodes allowed the determination of limiting currents
as a function of position and represented values for discrete electrode sizes., In many
instances, the presented data will represent smooth interpolation of position-dependent
limiting currents.

Investigations were conducted under galvanosfatic operating conditions. The
equipment is represented in Figure 1. All experimental work was conducted on air
channels 2-1/2" long and 1/2'" wide. Channel height could be varied by changing a remov-
able Lucite bar placed on the channel top. Thus, channel heights could be 1/16, 1/8, 1/4
and 1/2". The channel was mounted on an air electrode and placed in a large Lucite
box in order to avoid small air flow sweeps over the air electrode. Both channel ends
were open to allow for oxygen diffusion.

In order to determine local current densities, the air electrode was manu-
factured by placing ten parallel electrode/screen strips on an Ion Exchange Membrane.
Gaps of 1/16" between electrodes allowed for electrical insulation of the various electrodes,
Electrode dimensions were 1/2" x 3/16'" with an actual area of 0.60 % 0.05 cm®. The
Ion Exchange Membrane extended out of the channel for reference potential measurements
and stainless rods contacted the screens for current pick-up.

The counter electrode (H,-electrode) was prepared in a similar manner.
Catalytic electrodes faced each other across the electrolyte {membrane).

The two ends of the self-breathing channel were open, thus displaying planar
symetry on either side of the channel center cross-section, Closing one channel end
actually corresponded to doubling the channel length., Single electrode failure would not
affect results too appreciably since experimental results could be obtained from mirror-
image electrode.

Experimental Results

Representative single electrode polarization characteristics are presented in
figure 2 for a channel height of 1/16". These polarization curves represent the largest
changes from the edge to center electrodes for the smallest channel height investigated.
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Limiting current densities for edge electrodes #1 and 10 should be about 130-140 ma/cm?
(as determined independently for electrodes exposed to semi-infinite air space)f) Figure 2

‘already indicates that appreciable polarization is encountered as soon as measurements
are conducted slightly away from the channel edge. Larger currents are observable for
all electrodes for increasing channel height. For 1/2'" channels, very little polarization
is observable even at current densities near limiting values, i.e., 130-140 ma/cmz.
Polarization is less severe for all electrodes at small local currents, as expected,

Channel heights affect polarization characteristics to a large degree, i.e.
limiting currents for center electrodes are 22 and 35 ma, for 1/16” and 1/8" channels,
respectively. These current densities correspond to oxygen partial pressures of 0.07
to 0.1 respectively, as determined independently from exposed electrode measurements.

For identical polarization potentials (as determined for polarization curves)
current density distributions display minima for inner electrodes and can be extrapolated
to edge values of limiting currents as determined from previous measurements.

Strictly speaking these current densities can not be described from figure.2,However,
the partial pressure of oxygen in the channel would not be too greatly affected at higher
current corresponding to limit currents of the edge electrodes., Results would be

affected greatly at the edge electrodes, let's say electrodes 1 and 2 and their corresponding

symetrical position.

Current density distributions for channel heights of 1/8 and 1/16" for various
applied potentials are represented in figures 3 and 4. Edge currents (about 80 mA) can
become 2 to 4 times larger than center channel currents, but display much more uniform
distribution for lower electrode polarization, i.e. 0.5 volt vs. SCE for 1/8" channel.

Interpretation of Individual Polarization Curves

Current potential behavior for the investigated systems can be represented
. by Figure 5.
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effects.

SINGLE ELECTRODE DIFFUSION POLARIZATION
Figure 5




T L —

T —

149

Figure 5A represents polarization characteristics as observed in absence and
presence of diffusion polarization (including activation polarization, in absence of chmic
contribution, which are generally eliminated). Figure 5B renresents strictly diffusion
polarization terms in absence of other possible polarization’

Polarization characteristics can be represented by the equation:
. o (E°-E)

- L =
i o = e (1)

where i and iL represent actual and limiting currents, respecti'vely; « = F%T. EO

reference potential in absence of channel polérization, E°-E-= ’LJ_

Ln(i - L/;_,_) = <(E-E) = %N 4 @

By differentiation: ‘E = i (3)
with (‘%) >00 a5 L —w> i
de 4 '
and R & = < xTi )L .p = cITLL _ (4)

_Since i, (%) displays a monotonous decrease up to channel center, equation 4 is expected
to dispféy an increase from channel edge to center. Figure 6 represents smoothed
experimental results for 1/4, 1/8 and 1/16" channel heights. Since no additional position-
dependent polarization was observed for 1/4" channels, the value Rd =4 was chosen as

reference systems resistance to obtain a relationship between channel-induced diffusion

- resistance Rd()") and iL( #). Now, in equation (4), the slope (dE/di) defined as

diffueional resistance becomes dependent on & andi_ . (Ifi. can be determined

analytically and singe X represents defined constants, (dE/dii"is defined). Equation 4,

if represented by($)/(§!-)should yield a constant value, determining X , (A‘!‘ 'repre-
W, ai b

senting the diffusional resistance should display:

a, no diffusional resistance at the edges, at least as related to electrode

geometry .
b. maximum diffusional resistance for center electrodes
 c. increased resistance for reduced channel cross-section

Experimental results regarding these observations are represented in Table
I for channel heights of 1/8 and 1/16", and different electrode positions.
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TABLEI

Determination of X from experimental data

Limiting
Electrode Current, i
Position Amps.

Channel Height 1/16"

RV TN o < IEES B« A S L NRRTL” I ot I

0.041
0.028
0.024
0.022
0.025
0.027
0.030
~ 0.050

Channel Height l@"

1

2
3
4
5
6
7
8

values of

0.045
0.043
0.037
0.035
0.035
0.037
0.044

1/1L

35.8
41,7
45,5
40,0
38.0
33.3
20,0

22,2
23,2
27.0
28.6
28.6
27,0
22,7

(Awmps) ™!

A

Al
(ohm)exP'

AV-R} 1
AL (av/ a1 R
(ohm) (ohm)-1
3.3 10.8
3.8 11.0
4,2 10.8
4.1 9.8
3.9 9.7
3.3 10.1
2.1 9.6

AverageX =10.4

2.0 11.1
2.7 8.6
3.1 9.0
3.3 8.7
3.3 8.7
3.1 9.0
2.8 8.2

. Average X =9.0

Since the coefficient X represents actually pg/RT in equation 1, average

Pas determined from Table I would be 0.24-0,27.

Now, since X has been obtained experimentally and represents values near
theoretical, a complete description of the polarization curves will be available, providing

i (%) can be established.
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Evaluation of the limiting current iL(Yr!

The analytical evaluation of i_ (%) will allow the description of the polarization
curves by means .of equation 4. Local &‘uniting currents can be evaluated by solving
Laplace's equation, providing transport by convection is considered to be negligible.

A, Determination of concentration distribution in channels

Vep =0 (5)
_[c; -4 ) ‘ (¢)

C. represents partial pressures in the three component systems. Boundary conditions
1 T
are:

¢
v Q: (o, «3.)=ci ‘ et
CL(3by)=¢
Co, CX,O): 6
Cu, (o)== 1-%(T) |\ BC 2
Cw (x0°) = {(7

. IC dCn
S S L L T S S L LA b'e A—ﬁ = :—" =0 5.C. 3
g A I

Electrode Surface

Co, ...CN,_““’ = 4~ 4D sBoé

The concentration of component (1) is related to the partial pressure by:
L pPe
C=~v"= 37 (")

W
Solutions of equation 5 are, for the different components:

Co, =_C°(:4. _ Z_ Ay Sin unx<cabl§u“5— {ko("go sku,,g) (®)

A=)

. . . - “ Y '
Co= T Avsmax | 10 1) cothtn ¥ shatyy +-€(T)“"‘W"51 ()

hel : sh % Y,

: n
Go-v o nT
wi = o =
th An b*'\ | [} lb
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where g(T) and () represent partial pressures of water under equilibrium conditions
aty =y_ and y 90, respectively.

Local current densities can now be obtained from:

503=-nFB| M“ ' (10)

5:0

and are, .for o, diffusion}

éé‘)o,_: —h‘$3°°Z %n An gQNuX‘H\‘X.‘S‘ .

hel
and for HZO diffusion:

J03 = -0 FDT sty | 2D '*“’“"““"”"] (12

A=l shola Y,

Average channel current densities are:

nd’%c Z[{,—b l] th(mt (13

JAW. 0,
n=!
T n ?9 £c>—\] [ §1)-401) coshd b,
and ' A'Q‘ugo Ld (14)
hg‘ s '\Hb
B. Application to specific environmental conditions
For operation with air, equations 11 and 12 become:
J0do, = 0.235 Z_ Sim (hT« )H\ C“’l (15)
n=1,S.
. _ . X 4 - tosh ¥, Y, o)
0 = oon T s () | 0o
'\u\,!-. . ) $h d"BO

Equation 15 and 16 are based on:

D =0.21 cmz/sec
0Z ‘

bw =0.29 cmz/sec

g(T) =h(T) = 30mmHg (vapor pressure of water at 30°C)
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n' = number of equivalent/mole

¥ = Faraday constant =96, 500

2b = channel length =6.35 cm

Y, = channel height =0.32 and 0. 16 cm

Some calculated data are presented in Table II for a channel height of 1/16",

Table II

Loca} Current Density for 1/16" channel height

Position . Local current deﬁsity ) Minimum
j{x) in mA/v::m2 i{x)/i{x} min. Current density
o j{x) min,
Oxygen Diffusion b 117 1.0
b/2 T 163 1,41 117
b/4 298 2.55%
Water Diffusion b . 20 ‘1. 0
b/2 22 : 1.1 20
b/4 .35 1.7
Measured b. 38 1.0
b/2 : 44 ‘ 1.2 38
b/4 61 1.6
0 110 2,9

Calculated and experimental results are presented in figure 7 for the 1/16"
channel and for fixed diffusion coefficients. Data can be represented fairly well by
a2gsuming a water diffusion-controlled process.

Discussion

Restriction of channel cross-section, i.e. of y , may result in appreciable
reduction in gas-phase transport rates. In fact these rates may be calculated from
purely gas-diffusion controlled processes. In channel where forced air-flow rates may
‘be small, unfavorable current density distribution may also be encountered. The
results also suggest reduction of channel length (for defined yo) in an attempt to maintain
quasi-uniform oxygen partial pressure and surface temperature. The results indicate
applicability of self-breathing electrodes up to about 25 mA/cm? (at ambient temp.) in
a design where air-electrodes would be disposed face-to-face and separated by air-
channels such thaty » 1/4'". Better current distribution may also be expected for disc-
shaped electrodes, by careful selection of the channel-gap/electrode-radius ratio.

o
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Application

This section will include application of previous results to a system where

channel length has been reduced, that is results on perforated sheets as cathodic
current collector. (3)

One figure will be added as reported at the Power Sources Conference. (4)
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THE INVESTIGATION OF OXYGEN ADSORPTION AND OF ITS
IONIZATION BY THE TRIANGULAR VOLTAGE METHOD

N. A, Shumilova

Institute for Electrochemistry
Academy of Sciences, USSR

Abstfact*

Anodic and cathodic i - ﬁvcurves on a rotating silver electrode were
obtained using periodic and single triangular voltage pulses. The experiments
were carried out in alcaline solutions in argon and oxygen atmospheres.

The range of the electrode potentials was determined in which
adsorption and desorption of oxygen and hydrogen take place as well as formation
and destruction of the silver oxides Agy0, AgO, Ag203. '

When the rate of voltage change is increased a decrease of the oxygen
adsorption on anodic polarization as well as a decrease of oxygen desorption on
cathodic polarization are observed. 1In the range 0,05-0,85 v the change in the
formation ratio of hydroxyl and hydrogen peroxide ions is connected with a change
in the -strength of the bond between oxygen and electrode surface. The presence
of a large amount of oxygen on the silver surface and the increase of the bond
strength result in a decrease of the oxygen reduction rate.

* Complete manuscript not received in time for inclusion in the Divisional
Preprints. :
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The Nitric Acid-Air Redox Electrode
Joseph A. Shropshire and Barry L. Tarmy

Process Research Division
Esso Research and Engineering Company
Linden, New Jersey

One approach to the development of a satisfactory oxygen or air electrode for
a fuel cell operating in an acid electrolyte is the use of a so-called redox
electrode. Such a system utilizes the more favorable electrochemical activity of
a secondary oxidant with the electrochemical reduction products regenerated
chemically by oxygen or air. 1In this manner it is possible to obtain higher
electrical performance than is attainable by direct electrochemical reduction of
oxygen. This increased performance is of particular significance in the operation
of air electrodes, where high concentrations of nitrogen seriously affect electrode
efficiency. Recent reports have cited the use of Br~ - Bry and cett - cet3 for this

purpose (1,2). However, these systems have shown serious limitations in practical
operation.

This paper describes the performance and mechanism of operation of another
redox cathode, one based on the reduction of nitric acid in sulfuric acid. Previous
investigators have studied the cathode reaction on platinum in HNO3/HNO2 systems
under various conditions (3,4,5,6). However, none of these considered the possi-
bility of using this system ‘as a redox oxygen electrode. Furthermore, with the acid
concentrations used, the presence of HNO3 could seriously impair the performance of
a fuel electrode. With the intent of avoiding this difficulty, a study has been
made of the redox behavior of low concentrations of HNO3 in sulfuric acid electro-
lyte. The results of that study are presented here.

EXPERIMENTAL

All electrochemical measurements described here were carried out in conventional
glass cells with either parallel or coaxial electrode arrangements. Anode and
cathode compartments were separated by either glass frits or cationic exchange mem-
branés. Noble metal and carbon electrodes were employed and performance in most
cases was obtained during operation against a "driven" counterelectrode, power being
supplied by 6-12 volt regulated D.C. sources. All solutions were prepared using
C.P. grade sulfuric (96.5%) and nitric (70%) acids diluted with deionized water of
conductivity 106 mho/cm. Electrode voltages were measured against commercial
saturated calomel electrodes equipped with Luggin capillary probes. Voltages and

current measurements were obtained with Keithley electrometers of 1014 ohms input
impedance.

More specific details, when necessary, will be found in the text. All
electrode potentials reported herein are referred to the standard hydrogen
electrode (N.H.E.), and sign conventions conform to the adopted standards. No
attempt has been made to correct the voltage measurements for liquid junction
and thermal potentials, the magnitude of which may be significant in strong
acids, about 50 to 100 mv.

Js
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PERFORMANCE OF THE
HNO3 REDOX ELECTRODE

The initial performance tests using platinized-carbon oxygen electrodes in
3.7 M H2S04 at 80-82°C., indicated that the addition of 0.2 M HNO3 to the H2S0y4
electrolyte resulted in large improvements in performance as measured by conven-
tional voltage-log current plots. Further tests indicated that these improvements
were not limited to carbon based electrodes alone, but were also attainable with
noble metal electrodes. The performance, an example of which is shown in Figure 1,
was found to be independent of the supply of primary oxidant, i.e., oxygen or air,
but did depend on both HNO3 and HpS04 concentrations.

Typical E-log I plots showed little evidence of a well defined Tafel slope.
At temperatures above 50°C. open circuit potentials as high as 0.92 volts vs the
calomel reference were obtained. Neglecting liquid junction and thermal potentials,
this is equivalent to 1.16 volts vs N.H.E. High performance in a fresh electrolyte
was shown to occur only at temperatures in excess of 50°C., but accumulation of
reduction products with continued operation enabled the return of the system to
25°C. with retention of relatively high performance levels.

Furthermore, coulometric determinations in the experiments with oxygen showed
that the number of coulombs involved was far greater than that needed to account for
reduction of all HNO3 in the system. Thus a redox cycle exists, consisting of an
electrochemical reduction of some species in the HNO3 system and the reoxidation of
the products by oxygen.

Concentration Variables

A concentration variable study was carried out in which performance (E vs log I)
and limiting currents were determined for a series of electrolyte compositions cover-
ing the range of 0.2— 1.0 M HNO3 at a H2S04 concentration of 3.7 M, and 0.5—3.7 M
H2S04 at a HNO3 concentration of 0.2 M. The results of this study showed that
limiting currents were not only linearly -dependent on HNO3 concentration (Figure 2),
but were also linearly dependent on the proton activity in the system neglecting the
contribution from the HNO3 (Figure 3). It was also observed that for these systems
limiting currents decreased with increasing agitation of the electrolyte. The data,
therefore, are reported with respect to a fixed rate of gas flow agitation or at
quiescent conditions. Similar observations of decreasing limiting currents with
increasing agitation were made by previous investigators in HNO3/HNO2 systems (4,6).

Effects Of Temperature

Variation of the HNO3 electrode activity with temperature was studied in the
range of 50-106°C. Limiting currents were measured with the electrolyte solution
presaturated with either 02, N2 or NO. The data provided a straight-line plot of
log limiting current vs reciprocal absolute temperature (Figure 4) with a slope
corresponding to an activation energy of about 10 kcal/mol for all three gases.

An activation energy of this magnitude indicates a chemical rate-limited rather
than diffusion limited current. The absolute level of the limiting currents
varied, however, among the three gases used. This effect will be discussed in a
later section.

MECHANISM STUDIES

These data suggest a relatively complex reaction mechanism. Furthermore, it
was felt that the practical development of this redox system for fuel cell use would
require a complete knowledge of the reduction and regeneration reactions. Conse-
quently, studies were directed toward establishing the reduction mechanism and
determining the reaction products.
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Cathodic Transients

A system was assembled to investigate the response of an electrode to constant
current pulses during the HNO3 reduction reaction. Current pulses were applied to
the electrode in a 3.7 M H2S04—0.2 M HNO3 electrolyte at 82°C. Constancy of current
(< 1%) was obtained using a high voltage (175 V.) D.C. regulated power supply and a
high series resistance. Voltage transients, measured against a saturated calomel
electrode-Luggin capillary arrangement, were displayed on a Tektronix 545A oscillo-
scope (Type D—D.C. Preamp.) and photographed. Input impedance of this oscilloscope
(106 ohms) represented an insignificant load in the voltage measuring circuit. "

Voltage-time variations at constant current can be analyzed in terms of the
transition time, T . This transition time is a function of concentrations, diffusion "
coefficients and current density for reactions under diffusion control (7). It is
measured from the inception of the reaction wave to its inflection (see Figure 8)
and can be used analytically as a measure of concentration of a reacting species.
Thus,

R p_'!ganc°9’5

where C° is the bulk concentration of the reacting species and all other symbols
have their usual significance.

Initial experiments with this technique confirmed that HNO3 itself was not
directly reduced. Under conditions where diffusion controlled transition-times for
HNO3 reduction would be expected to begin at about +0.95 volts vs N.H.E. and to
exceed 10 seconds duration, observed transition times at this level were less than
0.1 second. Transients at currents slightly less than that required for complete
polarization showed autocatalytic behavior. Typically the electrode polarized
.several tenths of a volt and rapidly recovered to more positive voltages all at
constant current load. (Figure 5) The reaction wave at more negative potentials
in Figure 5-A disappeared upon degassing with Nj.

The extreme autocatalytic nature of the electrode reaction was further
emphasized by transients observed following extended periods of cathodization and “
under conditions of repetitive current pulses. An electrode placed in a fresh
electrolyte solution extensively sparged with 07 polarized completely to Hy evolu-
tion potentials upon application of a ! majcmZ current puise. Upon siowly increas-
" ing the cutrent from zero, however, a level of 5 ma/cm? was easily obtained. After

five minutes cathodization at this level followed bg several seconds at open circuit, ,
the electrode withstood a current pulse of 66 ma/cm? with equilibrium polarization
of only 0.1 volts (Figure 6). A gradually improving response could be observed with
repetitive current pulses in a fresh solution as shown in Figure 7.

