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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.




24

¢ 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