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A New High Performance Fuel Cell Employing 
Conducting-Porous-Teflon Electrodes and Liquid Electrolytes 

L. W.   Niedrach and H.R.  Alford 
General Electric Research Laboratory 

Schenectady,  New  ^ork 

ABSTRACT 

A low temperature, aqueous electrolyte fuel cell employing new, 
Conducting-Porous-Teflon Electrodes is described.    The new electrodes 
show excellent performance characteristics with a variety of fuels {in- 
cluding hydrocarbons) and with both oxygen and air as the oxidant.    Prepa- 
ration methods are discussed,  and performance data obtained with ambient 
temperature,  hydrogen-oxygen and hydrogen-air cells are presented to 
illustrate their properties. 

INTRODUCTION 

In earlier publications the use of "Conducting-Porous-Teflon 
Electrodes" in regenerative, matrix-type cells has been described (1, 2). 
While these cells are of some interest,  particularly for applications in 
gravity-free space,   they have nor. been given serious consideration for 
operation on a continuous feed basis.    Under the latter conditions the 
matrix is responsible for some operational disadvantages; e. g. ,  at high 
current densities concentration polarization can occur at the electrodes, 
maintenance of the proper water balance in the electrolyte introduces 
design problems,  and the internal resistances of the cells are higher than 
desired.    In order to overcome these difficulties,   work was directed at 
modifying and improving the original electrode structure so that the matrix 
could be eliminated.    This has resulted in a new,  high-performance fuel 
cell which operates with an aqueous electrolyte. 

In seeking this objective two important restrictions concerning 
operation were deliberately imposed as being desirable:    1) The fuel 
(oxidant) gas-electrolyte interface was to be established within the electrode 
structure by "controlled wetting",  and,   2)   the electrodes were to be 
capable of operation at ambient atmospheric pressure.    In addition,  emphasis 
was placed upon retaining a relatively thin structure. 
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The new electrodes which are 5 to 10 mils thick^   consist of a 
Teflon-catalyst mix that is pressed and sintered onto a suitable supporting 
screen which also serves as an excellent electronic conductor to carry 
current to the terminals of the cell.    A porous Teflon film on the gas 
side of the electrode provides for proper control of wetting so that both 
the electrolyte and reacting gas have satisfactory access to the highly 
develop 'd surface of the electrode-.    While alternative means of preparing 
electrodes were considered - e.g. , use of high Teflon-to-catalyst ratios 
and laminar structures with two different Teflon-to-catalyst ratios - the 
results obtained with the film covered electrodes were by far the most 
encouraging.    These electrodes were found to be exceedingly reliable and 
readily manufactured in the laboratory.    It was therefore elected to con- 
centrate on electrodes of this type, and they serve as the basis of the 
present paper which is devoted to a discussion of their preparation and 
properties as exemplified by their performance in ambient temperature, 
hydrogen-oxygen and hydrogen-air cells.    Platinum black was u "ed almost 
exclusively as the electrocatalyst in the work to be reviewed and 6 N KOH 
and 5 N H2SO    were the principal electrolytes. 

The electrodes are exceedingly versatile and some performance 
data obtained with other fuels and electrolytes have already been published. 
Thus,  excellent performances have been reported for a variety of hydro- 
carbons, with a sulfuric acid electrolyte up to 890C.   (3, and with a phos- 
phoric acid electrolyte up to 200oC.  (3,4, 5),    In addition, they have also 
been used effectively with rnethanol and a cesium carbonate electrolyte 
at temperatures up to 185QC (b). 

STRUCTURE OF THE NEW ELECTRODES 

Examples 01 the new electrodes are shown in Fig,   1.     These were 
prepared by bonding platinum black-Teflon mixtures to the central areas of 
nickel screens.    One quarter-inch-wide rings of 5-mil-thick Teuon sheet 
(duPont's FEP Fluorocarbcn Film) were used as seals around the peri- 
pheries.    In mounting the electrodes in cell housings these seals are buried 
under the gaskets that are used.    In another version the outer ring has been 
eliminated and the catalyst-Teflon mix has been spread uniformly over the 
entire circular area of the screen.    Such electrodes perform equally well 
electrically,  and retain the electrolyte more reliably. 