Based on the high temperature dependence of the limiting currents. and absence
of a well defined tafel slope, a reduction reaction with chemical rate-limitation
is indicated. The dependence of limiting currents on HNO3 concentration, in con-
junction with the autocatalytic behavior, suggests that this rate limiting step
involves reaction of a product species with the HNO3 itself to produce the electro-
chemical reactant. . ) :

Product Identification

To clarify the mechanism and -assess the possibilities of this sytem as an '
efficient redox electrode, experiments were run to establish the identity of the
reaction products. A cell with 3.7 M H2504 - 0.2 M HNO3 electrolyte containing a
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large auxiliary cathode was used for reacting the nitric acid. Another electrode
(0.27 em? in area) was placed in close proximity and used as a product detection
device. At desired intervals this electrode was supplied with an anodic current
pulse to reoxidize the product material present. The potential transient produced
was recorded photographically from the oscilloscope trace. A typical transient
found for product reoxidation is shown in Figure 8. Using this technique, it was
possible to follow the build-up of product and its rate of disappearance under
conditions of 02 or N2 sparging. It was found that the product was removed during
both No and 02 sparging but that removal occurred more rapidly with 02 sparge,
suggesting reaction with 02. The data obtained are shown in Figure 9, where
‘1/i.4% . is recorded versus sparge time. This quantity, as previously described,
is-proportional to reciprocal concentration (1/CR) of the reacting species.

This evidence strongly indicated NO as the electrochemical reaction product.
This conclusion was confirmed by observations on transients obtained in an air-free
3.7 M H2S504 solution saturated with NO gas. Transients obtained in this system
were identical to those of Figure 8. Furthermore, saturation of the H2S04-HNO3
electrolyte with NO caused the complete absence of all autocatalytic effects
previously observed.

The effect of temperature on limiting current in this latter system was
previously shown in Figure 4. The increase in limiting currents in this NO equil-
ibrated solution over those obtained with 07 and N2 also affirms the role of NO as
the electrochemical product which participates in the chemical rate limiting step.
Limiting currents with NO are not disproportionately high, however, since electro-
chemical NO evolution at the limiting current is sufficient to essentially saturate
the ‘solution in the vicinity of the electrode.

Proposed Mechanism

Based on the observed behavior, the over-all mechanism of the cathodic reaction
in the 3.7 M H2S804 - 0.2 HNO3 electrolyte would seem best suited by the following
scheme: '

3

+ -
1. H + N03: HNO3 (undissociated)
2. HNO3 + 2NO + H20 ——» 3HNO2 (slow, chemical rate-limiting)
3. 3(HNOz + H+ + ¢ ——» H0 + NO) (electron transfer)

4. 4+ N0; + 3¢ — 2Hy0 + NO

As previously indicated, the rate limiting step is the slow chemical production
of HANO2, the electrochemical reactant. Reaction 3 is assumed to operate reasonably
reversibly, with the potential at any given current density being fixed by the local
ratio of HNOy and NO activities.. At the limit of the chemical reaction rate, the
concentration of HNO2 at the electrode surface falls to zero and the potential
.increases until another reaction potential is reached. This scheme takes full account
of the observed dependence of limiting current on stirring, since excess agitation
tends to remove the product NO, making it unavailable for reaction 2 near the surface.
The dependence of limiting current on both HNO3 and H2804 concentration probably
indicate that HNO3 is undissociated in reaction 2.’
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Minc (3) has studied polarization curves for platinum electrodes in HNO3. He
found that the high positive potential cathode process takes place only in solutions
of HNO3 at concentrations sufficient to contain appreciable amounts of the nonionized
form of nitric acid. His work indicates a linear relation between the log of the con-
centration of the nonionized form and electrode voltage at constant current values in
the Tafel region. 1In our high proton activity solutions, it is expected that signi-
ficant quantities of nonionized HNO3 also exist. Thus, equilibrium of reaction 2 at
low current densities would result in a similar dependence on acid concentration.

The mechanism proposed here differs from the one advanced by Vetter (6) to
account for similar effects in the system HNO3/HNO2 at 25°C. That investigator,
following the earlier work of Beinert et al. (8), measured anodic and cathodic
polarization curves in various HNO3/HNO? systems. He concluded that the reduced
species of the reactive electrochemical couple was HNO7 or a species in rapid
equilibrium with HNO2 (e.g., NO, NO5, etc.). Vetter derived a mechanism involving
the reduction of NO2 to HNO2 and entrance of the product HNO7 into a rate limiting
chemical step analogous to reaction (2). The distinction between these mechanisms
rests on two observations:

(1) Since there is little likelihood of further reduction beyond NO (the
observed product) the reaction wave in Figure 5- A which is removed by degassing must
represent NO2 reduction. This is reinforced by .he fact that spontaneous reversion
to the low polarization level of activity (—~+ 0.97 volt vs N.H.E.) occurs upon
reaching this reaction plateau. Such behavior would occur if this reaction level
represented another source of HNO2, i.e., by a one-electron electrochemical reduction
of NO2. Thus, if insufficient HNO2 is available to support the reaction at the low
polarization level, the system has a built-in "safety'" for electrochemical HNOy pro-
duction at the higher polarization, if sufficient NO2 is present in solution.

(2) As was indicated earlier, saturation of degassed 30% H2S04 with NO gas alone
produced an anodic transient identical to that observed for the product of the cathodic
reaction. Moreover, this oxidation wave of NO, and the observed cathodic reaction wave
are symmetrical about the observed rest potential of the system. It would then appear
that NO, rather than HNO2, is the reduced component of the reversible couple operating
at this potential. The reduction wave in Figure 5-A, presumed to be NO7, occurs at
much less positive potentials.

Vetter's work was carried out at 25°C.. and in general much higher HNOj3 concentra-
tions than were employed in this study. Thus there need be no direct relationship
between the behavior observed in these systems. At low nitric acid concentrations
Ellingham (5) points out the importance of reaction 2 in determining the equilibrium
between NO and HNO3.

REGENERATION

With no regard to the mechanism involved, it has been definitely established that
the net product of the cathode reaction is gaseous NO. Thus the problem of completing
the redox cycle by conversion of NO to HNO3 then becomes a process well known in the
nitric acid production industry (9). The reaction goes by the scheme:

5. 2NO + 0y —> 2NO,

6. 3NO2 + HpO T==2HNO3 + NO
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Reaction 5 is a classical termolecular reaction with negative energy of activa-
tion, favored by low temperature and high pressure. Reaction 6 at normal pressures
is not limiting but suffers the drawback that NO is produced, thus requiring infinite
reaction space for completion of reactions 5 and 6. On a practical basis, however,
sufficient NO conversion is obtained by maximizing gas contact times before and
during hydrolysis.

Using standard methods of contacting the NO produced at the electrode with 07 and
the electrolyte, it is possible to regenerate HNO3 to the extent that the electro-
chemical cathode process of HNO3 reduction may be carried out for periods of time equal
to several times the coulombic equivalent of HNO3 added. However, under carefully
optimized 0y regeneration conditions, it has been possible in our laboratories to pass
currents at low polarization equal to 225 times the coulombic equivalent-of the HNO3
lost from the system. Under comparable conditions, this number with air is about 30.
Operation at this regeneration efficiency reduces the amount of HNO3 make-up to a
small quantity, about 0.1 1b/kwh.

COMPATIBILITY

Although it is not the purpose of this paper to deal with the operation of entire
fuel cell systems, a few words concerning compatibility seem appropriate. Due to the
highly active oxidizing nature of the cathode reactant, it is necessary to carry out
the cathode reaction at the lowest possible nitric acid concentration consistent with
the current required. A nitric acid concentration of O. 2 M is sufficient to obtain
currents of 75-100 ma/cm2.

The effect of HNO3 on the opposing electrode generally will be less with highly
electroactive anode fuels. Thus, a fuel such as H2 will suffer least. Deleterious
effects seem to arise primarily from accumulation of intermediate species in the HNOj
systems, e.g. HNO2, NO2, and thus efficient regeneration on the cathode side increases
compatibility. For instance, addition of HNO3 at concentrations below 0.6 M directly
to a separated anolyte compartment causes no deleterious effects at an operating
methanol electrode. Effects were evident, however, at 0.25 M when an operating HNOg
cathode was not separated from the anode compartment and reduction products were
allowed to accumulate.

SUMMARY -

The use of HNO3 in a fuel cell cathode redox cycle has been shown to provide
improved cathode performance over that generally achieved with direct electrochemical
reduction of 02. The system provides equal electrical performance using either 02 or
air. The product of cathode reaction in this system is gaseous NO and efficiency of
the redox cycle depends on its reconversion to HNO3. While both oxygen and air provide
high levels of regeneration, oxygen, as would be expected, shows superiority. A con-
sistent mechanism has been advanced to account for all aspects of the cathode reaction
in this system. Basic rate limitation in the electrochemical reduction reaction appears
to be a chemical step involving the reaction of NO and HNOj. )

The redox concept, as applied here, can of course be extended in principle to
improvement of any electrode reaction where reactants exhibit low electroactivity.
The requirements naturally necessitate that the redox intermediate be less easily
reduced (or more difficultly oxidized) in theory than the oxidant (or fuel) species
to be replaced. Thus while actually exhibiting more electrochemical activity than
the oxidant or fuel to be replaced, the chemical regeneration of the intermediate is
still feasible. For most practical fuel cell systems, the redox intermediate would
thus be restricted to those couples exhibiting reversible potentials not more than
about 0.2 volts less positive (or 0.2 volts more positive) than the oxidants (or
fuels) to be replaced.
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The Technology of Hydrogen-Oxygen Carbon Electrode Fuel Cells

Karl V. Kordesch and
Lawrence M. Litz

Advanced Developments Department,
Union Carbide Corporation, Parma, Ohio

Abstract*

Low temperature, low pressure hydrogen;o#ygen fuel cells have emerged
from the research state and are presently subject to very intensive development
efforts. The performance characteristics of carbop electrode fuel cells, namely,
high current density, flat .discharge characteristics, long life and high overload
capabilities are established. | - . 2

Recent engineering studies have led to a definitién of the operating and
design requirements for proper distribution of the feed gases and elebtrolyte, for /
water removal by transpiratibn through the electrodeshinté the circulating streams
and for proper heat balance. The broad operating range of the carbon electrode fuel
cell has permitted simplification of the auxiliary control an@ circulation systems.

Considerable reduction in size and weight have been achieved by using

electrodes of a new structural design. Reliability assurance can be extended by

redundancy.

* Complete manuscript not received in time for inclusion in Division Preprints. /
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TONISATION OF HYDROGEN AND OXYGEN AT THE THREE
PHASE BOUNDARY FORMED BY THE CONTACT OF ALKALINE
SOLUTIONS WITH SMOOTH METALLIC SURFACES

by

N. A. Fedotov, V. I. Veselovsky, K. I. Rosenthal, and J. A. Masitov
Institute for Electrochemistry, Academy of Sciences, USSR

Abstract¥*

The ionisation of hydrogen and oxygen in concentrated alkaline
solutions was studied at various temperatures with electrodes partly immersed
. in the electrolyte.

It was shown that the ionisation current increased by a factor of
more than ten or even by a factor of more than a hundred if an electrolyte film
wetting the electrolyte was formed. The width of .the reaction zone of the
oxygen ionisation depends on the temperature and potential of the electrode.

\ It was established that at temperatures lower than 30 C the speed

! . of the process at a silver electrode is determined not only by diffusion but
also by the true kinetics of the oxygen ionisation. At higher temperatures the
limiting factor is diffusion. The energy of activation of oxygen diffusion in
concentrated alkaline solutions was determined.

For a series of metals the temperature at which the true kinetics
of oxygen ionisation changes over to diffusion kinetics was determined.

. It was shown that the oxygen ionisation current depends on the
! . nature of the metal, the temperature and the concentration of the solution;
for a given temperatﬁre and concentration palladium shows a higher current
than other metals.

pl

* Complete manuscript not received in time for inclusion in Divisional
Preprints.
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The Current State of Development of Fuel Cells
Utilizing Semipermeable Membranes

Carl Berger

Astropower, |[ncorporated
2121 Paularino Avenue
Newport Beach, California

1.0 Introduction

The upsurge of interest in the last several years in fuel cell research is
abundantly documented in the literature found in scientific, engineering and busi-
ness articles. |t may be of value to draw our thoughts together in one area of this
field and to assess its accomplishments, its present status, and take a look at fu-
ture development in that area.

In this paper we shall concentrate on the applications of semipermeable mem=-
branes, in particular, ion-membrane fuel cells, Most representative of this group
are the single membrane fuel cell (Reference 1) the dual membrane fuel cell (Refer-
ence 2) and a significant hybrid, the gas-liquid single membrane fuel cell (Refer-
ence 3).

It may be of value to review briefly the advantages and disadvantages of an
ion-membrane fuel cell in comparison with fuel cells with porous electrode and liquid
. electrolytes. Some of the advantages are:

1. The construction of electrode-catalyst configurations is non-
critical = the exact sizing of electrode pores, the criticality
of catalyst deposition and the requirements for water proofing
are all minimized.

2. No loss of gaseous reactants due to pore inexactitude, The gase-
ous reactants cannot be lost to the eiectroiyte but simpiy iebound
back into the gas .chamber if they do not react.

3. Compactness.
L, Light weight.
The disadvantages in the jon-membrane fuel cell are:

1. Only moderate current densities have been achievable although the
compactness of configurations mitigates this problem to some extent.

2, Heat removal is more difficult than in systems where an electrolyte
can be circulated; for example, approximately 40-50% the realizable
power in a fuel cell ends up as heat. The Hydrogen-Bromine Fuel Cell
(HBFC) and the Dual Membrane Fuel Cell (DMFC) described later repre-
sent compromises instituted to overcome this problem.

3. The most highly developed ion-membrane fuel cells are organic and
therefore sensitive to heat even when they are in an aqueous en=
vironment, : E

L. Water removal from electrode-catalyst site represents a variable

/i

J

e

A




-

T

~ -
—

2

—

S —

73
which is difficult to control quantitatively and directly in-
fluences voltage output.

The basic membrane used in the three generalized configurations described
below are of two physical species - a homogeneous fabric supported polymer (Refer-
ence 4) and a grafted polymeric type (Reference 5). In both cases the polymers
are sulfonated polystyrenes cross linked to a greater or lesser extent. The mecha-
nism of operation of the membrane, however, differs appreciably in the three type
of fuel cells to be discussed., Sketches of the three types of fuel cells are repre-
sented in Figure 1,

All of the fuel cells described in Figure | have been amply described in the
literature (Reference 1, 2, 3, 6, 7, 8). Only brief descriptions will be given since
the main purpose here is to delve more into the limiting factors inherent in the

operation.of such devices,

In Figure 1-A, the Single Membrine Fuel Cell which uses H, and 0, as reactants
is illustrated. H, is converted to H at the anode, electromigrates tﬁrough the
membrane and unites with a reduced 02 species at the cathode to form water which
must be removed.

In Figure 1-B, the Hydrogen-Bromine Fuel Cell, the anode reaction is

H s2t ¢+ 2e

2

and the cathode reaction

Br., + 2e-——>2Br

2

The net result of the reaction is the formation of HBr in the aqueous catholyte.

Finally in Figure 1-C, the Dual Membrane Fuel Cell, the anode and cathode
reactions are ‘identical to those in the Single Membrane Fuel Cell. The difference
in these cells is that in the former a layer of H,S0, is found between two membranes
which serves to improve water balance problems an% also functions as a heat transfer
fluid, '

1.1 Single Membrane Fuel Cell

The Single Membrane Fuel Cell (SMFC) is the system,which has been most in-
tensively investigated in the last few years. The membrane used in this case is a
completely water leached ion-membrane where all of the electrical transport is due
to the migration of H' ion formed at the anode from one sulfonic acid group to another
until water is formed at the cathode.

tf the ion exchange membrane is considered a polymer network of a linear or
branched variety crosslinked at various sites and swollen with solvent, an adequate
physical network can be envisioned for the transport of solute. _It is apparent in
envisioning this network as a ''solid gel" that the velocity of H ion in this network
will be sterically hindered and if, as seems likely, the velocities of ions in ''gel"
structures is a function of the increased viscosity of the internal solvent phase
(Reference 9) then it follows that the Stokes frictional resistance to flow

F = 67T ' (1)
Y|

should be increased producing slower ionic migration whether the forces are purely

where
viscosity
radius of migrating particle
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those of diffusion or electromigration. |[n the case of electromigration, this re-
tardation wil] be manifested by lower ionic mobilities. For example, the ionic
mobility of H ion,in an aqueous electrolyte is about 362 x 1072 cm/sec. in contrast
to a velocity of H ion in sulfonated pheonolformaldebyde resin of about 19 x 10~
cm/sec. (Reference 9). :

I f one accepts as an operating basis that the SMFC is now utilizing the optimum
catalysts obtainable for the H, = 0, system and that operating voltages much
greater than 0,93V are not liEely %o be obtained (Reference 10), (a fact that the
writer concurs in as a result of his experience in development of H, - 0, fuel cells}),
then theoretically the net power that can be obtained will be a function of the ionic
mobility of the H ion over a given transit thickness.,

Approximate calculations may be of some value in guiding,us with respect to the
limiting current densities that can be achieved in a leached H  transport system. Us-
ing the approach of Kortum and Bockris (Reference 11) and Spiegler and Coryell (Refer-
ence 12), the limiting current density of a leached membrane system may be defined as

S - R _ATC
Z.F 1
i L

(2)
where

d
R
;
)
c

i = limiting current

thickness of diffusion layer
constant
valence

N
niun

Faraday
fonic mobility
g. ions/mole

-

Substituting appropriate values

) H+ memb rane

c

thickness of diffusion layer = thickness of
membrane = 0,0165 cm.

O.IAH+ 35 phms-] cm2

solution

0.6 g. ion/liter

we find 1 = c. 330 ma/cm?

The writer recognizes that equation (2) holds strictly for cases at infinite
dilution and that endosmotic transfer of water has not been considered, but, for our
purposes the approximation is sufficient,

Another means of corroborating the order oI magnitude of 1 is to use experi-
mental data of resistances of membranes in the H form in calculdting achievable
current density limits, The data presented by Grubb (Reference 13) on the specific
resistance of ion exchange membranes yields on Ohms Law calculation_for a membrane
thickness of 0,0165 cm. current densities in the range of 400 ma/cm?. Finally, it
is of value to note that Maget (Reference 6), in his extrapolations of limiting cur-
rent density for SMFC, projects values of the order of 500 ma/cm?.

It can be assumed, based on the preceding approximations, that high current
densities are achievable by the SMFC and indeed laboratory evidence (Reference 14)
indicates that such is the case in single cell test units. [t may then be valid to
initiate thinking of thin ion membranes (¢.02 cm) as diffusion barriers through which
in theory, large amounts of current can flow in a fashion analogous to the thin dif=
fusion barriers resulting from stirred electrolytes.,
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Candidly, while the preceding analysis. is of interest in small, single cell
test configurations, engineering factors have played a critical role in limiting
the achievement of higher power densities in multiple fuel cell configurations.
Firstly, the necessity of uniform rapid water removal at high current densities,
which must be performed by gas circulation or a combination of condensation and
capillary wick action is unsatisfactory. (Reference 8). Inability to remove water
uni formly and rapidly enough can cause voltage fluctuations in individual cells and
can in fact ''drown'' electrodes causing failure. Another important engineering
problem is the removal of heat generated in the membrane. The removal of heat can
be performed in a number of ways, but in all cases involves transit through a gase-
ous phase. In any case, it is our conviction that if the heat generated could be
conducted into a fluid medium, the heat transfer considerations related to the
rapidity of heat removal and energy expended for such transfer would be more favor-
able from overall systems considerations. [t is interesting to note that in larger
power sources, that heat transfer fluids will most likely be introduced to carry
away large quantities of waste heat,

1.2 Hydrogen-Bromine Fuel Cell

The Hydrogen~Bromine Fuel Cell (HBFC), a secondary fuel cell device, (Refer-
ence 2) represents an attempt at overcoming the engineering difficulties inherent in
one aspect of the SMFC, particularly heat transfer problems. A comparison of the
heat transfer coefficients of 0,, H, and H,0 inhandbooks indicates the advantages of
using an aqueous system such as“the“bromine = hydrobromic acid solution in water that
serves as a catholyte for the HBFC.

In addition the Br./8r electrode isa highly reversible couple compared to the
oxygen electrode in the §MFC. Oster (Reference 14) indicates that a certain activation
loss of 0,35 V - 0.40 V occurs at the oxygen electrode in the SMFC. Calculations and
experimental data (Reference. 2, 15, 16) show that losses due to activation overvoltage
for the HBFC on discharge should follow the equation

I e

where

activation over voltage

N

current density in amps/cm2

Therefore, at 100 amps/cm2 on a plain electrode surface, the activation overvoltage
for reduction of Br2 to Bromide ion is equal to -.05 V.,

it should be recognized however, thata disadvantage of the Br /Br  couple is that
the equivalent weight of Br, is considerably greater than 0,, an important consideration
in a practical engineering Sense. This is mitigated to somé extent by other consider-
ations. For instance, when electrical regeneration of secondary fuel cells is called
for, the higher voltage efficiency of the HBFC requires less weight of solar cells for
recharging than a comparable secondary SMFC.

Once again our analysis of the maximum current density limitation will be based
on the membrane as the limiting feature of the fuel cell and assuming that the anode
and cathode are not limiting with respect to current densities.

A closer look at the ionic species involved in the performance of this cell is
warranted before proceeding further inasmuch as this is an” important factor in deter-
mining practical cell performance., The overall reaction of the cell is
+

Hy + Bry” =" + 3Br  E, = 1.056 (4)
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The voltage of the cell is determined by the Nernst relationship

2
£ = g0 - 5% in __Bij_[ﬁi:_ (5).
Tk B ]

Equation (5) implies that the major portion_of the Br_ exists in solution as Br, .
Since the equjlibrium constant for Br, + Br——=Br., i§ 17 and the equilibrium cén-
stant for Br + Br == Brg is 0.05;, It appearé that at concentrations in the
applicable cgtholyte range H*= 6, Bi™ = 6, Br, = | - 2, the assumption is iustified

by a few simple calculations e.g., at Br2 =1, Br3 = 0.99 and BrS' 2 6,107,

Proceeding onward to explore the nature of the discharge process at the anode,
it can be seen that the ideal situation is where only H' and Br~ are in the membrane
and Br3' is excluded. If this is the case t + + ty,” = 1 and hydrogen ion formed
at the”anode is neutralized by Br~. Clearly, if Br= can diffuse into the membrane
and migrate toward the anode,loss of electrical ene?gy can result from the reaction
of hydrogen and bromine complex at the noble metal catalyst electrode. |t is exactly
this problem that Berger and co-workers (Reference 2) found to be a limiting factor
in cell life. A reformulation of the membrane in order to decrease the mean intra_
molecular diameter of the membrane was successful in limiting the diffusion of Br
into the membrane and led to long cycling lines of greater than 9000 charge-dischgrge
cycles.

One marked difference between the SMFC and the HBFC is that the major transport
in the latter is a function of imbibed HBr rather than the H  ion in equilibrium with
the fixed ionic sites in the ion exchange membrane. Let us assume that 6N HBr and
2N Br, catholyte solution are in equilibrium with a cation membrane and if we assume
that %he migration of Br, into the membrane is strongly hindered, then an imbibition
of 2-3 milliequivalents 6f HBr per milliliter of membrane volume can be assumed (Refer-
ence 17).

If we assume as previously.discussed above that the limiting factor in 1 s
the membrane itself then we can setup a series of limiting conditions. For thé bromine

electrode
1 - _DbnF(C) T3
'd T (]_ t-)d"' A~y
or -~ -1 2
ld = 1.8 (10 ') C amp/cm ‘(Reference 16) (7)
where D = ’+.10.5 cmz/sec
- n = 2 electrons
F = 96,500 coulombs per equivalent
t ¥ 0.15 {(max)
d = 0.05 cm. (max)

At solution normality of 6N we have an activity of about 2~3 (Reference 18)
and therefore could expect a limiting current density of about 360-540 ma/cm® even
without considering surface roughness factors. The surface factor assumption is
reasonable since smooth platinum was utilized for the cathode. We now turn to an
analysis of the limiting current at the membrane-anode interface.

Presuminig that the hydrogen electrode has its diffusion layer in the form of
a membrane within which catalyst is imbedded, the diffusion barrier will be a membrane
into which H' ion is discharged'and which must be neutralized with electromigrating
Br'. The calculation of the limiting current for the hydrogen electrode may be ex-
pressed as

~

NN
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1= DnF_(C) (8)
(- t)d

or -6
-2 L x 10~ x (1) 96,500 x ¢ 156 (9)
d - = .156 C

(1 - .85) (.0165)1000
where D= 4x 10-6 cmz/sec (Reference 16)
' n= |1

F = Faraday
t,= .8
o = .0165 cm.

Making the assumption that the concentration of HBr in the membrane has a limiting
value of about 2.5 m.e. of HBr per ml of resin. The activity coefficient of 2.5 N
HBr is about 1.2 and therefore _an effective activity of 2,04, Substituting this
value into (11) 14 = 325 ma/cm®,

Both of the limiting currents derived for the bromine electrode and the hydrogen
electrode are deemed to be within conservative limits, e.g., the roughness. factors
have been assumed to be one.

1.3 Duaf Membrane Fuel Cell

The ultimate extension of the combination of the membrane and electrolyte so-
lution is found in the DMFC where the hydrogen and the oxygen electrodes are both
placed against cation membranes and a 6N H,S0, acid solution interposed between the
membranes. [t is clear that if we once again make the assumptions that ionic dif-
fusion in the membrane is limiting, that llmltlng current calculations may be per-
formed for both membranes.

6

| om b x 107 x 1 x96,500 x ¢ (10)
d 0.15 x 0.0165 x 103

or 2
Id a .156C

i 1 9L+Ama/cm2

The assumptions made in this case are similar to those in the HBFC. It is
assumed that the diffusion coefficient will be equivalent to or less than HBr, that
the transference number of H* is slightly greater than for the HBFC, and we have
also made the assumption that similar quantities of H,S0, are imbibed but that the
activity of 2-3N H,S0, is much lower {(Reference 20). “Thére is one factor here how-
ever, which is not"present in HBFC. A film of water forms at the oxygen cathode,
the tendency of which is to migrate into the 6N liquid electrolyte between the mem-

- branes. |In practice, interestingly enough this is borne out by the fact that all of

the water formed is found ultimately in the central compartment. The film of water
which forms can not be removed as rapidly as in the case of the SMFC because of the
counter osmotic forces in the membrane tending to draw the water toward the central
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electrolyte compartment. The presence of this water film causes significant |R
losses and is a limiting factor in the operation of the DMFC.

2,0 Engineering Consideration

The approximations presented above with reference to current density limitations
are no more than target areas which could be achieved if certain practical consider-
ations are overcome. What then is the present stage of achievement of these three
different fuel cells. A graph of attainable operating characteristics, based on a-
vailable publications for these single fuel cells is shown in Figure 2. (References
14, 21, 22, 2, 23).

2.1 Single Membrane Fuel Cell

The SMFC shows the most advanced operational capability, one of the obvious
reasons for this being that a great deal more research and development has been com-
mitted to this concept. Although current densities as high as 150 ma/cm® have been
achieved, a number of practical limitations appear to limit gains for the SMFC in
multiple fuel cell configurations,

1. Water removal from the area of the oxygen electrode must be care-
fully controlled so that enough water is removed from each cell of
amultiple cell unit to keep the electrode from drowning or more
practically to keep all single cell voltages in a multiple series
configuration from widely diverging and tendlng to instability of
cell output (Reference 24).

The removal of water from the electrode surface in the present
apparatus is accomplished by the condensation on a bipolar cell
separator of the moisture from the electrode surface. Mechanically,
the potential for water removal is supplied by a difference in temper-
ature (C. 5-10°F) between the electrode surface and the cell sepa-
rator. [t can be seen that the rate of product removal from the
reaction site will vary with the temperature differential, the gas
temperature and content of gas chamber and factors related to the
heat removal system. |n light of these complicated engineering
problems, the writer projects that current densities of about

50-75 ma/em? at 0.78=0,72 W appear to be achicvable in multiple
units within the next 18-24 months but it is not llkely that oper-
ating current densities of greater than 100 ma/cm? will be achieved
within the next 36 months unless important break-throughs in engi-
neering know-how occurs. This does not appear to be an important
limitation, since it is l:kely that operational current densities

in the range of 25-35 ma/cm? will suffice for space missions such

as orbital manned flights,

2. 40-50% of the total energy generated in the SMFC results in heat
which must be dissipated. This can be effected by heat transfer
through metal cell separators with radiative heat loss to space or
the recirculation of fuel gas (H,) to pickup heat and moisture with
subsequent cooling and condensation and finally the use of a separate
liquid circulation system to remove heat from the separator plate area.
If the last approach is used for units in the 1-5 Kw range (Reference
25) then it appears that the weight and volume of the circulation sys-
tem would at least equal the electrolyte inventory required in the
HBFC or the DMFC. In addition, in contrast to the DMFC, the water
recovery system for the SMFC requires a separate subsystem for trans=~
port and recovery of water, an important factor in decreasing overall
reliability and in adding weight to the system.
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3. Reproducibility and the quality control appears to be an important
engineering area where more research must be performed. The leached
membrane used in the SMFC must have an absolute homogeneity of physi-
cal and chemical characteristics in order to avoid areas of intense -
heating and uneven water formation and removal., This is avoided to
a great extent by HBFC and DMFC since the electrolyte imbibed by the
membranes in this system serves as a leveling factor for physical
properties and water balance problems.

2.2 Hydrogen-Bromine Fuel Cell

The HBFC limiting diffusion current is high as indicated in 300 ma/cm% and when
used, as is commonly the case, as a secondary battery charge, acceptance efficiency
is high compared to the H, ~ 0, system. This is due to the considerable irreversi-
bilities encountered on c%arging a leached H, - 02 SMFC system compared to the HBFC
where overvoltage is' a minor consideration,” |npracticality this calls for 20-30%
greater power iequirement for recharging at a given current density (Reference 2).

The major factor which has held back the rapid development of this concept has been
the lack of solid advances in membrane technology. Recently, however, (Reference 2)
advances have been made which auger well for the development of this cell. [t will
continue to suffer, however, from one basic limitation. In order to prevent the
migration of Br or Br, more accurately, the network of the ion membrane fuel cell
must be made less poroué i.e., diffusivity must be decreased. This will lead to
lower limiting current densities as a result of decreased ionic mobility and cause
higher IR drops. it therefore seems unlikely that effective operation of greater
than 50-60 ma/cm? at 0.62 V- 0.57 V will be achieved in multiple configurations of
HBFC in the next 36 months. The maximums could probably be improved by 30-50% if
substantially more effort is devoted to this type of device than is presently contem=-
plated. 1t is likely in fact that fuel cell optimization studies will indicate that
values of about 30 ma/cm? and 0.72 V are more appropriate for design considerations
at the present time. Since, however, this output is good for a secondary battery,
solid practical achievements (orbital unmanned missions) may be anticipated.

2,3 Dual Membrane Fuel Cell

A number of factors indicate the advantages possessed by the DMFC. The mem-
branes are continually in equilibrium with 6N H S0, , thereby eliminating problems
related to water balance and drying of membranes (ﬁeference 21). Moreover, the re-
moval of generated heat can be efficiently performed by circulation of the electrolyte.
Finally, since water formed at the cathode migrates into the central electrolyte res-
ervoir, (Reference 3) we essentially eliminate the water transfer system required in
the SMFC, eliminate complexity and increase reliability.

Factors detrimental to the achievement of higher operating current densities in
the device are the good probability of the low activity of equilibrated H in the
membrane thereby lowering the conductivity substantially as compared to ng of the
same concentration in the membrane and also, most importantly, the formation of a water
film on the oxygen electrode-membrane interface,suggests a limiting factor, the diffu-
sion rate of the water from the interface into the membrane and the central reservoir,
The water film appears to have a definitive means of leaving the area of the oxygen
electrode by ordinary mass diffusional processes. 1f one assumes a diffusion constant
of an order equivalent to that used in calculating limiting currents in membranes and
taking into account the ambiguities in working with activities at membrane interfaces,
then a rate of migration of water or more properly H,S0, up to the 0, electrode of
about 8-16 ma/cm? for a membrane .050 cm thick can b& calculated, or values of about
24~48 ma/cm? for membranes .0165 cm thick. it is interesting to note that the former
value agrees rather well with the results obtained during the course of a research
program related to the DMFC (Reference 3). It appears likely that using thinner mem-
branes and with sufficient development, curnent densities of 40~50 ma/cm? at .67 - .63 v
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can be achieved in multiple configuration within the next few years. Possible im-
provements in this area might result from operating at higher temperatures or the
removal of water via gas circulation. Of note here, however, is that because of the
simplicity and ruggedness of this fuel cell, that fuel cell units have been offered
to industry and government since 1962, (Reference 21).

3.0 Summation

The writer has taken operating parameters that he feels may be achieved within
the next 18 months for multiple fuel cells of the three general classes of devices
discussed in this paper bearing in mind that one of them, HBFC, is fundamentally used
as a secondary battery. Of particular interest are projections of approximate weight
volumes and power density based on projections of reasonable voltage and current densi-
ties. These are found in Table 1.

’ Thickness 2 3 2 3
Type Voltage Amp/ft (inches) Pounds/ft® Volume(ft’) watts/ft" Kw./ft Watts/1b

SMFC .72 75  .205 1.37 L0171 55.0 3.2 40.2
DMFC .72 30,194 1.97 .0162 21.6 1.33 10.97
HBFC .72 .30 .165 1.67 .0138 21.6 1.56 12,92

Table 1. Volume and Weight Factors

It is important to reiterate the basis on which the calculations were made.

1. The weights and dimensions refer to a unit cell with no instru-
mentation, electrolyte holdup, water removal or any other system
factors considered. For instance, it is clear that in long
missions requiring primary cells, the increased weight of fuel
needed will tend to improve markedly the watt hours/Ib obtained
from the system. It is because of this variability of missions
in space, on land, or in the sea iLhai nu aliempi has been made
to go beyond the unit cell structure in analysis. Table 2 how-
ever, should be of value as a general starting point for systems
analysis and is presented in the non-metrical units for engi~
neering convenience,

2. The SMFC and DMFC are primary cells and therefore not strictly
comparable with HBFC.

3. The SMFC has been the subject of a far greater investment of
time and effort than either the DMFC or the HBFC._ It is almost
certain that the values of watts/lb and Kwatts/ft* for the
latter, two would increase by a factor of 2-4 times with an in-
tensive development effort. Projections made in this paper as-
sume that the development of neither the DMFC nor HBFC will be
at as high a level in the next three years as has been the case
with the SMFC.

Little has been said about quasi-membrane systems, such as gelled electrolytes
"and electrolytes absorbed in materials such as asbestos. In general, it is our feeling
that with regard to gas permeability, retention of electrolytes under accelerative or
vibrational forces, removal of waste water and heat that such systems are as yet un-
proven compared to ion membrane fuel cells, This in no sense indicates however, that

systems such as H, = 0, regenerable fuel cell with asbestos electrolytes (Reference 26)

~



181

| or other primary systems (Reference 27) may not come to fruition in the future.

It may be of value, hazardous though it always appeérs to be, to suggest possi-
ble research and development areas that appear promising over the next few years:

1. Firstly, it is of some value due to advances in producing thinner
membranes (Reference 5) to regard the membrane as less of a struc-
tural electrolyte and more as a diffusion barrier up against an
electrode. In this conceptual framework we find that the membrane
for instance, can be regarded as a means for producing low cost
porous electrodes since thin membrane barriers will lessen the
need for the elegant procedures used at present for preparation of
metal and carbon electrodes. Moreover, such combined electrode
membrane systems could be used in various electrolytes. Finally,
if very thin membranes are used (.£0.01)cm., there should be
little difficulty ip eventually sustaining current densities in

' ? : excess of 200 ma/cm® at reasonable voltage levels.

t 2, Inorganic membrane systems have strong potential as intermediate
temperature range (100 - 200°C) solid electrolytes both as cationic
and anionic systems. Recent results (References 28, 29) indicate
that ngvel inorganic systems have achieved resistances of 2-3
ohm cm? at 115°C.

o 3. Research relevant to attaining a high level of quality control
for membranes and membrane electrode assemblies would appear to
be of much value in promoting the commerical manufacture of multi-
ple unit cells.

The exploration of the advantages in using liquid ion exchangers
would appear to be of value.

. A/
ya
F

{ ) 5. Although considerable effort has been expended in recent years in
N basic membrane research (References 5, 9, 10, 12, 13, 17, 30) in~-
‘ tensified and well planned efforts may yet bring important break-

throughs in this field.

\
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Performance of Hydrogen-Bromine Fuel Cells

W. B. Glass and
G. H. Boyle

Tonics Incorporated
152 Sixth Street
Cambridge 42, Mass.

Abstract*

One of the particular merits of the hydrogen-bromine ion exchange membrane

regenerative fuel cell system is that the hydrogen-bromine couple is highly reversible.

In early cells, bromine diffusion through the membrane caused deterioration of the
hydrogen electrode. Data are preseﬁted on the successful development of a new
membrane designed to overcome this problem. The effect of the brominating‘environment
on the membrane is discussed.

Experimental data are also presented that demonstrate the effect of wide
variationé in the composition of the Br,-HBr-Hy0 electrolyte on the voltage, cell
reéistance and performance capabilities of H2-Br2 cells at several temperature
levels. .Various inorganic bromide salts have also been investigated as possible
bromine‘solubiliiers and the resulting voltage and resistance data are presented

and evaluated.

¥ Complete manuscript not received in time for inclusion in Division Preprints.
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WESTINGHOUSE SOLID-ELECTROLYTE FUEL CELL

Fuel Design Group

D. H. Archer L. Elikan
J. J. Alles E. F. Sverdrup
W. A. English R. L. Zahradnik

Westinghouse Electric Corporation
Research & Development Center
Pittsburgh 35, Pennsylvania

The basic component of the Westinghouse solid-electrolyte fuel
cell is the (zlroz)o_85 (Cago)o.15 or (Zr02)0_9 (1{203)0'1 electrolyte.
This material 1s an impervious ceramic which has the unique ability to
conduct a current by the passage of 0 ions through the crystal lattice.
The ease with which these lons pass through the electrolyte is measured
by the electrical resistivity, l)b’ of the electrolyte. Values of ;Db
for botp (Zr02)0.85 (Cao)ol15 and (Zr02)0'9 (Y203)0.1 as functions of
temperature, T, are given in Figure 1. The resistance of a disc of
(ZI’02)0’85 (c;ago)o.15 2 in. in diameter and 15 mils thick is about 0.1 ohm
at 1000°C.

FABRICATING THE CELL
To fabricate & cell from such a disc, porous platinum electrodes

are applied to both sides. On the lower electrode of Figure 2 a molecule

of 02 gas from the surroundings acquires 4 electrons and forms 2 0 ions,

~which enter the crystal lattice of the ceramic. At the upper electrode,

20 ioms emerge from the electrolyte, give up 4 electrons, and recombine
to form 02. The lowgr electrode is positively charged; the upper is neg-
atively charged if 02 flows upward through the electrolyte.