The important differences in tho two surfaces of :;he electrodes are 
shown clearly in Fig,   1.    The surface of the electrode on the left is coated 
with the porous Teflon film and is obviously exceedingly hydrophobic.    In 
operation this side faces one of the gases.    The untreated,  electrolyte side 
of the electrode on the right has been wetted by drops of water placed upon it. 



The photomicrographs in Figs.  2 and 3 bring out additional details 
of the electrode structure.    That in Fig.  2 is «*, reflection micrograph of a 
section through an electrode.   It shows the surface film clearly at the top. 
As shown by the wire at the left, the screen is entirely imbedded in the 
catalyst-Teflon mix.    Fig. 3 is a transmission electron micrograph obtained 
from a microtomed cross section.    Again the surface film can be seen 
clearly, and a better indication of the catalyst distribution is obtained.   It 
is pertinent to note here that the starting catalyst consists of agglomerates 
of particles about 0, 01 microns in size.    The ultimate size of the Teflon 
particles is about 0. 2 to 0. 5 microns. 

EXPERIMENTAL 

Preparation of Electrodes 

Most of the electrodes used in this work were prepared by a standard 
procedure.   A Teflon suspension (duPont's Teflon-30, which contained 59. 6 
percent solids by weight) was the source of the binding material.   Platinum 
bl^ck from Engelhard Industries, Inc.,  was used as the catalyst In most 
cases, but a few other catalysts were also used.    Several different screen 
materials were employed, but those listed in Table I were found most 
useful. 

TABLE I 

Reinforcing Screens Used In Electrode Fabrication 
Mesh Wire Size 

Metal (wires/inch) (diameter, mils) 

Platinum 

Nickel 

Silver 

80 
45 

40 

40 

3 
7.8 

4.5 

7.5 

While electrodes can be made with finer mesh screens of smaller 
wire size, it has been found that their resistances are high enough to be 
unattractive.    In most of the work,  therefore,  40- to 45-me8h screen made 
of 5- to' 8-mil wire was used.   In order to minimize the thickness of the 
electrodes,  such screens were regularly rolled to a thickness corresponding 
to that of the individual wires.    It was found necessary to leave wide tabs on 
the screens in order to reduce ohmic losses during operation of cells at 
high current densities. 
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Before making the electrodes themselves,  a supply of Teflon films 
was prepared for use as surface coatings.    This was done by spraying a 
Teflon-30 suspension diluted with seven volumes of water onto an aluminum 
foil using an air brush (Paasche,  Type V).    Films corresponding to 0. 79, 
1. 6,  2. 4, and 3. 9 mg Teflon per cm    were used.    In preparing these film^ 
a 5- by 5-inch square area was marked on the aluminum foil and an appro- 
priate amount of the diluted Teflon suspension was used to coat this area 
to the desired thickness.    Before spraying,  a pattern of four circles having 
the diameter of the ultimately desirt     electrodes was scribed within the 
square to facilitate later steps in the preparation. 

A fine spray was used so that several retracings of the pattern 
could be made in order to obtain a uniform thickness.    During application, 
the aluminum foil was mounted on the bed of a hot plate which was maintained 
at 120° to 150oC to facilitate evaporation of the water from the spray.    The 
rate of application was such that wet areas did not develop and run on the 
foil. 

Following the spraying,  the foil was placed on the bed of the press 
(6-inch bed Carver press with individually heated platens) at 350  C and the 
jaws were closed to a gap of about 1/8 inch for about a minute.    During this 
treatment the non-ionic wetting agent in the Teflon suspension was rejected, 
and sintering of the Teflon particles occurred to form the desired film {6a). 

Spreads of platinum black (or other catalyst) with the Teflon-30 
suspension were then prepared on circular areas on two aluminum foils - 
one of which had previously been coated with Teflon ?s described above. 
In preparing a typical spread to cover the entire circular area of the screen 
(17.7 cm  ), a 0. 03-cc aliquot of the Tefion-30 suspension was first placed 
on the foil along with a suitable volume of dilution water,  about 0. 6 cc. 
After mixing,  0. 3 gram of platinum black (previously sifted through a 325- 
mesh screen) was added and a thin, cream-like slurry was made by mixing 
with a small spatula.    This was then dispersed as uniformly as possible over 
the area and slowly dried on a hot plate.    It was necessary to raise the 
temperature very slowly during the initial phases to obtain a satisfactory 
deposit.    Ultimately, however,  the bed of the hot plate was raised to 250 to 
350 C to dispel the wetting agent as white fumes from the Teflon suspension. 