The most direct method for bringing about this flow is to con-
struct one chamber around the lower electrode in which 02 is kept at a high
partial pressure and another chamber around the upper electrode in which

the partial pressure of 02 is maintained at a low value. In this case, the

.observed open circuit voltage of the cell, Et’ cén be computed from

E, (4 F ) = RT 1n (Poz,n'/Poe,L) (1)

L (the Faraday number) = quantity of charge transferred per
mol of O, passing through the electrolyte, 386,000 coulombs/mol

universal gas constant, 8.13%4 watt-sec/°K mol

where 4 7F

]

absolute temperature of cell, °K
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Po&,, %o

/
RT 1n (POQ’H POQ’L

= 02 partial pressui-es in lower and upper chambers
2oL ' .
) = work per mol obtained from reversible, isothenﬁal
expansion of a gas at temperature T, watt-sec/mol
UTILIZATION AS FUEL CELL
The device can be utilized as a fuel éell,by flowing oxygen or
air to the lower chamber. If atmospheric air is used, the 02 partial
pressure in the lower chamber is malntained at about 0.2 atm. Fuel flows
through the upper chamber, combines with any 02 presint, and reduces the
02 partial pressure in the fuel chamber to about 10 atm. (The total
pressure in both chambers 1s 1.0 atm.) The calculated value of E, in this
instance 1s approximately 1.0 volt.
When & current, I, is drawn from the terminals, the voltage V of
the cell drops below the open circuit voltage ‘Et ‘because of resistance lopses
in the electrolyte and electrodes.
) V=E -IR : (@)
where Et is the voltage computed from Equation 1 and R is the ohmic resistance
of electrodes and electrolyte. An approximate expression for the resistance
R of a cell is '

R =Py Ou/hy 1 (/6 (1 /8,) (3)
where 6b = electrolyte thickness '

Ab
Pe / be

active cell area

n

= resistivity-thickness quotient for the cell electrodes
(See Figure 3)
L_ = mean distance travelled by the electronic current in the electrodes
passing from the plus to the minus terminal of the cell
P_ = mean width of the electrode perpendicular to the direction of

e
electronic current flow
For a cell operating at 1000°C using a (Zr02)0 8s (Ca.O)0 15 elec-
trolyte 5 cm in diameter and 0.04 cm thick, .
~ 60Q-cm) (0.04 cm) - (2.5 cm)
R= ( : + (0.4% ohm :
AR ) ~55)

n

0.12 + 0.07 = 0.19 ohm
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If the electrodes of the cell are sufficiently porous, the IR loss
-- as indicated in Equation 2 -- is the only voltage loss in the ceil; there
are no appreciable voltage drops in the solid-electrolyte cell attributable
to the slowness of diffusion or chemical reaction.

CHARACTERISTICS OF SINGLE CELLS

A number of single cells based on thesé principles have been con-
structed and tested. The components of a disc cell with an effective dia-
meter of 1.3 inches are shown in FPigure 4 and the performance of such a cell
is shown in Figure 5. The open circuit voltage of the cell with H2 fuel is
1.15 volts; its resistance is about O.4 ohm. The maximum power delivered
by the device is 0.85 watt, and the current density at these conditions is
150 a.mp/fte.

SOLID-ELECTROLYTE FUEL CELL BATTERIES

Solid-electrolyte fuel cell batteries have been investigated.

One type of battery is constructed of short, cylindrical electrolyte segments
shaped so that they can be fitted one into the other and connected into g

long tube by bell-and spigot joilnts. Figure 6 shows an electrolyte segment.

A mathematical analysis has been carried out to determine the active cell

length L which maximizes the power per unit of cell volume for given values

of (1) /.')b 61)’ the electrolyte resistivity-thickness product; (2) pe/ée,

the electrode resistivity-thickness quotient (see Figure 3); (3)4? , the

seal length; and (4) R s the electrical resistance of the metal alloy joint
which both makes the seal and connects the individual cell segments electrically
in series. .

An optimized three-cell battery with bell-and-spigot joints is
éhown in Figure 7. One of the platinum wires at each end of the cell stack
is the current lead to the battery; the other wires are.probes for measuring
potentials throughout the battery.

PERFORMANCE OF BATTERY ON H, FUEL AND AIR

The performance of the battery on H2 fuel and air is shown in
Figure 8. The open circuit voltage of the device is below the expected
3.3 volts because of some shorting of the cells occurring in the seal region.
Such shorting has been determined to draw about 100 ma in each cell; improved

seal design will minimize this loss. In spite of this problem, a current
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density greater than LS50 ma./cm2 has been achieved in this battery at the
maximum power point -- about 1.2 volts. Three of the four ,joints' required
in the fabrication of the battery of Figure 8 have been demonstrated to
be tight with a helium leak detector. The oaxygen leak rate through the-
fourth joint was shown to be less than the oxygen added to the fuel by
a current flow of 20 ma. ]
PERFORMANCE OF BATTERY ON H2 FUEL AND PURE O2
The performance of this same three-cell battery with H2 fuel
and pure O2 is shown in Figure 9. The open circuit voltage is 2.9 volts.
The current density at maximum power was 750 ma./ cm2. At the maximum power
point, the battery produces 2.1 watts; and each cell segment, 0.7 watt --
about the same as an ordinary flashlight battery.
The segmented-tube bell and spigot battery gives promise of
providing a compact, lightweight power system.
CELL SEGMENT CHARACTERISTICS
V The characteristics of the cell segments which make up this
battery are given below.
Over-all length, (L +_£ ) = 0.58 + 0.53 = 1.11 cn
Mean diameter, D = 1.07 cm
Electrolyte material: (Zr02)0.9 (Y2°3)o.1 ]
Elecirolyte resistivity-thickness parameter at 1000 C,
pbéb = 0.4 ohm-cm2
Electrode material: porous platinum
Electrode resistivity/thickness at 1000°C (Pe/ée) =
0.43 ohm-cm/cm .
Segment weight (including one joint) = 1.97 gm
Segment volume (including one joint) = 2.0 en”

The electrodes of the cell are quite light, and the total weight
of the cell is also small -- about 2.0 gm. If the cells are operated at
maximum power, the power produced is equivalent to 160 watts/lb of electro-
lyte and electrodes. (This figure does not include battery casing, insulation,
and auxiliaries.) The powef per unit volume of the cell unit is 9.5 kw/ft}'.
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These performance figures can still be improved by (1) the development
of electrodes with lower /Qe/ (Se values, (2).the use of electrolyte
materials with lower /jb velues, and (3) optimization of the seal dimén-
sions. More power/volume can also be obtained by using smaller diameter
cells.
SOLID-ELECTROLYTE FUEL CELL SYSTEMS FOR SPACE

In order to provide a useful power source it is necessary not
only to combine the unit cells into batteries but also to provide mani-
folding, casing, and insulation. All these componenté must be integrated
into a system. A series of 500 watt solid-electrolyte fuel cell systems
have been designed for use in space. Stacks of cells connected by bell-
and-spigot joints are contained in an insulated cylindrical can which is
maintained at the 1027°C operating temperature by the heat generated in
operating the system at the design power. The H2 fuel flows inside each
each tube stack and the 02 oxidant fills the can housing the gtacks
(see Figure 10). The gas stream emerging from the stacks is water vapor -
with 4 mole % or less unburned H,; this gas is exhausted to the surroundings.

Minimum-weight 500-watt systems have been determined far 10-hour,
100-hour and 1000-hour total mission lengths using l-inch diameter stacks.
A choice of 1/2-inch diameter stacks would have resulted in a smaller,
lighter device. For a 100-hour mission, the estimated weight of the fuel-
cell system (including the cel) battery, casing, manifolding, insulation,

radiator, and controls) is 25 pounds; the estimated welght of H2 and 02

 reactants and reactant storage system is 115 pounds. For the 1000-hour

mission,the estimated minimum fuel cell system weight is 47 pounds; the
reactant and reactant storage weight is 643 pounds.
ADVANTAGES OF SOLID-ELECTROLYTE FUEL CELLS

Although particular solid electrolyte fuel cell systems have been
congldered, modifications can be made to meet dther specific requirements.
In addition to their light weight, solid-electrolyte fuel cell systems
have distinct advantages over othervfuel cells: . They are compact; Their
high operating temperature enables the heat generated in operating the cell
to be radiated to the surroundings without weighty, complex cooling systems
and radiators; The electrolyte 1s physically and chemically stable; There
isAno difficulty in removing water from the cell (it flows from the system
in Qaqu form); The system operates ;ndependently of gravitational forces.

‘ For-all-these reasons, the solid-electrolyte-fuel cell

system.is a promising candidate for generating power in space.
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Figure 4. Single Cell Test Assembly
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Figure 7. Three-cell segmented tube battery
with bell-and-spigot design.
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Electrode Processes in Molten Carbonate Fuel Cells
Isaac Trachtenberg
Corporate Research & Engineering, Texas Instruments Incorporated, P.O. Box 5474,
Dallas 22, Texas

Introduction

Many of the potential applications of fuel cells require operation on cheap, °
readily available fuels and air. These fuels in all probability will be hydrocarbons
or impure fuel gases readily derived from hydrocarbons. Fuel cells employing
molten carbonate electrolytes and operating above 500°C afford an early opportunity
for rapid development of a system capableof satisfying these requirements. The <,
material presented here is concerned with some of the more fundamental aspects of
molten carbonate-magnesium oxide-matrix cells.” The causes of electrode polariza-
tion are established and measured. Typical data for the effect of fuels on anode
polarization are given. Based on the experimental observations, chemical and
electrochemical reaction schemes are suggested. Theoretical voltage-fuel compo-
sition curves are illustrated and indicate that good utilization of fuel at reasonable
voltages can be expected. Cells have actually operated on hydrocarbon fuels and
air at acceptable power levels continuously over extended time intervals.

Fuel cells employing various eutectics of molten alkali carbonates as the elec-

trolyte have been previously described. 1-4 Operating characteristics of magnesium
" oxide (MgO) matrix cells have also been reported. 5-7 These cells have been thermally

cycled a number of times and in some instances attained more than 4000 hours of con-
tinuous operation at 600°C. Power densities greater than 100 watts/ft? at 0.7 volts
have been obtained with pure hydrogen fuel and 4:1 air: CO mixtures as the cathode
gas feed. These results have led to the initiation of design and development work on
molten-carbonate hydrocarbon fuel cell batteries and systems. However, discussion

of these engineering studies is beyoud ine scope of this paper.

Eerrimental

All of the experimental work reported here was performed on cells identical
to that shown in Fig. 1. This illustration shows the cathode chamber of the cell
with the third idling electrode. This small electrode is used to monitor the per-
formance of the individual anode and cathode in a working fuel cell. The large elec- /
trode (15.6 cm?2 or 1/60 £t2) is the working cathode and is bonded to the MgO matrix. .
The matrix is impregnated with the binary LiNaCOj eutectic (m.p. ca. 500°C). Not
shown is the anode bonded on the bottom side of the MgO matrix. The anode hasg the
same geometrical configuration and area as the cathode. Cathodes for this study -
were pure silver; however, substrates of base metals containing catalyst are now -
being used successfully. The anode is made of either silver or base metal sub-
strates containing a wide variety of inexpensive catalyst.

Zi

‘Electrical connections are made from the electrodes to the various insulated
lead-throughs. The only electrical connection within the cell between the three
electrodes is through the electrolyte contained in the MgO matrix. The lids are then
welded on to make each chamber gas tight. The cell is placed vertically in a furnace .
and the necessary external gas and electrical connections are completed.

"
’
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Current-voltage traces for the complete working cell and the individual
electrodes were obtained with a Moseley Model 35 X-Y recorder. A transistor net-
work is used to give a continuously variable, pure resistive, load for the cell. The
current passed in this circuit is the X-input. The voltage between the non-working
electrode and the particular working electrode to be studied, or the terminal voltage
of the cell becomes the Y-input. In order to avoid polarization of the non-working
electrode the Y-input or for that matter any voltage measuring device used with the
non-working electrode must have a high input impedance. These current-voltage
curves measure the total steady-state polarization of the individual electrodes and
the complete cell under working conditions. '

In order to establish the contributions of the various types of polarization, -
ohmic, activation, and concentration, to the total polarization, it is necessary to
resort to a transient method. A single current interruption technique was used for
this purpose. The three types of polarization of interest may be distinguished
according to time intervals after removing the polarizing load. Ohmic polarization
is removed immediately after current interruption for the present investigation in
times less than a microsecond. Since removal of activation polarization requires
the electrode potential to change, the time required for its decay is governed by
the rate of charging of the electrical double layer or about 10-6 t0 104 seconds.
Polarization decay because of concentration effects requires times greater than
10-4 seconds since appreciable mass transport (either ions in the electrolyte or’

" molecules in gas phase) must occur.

Figure 2 schematically shows the interruption circuit. The heart of this cir-
cuit is the mercury wetted Clare relay and its make before break operating feature.

- This latter feature permits triggering and use of the sweep delay circuits of the

545A oscilloscope. Voltage time curves are recorded from the oscilloscope from
10-6 to 1 second.”

Current-Voltage Curves for Operating Cell

The specific results presented are typical examples of the data obtained from
a large number of experiments on many similar cells. Figure 3 is current-voltage
curves for a cell operating at 600°C on pure Hj fuel on the 25th day of operation.

" The cathode is supplied'with a 4:1 mixture of air:CO,. The curve V represents

the terminal voltage of the operating cell. The open circuit voltage is 1. 40 volts.
Vaiand Vs curves are the voltage of the anode and cathode, respectively, versus
the non-working electrode. The values of R, and R, the ohmic resistances as
determined by current interruption, were measured at several pre-interruption cur-
rents and found to be constant. Correction for the ohmic polarization is made and
the curves Vp + IR and VC - IR~ are the current-voltage curves due to concentra-
tion polarization. It is interesting to note that R 4 + R~ & Rq. This difference is
assumed to be the bulk electrolyte resistance, Rg. In addition to the ohmic re-
sistance at the electrode-electrolyte-matrix interface, Rp and R contain the
resistance of the individual electrode leads to the terminals just outside of the fur-
nace. For the particular case of cell 117R at 600°C, Ra,» Ry and RT are 0.075,
0.10, and 0.21 ohms, respectively; the lead resistance of the individual electrodes
is about 0,025 ohms, R, is calculated to be . 035 ohms. The calculated resistance
based on electrolyte conguctivity, electrode size, and separation is . 011 ohms.
These calculations imply a factor due to porosity and tortuosity of the MgO disc of

about 3.
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The Vg curve indicates a power density equivalent to 60 w/fté at 0.7 volts. If
all ohmic factors with the exception of the bulk electrolyte resistance, Rg, could be
removed, this cell would produce an equivalent of 120 watts;/ft2 at 0.7 volts,

Several features concerning the polarization of the individual electrodes
should be pointed out. Limiting currents are not being approached even at current
densities of 200 amps/ftz. Ohmic polarization is 2 more important factor at the
cathode, where oxide films may be formed. Concentration polarization is greater
at the anode, since products must back diffuse.

Figure 4 shows additional current-voltage curves for cell 117R. In order to
obtain these data, 200 cc/min of CO, were added to the or1g1na1 H, fuel supply. This
fuel represents a reformed hydrocarbon. The cathode conditions were unchanged
and the same polarization curves were obtained for it as in Fig. 3. The effect of
additional flow rate by itself is negligible (H, rate was raised to 700 cc/min with no
measurable change in the current-voltage curve). The effect of adding CO, was
observed immediately even at open circuit. Considerable amounts of water were
obtained in the fuel effluent. The values of Ry, RC and Rp were not altered by the
change in fuel composition. However, the open circuit voltage is markedly reduced
and can be attributed to the introduction of CO, and the formation of H,O from the
water-gas shift equilibrium. These substances are products from the overall anode
process.

The terminal power output is equivalent to 42 watts/ftZ at 0.7 volts and if all
ohmic factors excluding bulk electrolyte resistance were eliminated, an equivalent
power of about 84 watts/ftZ at 0.7 volts could be obtained. It should be noted in com- J
paring figures 4 and 3 that the concentration polarization, 0.18 volts, at an equiva- {
lent of 100 amps/ft” for reformed hydrocarbon fuel is considerably lower than that
of the pure H fuel, 0. 35 volts, at the same current density. However, the open
circuit voltage and the operating voltage is lower for the reformed fuel, 1. 06 volts
open circuit, compared to 1. 40 volts open circuit, for the pure H; fuel.

What has been referred to as concentration polarization until now is really
‘total polarization minus ohmic polarization. From data such as these and current
interruption studies, no activation polarization or evidence of any could be detected.
As might be expected, the systemn is subject to less concentration polarization as
product concentration of the incoming fuel increases.

Current Interruption Studies

As previously mentioned the various types, ohmic, activation, and concentra- }
tion polarization may be distinguished and measured by voltage decay as a function
of time after interruption of a steady state current. A previous publication7 was .
concerned only with pure Hp fuel in this systemm. Comparison of hydrogen with
‘simulated reformed hydrocarbon fuels is presented here.

Figure 5 illustrates anode current-voltage .curves corrected for ohmic
polarization. Open circuit voltage decreases with decreasing flow rate and in-
creasing product (CO, and HyO) concentration. However, polarization at any
given current density decreases with increasing product concentration of the in-
coming fuel. The lower open circuit voltage of curve B compared to curve A is
related to the amount of CO, continuously escaping from the electrolyte and the
relative concentration of COp, HpO and H, (see proposed reaction scheme).
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Current interruption experiments were completed with the fuels indicated in
Fig. 5. All measurements were made at a pre-interruption current equivalent to
a current density of 60 amps/{t®. Figure 6 illustrates the voltage-time curves for
the two high fuel flow rates, The two straight lines are characteristic of this type
measurement. The steady state polarization is represented by the symbols through
the ordinate. The initial drop is the same for all fuels and flows studied. Data in
the 10-6 range are somewhat distorted by the ring-back voltage which develops when
the current drops instantly to zero. The horizontal line in the 1075 to 10-4 second
range indicates no measurable activation polarization. The polarization decay in
times greater than 104 are attributed to concentration effects. The two curves are
almost parallel. At the high flow rates used, any effect of flow rate has been re-
moved. Since polarization for the HZ'COZ fuel is less than that for pure HZ' the
‘Hp-COp open circuit voltage is attained more rapidly.

Figure 7 illustrates the voltage time curves for the lower flow rates of Fig. 5.
The same characteristic features are observed here as in Fig. 6. The ohmic polari-
zation is constant and there is no measurable activation polarization. However,
there is an effect of flow rate. The total flow of 360 cc/min for H,-CO, case in-
creases the rate of decay of concentration polarization over that observed for pure
Hj at 160 cc/min.

The effect of flow rate on anode polarization curves was studied in another
series of experiments. In Fig. 8 anode polarization curves corrected for ohmic
polarization at various fuels and flow rates are presented. Curve I illustrated that
cells operating on reformed hydrocarbons at high flow rates perform better than on
pure Hp even though the open circuit voltage is higher for the pure fuel. The intro-
duction of an inert gas to aid sweep, curve III, leads to high open circuit voltage
but polarizes much more rapidly (compare curves II and 111) when placed under load.

All of those data relating to flow rates indicate that the benefits of high open
circuit voltage obtained by high flows of pure hydrogen or hydrogen diluted with
inert gases is lost when significant quantities of the fuel are consumed, The effect
of the high flow rates of gases is to reduce the concentration of non-electrochemically
produced CO, and HO. When the electrochemical processes are functioning, this
effectiveness of gas sweeping is greatly reduced,

Interruption studies were made on cathodes. Figure 9 is a typical voltage-
time plot for a cathode operating on a 4:1 misture of air:CO,. The curves are very
similar to those obtained for anodes. Cathodes exhibit higher ohmic polarization
than anodes and less concentration polarization. Cathodes are not as gensitive to
gas flows. Since concentration polarization is small, electrode steady state is
rapidly attained. -

Ohmic Polarization and Electrolyte Resistance

Ohmic resistance at the individual electrodes is calculated from the initial
(10-6 second) voltage decay and the pre-interruption current. The values deter-
mined include lead resistance (. 025 ohms). Bulk electrolyte resistance is
determined by subtracting the sum of the anode and cathode resistance from the total
cell resistance.

The temperature coefficients of the various resistances were measured. The
coefficient of anode was nearly identical with that of bulk electrolyte, while the co-
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efficient of the cathode was much higher (resistance decreased more than would
be predicted on the basis of changes in electrolyte conductivity alone).

The relatively high ohmic polarization, the consequence of ohmic resistance,
at the anode may be attributed to electrolyte restriction at the electrode-matrix
interface. It is very unlikely that all pores of the electrode match the pores in the
matrix. In fact, there is a great deal of masking. This masking greatly reduces
the thickness and number of electrolyte paths between the active electrode sites and
the bulk electrolyte and increases the ohmic resistance. Since the temperature co-
efficient of the ohmic resistance at the anode is the same as the bulk electrolyte, it
is reasonable to assume that all of the ohmic polarization at this electrode is due to
the electrolyte. Its relatively large va.ue is directly attributable to the degree of
electrolyte restriction.

At the cathode a similar situation exists. However, there is an additional con-
tribution to the ohmic resistance which has a larger temperature coefficient.
Although silver oxide is thermally unstable at 600°C there is a finite amount present
on the electrodes. This oxide layer introduces some additional ochmic resistance.

As the temperature is increased the amount of oxide is reduced and the ohmic polari-
zation decreases.

Reaction Scheme for Overall Electrode Processes

The foregoing experiments and results suggest that all reaction kinetics are
very fast and equilibriums are established. The observed polarization is attributed
to ohmic resistances and mass transport limitations, At the anode the same types of
polarizations exist for pure Hj fuel as for a variety of Hp-CO, fuels which represent
reformed and partially consumed reformed hydrocarbon fuels.

Two chemical reactions are assumed to always be in equilibrium:
co_ +0=8.9
2
The oxide ion is the active potential determining species present in the elec-

trolyte. The electron-transfer reaction becomes

3) M+0O° == MO + 2e”

where M represents the active metal catalysts, Fuel is consumed in the chemical
reduction of the metal oxide by H,

4) MO +H, <= M +H,0,

thus regenerating the active metal catalysts. At 600°C and higher, this latter
reaction proceeds rapidly and is always in equilibrium., The equilibrium being
shifted very far toward metal ~water.

On the basis of this model the anode potential may be represented as

5) EA = EOA - ———-——Z'n?FRT log [aHZO][aH I%lacoz]
. ) L

where a; represents the activity of the various reactants and products. The various

activities are represented in terms of a contribution from electrochemical and chemi-
cal reaction. For example
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6 = +
) ?h,0 © o Y
where OH,0 is a proportionality constant, x is partial pressure of water obtained
from electrochemical conversion and y is the partial pressure of water obtained by

shift conversion.

Figure 10 illustrates anode potential curves obtained assuming ©i,0 ,
SH20 and 6CO2 all equal to 1: The initial fuel is pure H,. The potential is
plotted as a function of the H; electrochemically consumed. The potential scale is
meant to be a relative scale since EA was assumed to be standard potential for the

reaction,

——
2
7) H2 +1/ 02 —— HZO'
at the appropriate temperature. The dashed line is the same plot neglecting the

shift reaction.

In Fig. 11 the value of Oy 20 Wwas varied and a family of curves with the same
potential variation with Hj consu.mptlon was obtained. In all of these curves the
cathode is invariant. ©p,nrepresents a weighting factor for surface coverage.
Since COp pressure effects the potential by establishing the equilibrium concentra-
tion of O7, its weighting factor is always unit. However, there is competition for
metal sites between H, and H,0. The weighting factor indicates the ratio of HO-
coverage to Hp-coverage when the partial pressure of the two components is equal.
As figure 11 indicates, ©p.,0 merely changes the absolute anode potential for a
given EX’ . This value of H.O for an electrode will depend upon the metal
catalyst. 2

Figure 12 illustrates the effect of starting with fuels obtained from various
hydrocarbon treating processes. Curves A and B represent steam reforming with
limited purification of the raw reformate. Curve C represents completely reformed
and shifted natural gas. Curve D represents partial oxidation of hydrocarbons of the
class 'CnHZn . Curve E is a 80% consumed fuel in which all the water is re-
moved. At low consumption there is appreciable benefit for initially supplying a
pure Hy. However, at more than 50% electrochemical consumption of the starting
fuel there is very little advantage for the use of pure H, and various partially
oxidized hydrocarbons may be used with equal effectiveness.

The proposed reaction scheme for cathodes7 is similar to anodes. The first

step in the scheme is the adsorption of OZ'
—

8) O, + nAg =— 2Ag ,,0
This oxide formation is responsible additional ohmic resistance observed at the
cathode. The electrochemical reaction is

9) 2Ag ,,0 + 4e” ..—' nAg + 207
and finally the equilibrium between CO; and o,

10) ZCOZ + 207 —— ZCO3 ,

is established at the cathode. The potential of the cathode may be written as

1
11) EC = EO - 2.3RT log
Cc nF (aoz) (acoz)z
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where a and a are the activities (partial pressures) of oxygen and CO,.
O, CO, , 2
According to equation 11 the substitution of O, for air should increase the
overall cell voltage about 30 millivolts. This predicted result has been verified
experimentally.

Conclusion

Fuel cells employing molten-carbonate electrolytes can be operated success-
fully on air and a wide variety of fuels readily derived from hydrocarbons. At
current densities up to 200 amps/ft© there is no kinetic limitation other than mass
transport. '

When hydrocarbon-derived fuels are initially supplied to the anode, open circuit
voltage is lower than when pure H, is supplied. However, under appreciable load,
anode polarization on impure fuel 18 much lower, Cathodes perform well on mix-
tures of air and COZ'

Although all of the electrodes investigated showed no activation polarization, ‘
electrode potential under operating conditions is dependent on the product-reactant |
adsorption equilibrium of the particular catalyst-electrode. /J
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"Fig. 1 Cathode chamber of a working fuel cell showing third idling
b electrode )
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Further Developments in High—Témperature Natural Gas Fuel Cells

B. S. Baker, L. G. Marlenowski
John Meek and H. R. Linden

Institute of Gas Technology
Chicago 16, Illinois

INTRODUCTION

Fuel cell research at the Institute of Gas Technology began in 1959..
Using the work done by Broers (2) on the molten carbonate high-temperature
fuel cell as a starting point, IGT has concentrated a large portion of its
effort on further development of this system from both a fundamental and an
engineering viewpoint. Background material and earlier work from this labo-
ratory, through 1960, have been described elsewhere (11).

During the past 2 years the research and development effort of IGT on a
natural gas operated, molten carbonate fuel cell system has been in five
areas: i

o Electrode evaluation and design
¢ Paste electrolyte development

¢ Natural gas reformihg

o Battery design and scaleup

¢ IEconomlc evaluation

In this paper the results in these five areas are summarlzed. All flve areas
are strongly interrelated and interdependent, and each combinatlon of elec-
trode, electrolyte, reformer, and battery design glves rise to different
fundamental requirements for one or more of the individual components. Any
glven design will affect the economics of the fuel cell system.

In his economic analysils of domestlic fuel cell systems, von Fredersdorff
(12) has indicated some of the limitations on fuel cell hardware costs. It
has been an important part of this research to establlsh the feasibility of
economlc hardware for natural gas operatlon.

ELECTRODE EVALUATION AND DESIGN

Almost all fuel cell electrodes must possess the same general character-
istlics of high electrocatalytlc activity, good mass transport properties, and
long-term physical and chemlcal stability. In the high-temperature molten
carbonate system, the activity criterion 1s alleviated by the elevated oper-
ating temperatures, and the mass transfer problems are not unlike those asso-
clated with other types of fuel cells. However, the stabllity problems are
In many respects unique because of the properties of the molten carbonate
electrolyte and the operating temperatures.

At IGT a number of different types of electrodes have been studled from
both a structural and chemical viewpoint in the last 2 years., Metal foil,
thin f1lm, sintered powder, and sintered fiber structures have been explored.
Materials used in these investigations have been platinum, nickel, silver,
palladium and alloys of sllver and palladium.

Metal Foil Electrodes

Hydrogen permeable metal foils have been used for some time in conjunc-



210

tion with commercial hydrogen purification processes, and much technical
literature on these materials is avallable (4,7). IGT was attractad to the
concept of a metal foll anode early in its program as an expedlent means for
solving two problems associated with the molten carbonate fuel cell, electrode
flooding and corrosion. The first folls studied were alloys of palladium

and silver, of which typical performance 1s shown in Figure 1. Complete de-
talls of the IGT palladium foil fuel cell have been published (9). Since

the anode in this cell is not permeable to the reaction products, the mass
transport processes are very different from those associated with more con-
ventional molten carbonate fuel cellas. A variety of experiments indicated
that the overall anode reaction is strongly limited by the diffusion of
reactlon products, carbon dioxlde and water, away from the electrode. The
fact that diffusion of hydrogen through the foll did not appear to be 1limit-
ing led to experiments with pure palladium foils of poorer hydrogen diffusion
characteristics. Somewhat better cell performance was observed {Figure 1),
although a direct comparison could not be made, because improvements 1n other
cell components were incorporated at the same time.

Silver-palladium diffusion foll electrodes have operated continuously
under 25 ma. per sq. cm. load for over 7 months without ‘apparent damage to
the anodes. Unfortunately, these palladium diffusion foll electrodes are too
expensive for gas industry use. At present other, less expensive, hydrogen
permeable foll electrode materials are being investigated.

Thin Film Electrodes

The use of metal film electrodes 1s economically attractive, especlally
in those cases where noble metals are needed. With semisolid electrolyte
molten carbonate fuel cells 1t is possible to use the electrolyte, which at
suboperating temperature 18 a solid, as the support for applying the thin
film. Electrodes were applied by vacuum deposition and simple pailnting tech-
niques. In the latter, the metal to be deposited exists as a finely dispers-
ed particle in an organic binder. All solutions used for the process were
commerclally avallable.

The filrst experiments were directed toward development of a thin film
silver cathode. The major anticlpated difficulty in this instance was the
dissolution of the silver in the electrolyte. Douglas (5), Broers (3)
and Janz (8) have discussed this problem. Silver film electrodes (0.001 cm.
thick) prepared from commercial silver paints have performed over %000 hours
at 600°C. without apparent loss in performance although some dissolution of
silver in the electrolyte did occur. Tne relatively long lifetime is aiiri-
buted to the fact that the cells were operated at lower temperatures than
those used in the work of others and were continuously under load; the oxy-
gen electrode is always cathodically polarized, suppressing the dissolution

rQ?ct%on. Moreover, cathodes were not physically flooded to any signiticant
extent. :

The successes with the silver film cathodes led to experimentation with

other metals in an effort to develop a similar type of anode structure. ILittle

success was achieved in this area primarily because of electrode flooding.

Results of various experiments are summarized in Table I. The best results
were achleved with vacuum~deposited palladium; however, the cell lifetimes

obtained were only about 300 hours.

Since performance decreases with load, anode flooding could have been
caused elther by carbonate ion transport, or by drag forces exerted on the
electrolyte by the escaping reaction products. However, the reaction prod-
ucts do not cause cathode flooding when they are forced to escape through a
film cathode (by using a foll snode, which 1s impermeable to the reaction
products)}. Hence, flooding must be assoclated with the directlonal character

of ionic transport phenomena. A more detailed investigation of these effects
1s now in progress.

-
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Sintered Metal Electrodes

Two types of sintered metal electrodes have been investigated: 1) con-
ventional nickel and silver powder electrodes avallable from Clevite Corpora-
tion; and 2) nickel and palladium fiber metal electrodes obtained from Armour
Research Foundation of Illinois Institute of Technology. Early in the study,
i1t was observed that simllar performances were obtained from bulk slntered
silver and silver film cathodes, and further reseaerch with the former was
abandoned in favor of the more economic silver film electrode.

The high cost of palladium foll anodes indicated that a new look at non-
noble metals was required. Early IGT attempts to use sintered nickel powder,
described elsewhere (I1), indicated that severe corrosion problems existed.
The most serious difficulty arises from direct contact of the anode with the
oxygen from the cathode because of air leaksge through the electrolyte. A
second problem arises when .the anode 1s operated at polarizatlion conditions
such that electrochemical consumption of the nickel 1s possible. At 600°C.,
this polarization value 1is about 200 miilivolts below the hydrogen consumption
potential. This phenomenon has been discussed recently in some detall by
Broers (3) for nickel and iron electrodes, and by Bloch (1) for these and
other electrode materials. The most recent IGT experiments with nickel metal
electrodes and improved electrolyte structures have been operated at 500°C.
over 1500 hours at current denslties between 15 and 25 ma. per sq. cm., with-
out serious nickel corrosion. The lower operating temperature alleviates the
direct chemical corrosion problem, but reduces the polarization zone 1n which
the anode can be safely operated.

In order to determine the effect of electrode structure on cell perform-
ance, & number of recent experiments with sintered fiber metal electrodes have
been made. Typlcal results comparing sintered powder and fiber metal elec-
trodes are shown In Figure 2. B3So far, performance of fiber metal electrodes
seems Inferior to that of the sintered powder types. However, the possibll-
1tles of filber metal structures have been only superflcially explored, and
more extensive research is now in progress.

The conclusions concerning electrode development are:

» Hydrogen permeable palladium-silver metal foil electrodes
can be used for long perlods of time (over 7 months) without apparent
deterioration.

» Thin f1lm silver cathodes, at 600°C., are relatively stable
and make excellent low-cost structures for the molten-carbonate type
fuel cell. ’

‘ » Thin film anode structures are unstable, becoming rapidly
flooded in proportion to the current drain on the cell.

» Sintered powder nickel anodes can be operated for at least
1500 hours without appreciable corrosion under  the proper conditions.

PASTE ELECTROLYTE DEVELOPMENT

In molten carbonate fuel cells, the electrolyte can exist: 1) as & free
1iquid between appropriate electrode structures; 2) contained in a presintered
porous inert matrix; 3) mixed with an inert powder to form a pasty structure
asbove the melting polnt of the carbonate mixture. Because of technological
problems assoclated with sealing, stablilty, contacting, snd fabrication
technlques, the first two approaches have been.abandoned in favor of the paste
electrolyte. )

Paste electrolytes for the molten carbonate fuel cells can be prepared
by cold-pressing, hot-pressing, hot Injection or extrusion, and other special
techniques, some of which have been described in some detall by other workers
(10). 'In this paper, only variations in cold-pressing techniques will be
explored, since these constltuted the bulk of the IGT effort.

Binary and ternary eutectics of sodium-1ithium carbonates and sodium-
lithlum-potassium carbonates were used in all experiments. The ternary
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eutectic melts at about 100°C. below the binary mixture, and thus allows the
construction of lower temperature cells. Typical 1000-cycle cell resis-
tivities of 9 and 7 ohm-cm. were obtalned for 50 weight % mixtures of terna-
ry carbonate in magnesium oxide at 500° and 600°C., respectively. Thirty
welght % mixtures of binary carbonate eutectic exhibited cell resitivities
in the neighborhood of 11 ohm~cm. at 600°C. For the most part, cell resist-
ances were dependent only on electrolyte mixtures and not on the electrode
structure employed. -

The electrolyte matrix employed was determined by the anode structure.
In the case of the hydrogen-permeable foll anodes, 30 weight # molten carbon-
ate disks were prepared with 70% coarsely grained magnesium oxide as inert
constituent. This cold-pressed disk had a density of 70% of the theoretical
after firing. Denser electrolyte compositions showed better open-circuit
potential, but under load they polarized more heavily than the 70% density
disk. Thus, 1in the case of foll anodes, where reaction products must escape
through the electrolyte via the cathode, densification of electrolyte would
be detrimental.

With the sintered metal electrodes, especlally those consisting of non-
noble metals,densification of the electrolyte is important and increases both
lifetime and performance characteristics of the fuel cell. Initial experi-
ments with nickel electrodes and 70% density paste electrolyte exhibited life-
times of the order of 100 hours. By increasing the density of paste electro-

lyte to about 80% of the theoretical, IGT has achieved 1ifetimes of 1500 hours.

Increasing electrolyte density also increases both the 1load and open circult
potential by about 200 millivolts. Electrolyte densification can be achleved

by repeated crushing and grinding procedures 1if care i1s taken to avoid metallic

contaminatlion. Also, it 1s advantageous to increase the total carbonate con-
tent of the mixture by the use of small grained (less than 1 micron) magnesi-
um oxide, which has a greater melt retentlion capacity.

Recent experlments, in which cold-pressed and fired disks are heated to
within five degrees of the melting point of the carbonate eutectic and then
hot-pressed at moderate pressures, indicate that disks wlth 96% of the theo-
retical density can be prepared.

The conclusions concerning paste electrolytes are:
» High-density electrolyte pastes are detrimental to the

performance of fuel cells using hydrogen-permeable foll anodes.

®» In all other cases high-density pastes are essential for
achieving reasonable cell lifetimes.

» Cold-pressed disks can achleve a maximum density of about
85% by repetitive crushing and grinding techniques.

» Hot~pressing previously cold-pressed disks at a few
degrees below the melting point causes signifilcant densification to
take place.

NATURAL GAS REFORMING

‘Four modes of operatlion are theoretically possible for natural gas uti-
lization in a molten carbonate fuel cell system:

1) Direct electrochemical oxidation of methane.

2) In situ reforming of methane and steam on the anode, and
?1ectgochemical oxldation of the carbon monoxide and hydrogen thus
‘ormed.

3) In situ catalytic reforming of methane and steam in the anode
ggamb?r ang electrochemical oxldation of the carbon monoxide and hydrogen
us formed.
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4) External catalytic reforming of methane and steam, followed
by electrochemical oxidation of hydrogen or hydrogen-carbon monoxide
mixtures in the fuel cell,

Scheme 1 has been found unacceptable because of the electrochemlcal
inertness of methane even at relatively high temperatures and the occurrence
of carbon deposition when methane alone is present at these temperatures.

Scheme 2 is undesirable because the temperature required for the reform-
ing (750°C.). 1s higher than that needed for electrochemical oxidation of
hydrogen. This places an undesirable high operational temperature handicap
on the fuel cell. Moreover, the presence of excess steam reduces the elec-
trode performance (6). Finally, 1t 1s very difficult to design an electrode
which 1s effective both as an electrochemical element and as a reforming
catalyst.

Scheme 3 1s relatively unexplored-but would be characterized by the same
drawbacks as Scheme 2, except that the electrode would not be required to
function both electrochemically and as a reforming catalyst.

Scheme 4 has been adopted by IGT as the most feasible, since 1t permits
Separate optimization of fuel cell and reformer units. It permits accurate
control of the composition of the input gas to the fuel cell and allows the
cell to be ogerated effectively at substantially lower temperatures (between
500° and 600°C.). The lower operating temperatures for the fuel cell enhance
electrode stabllity and the lifetimes of the materials of construction.

The drawback of separate fuel cell and reformer units 1s a reduction of
the overall system efficiency in the case where the fuel cell 1s operated at
a lower temperature than the reformer. Theoretically, this reduction can be
shown to be about 10% for a reformer operating at 750°C. and a fuel cell
operating at 500°C. The loss in efficlency for the dual temperature system
arises from the unavallability of the low-quality waste heat of the .fuel cell
for supply of the heat of reaction for the reforming operation. In actual
practice other losses might be incurred when two units are used because of the
inefficiency of the heat transfer processes. However, since the 10% reduction
figure quoted above 1s based on the comparison of maximum theoretical effi-
clencles for the two systems and since there 1s a large amount of unused
low-quality heat (500°C.) in the dual-temperature model, it is more likely
that anefficiency closer to the theoretical maximum can be achieved with this
model. :

The higher voltage efficienéies experimentally achieved with the reformed
mixture more than compensate for the engineering and theoretical losses
resulting from the dual system mode of operation. In Figure 3 a comparison
1s shown between the performances of a fuel cell at 500°C., supplied with
externally reformed natural gas, and of a fuel cell at T750°C. with the equiv-
alent methane-to-water ratio for in situ reforming. Also shown in this
figure 18 the experimentally observed ratio of efficlencles of the two systems.
This ratio was computed from the products of the experimental Faradailc
efficiency and voltage efficiency of the two cells. Thermal inefficiency 1s
not considered in this figure. It 1s significant that with external reform-
ing, performance in terms of efficiency 1s almost 2.5 times greater at
practical current densities.

Reformer design for natural gas .is well known,and msny excellent reform-
ing catalysts are commercially available. The costs of these catalysts and
the corresponding reformer units are only a small fraction of fuel cell hard-
ware costs. The incorporation of the reformer into the natural gas fuel cell
system 1s readily achieved. .

It may be concluded that the use of external reforming with natural gas
molten carbonate fuel cells seems justified on the basis of the improved
experimental performance of this system over in situ reforming, as well as
the more moderate operating temperatures i1t imposes on the fuel cell.
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BATTERY DESIGN AND SCALEUP

The progress made in other areas of the molten carbonate fuel cell
development indicated that some attentlion should be glven to the problems
assoclated with battery design and scaleup. The first step in the process
was the assembly of a battery consisting of several small laboratory cells in
series (Figure X). No difficulties were encountered in this relatively simple

transition, and next the more formidable problem of scaleup was attacked. The.

long-life performance of the silver film cathode and palladium-silver foil
anode indicated that these particular compounds were the best adapted for
scaleup techniques. The greatest problems were expected with increasing the
size of the electrolyte disks from the 3-inch diameter laboratory disks to
the 6-1inch square dimensions chosen for the battery development program. In
order to achleve the same electrolyte properties developed with the smaller
cells a one million-pound press was required for the paste electrolyte fabri-
cation. Speclal die fixtures were designed,and the larger electrolyte bodles
were fabricated without difficulty.