The screen having a tab was then centered over one of the spreads,  a 
strip of Teflon sheet was placed across the tab as a seal,  and then the second 
spread was centered over the first.    This assembly which was sandwiched 
between two ferrotype plates was then placed on the bed of the press.   Sintering 
was performed at 350oC for 2 minutes at the desired pressure - usually 1800 
to 3000 lb.  per in^ of electrode surface. 



Following the heal treatment, the aluminum foil was dissolved 
from ♦he ekctrode with warm 20% NaOH.    A water rinse and an air drying 
then resulted in a finished electrode.    In most of the work,  electrodes - 
either with or without the peripheral Teflon rings - vere prepared as 
outlined above.    The occasional variations that were introduced will be 
described as they arise. 

1 

Test Cell 

The completed electrodes were housed as shown in the exploded 
view of a cell in Fig.  4.    The two electrodes were separated by a 1/8- 
inch-thick spacer which formed a 1 1/£-inch-diameter pocket for the free 
electrolyte.    Appropriate gaskets and face plates formed chambers for 
the fuel and oxidant gases.   All plastic parts were of Lucite, and gaakets 
were of silicone rubber orpoly(ethylene-bu£ene) copolymer.    Cask  '--g 
was such that the effective working areas of the electrodes were 1 1/2- 
inch-diameter circles.    Platinum and Teflon tubing were used for the 
connections that encountered electrolyte.    Gases were flowed through 
polyethylene tubing.    For operation on air one of the faceplates contained 
a 1 l/Z-inch-diameter hole.    This gave free access of air to the electrode. 

Electrolytic hydrogen and purified oxygen were employed during 
operation.   At low current densities static gases could be used,  but at high 
current densities {^250 ma/cm^} it was generally found desirable to 
maintain slow flows of the gases through a cell.    This was particularly 
true of the oxygen which contained enough nitrogen and argon as impurities 
to accumulate rapidly in the cell chambers and cause 'smothering, !? 

In order to prevent the water produced in the cell reaction from 
diluting the electrolyte excessively, the electrolyte was circulated between 
the cell and a relatively large reservoir,   in initial experimerts, forced 
circulation was achieved by means of gravity flow from a reservoir above 
the cell level.  Electrolyte which drained from the cell was then returned 
to the reservoir with the aid of a Teflon bellows pump. 

It was soon found that the circulation provided by means of a thermal 
loop was adequate to maintain the cell performance.    This simpler arrange- 
ment was therefore used for most of the work,    A polyethylene bottle 
connected to the cell with Teflon tubing serving as the reservoir. 

A reference electrode was prepared by mounting one of the new type 
electrodes in a separate housing and exposing one side to hydrogen.    Electro- 
lyte in the other chamber of the reference cell then made contact wi*;h the 
working system,  via a bridge of Teflon tubing filled with the common electro- 
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lyte.    Individual electrode f   rformances in the cell under test were then 
obtained vs.  the reference from measurements with a Kcrdesch-Marko 
bridge (7).    Use of the bridge also permitted the measurement of IR-free 
voltages. 

Although most of the measurements were made with the aid of the 
Kordesch-Marko bridge,  overall polarization curves were frequently 
obtained during direct discharge of cells through resistive loads.    These 
invariably agreed well with the overall curves obtained with the pulsating 
current derived from the bridge. 

RESULTS AND DISCUSSION 

General 

Before examining the effects of a number of individual parameters, 
it is of interest to consider the general performance characteristics of 
the new cells with alkaline and acidic electrolytes.    For this purpose 
polarization curves are shown in Figs.  5 and 6.    It is significant to note 
that cuix-ent densities as high as 1000 ma/cm^ have been delivered by 
alkaline cells operating on hydrogen and oxygen.    While the voltage (and 
hence efficiency) is low at these high current densities,  the linearity of 
the polarization curve gives assurance that the new electrodes will be 
able to handle surge currents well above the 100 to 200 ma/cm^ that might 
be considered as the normal operating range.    The performance of 
hydrogen-oxygen cells with acidic electrolytes is similar to,  but generally 
somewhat inferior to,  that observed with the alkaline electrolyte. 