Components for the new battery are shown in Figure 5, and a ten-cell
battery built from the components is shovn in Figure 6. The battery 1s assem-
bled at room temperature and moderately tightened. It 1is then heated to
600°C.,and the final sealing 1s accomplished when the paste electrolyte i1s in
a semisolld state. The battery can now be thermally cycled between ambilent
and operating temperatures without damage or further adjustment. A 100% leak-
tight assembly has not yet been achieved, but this represents only a slight
loss in fuel efficiency. Complete sealing 1s anticipated in future designs.

As seen in Figure 5, the cathode compartment is open to the atmosphere.
This design feature 1s essential for any practical molten carbonate fuel cell
system. The mode of operation of the. battery is a direct carryover from the
laboratory models and 1s shown schematically in Figure 7. A portion of the
incoming methane 1s burned directly in a burner underneath the fuel cell
battery. Another portion of the methane is passed through activated carbon
to remove sulfur compounds and, after steam addition, through the reformer
containing commercial nickel catalyst. - .

The hot flue gas, containing excess alr, carbon dioxide and water, rises
by natural convection;in passing by the reformer, the flue gas drops in
temperature to sustaln the endothermic reforming reaction. The flue gas then
enters the open cathode chambers, rises through the fuel cell, and supplles
the oxygen and carbon dioxide needed to maintain the cathodic reaction. The
water vapor in the flue gos hoeg no edverse effect on the fuel eerll reaction.
To conserve fuel and carbon dioxide, the spent anode gases should be recycled
to the burner. :

Battery performance is shown in Figure 8. Faradalc efficiencies as high
as U0% have been achleved 1n thils apparatus although complete system efficien-
cles, as might be expected in such a smsll battery, are very low.

Some conclusions arrived at in battery design are:

» Operation of a multiple-cell battery molten carbonate
fuel cell has been demonstrated. :

» A mode of operation comprising a gas burner-reformer-open
cathode fuel cell has been defined.

ECONOMIC EVATLUATION

In order to evaluate the economiés of a fuel cell system both its appli-
cation end design must be considered. Von Fredersdorff (12) has outlined the
economics of the domestic fuel cell application in considerable detall, In
this sectlon a brief description of the economics of fuel cell hardware as a
function of 1ts operating characteristics will be presented. The cost of fuel
cell hardware depends on the cost of materials and cost of manufacturing.

2l
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Since manufacturing costs are difficult to estimate at thls early stage of
development, only the material costs for the most recent IGT design wlll be
evaluated. The design niodel 1s similar to that described in the last section,
with two significant changes. WNickel electrodes are used in place of the
expensive silver-palladium foll and a parallel, dual element, geometry 1s
chosen in place of the bipolar flange. The effect of this last change is to
eliminate the flange completely from the fuel cell design, using the electrode
itself as a structural element. ’ .

In Table II, the itemized cost of the various materials used in the IGT
battery are given. These costs, plus the costs of fittings and an additional
10% of the total to cover miscellaneous materials, were used to compute the
curves In Figure 9. 1In this figure battery material costs are plotted as a
function of current density at constant voltage for various single-cell
potentials. The dashed line represents the IGT fuel cell performance curve.
Since fully manufactured batteries at $300 per kilowatt are reasonable for
domestlic fuel cell applications, an 1ncrease. in cell performance by a factor
of about two 1s necessary.

It may be concluded that only moderate improvements in voltaege~current
characteristics of the molten carbonate fuel cells are required to bring them
within the economic framework of domestic applications.
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Table I.-PERFORMANCE OF POROUS NOBLE METAL ANODE FILMS

Perfomah.;‘lce Decay, *

Anode Preparation Cell
Materlal Method 90% 5% Lifetime, hr.
Pt Paint 15 85 108
Ag-Pt Paint 4 17 41
Pt Paint 4o 57 66
Pa Paint 26 60 138
Pd Paint 17 42 95
Pd Paint 15 45 72
P4 Vacuum 100 Not 293
Deposited Determined
* Time to reach 90% and 75% of initial performance
Table II.-FUEL CELL HARDWARE COSTS
Material ' Cost
Electrolyte paste - 100 mil thick $ 0.37/8q. ft.
{Mg0-Na200a-K2C0a~11,C04a)
Nickel anode ~ 25 mil thick 0.14%/sq. ft.
Silver cathode - 0.4 mil thick 0.43/8q. ft.
Carbon steel anods current 0.16/8q. ft.
collector - 18 GA.
Stainless steel cathode current - 1.18/sq. ft.

collector - 18 GA. )
Stainless steel frame - 125 mil thick 0.14/ft.
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METHANOL FUEL CELLS WITH DISSOLVED OXIDANTS
D. B. Boies and A. Dravnieks

IIT Research Institute

(formerly Armour Research Foundation
of Illinois Institute of Technology)
Chicago, Illinois .

I. _INTRODUCTION

Among the desired characteristics of both fuel and oxidant for
fuel cells are storability and high enercy content per unit weight.
The weight must include that of the container. Therefore, the best
high-energy fuel and oxidant -- hydrogen and oxygen -- lose much of
their advantage in transportable cells, especially if oxygen cannot be
taken directly from the air. One of the most easily stored fuels is
methanol, and recently the authors developed high-current-density
electrodes for the electrochemical oxidation of methanol in alkaline
solution (1). Since methanol is soluble in the electrolyte, no multi-
Ple porosity is required in the electrode and the active layer may be
only 0.01-0.02 cm thick. Thus, as far as fuel is concerned, compact
cells are feasible. Matching. oxidant electrodes are, however, needed.

‘The. customary porous carbon electrode that is operated with
oxygen or air as the oxidant performs very poorly in the methanol-
containing caustic since its waterproofing fails in the presence of
methanol. 1In some applications, air may not be available at all and
then the weight of bottled oxygen is a handicap; for instance, in the
regular large-size oxygen cylinder, one gram equivalent (8 g) of oxy-
gen requires an additional 80 g in the cylinder weight.

Even though all other oxidants have higher equivalent weights,
many can be easily stored in solid, dissolved, or liquid form in light
containers. Some also have higher oxidizing potentials. Oxidants
supplied in dissolved form to the fuel-cell cathode should require
only a thin porous layer of an electrocatalyst and no porous bulk
electrode in addition to this layer. Thus, compact fuel cells should
be possible if a sufficiently electrochemically active alkaline oxi-
dant/electrode system were available.

To find an appropriate system, several oxidants and elec-
trodes were investigated as half-cells. Complete methanol fuel cells
were constructed with the most promising oxidant —- chlorite.

II. SELECTION OF OXTDANTS: THEQRETICAL

Following requirements were formulated for the selection of
soluble oxidants:
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(1) high electrode potential to provide for high cell
potential when coupled with the methanol electrode. !

{2) 1low weicht per ampere-hour

(3) storability in concentrated form
(4) freedom from obnoxious fumes -
(5) solubility of reducfion products
(6) 1lack of gas formation in reduction
(7) electrochemical reactivity

(8) 1low polarization.

The first six requirements can be checked by using literature
data. The high electrode potential expected may not be realized when
the electrode is not a good electrocatalyst. Hence the reactivity and
low polarization requirements need experimental study.

Table I lists soluble oxidants with high Gibbs electrode
potentials, ve.* The weights are calculated on the basis of sodium .
salts of the corresponding anions, except for HO2~ in which H 0, is
the oxidant. Since water is generated at the anode, the weigﬁt of
water is not included in the calculation. Data for oxygen, with the
theoretical Vo for the four-electron process and for the more realistic
two-electron Berl's reaction, are also listed. TFor comparison, data

.are shown for AgO, the best solid oxidant used in commercial cells.
Oxygen needs a container, and hence the weight per ampere-hour would
actually be several times higher. Hypochlorite cannot be stored ex-
cept in dilute form or as CaCl.(ClO); hence its weight index is much
poorer than shown. Storage of hydrogen peroxide in concentrated form
under normal conditions is undesirable. With the usual easily storable
30% peroxide solution, the weight index is much poorer.

l'able I 1lndicates that selection of soluble oxidants of an
inorganic nature is rather limited. The open-circuit potential for
our methanol electrodes in 5 N KOH is -0.79 volt. Therefore, iodate
with Vo = +0.26 is the last that may be considered in the descending
potential series if the complete cell must have a voltage of one volt
or higher.

III. SELECTION OF OXIDANTS: EXPERIMENTAL

Although the theoretical electrode potentials for a given
oxidant can be high, active low-polarization electrodes for the corres-
ponding reactions may not exist. Soluble oxidants of Table I were
studied experimentally. in half-cell arrangements. Conventional half-
cell polarization techniques, similar to those which have been re-
ported previously, were used.

Polarization characteristics were measured potentiostatically
by observing current densities that could be obtained at electroni-
cally controlled, pPreselected, polarized potentials.

Sign convention recommended by Pitzer and Brewer in 1961 edition of

Lewig and Randall "Thermodynamics," p. 356; cf. de Bethune
J. Electrochem. Soc. 102, 388C (1855} ’

-

T
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Table I

SOLUBLE OXIDANTS FOR FUEL-CELL CATHODE IN ALKALINE SOLUTION

Calculated from Latimer's
"Oxidation States of Elements," Prentice Hall, 1952

ve

Standa}d
Electrode
Potential Weight Relations
Reaction Vs S.H.E. amp-hr/lb gr/amp-hr
Clo- + H20 + 2e __ Cl- + 20H- 0.89 325 1.4
. HO,™ + H,0 + 2e _ 30H " 0.88 700 0.65
210 2.15 for
. 30% soln.
C102‘ + 2H20 + 4e . Cl™ + 40H" 0.77 525 0.86
C103f + 3H20 + 6e . C17 + 60H" 0.62 670 0.67
Br03_ + 3H20 + 6e - Br~ + 60H™ 0.61 470 0.98
C104‘ + 4H20 + 8e . C17 + 80H™ 0.55 780 0.59
103‘ + 3H,0 + 6e - I™ + 60H™ 0.26 360 1.26
-0y + 2H20 + 4e - OH 0.4 1500 0.3
0, + H20 + 2e . OH™ + HO,™
2H02' e 20H" + 0, ~-0.08 1500 0.3
AgO + Hzo + 2e . Ag + 20H™ 0.45 200 2.34

Electrodes included carbon and flame-sprayed thin layers of Raney .
nickel with or without further platinizing, flame sprayed Raney nickel-
silver, and silver. The aluminum-rich phase of alloys was extracted by
electrochemical leaching. The platinized Raney nickel corresponded to
the high-performance methanol electrodes V). The bases for the sprayed
layers were either nickel sheets or porous sintered-nickel powder
plates. Representative results are shown in Table II. None of the
oxidants reached the theoretical electrode potentials. Only chlorite
and hydrogen peroxide supplied practical current densities at accept-
able polarization. Because the chlorite is easily stored and handled,
this chemical was selected for further study.

Ev. EXPLORATION OF CHLORITE ELECTRODES

Open-circuit potentials and polarization characteristics of
flame-sprayed and other electrodes were measured in alkaline chlorite
solutions. The effects of chlorite concentration and temperature were
studied at the most promising electrodes, flame-sprayed silver,and flame-
sprayed Raney nickel-silver. - Representative data are summarized in
Table II and Figure 1.

The highest values of the open-circuit potential of the
chlorite_electrode were +0.27 to +0.30 volt, much lower than the theore-
tical value of +0.77 (Table I). The theoreéical value for the AgZO/Ag
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electrode in 5 N KOH is +0.306; hence, it is likely that the reaction
mechanism involves chemical oxidation of silver to Ag,0 by chlorite and
electrochemical reduction of Ag,0. In anodic polariz&tion of the Raney
nickel-silver electrode in chlofite solution, heavy currents were accepted
with low polarization, apparently with formation of silver oxide. When
current was then reversed to begin reduction, approximately equivalent
high currents at low polarization could be drawn for a limited time. At
continued cathodic polarization, the curves returned to the normal shape
of Figure 1. This behavior indirectly supports the Agzo/Ag mechanism of
the alkaline chlorite electrode.

The data in Table III show that the flame-sprayed silver and
Raney nickel-silver gave comparable results. However, the silver elec~-
trode appeared to be susceptible to poisoning. The performance often
fell after a period of time and could only be restored by electrolytic
evolution of hydrogen from the surface. The Raney nickel-silver elec-
trodes were not affected in this manner and were, therefore, chosen for
the methanol-chlorite full-cell tests.

Since chloride is the end product of chlorite reduction, the
effect of this material on the electrode operation was studied. An
electrolyte containing 10% sodium chlorite and 20% sodium chloride was
tested and at 55°C showed only a slight decrease in performance due to
the chloride. However, at 23°C, the solubility limit was exceeded.
Some precipitate was formed, and a severe (75%) decrease in performance
was noted. :

Addition of small amounts of methanol to a chlorite half-cell
did not decrease its performance. Chlorite reduced the performance of
a methanol half-cell in a manner similar to that previously noted for
chloride (1). It is probable that the chlorite is immediately reduce
to chloride by the methanol and then acts as such. :

V. EXPLORATION OF METHANOL-CHL.ORITE FUEL CELL

A. Experimental Work

Full-cell tests were conducted with the following conditions:

Fuel: 160 g methanol/liter
270 g KOH/liter

Fuel electrode: Flame-sprayed Raney nickel,

platinized

370 g NaClOz/liter

270 g KOH/1iter

Oxidant:

Oxidant electrode: Flame-sprayed Ranev nickel-silver
Temperature: 55°C

The fuel and oxidant compartments were 3 mm thick and were
separated by a dialysis membrane (D-30, Nalco Chemical Company, Chicago).
The fuel and oxidant were circulated through the cell and were heated
externally. .

The results of a full-cell test are shown in Figure 2. For
comparison, the predicted performance based on the combined best methanol
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and chlor:te half-cell édata is shown. The lower performance of the
full cell is probably due to the IR drop in the electrolyte and mem-
brane and possible variations in electrodes. The cell output was
124 ma/sq cm at 0.6 volt. :

The efficiency of methanol utilization in this cell was
studied in long-term tests. It was found that the number of electrons
obtained per methanol molecule approached four at high current densities
and fell as current density lowered. This drop is caused by an approxi-
mately constant loss of methanol by chemical reaction with the chlorite
as a result of diffusion of these across the membrane. At lower cur-
rent densities this loss became an appreciable part of the total methanol
consumption and thus led to a lowered current eff1c1ency for both chlor-
ite and methanol.

B. Weight Projections

The possible utility of the methanol-chlorite cell can be seen
from Table IV, in which the output of several types of cells is given in
terms of watt—hour/lb The fuel-cell performance figures are based on the
weight of the fuel and containers only. Therefore, the performance figure
is a limiting figure approached for long-term use in which the weicht of
the cell itself becomes small compared with that of the reactants. TFor
short-term, high current-drain applications, the conventional cells
occupy a more favorable position than indicated by the table.

Table IV

ENERGY-TO-WEIGHT PROJECTIONS

Conventional Cells Watt-hour/1b
Lead Storage 10-20
Nickel-Iron (Edison) Storage 15
Silver-Zinc ) 65

VFuel Cells (wéight of reactants and containers only)

Hydrogen Cell, Air Breathing
(hyvdrogen from sodium borohydride and

sulfuric acid) 102
Hydrogen Cell, Air Breathing
(hydrogen 1n light-weight steel contalner) 70
Methanol Cell - Air Breathing* - i 300
Methanol Cell - Pressurized Oxygen ) 70
Methanol -Chlorite* 140

Based on 0.7 volt polarized working voltage, 70% current efficiency
with 4-electron methanol reaction and with methqnol + NaOH as fuel
mixture.
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It can be seen that the methanol cells show a potential advantage
in the weight:energy ratio when compared with the conventional galvanic
cells or the hydrogen fuel cells. This advantage exists despite the need
for caustic as a fuel component in the alkaline methanol cells. Also
compared with cylinder oxygen, chlorite is a more compact form of oxi-
dant. The air-breathing cell is more advantageous on a weight basis but
at present suffers from a lower current density.

VI. CONCLUSION

Sodium chlorite has low equivalent weight and favorable electrode
potential that combine to make it sn interesting oxidant for fuel cell use.
It gives useful current densities in alkaline solution at silver-contain-
ing electrodes. A methanol-chlorite fuel cell can operate at a current
density in excess of 100 ma/sq cm. The easy storability of the fuel
and oxidant for such cell results in energy-to-weight ratios that are
higher than for cells based on stored gaseous reactants.
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Ancdic Oxidation of Derivatives of Methane, Ethane and {
Propane in Aqueous Electrolytes

H. Binder,

A. Kohling,

R. Krupp, -

K. Richter, and !
G. Sandstede

Battelle-Institut e.V., Frankfurt/Nbih, W. Germany

The behavior of twelve partially oxidized hydrocarbons of the paraffin
series during anodic oxidation was studied at temperatures of 25° C and 800 C using
an immersed Raney platinum electrode in 5 N sulfuric acid and 5 N potassium hydroxide.

" Galvanostatic potential-current density curves gave information on the differences
in reactivity of the individual substances; the degree of conversion was determined
from potentiostatic-coulometric measurements.

With Raney platinum electrodes anodic oxidation of carboxylic acids was /
observed only in sulfuric acid at 80° C to give carbon dioxide and water. With
sulfuric acid at 25° C and with potassium hydroxide electrolyte practically no
reaction was observed. One exception was formic acid which is the only carboxylic
acid that, as a reduction product of carbon dioxide, still contains a reactive
hydrogen atom attached to the carbonyl-C atom. Even at room temperature, it is >
oxidized at a considerable rate both in sulfuric acid and potassium hydroxide solution.

At a temperature of 80° C, the polarization involved in the conversion of
alcohols is generally smaller in potassium solution than in sulfuric acid, With the e
exception of methanol, the reaction in 5 N potassium hydroxide proceeds up to the
step of carboxylic acid.

Methanol can he oxidized to carbon diovide in alkalies asg well as in

acids. Oxidation of ethanol-in sulfuric acid leads to complete conversion to carbon
dioxide; the evaporation of acetaldehyde formed as an intermediate must be prevented. ¢

In the case of isopropancl, the reaction proceeds only to acetorie; this
in turn is nearly inactive. At reasonable potentials only small current densities
are observed both in alkalies and in acids even at 80° C. The oxidation of acetone
probably only proceeds via its condensation products.

The polyvalent alcohols glycol and glycerol can be converted at consider-
able current densities both in sulfuric acid and potassium hydroxide solution even
at room temperature. In acid solutions, the oxidation proceeds up to carbon dioxide.

* Complete manuscript not received in time for inclusion in Division Preprints. F
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MECHANISM OF ANODIC OXIDATION OF ORGANIC
COMPOUNDS ON PLATINUM

by

V. S. Bagotzky

Institute for Electrochemistry
Academy of Sciences, USSR

Abstract¥*

The oxidation of organic compounds (alcohols, aldehydes, formic acid,
etc., ) on platinum electrodes is greatly affected by adsorption phenomena.
Adsorption of reacting species on the inhomogenous surface leads to a fractional
reaction order, which is valid over a large concentration range. Increasing
oxygen-coverage of the surface lowers the reaction-rate by an exponential law.
Three arrests on the oxygen part of the charging curve on platinum correspond
to three regions of current decrease on anodic current-potential curves.

Oxidation and reduction reactions are also affected by adsorption of
surface active ions or molecules. In some cases this influence can be-attributed
to blocking action and to desorption of reacting species from the surface.

_ The experimental results are interpreted on the bases of a nonelectro-
chemical rate-determining step - dehydrogenization with formation of adsorbed
H-atoms or oxidation by adsorbed OH-radicals. )

* Complete manuscript not received in time for inclusion in the Divisional
Preprints.
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The Oxidation of Olefihs and Paraffins
In Low Temperature Fuel Cells

M. J. Schlatter

California Research Corporation, Richmond, California

We concluded that a low temperature hydrocarbon fuel cell
might be feasible when we found that current could be drawn from an
ethylene or propane depolarized platinized porous carbon electrode for
a sustained period at 80°C and that under these conditions the hydro-
carbon was completely oxidized. Simllar results with these and some
other hydrocarbons have since been reported from other laboratories.®®

Further studies of the behavlior of hydrocarbons on platinized
porous carbon electrodes in aqueous sulfuric acid electrolytes are
discussed in this paper. .Results from rotating disk and small plati—
num foll electrodes have been reported by other members of our group.*

We chose to use platinized porous carbon electrodes for
hydrocarbon product studies in order to make enough product for
quantitative determination. Porous carbon and graphite are electri-
cally conducting, resistant to acidic and basic electrolytes, and are
avallable 1n a variety of porosities and surface areas. Further modi-
fication by chemical treatment is also possible.

The use of porous electrodes for electrochemical measure-
ments and for electrocatalyst studies does result in some problems.
These difficulties are shared by those working with "practical" fuel
cell electrodes. The theory of porous electrodes is inadequate at
present. However, 1t .13 receiving much attention because it 1s prob-
able that the practical fuel cell electrodes will be porous structures.
This is necessary 1f large electrocatalyst surface areas and high fuel
cell power densities are to be attained.

Time-dependent polarizatlion leadlng to unstable current-
potential behavior complicates the use of current-potential measure-
ments 1n the evaluation of porous electrodes which are depolarized
wlth saturated hydrocarbons. These difficulties can be avolded by
using pseudo steady-state currents after step changes in electrode
potential. Thls procedure gives current-potential curves similar to
those obtainable by potential-sweep methods with small electrodes and
shows promise for use in the detalled comparison of very different
electrodes and systems. From these curves, large differences in
behavior of olefins and paraffins can be seen. It is clear that the
unstable current-potential behavior with paraffins at high constant
currents 1s not due to inadequate mass transfer immediately adjacent
to the electrode but rather to the lower currents that can be suppor-
ted by paraffins as the electrode potential 1s polarized above peak
current potentlals. Electrode poisoning occurs in this potential
reglon with the formation of an oxide film on the electrode. This
could inhibit adsorption of the paraffins and reduce the number of
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effective catalyst sites for the paraffin oxidation. The potential at
which this effect wlll dominate over the tendency for the current to
increase with increasing potentlal differs with different fuels and
probably depends on their ability to inhibit formatlion of the oxilde
film or to remove it as it 1s formed. With olefins, the potential of
peak current 1s more positive than that of an oxygen counterelectrode.

Hydrocarbon depolarized electrodes were also found to be
much more sensitive to inhibiting influences than electrodes depolar-
ized with more reactive fuels. Different types of inhibition by air
and oxygen and by extreme polarization of a fuel cell anode were
observed and interpreted. When carbon monoxide was injJected 1nto the
feed stream to a propane or propylene depolarizéd electrode, an
improvement of performance resulted, No effect was evident when
carbon dioxlde was injJected in this way. Preliminary experiments were
made to evaluate the possibility of using inhibition data in the study
of porous electrode activity and behavior. However, the factors
affecting the shape and size of these inhibition peaks are complex;
and more study will be required before they are completely understood
or before significant application of these techniques can be expected.

Apparatus and Methods

1. Product Studies

The apparatus used for our new hydrocarbon product studies
is shown 1n Figure 1. It differs slightly from that described before.?
Fritted-glass separators fused 1n place are used 1lnstead of 1lon
exchange membranes to separate the three cell compartments. A means
of equalizing pressure 1s provided to minimlze flow of electrolyte
from one compartment to another. The Ascarite "carbon dioxide"
absorption tube is preceded by a condensate trap, Drierite and
Anhydrone, to remove sulfurlic acld spray and water. Ascarite and
Drierite follow the Ascarite "carbon dioxide" absorption tube to
exclude molsture and atmospheric carbon diloxide.

. The apparatus was thoroughly flushed with the hydrocarbon
used before welghing the Ascarlite tube at the beginning of each
experiment. At the end of an experiment, hydrocarbon flow was con-
tlnued untll at least 2 liters of gas passed through the anode 1in
order to remove all carbon dioxide product from the cell. Additional
flushing for an equal perlod gave changes in the welght of the
Ascarite tube of the order of + 0.5 mg.

Constant cell currents were maintained by automatically
varying the load resistance as was previously described.

Current and anode potential versus SCE at 25°C were recorded
on a calibrated dual-pen Varlan recorder. The reference electrode was
a Beckman saturated calomel electrode maintained at room temperature
{25°C) and connected to a Luggin capillary through a long, small-
dilameter bridge filled with the fuel cell ‘electrolyte. The anode
potential versus the saturated calomel electrode ( SCE) was sensed by

a Keithley Model 600A electrometer with recorder output. Potentlals
in this paper are reported versus NHE wlth the sign of the oxygen
electrode positive relative to the hydrogen electrcde.
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2. Potential-Step Voltammetry

In its simplest form the apparatus used for potential-step
voltammetry consisted of a cell 1ike that used for the product studies
but modified for half-cell studles by substituting a platinum gauze
cathode for the oxygen electrode. Current through the cell was provi-
ded by a storage battery in series with variable resistors. Anode
potentlal was controlled by manually adjusting these resistors.
Current and potential were sensed and simultaneously recorded as
previously described.

Recently we have used one functlion of a versatile two-stage
constant potential/constant current d.c. power source in place of the
manually controlled system. The preregulator uses a magnetic ampli-
fler and controlled rectifiers. The second regulator stage uses power
transistors with an adjustable gain amplifier for control.

In the constant potential mode, the potential difference
between the fuel cell anode and a reference electrode 1s sensed by an
electrometer amplifier. The output of thils 1s compared with an adjus-
table reference voltage. The difference 1s then used, through an
operational amplifier, to maintaln the anode at constant potential.

Slow response of the fuel cell anode potential with changes
in cell current requires time delay cilrcuilts to limit the rate of
change of the power. supply output. This 1is accomplished through vari-
able capacitor feedback to the operational amplifier which controls
the power to the test cell.

3. Alir and Oxygen Inhibition Experiments

The apparatus used was slmilar to that for potentlal-step
voltammetry. Current was supplied to the cell from a storage battery
through variable resistors. Control circuits provided for automatic
constant current operation.

Inhibition data were obtained by injeciing 2.48-ml portions
of air, oxygen, and other gases into the fuel gas stream before it
passed through a platinized porous carbon anode. Thls was done by
means of a Wilkins XA-202 gas sampling valve.* Propane and propylene
were each used as fuels. Flow rates were measured on the exit gas
from the anode compartment using a soap film flowmeter. -

4, FRlectrodes

The electrodes used were similar in form to those previously
described.? Each consists of a porous carbon cylinder 2-1/2 inches
long, 3/4-inch OD, and 1/2-inch ID which 1s fitted tightly to a 1/2-
inch OD 1mpervious graphite tube. This tube serves as electrical con-
ductor and gas conduit, The lower end of the cylinder is closed with
a graphite plug, and the Jjolnts are sealed with an Epon resin, *»

* Wilkins Instrument and Research, Inc.,
P.O. Box 313, Walnut Creek, California.

*# Epon 828-2, Shell Chemical Company.

. T S TN ma
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As used in the experiments described here, the electrodes
were sometimes new; 1n other cases they had been used extensively with
various fuels and electrolytes at different conditions.

Thé platinum was applied to the electrode by two general
methods: . .

Method A

The electrode was electroplated for 20 minutes at ambient tempera-
ture and at a current density of 40 ma/em® in a 1.25- or 1.5-inch
diameter graphite cup which served as the counter electrode. The
plating solution was drawn into and forced out of the electrode
every 2 minutes during the plating period. Sometimes this proce-
dure was repeated. Different plating solutlions were used as
shown in Table I.

More active electrodes were obtained by Method B:
Method B

The porous carbon electrode blank was impregnated with chloro-
platinic acid solution containing 10 weight per cent platinum.
It was dried on a rotating graphite mandrel in an air oven at.
140°C and was reduced for 3 hours in a stream of hydrogen at
400°C. It was then mounted and sealed.

The preparation and geometric areas of the electrodes are
summarized in Table I.

<New Product Studies

Product data which we reported previouslyl showed that

. ethylene and propane can be completely oxidized in fuel cells at 80°C.

New data for propane reconfirm this result, but data from n-butane
suggest that incomplete oxidation of this hydrocarbon can occur under
some conditions that give complete oxidation with propane.

The new results were obtained using a platinized porous
carbon electrode (Electrode A, Table I) with sulfuric acid at 80°C.
In this series, the cell was operated at 25.2 ma (0.84% ma/cm®). A
slow decrease in cell voltage occurred with time. When the cell vol-
tage dropped close to the point where the current could no longer be
maintained, a short period at open circuit restored the electrode
activity for further operation under load. Initial anode potentials
for propane and n-butane unhder load were of the order of 0.45-0.50
volt (versus NHE) increasing with time to 0.74-0.84 volt.

The present series conslisted of two propane experiments fol-
lowed by three n-butane experiments and another propane experiment.
The product results are summarized in Table II,

The "carbon dioxide" values. for n-butane are 6-8% above
theory based on the ampere-hours produced during the experiments.
This excess could come from direct chemical oxidation of n-butane by
oxygen transported through the electrolyte from the cathode chamber or
from some electrooxidation of the electrode carbon. This would give
more carbon dioxide per coulomb than can be obtained from a hydro-
carbon. However, similar oxygen transport or carbon oxidation would
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be expected in the propane experiments which gave the theoretical
amount of "carbon dioxide." Partial oxidation products absorbed from
the fuel cell exit %as stream with the carbon dioxide could also
account for a high "carbon dioxide" value. Calculations were made for
Experiment No. 4 (Table II? which gave 108.2% of the theoretical
amount of "carbon dioxide. Cases were consldered where the partial
oxidation product was butanol, butanone, butyric acid, or acetic acid.
Assuming complete recovery of the products, values of 9 to 14 weight
per cent of partlially oxidized n-butane in the "carbon dioxide" prod-
uct were calculated. As 1t 1s improbable that all of the partially
oxildized materlials reached and were retalned in the Ascarite tube,
even higher percentages of partlally oxidized products are possible.

The Evaluation of Hydrocarbon
Depolarized Electrodes

As part of a program to improve the performance of plati-
nized porous carbon electrodes, propane was chosen as a test material.
With thls hydrocarbon we had considerable difficulty in using conven-
tional potential-current plots because of time-dependent polarization.

The nature of these difficulties can be seen more clearly
from curves showing the change in electrode potential with time at
constant current. This is 1llustrated in Figure 2. Here the over-all
cell voltage 1s plotted against time. Sequence numbers and current
are shown on each curve. Curves 1 and 2 were both recorded at 10 ma
current and show the effect of the removal of active products from
preelectrochemical reactions. Curve 6, also at this current, may
11lustrate further removal of active materials or the formation of
inhibitors during the intermedlate experiments. The rapld decrease in
potentlial at the end of the 100-ma curve 1s characteristic of time-
potentlal curves at higher currents and would be accentuated at still
higher currents. .

Another example of the effect of preelectrochemical reac-
tions on time-dependent polarization is seen in Figure 3. Here an
attempt to remove impurities and intermediates from an electrode was
made by use of a repetitive test cycle. The anode was caused to
cycle from 0.44 to 0.84% volt under load with return from 0.84% to 0.4%4
volt at open circuit. In the course of several cycles, i1t was
expected that impurlties would be removed and reproducible cycles
obtained. In practice, variations in treatment of the electrode
immedlately before test caused more change in the first few cycles
than later; but a continuing decrease in polarization time and
increase in recovery time occurred as each series progressed. Prelil-
minary tests were made 1n order to select appropriate current ranges
for each cycle test series. The curves in Figure U4 are derived from
these data. The upper curve represents the time in minutes for the
anode to polarize from O.44 to 0.84 volt plotted agalnst the number
of test cycles. The lower curve shows the corresponding data for
recovery times from 0.84 to O.44 volt.

Data like these were used by us in some cases for comparing
electrodes or for Investigating the effects of pretreatments on the
behavior of a particular electrode.

Potential-Step Voltammetry

In an effort to simplify the interpretation of electrochemical
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data from porous electrodes, we. attempted to establish steady-state
conditions by prolonged operation of bubbling hydrocarbon depolarized
electrodes at a series of fixed potentlals.

If no change in the catalytic activity of a fuel cell anode
occurs, it should be possible to establish a steady-state current at
constant potential for each set of conditions. In this situation
current would be determined by the catalytic activity of the electrode
surface and the steady state concentrations of reactants and products
at the electrode surface.

With our platinized porous-carbon anodes depolarized with
propane, this steady state 1s not reached in 4 hours at 80°C at 0.74
volt; though in many cases the current was decreasing very slowly
at this time. A curve obtalned using automatic potential control is
shown 1n Figure 5. ’

Many experiments were carried out to determine the reprodu-
cibility of constant potentlal-current data and to provide a basis for
selecting test sequences which would glve satisfactory, comparable
data in the least time. These curves appear to consist of two sec-
tions. In the first part, the current 1s changlng rapidly. This-
section of the curve appears to be affected considerably by recent
electrode history and is sometimes difficult to reproduce. After a
period which varies in length, depending on the recent history of the
electrode, a steady state 1s approached. With some fuels, such as
ethylene and propylene, the current will remaln constant for long
periods; with others, such as propane, a gradual, slow decline in
current 1s observed., With the electrodes listed in Table I, 20 to 60
minutes was ordinarily used at each controlled anode potentlal.

Fuel Cell Oxidation of Propane,
Isobutane, Propylene, Ethylene,
and Hydrogen in 5 N H»S0, at 80°C

_ The anode current densities corresponding to different anode
potentials were measured by a constant-potentlial technique for propane,

‘isobutane, and propylene. These data are shown 1n Figure 6, The

points shown correspond to current densities 20 minutes after the
indicated potential was established. A current-potential curve for
hydrogen on this electrode 1s included for reference.

. Curves showing ethylene and propylene performances are plot-
ted in Flgure 7. These data were taken from constant-current experi-
ments, but 1n these cases the rates of polarization with time were so
slow that the data actually were obtalned at nearly constant poten-
tials. The ethylene curve 1s similar to the propylene curve but 1s
displaced slightly toward more favorable lower anode potentlals.

The shapes of the propane and propylene curves correspond
fairly closely with potentlal-sweep data obtained using a platinum-
foll electrode and 2 N sulfurlic acld electrolyte. These data are
plotted in Figure 8.

) From Figure 6 1t 1s seen that with the saturated hydro-
carbons, propane and 1sobutane, the anode current increases to a maxi-
mum between 0.6 to 0.7 volt and then decreases as the anode 1s polar-
ized further. This type of behavior appears to be general for
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saturated hydrocarbons. It 1s also found wilth saturated hydrocarbons
that at anode potentials above those for maximum current, the rate of
decay of current increases as the anode potential 1ncreases, and
"steady-state" currents require more time to establish. Up to a point
it 1s possible to draw more current temporarily by decreasing the load
reslistance but at the expense of rapidly increasing polarization.
Thus, with the constant-current methods ordinarily used in determining
electrode current-dependent polarization, a "limiting" current is
found beyohd which unstable electrode behavior 1s observed.

Olefins differ from paraffins in their current- potential
behavior (Figures 6, 7). They glve higher "steady-state" currents
as the potential 1s increased beyond the reglion of interest for
hydrocarbon-oxygen fuel cells. Therefore, they do not give the
"limiting" currents found with saturated hydrocarbons.

Alr and Oxygen Inhibition of
Hydrocarbon-Depolarized Electrodes

The study of hydrocarbon-depolarized electrodes 1s complica-
ted by thelr susceptibllity to various 1nhiblting influences. Such
effects were much less apparent with hydrogen, methanol, and other
more active fuels. :

Inhibition by alr or oxygen 1s one such effect. It is also
one of practical interest as there 1s always some possibility that air
or oxygen may contact a fuel cell anode.

Typical inhibition behavior 1s observed when a little air
enters the feed line to a hydrocarbon fuel cell anode. A severe
polarization occurs resulting in a very sharp increase in anode
potentlal. This change 1n potential can amount to several tenths of
a volt, and the electrode potential can approach that of an oxygen
cathode.* Recovery of the origlnal anode potentlal may require a
minute or two or several minutes, depending on the hydrocarbon
involved, the amount of air admitted, and the temperature.

Variable "induction" periods which often occur on startup
with saturated hydrocarbons are also probably due to air inhibition.
Examples wlth propane are shown in Figure 9. Curves 1 and 2 were
obtalned on successive days with Electrode A (Table I). The exposure
to alr differed, and Curve 1 shows less inhibition than Curve 2. In
other cases "induction" periods from a few minutes to several hours
have been observed. All of the curves show a gradual initilal drop in
potential followed by a rapid transition to a potential minimum and
then a gradual increase to a constant open-circuit potential. These
open-circult potentlials, although reasonably constant in a particular
experiment, do vary a little from one experiment to another.

Similar behavior 1s noted when enough oxygen 1s injected
into the propane stream to bring the potential of the electrode above
0.8 volt. Inhibition curves obtained with Electrode F (Table I)

* In our equlpment, open-circuit potentials of 1.058 to 1.081 volt were
observed with platinized porous carbon electrodes at 80°C in 5 N sul-
furlc acid electrolyte with oxygen at 1 atmosphere pressure. Lower
potentlals are, of course, obtalned under load.

it
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resulting from the injectlion of different amounts of oxygen are shown
in Figure 10. Here the transitions are less abrupt than those in
Figure 9. The electrodes are qulte different, but there may also be
some. differences 1n the nature of the inhilbitlon.

Polarization of a propane-depolarized platinized porous
carbon electrode under load untll potentials above approximately 0.94
volt are attained also inhibits the electrode. Operation at open cir-
cuit then gilves a gradual initlal drop in potential followed by a
rapid transition to open-circuit potential. The effect of the elec-
trode potential on the potential recovery curves at open circult for
Electrode G (Table I) 1s shown in Figure 11. In these experiments the
cell was operated at 100 ma current until the anode polarized to the
test potential. The current was then manually adjusted as required to

‘'hold this potential for 7 minutes. The circuit was then opened, and

the potential recovery curve was recorded. The single exception to
thls 1s the highest potentlal case. Here the circult was opened as
soon as the 1.l4-volt potential was reached.

A slight convex shape of the recovery curve 1ls seen after
operation at potentlals as low as 0.6% volt. Pronounced effects,
however, are not observed until 0.94 volt or more is reached.

The possibility that hydrocarbon fuel cell anodes can be
inhibited by polarization may be of practical concern. With present
oxygen-propane fuel cells, anode recovery at open circult is rapid
even after brlef short clrcult because the potential of the anode
cannot exceed the relatively low potential of the polarized oxygen
counterelectrode, However, 1f oxygen electrode efficlencles are

-1mproved, thelr potentials could be high enough to substantially

inhibit some saturated hydrocarbon depolarized anodes. These poten-
tials can also be attalned in a multiple fuel cell arrangement or 1n a
fuel cell where the anode half cell 1s coupled with a halogen--
depolarized electrode or other high potential system. .

The 1nhibited electrode is restored by contact with propane
in due time. The activity toward propane can also be restored rapldly
by injecting small amounts of more reactive fuels into the propane
stream. Reactivatlion of Electrode F (Table I), which had been polar-
1zed under load, can be seen in Figure 12. Here hydrogen was used as
the reactive fuel.

The experiments described 1n the followlng section were
carried out to obtaln more information about the characteristics and
the nature of the air and oxygen inhibition. In this serlies some
factors were maintained constant. The same seasoned electrode _
{(Electrode D, Table I) was used in all experiments. The air or oxygen
volume lnjected into the hydrocarbon feed stream was 2.48 ml in each
case. The electrolyte was nominally 5 N sulfuric acid. It was
changed at 1ntervals, but some varlation in concentration occurred
because of evaporation of water by the gases passing through the anode
compartment.