Even when air is used as the oxidant,  relatively high current densi- 
ties can be obtained with the new cell before evidence of mass transfer 
polarization appears in the form of a sharp decline in the voltage with in- 
creasing load.    The somewhat lower cell voltages observed when air is 
substituted for oxygen appears to be,  at least partially,   related to the fact 
that better cooling is accomplished during air operatic .,    As a result, 
internal resistances are higher and electrode reactions are more sluggish 
than when oxygen is used and higher temperatures arc reached in the cell. 
In thx«? connection it can be noted that electrolyte and electrode temperatures 
of about 70oC have been measured on both acidic and alkaline, hydrogen- 
oxygen cells at current densities of about 500 ma/cm^.    Under these con- 
ditions 10-degree rises in the temperatures of the electrolytes in the 
reservoirs were observed.    This attests to a reasonable degree of electro- 
lyte circulation between the cells and their reservoirs. 
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In spite of their thinness,  the new electrodes can also do an ex- 
cellent job of retaining the aqueous electrolytes.    A small amount of 
seepage has, however,  been observed with all the electrodes tested to 
date.    In practice then, it may be necessary to provide some means of 
recycling *:he seepage. 

Effect of the Thickness of the Surface Film 

The first series of experiments was devoted to an examination of 
the effect of the thickness of the Teflon surface film on cell perfornance. 
All electrodes used in this series were prepared with rolled 40-mesh 
nickel screens having wire diameters of 4. 5 mils.     Two identical 
electrodes with peripheral Teflon rings were used in each of the test cells. 
Surface films of 0. 79,   1. 6,  2. 4, and 3. 9 mg Teflon/cm    were tested. 
All of the experiments were performed with alkaline electrolytes,  6 M KOH. 
Most of the polarization data shown in Figs.  7 and 8 were obtained with 
the Kordesch-Marko bridge and show th«. potentials of the fiel and oxidant 
electrodes against the hydrogen reference. Also shown are the overall 
performance curves {IR drop included) for thi  cells operating on oxygen 
and on air.    At the time that these tests were made,  the bridge could 
handle a maximum current of about 4. 5 amperes.    The data obtained at 
higher current densities were therefore obtained by direct discharge of 
the cells through resistive loads.    The agreement between both types of 
data attest to the satisfactory functioning of the system. 

It is seen that the effect of the film thickness upon the performance 
of oxygen and hydrogen electrodes is not very pronounced.    With air as the 
oxidant,  however, it is evident from the data in Fig.  8 that the thinner films 
resul^ in better performances.    This is reasonable in view of the lower 
permeability that would be articipdted for the heavier films,  and hence the 
greater tendency towards blockage with nitrogen. 

Since an important purpose served by the film is the prevention of 
electrode drowning, as well as gross leakage of the electrolyte through 
larger pores,  a word is in order about these aspects of performance. 
Electrode drowning manifests itself bv severe polarization over a narrow 
range of current density.    It is therefore evident from the data for the 
hydrogen and oxygen electrodes in Figs.   7 and 8 that drowning is not a 
problem. 

Some electrolyte leakage occurred with all of the electrodes used 
in this series of tests,  but it was found to be concentrated in the boundary 
region between the active area and the peripheral Teflon rings.    It was, 
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therefore,  impossible to obtain meaningful quantitative data.   Qualitatively, 
however, it was observed that the active electrode areas were freer from 
seepage droplets, the thicker the film. 

!t would, therefore,  appear that practical electr aes. particularly 
air electrodes,  will require an optimization between rate of oeejiage amd 
gas accessibility.    From the above, as well as repeated experiments with 
similar electrodes, it is our opinion that at the present state of develop- 
ment, film thicknesses between 0, ?9 and 2. 4 mg Teflon/cm2 are t'^e most 
attractive with regard to overall performance. 