Variables studied are temperature (40-80°C), hydrocarbon
fuel (propane, propylene), hydrocarbon flow rate (5-15 ml/min), oxygen
content of the injected inhibiting gas (alr, oxygen), anode current
{including open-circuit studies), and anode potential at the time of
injection of the 1inhiblting gas.
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Temperature Effects

The effect of temperature on the inhibition of propane-
depolarized anodes was studied by repeated injections of air into the
propane feed stream at 40°C, 60°C, and 80°C at flow rates of 5, 10,
and 15 ml/min. Single representative curves are shown in Figure 13.
These data show that the rate of inhibition is so rapid that any
effects of temperature are masked by other factors which control the
shape of the ascending 1nhibition part of the anode potential curve.
The slightly slower increase of the 40°C curve suggests that inhibi-
tion may be more rapid at higher temperatures, but this observed dif-
ference 1s within the limits of experimental error. The inhibition
peak potentlals are close to the same value in these series. The
helght and shape of the peaks do differ, however, with different elec- -
trodes and with changing activity of the same electrode.

’ After the 1initilal break, the anode potential recovers
lo§ar1thm1cally with half recovery at 8.0, 1.72, and 0.82 minutes at
4o®¢c, 60°C, and 80°C, respectively.

a. Effects of Hydrocarbon Flow
Rate Through the Anode

: The effects of hydrocarbon flow rate through the anode on .
the inhibition and recovery of propane anode potential were ilnvestiga-

ted at 40°C, 60°C, and 80°C. The data for the series at 80°C are

typical and are shown in Figure 14%. Comparable oxygen inhibition data

for propane at 80°C are shown in Figure 15, while Figures 16 and 17

glve corresponding curves for propylene.

One effect of the threefold increase in hydrocarbon flow
rates in these experiments 1s to increase rate of inhibition of the
electrode. The time from the beginning to maximum inhibition is very
little more than the time required to sweep the air or oxygen into the

electrode. The amount of inhibition in a given series was not ,}/
affected by flow rate to any great extent. This 1s seen in the rela-
tively constant height of the peaks in the anode potential curves. -

‘The greatest varilations occurred in the experiments at the lowest flow
rates. These were the first experiments 1n each series, and they were
often carried out before the propane open-circuit potential had stabil-
ized. The variations of this potential are seen at the extreme left
on the curves. The recovery times, as well as the rates of the

initial inhibition of the anode, are decreased by increasing the rate e
of hydrocarbon flow through the anode. Data illustrating this are
plotted in Figure 18. These data were taken from curves such as those p

shown in Figures 14 to 17. A decrease in recovery time with increase
in hydrocarbon rate 1s common to all of the experiments. The effect
1s less with propane than with propylene. Decreasing the temperature
of a propane-depolarized anode from 80°C to 60°C slowed the recovery
time after alr poisoning. However, the two curves showlng the
recovery time, as a function of propane flow rates through the elec-
trode, are parallel and show a comparatively small effect. Recovery
times after poisoning with oxygen are much more dependent on the pro-

pane flow rate. This is most pronounced as the rate is increased from
5 to 10 ml/min. :

7
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b. Effects of lLoad Currenf
During Air Polsoning

The effects of operating a propane anode under load when alr -
1s Injected are seen in Figure 19. These curves show the same rapid
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response obtained at open circult, The higher the anode potentlal at

the time of air injection, the higher the inhibition peak. The incre-
mental difference in peak height, however, is not linearly related to

the difference in potentials at the time of injection. As the inhibi-
tion peak potentials increase, the recovery times also increase.

c. Effects of Oxygen Compared With Air and
the Amount of Oxygen in Anode Poisoning

Direct comparisons of Figures 14 with 15 and 16 with 17 show
the effects of substituting an equal volume of oxygen for air in
poisoning a platinized porous carbon anode which 1s depolarized with
propane or with propylene. In general, the peak heights in a given
series are about the same. Even though peak helghts are greater with
oxygen, recovery times are only slightly longer than for alr; and
recovery time decreases more with increased hydrocarbon flow rate than
is the case after air inhibition.  The relative increase in the inhi-
bition peaks for oxygen compared with alr is less for propylene than
for propane.

Other experiments carried out with Electrode F (Table I)
show that the same peak heights are obtalned 1f alr or an amount of
oxygen equal to that contained in the alr is injJected. The difference
in peak heights with air and oxygen inhibition is due only to the
fivefold difference in the amount of oxygen injected. Data showing
the effects of amount of oxygen and alr injected on the height of the
inhibition peaks are plotted in Figure 20. The effect on the shape
of the curves 1s seen in Figure 10. With this electrode, when the
inhibition peak poténtials get above 0.5% volt, there 18 a residual
effect from one oxygen injection on the next. In a series of four
injections of 4 ml of oxygen at 20-mlnute intervals, the peak poten-
tials increased successively from 0.5% to 0.60 volt, even though the

. electrode potential returned to the same value between injections.

The scatter of points in Figure 20 1s due largely to such residual
effects as the polints were obtalned at different times and in differ-
ent sequence over a period of 3 days.

-Discussion

1. Products from Hydrocarbon Oxidation

The new product work reported here confirms our earlier
conclusion that propane can be completely oxidized in a fuel cell at
80°C. The n-butane data suggest, however, that hydrocarbon oxidation
need not be complete and that higher molecular welght hydrocarbons may
have a greater tendency to give 1solatable intermedlates. We have
also observed odors tentatively identified as acetlc acid and acetal-
dehyde from some ethylene "fuel cell" oxidations at potentials
approximating those of the oxygen electrode. Such odors have also
been reported by Young and Rozelle.S

Small amounts of side products would not be detectable by
our analytical method, but we have ample electrochemical evidence for
preelectrochemical reactions at open circult wlth saturated hydro-
carbons. We also see effects of a bulldup of some ilnhibitérs on our
electrodes after prolonged experiments with various hydrocarbons.
These can often be largely removed by drawing hot distilled water
through the electrode, cleaning the cell, and using fresh electrolyte.
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It is apparent that more product work should be done,
especlally at constant anode potentlals and with some higher hydro-
carbons. There appears to be a good chance of 1solating intermedlates
which may provide clues to the hydrocarbon oxidation reaction
mechanlisms,

2. Oxygen Electrode Potentials

Although in thils paper we are concerned mainly with the
hydrocarbon fuel cell anode, oxygen and oxide fllms play an important
part in inhivition behavior and in affecting hydrocarbon electrode per-
formance at high polarizations,. )

The over-all oxygen half-cell reaction in acid is:
02 + 4H* + 4e 3 2H0; E° = 1.229 volt.

The equllibrium potential for this reaction can only be establlshed on
platinum when extreme care 1s used in preparing the electrode surface
and in eliminating impurities from the test cell.®’7 Usually, mixed
potentlals are obtalned which give open-clrcult voltages of the order
of 1.06-1.09 volts versus NHE. In our equipment we have observed open-
circult potentials of 1.058-1.081 volt at 80°C in 5 N sulfuric acid.

At the present state of development of the oxygen electrode in acid,
therefore, there is an inherent loss of at least 0.18 volt before any
current is drawn.

By present standards an oxygen electrode that wlll operate
at 0.85 volt at 100 ma/cm? would be considered quite good. This cor-
responds to a 35% loss in efficlency due to the oxygen electrode alone
in a hydrocarbon-oxygen fuel cell.

3. Hydrocarbon Electrode Potentlals

ﬁeaction potentlals calculated from free energy changes for
the complete oxidatlion of some hydrocarbons wlth oxygen are shown 1n
the followlng table. Theoretical reversible half-cell potentlals were

calenlated from thermodynamie data,

Theoretical

Reversible
Potential .

for Complete
Oxidation, | Hydrocarbon Half-Cell Potential#*

Volts : Volt Versus NHE
Ethane 1.079 0.150
Ethylene 1.136 0.093
Propane - 1.091 0.138
Propylene 1.127 i 0.102

* Calculated 0Oz half-cell potential in aclid, 1.229 volts
vs NHE.

With ethane and propane the actual half-cell potential may
g0 as low as or even lower than the calculated values. The actual
processes occurring at the anode, however, are different from those
represented by the theoretical reversible hydrocarbon half cells.

//
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Thus, the saturated hydrocarbon potentials are probably determined
largely by the concentration of hydrogen atoms resulting from dissoci-
ative adsorption of the hydrocarbons on the electrocatalyst. The
open-circuit potentials observed with the olefins are always more posi-
tive than those from the paraffins. It may be that with olefins the
adsorbed hydrogen atoms react to hydrogenate unsaturated specles,
giving paraffins which are then displaced by the more strongly adsorbed
olefins.2 During our air and oxygen inhibition experiments, when the
feed to the electrode was changed from propane to propylene, the open-
circuit potential gradually changed from about 0.29 volt to 0.50-~0.55
volt. The reverse change occurred when propane was supplied to the
electrode again. : : '

Under load the polarization behaﬁior of olefins and paraffins
i1s very different. Even structures as closely related as ethane and

‘propane can show large differences. This is revealed clearly by com-

parison of plots of pseudo steady-state current densities at constant
potential versus potential (Figure 6). At low potentials the paraffins
will often support higher currents than the olefins. With the paraf-
fins, "steady-state" currents increase to maxima between 0.6 and 0.7
volt. This 1s well below the potential of an oxygen fuel cell cathode,
With olefins, the current rises rapidly with potential beyond the fuel
cell range. These differences are probably due to differences in the
relative rates of reactions of paraffins and olefins at or with the
oxide film on platinum. All electrodes are not alike in their
detalled behavior, and we believe that pseudo steady-state current-
potentlal curves should be valuable in more searching evaluations of
electrodes, in studying the behavior of different fuels, and in deter-
mining the effects of operating varlables.

The 1mportance of oxygen and oxide films in determining the

‘behavior of platinized porous carbon electrodes 1s also seen when

inhibition behavior 1s considered.

4. Alr and Oxygen Inhibition of
-Hydrocarbon Depolarized Electrodes

Three general types of inhibition of hydrocarbon depolarized

orous carbon electrodes have been described in this paper. These are
?l) inhibition of hydrocarbon oxldatlon at an oxygen or alr saturated
electrode, (2) inhibition of a hydrocarbon saturated electrode by
injected oxygen or alr, and (3) inhibition of a hydrocarbon depolarized
electrode by extreme polarization. All of these are probably due.to
adsorbed oxygen or catalytically ilnactive oxide films, yet they differ
in detall. Recovery of electrode activity depends on the removal of
the inhibltor. The rate at which this occurs will depend on the nature
of the inhibitor but also on the fuel and operating conditions. Some
factors affecting electrode potential and inhibitlon behavior will be
discussed 1n the following section.

a. Nature of Mixed Anode Potentlals

Initlally, when two electrochemically active specles contact
different sites on the surface of an electrode, potentlials character-
i1stic of the processes involved tend to develop at these two points.
This causes electrons-to move in the conducting electrode in order to
equalize the potential of the electrode surface. If a net transfer of
electrons from one species to the other can occur, reactlons proceed.
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The net anode potentlial observed will be intermediate between the open-
circuit potentials that would be observed for the two reactants separ-
ately. Its magnitude will depend on the polarization of the two
processes which, in turn, will be determined by the polarizabllity and
effective "current density" as determined by relative surface coverage
for each reactant. To a lesser extent, i1t will depend on the geometry
of the electrode, on the way in which the two specles are distributed
on the surface, and on the location of the conriectlons of the-
potential-measuring device to the electrode,

From this picture, 1t 1is obvious that the coupled oxldation-
reduction of a hydrocarbon and oxygen at a platinized electrode in
contact with electrolyte can be purely "electrochemical. There need
be no direct contact of the reacting species. In this sense this
oxidation-reduction differs from direct chemical reaction. It differs
also from heterogeneous catalytlic oxidatlon-reduction processes where
an electrolyte is not present. These, 1n general, are believed to
require that the reactants contact or at least be adsorbed close to
one another. Direct chemlcal reaction can, of course, also be
involved 1in the electrode recovery process.

b. Selective Adsorption and the
Relative Strengths of Adsorption
of Reactants and Inhibitors on Platinum

(1) Induction Period Due
to Oxygen Adsorption

Oxygen 1is known to adsorb rapidly and completely to glve a

1:1 ratio of oxygen atoms to surface platinum atoms.® On the other
hand, coulometric methods show that only about 10% of the surface
platinum atoms which will adsorb oxygen are covered with propane at 1
atmosphere pressure in the presence of dilute sulfuric acid electro-
lytes. Simllar coverages are obtained with ethane. Only slightly
higher coverages were obtained with ethylene and probably with
propylene.* Thus, when an electrode i1s exposed to alr or oxygen
before contacting with hydrocarbon, the catalyst sites which can
“catalyze the electrochemical oxidation of propane or propylene are
covered. When placed in an electrolyte, this electrode develops the
oxygen potential. When propane or propylene 1s passed through this
electrode, the potential is not affected to any extent at first.
Gradually, a few molecules of oxygen leave the electrode surface and
are removed by the hydrocarhon stream; or they are removed by a
catalyzed chemical reduction. Thils allows the hydrocarbon access to
the catalyst sites. The amount of hydrocarbon reacting increases as
oxygen 1s removed; and then suddenly, as the amount of oxygen 1s
reduced to a low level, the hydrocarbon potentlal resulting from
chemlsorption becomes dominant; and there is a sudden decrease in net
anode potential. After the oxlde layer has been removed (approximately
0.55 volt), the potential approaches the open-circuit potential
logarithmically with time. The rate is determined by the rate of
oxldation of the hydrocarbon and by the capacitance of the ionilc
double layer.

Followlng Anhibition of this kind (Filgure 9), the potential
drops below the open-circult hydrocarbon potential and then gradually
rises to the open-circuit potential. This may be due to formation of
a particularly active catalyst surface as the oxide film is reduced.
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This may survive long enough to dissocliate more propane than the usual
catalyst, giving a hilgher hydrogen atom concentration than 1s normal
for the electrode surface.

Behavior after polarlzation under load to the oxygen poten-
tlal is very simllar to that from oxygen inhibition after standing
for several hours 1n the presence of air and absence of propane
(Figure 11) . Recovery after polarization and presumably after the
other similar inhibition processes can be assisted by injecting hydro-
gen into the hydrocarbon feed (Figure 12). .

Inhibltlon to the oxygen potentlal by oxygen injection into
a propane stream passing through the electrode does have some
different characteristics (Figure 10). This type of inhibition
requires a comparatively large amount of oxygen. The propane adsorbed
on this electrode must be displaced by oxygen, and this may be a
comparatively slow process. More than a monolayer of oxygen may also
be retained on the platinum or loosely adsorbed on the graphite. This
may result 1n the more gradual transltion to the open-clrcult propane
potential observed with this system.

If 1nhibitlion results from injection of a small amount of
alr or oxygen which 1s added to a stream of hydrocarbon passing
through an electrode, the effect is immediate because open sites on
the catalyst surface are avallable. If the amount of alr or oxygen 1s
not enough to displace all of the hydrocarbon, electrochemical reduc-
tion and elimination of the added oxygen begins immediately and
hydrocarbon potentlal 1s soon established again. ’

A detalled understanding of the factors which determine the
shape, helght, and inhibition peak potentlals might lead to useful
methods for evaluating and studying the behavior of porous electrodes.
However, the situation 1s complex; and more study will be required
before complete understanding or useful application of inhibition
techniques can be expected.
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FIGURE 1
APPARATUS FOR HYDROCARBON PRODUCT STUDIES
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FIGURE 2

PROPANE-OXYGEN FUEL CELL POLARIZATION WITH TIME AS A FUNCTION OF LOAD.
PLATINIZED POROUS CARBON ELECTRODES (TABLE 1, ANODE B; CATHODE C)
SN SULFURIC ACID ELECTROLYTE, 80°C
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FIGURE 3

FUEL CELL ANDDE POLARIZATION DATA WITH PROPANE AT 80°C
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FIGURE 4

RECOVERY TIME OF A PROPANE lIPOLARIZED ELECTRODE
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FIGURE 'S5

CURRENT DECREASE WITH TIME FOR PROPANE-DEPOLARIZED FUEL CELL ANODE AT CONSTANT POTENTIAL
POTENT IAL AUTOMATICALLY GGITROLLED AT 0.74 VOLT VS NHE
PLATINIZED POROUS CARBON ANDDE (TABLE 1, ELECTRODE D)
SN SULFURIC ACID ELECTROLYTE, 80°C
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FIGURE 6

THE EFFECT OF ANODE POTENTIALS ON FUEL CELL "STEADY STATE™ CURRENT DENSITIES FOR
HYDROGEN, | ME, PROPANE AND PROPYLENE .
PLATINIZED POROUS CARBON ANODE ( TABLE |, ELECTRODE E)
SN SULFURIC ACID ELECTROLYTE, FUEL RATE 10 m/MINUTE, 80°C
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FIGURE 7
THE EFFECT ‘OF ANODE POTENTIALS ON FUEL CELL "STEADY STATE,'
CURRENT DENSITIES FOR ETHYLENE AND PROPYLENE FIGURE 8
PLATINIZED POROUS CARBON ANODE ( TABLE [, ELECTRODE 0) .
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FIGURE 9

INDUCTION PERIODS BEFORE ESTABLISHING THE PROPANE OPEN CIRCUIT POTENTIAL OF
AN AIR POISONED PLATINIZED POROUS CARBON ELECTRODE ( TABLE |, ELECTRODE A)

SN SULFURIC ACID ELECTROLYTE, 80°C )
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- FIGURE 10
OXYGEN INHIBITION OF A PROPANE DEPOLARIZED ELECTRODE
PLATINIZED POROUS CARBON ELECTRODE (TABLE |, ELECTRODE F)
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FIGURE 1

EFFECT OF ANODE POTENTIAL OF A PROPANE DEPOLARIZED ANODE ON
RECOVERY AT OPEN CIRCUIT
PLATINIZED POROUS CARBON ELECTRODE (TABLE |, ELECTRODE G)
SN SULFURIC ACID ELECTROLYTE, 80%C
AT 0.54 TO 0.94 VOLTS, LOAD ADJUSTED TO MAINTAIN POTENTIAL CONSTANT FOR
7 MINUTES BEFORE RECORDING OPEN -CIRCUIT POTENTIAL
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FIGURE 12

EFFECT OF mscrrn HYDRNGEN ON THE RECOVERY OF A
PROPANE DEPOLAR|ZED ANODE AT OPEN CIRCUIT
PLATINIZED POROlB CARBON ANODE (TABLE |, ELECTRODE F)
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FIGURE 14

EFFECT OF PROPANE FEED RATE ON AIR INHIBITION OF A
: FUEL CELL ANODE
PLATINIZED POROUS CARBON ELECTRODE { TABLE |, ELECTRODE D)
SN SULFURIC ACID ELECTROLYTE, 80°C
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FIGQRE 17

EFFECT OF PROPYLENE FEED RATE OoN

OXYGEN INHIBITION OF FlIL L ANODE
PLATINIZED POROUS CARBON ELECTRODE (TABLE 1, ELECTROOE D)

SN SULFURIC ACID ELECTROLYTE, 80°C
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.FIGURE 18

EFFECT OF HY[ROCARBON FL(H RATE ON THE RECOVERY TIMES FOR A FUEL CELL ANDDE
R {NHIBITION WITH AIR OR OXYGEN
PLATINIZED POROtB CARBON ELECTRODE ( TABLE |, ELECTRODE D)
SN SULFURIC ACID ELECTROLYTE, 80°C
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FIGURE 19

EFFECT OF LOAD CURRENT ON AIR POISONING OF A FUEL CELL ANODE
DEPOLARIZED WITH PROPANE
PLATINIZED POROUS CARBON ELECTRODE (TABLE |, ELECTRODE D)
SN SULFURIC ACID, 80°C, PROPANE RATE 15 w/MINUTE
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FIGURE 20

EFFECT OF THE AMOUNT OF AIR OR OXYGEN INJECTED ON THE INHIBITION OF
A PROPANE DEPOLARIZED FUEL CELL ANODE
PLATINIZED POROUS CARBON ELECTRODE (TABLE |, ELECTRODE F)
1N SULFURIC ACiD ELECTROLYTE, 80°C, PROPANE RATE 10 ma/MINJTE
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