Effect of Other Electrode Parameters and Processing Variables 

With the platinum black catal^ st several other electrode parameters 
and processing variables were examined briefly.    These included:   (1) 
effect of screen wire size, mesh, and material; (2) effect of pressure used 
in final sintering; (3) effect of ratio of catalyst to Teflon; (4) effect of 
amount of platinum and Teflon; and (5) effect of using a commercially 
available Teflon film for the surface layer. 

Screen Characteristics - Changes in the supporting screens mani- 
fested themselves by affecting the cell resistance and the associated 1R 
drop.'   Even in the small laboratory ceMs,  electrodes constructed with. 
SO-mesh,  3-mil platinum wire screens showed excessively high ohmic 
d jops, particularly when electrodes with narrow tabs were used.    At the 
other extreme were electrodes employing low-resistance silver screens 
with 7. 5-mil wires and wide tabs.    The 40- to 45-mesh platinum and 
nickel screens that were used in mi st of the work were intermediate in 
performance. 

Sintering Pressure - Variation in the pressure used in preparing 
electrodes was not examined in detail nor over a wide range.    Those pre- 
pared at the lowest pressure tested,   180 Ib/in^,  were lacking in strength, 
although their electrical performance was excellent.    With "hese electrodes» 
however, the gaskets from the cell, were capable of inducing appreciable 
flow of the catalyst-Teflon mix and failures occurred around the edges.    In 
general» pressures of the order of 1800 to 3000 lb/in2 were considered 
most satisfactory for the preparation of electrodes. 

Ratio of Catalyst to Binder - The ratio of the amounts of platinum and 
Teflon could not be chaaged over a wide range witu the procedures used. 
Electrodes of satisfactory strength and performance can be obtained withir 
the range of platinum-to-Teflon weight ratios from 1:0. 05 to 1:0. 5.    Ms» 
of the work was done with the ration 1:0. 09 (i. e.,   1 gram piaanum black to 
0, 10 cc Teflon-30 solution). 
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Amount of Platinum and Teflon - Experiments were run with 
alkaline cells using electrodes containing from 17 to 45 mg platinum/cm^ 
(a constant weight ratio of pl?.tinum-to-Teflon binder of 1:0. 09 was used 
and the film thickness was maintained at 2.4 mg Teflon/cm^),   Pronounced 
effects were not observed although the thinnest electrodes leaked ex- 
cessively.    Electrodes containing in the range 30 to 40 mg platinum/cmz 

appeared to be quite satisfactory and were adopted for most of the re- 
maining work. 

Commercial Films as Surface Coatings - While the major portion 
of the effort employed sprayed films of Teflon, a few electrodes were 
made with commercially available Teflon films that had a nominal thickness 
of 1/8 mil (obtained from Dieiectrix, Inc.).    These electrodes were pre- 
pared in the standard fashion excep* that the film was added in an extra 
pressing operation at the end of the regular procedures.    These electrodes 
were operable at current densit"es ot 500 to 600 ma/cm^ on both hydrogen 
and oxygen. 

In this corncction it is of interest to note that the permeation rates 
shown in Table II were obtained for the film with the mass spectrometer*. 
Because all spectrometer peaks were established rapidly upon placing the 
gases on the high pressure side of the film,  it was concluded that pores 
were present.    Assuming linear relationships,  the tabulated data correspond 
to permeation rates of 0. 073 and 0. 063 cc (STP) pet minute per cm^ of the 
1/8-mil film for hydrogen and oxygen,  respectively, at s pressure differ- 
ential of 1 atm.    The observed currents of about 500 ma/cm^ call for gas 
consumption rates of about 3,4 and 1. 75 cc/min for the hydrogen and 
oxygen.    This would indicate that the film ruptured sufficiently during pro- 
cessing to permit the passage of the additional gas to the catalyst. 

i 

TABLE II 
Permeation Rates for Dielextrix, Inc. 

1/8-mil Teflon Film 

permeation rate, P, in 

Temp 
(0C) 

28 
53 

H: 

cnT  (STP) 
sec 

He 

5. IxlO"8      2. 7xl0~8      4. 4xl0"8 

2.4xl0-7      1.6xl0"7      1.45xl0-7 

mm thickness 
cm& area 

N2 

cm Hg pres. 

Ar SF^ 

6.8xl0"8      2.45xl0"8   
1.3xl0-7      1.2xl0-7      2. SSxlO"8 

* The authors are indebted to Dr.  F. J. Norton for these measurements. 
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While the electrical properties of these electrodes were compar- 
able with the oth . rs,   seepage of electrolyte through the pores was also 
comparable. 

i 
Effect of Operating Conditions on Cell Performance 

Several important operating parameters were varied during the 
course of the work.    In particular,  the effects of the liquid and gas pressure 
heads were considered, as was the effect of the electrolyte concentration. 
In addition, tests were made to determine the need for an external circu- 
lation loop and reservoir. 

Effect of Electrolyte Head - Polarization data were obtained for 
several alkaline cells as the electrolyte heads were varied over the range 
3 to 24 inches above the tops of the electrodes.    During these tests the 
circulating loop to the reservoir was not closed.    Instead,  a "stand-pipe11 

arrangement was used with a thin tube filled with electrolyte serving to 
provide the hydrostatic pressure.    Hydrogen and oxygen gas pressures of 
about 2 to 3 inches of water were used.    The range of pressures covered 
should easily include the highest excess electrolyte pressures which will 
be encountered in practical size cells having electrodes up to 20 inches on 
a side* 

As evidenced by the data in Fig.  9»  increasing the liquid head results 
in little change in the electrical performance of the cell or in that of the 
individual electrodes.    The slightly poorer overall polarization curve obtained 
with the largest liquid head does, however, appear to be real and undoubtedly 
reflects some penetration of the electrolyte into the pores of the electrodes. 
Reduction of the pressures reversed this effect. 

In the small laboratory cells the pressure gradient varies by only 
1 1/2 inches from the top of the electiode to the bottom.    In a practical 
device, with its larger electrodes,  the gradient will vary considerably 
more.    These experiments indicate,  however,  that the electrical performance 
at the different levels will not differ significantly. 

Qualitative observations on seepage of electrolyte thrcugh the 
electrodes were nc -mal; i.e.,  the rates increased with the excess hydraulic 
pressure. 

Effect of Gas Pressure - In looking at the effect of gas pressure on 
cell performance, a range from 1 inch to 22 inches of water was covered. 
The cells were arranged with the electrolyte in a closed loop with a head of 
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2 or 6 inches above the tops of the electrodes^    In these tests a 3/8 inch 
thick spacer was used between the electrodes to minimize the danger of 
bridging the gap should gases bubble into the electrolyte.    The cells, 
therefore,  had a somewhat higher internal resistance than normal.    As 
a result the overall polarization curves obtained with these cells were 
slightly inferior to others in this paper.    It was found that the cells could 
be operated with gas pressures exceeding the hydraulic head of the 
electrolyte by as much as £0 inches of water without bubbling into the 
electrolyte occurring 

Representative polarization data obtained with different gas 
pressures are shown in Fig    10 for an alkaline electrolyte.    Similar re- 
sults were obtained with an acid electrolyte=    These curves show no 
pronounced effects that can be attributed directly to changes in the gas 
pressures.    Indeed,   the data were exceptionally reproducible even at 
the higher current densities. 

At the higher cur-ent densities the temperatures in the cells were 
also high.    For example,  with cell LFC-307 containing 6 M KOH as 
electrolyte at a current density of 580 ma/cm^,  an electrolyte temperature 
of 830C was meae-tred     Under these conditions the anode and cathode 
temperatures were 82° and 880C,   respectively,  and the reservoir measured 
380C,    Similar temperatures were obtained with acidic electrolytes.   At 
such temperatures the partial pressure of water is fairly high,  particularly 
at the water-producing electrode where the electrolyte is diluted.    For 
this reason,  as well as the fact that cell performance ac high current 
densities is sensitive to gas flow rate,  it appears highly likely that steam 
blanketing of the electrodes may occur. 

Effect of the Electrolyte Concentration - As noted in the previous 
section,   some cells operating on hydrogen and oxygen and employing 6 
M KOH or 5 N H2SO4 as the electrolytes have shown evidence of some 
steam blanketing at the electrodes.   In an effort to reduce this effect,  a 
number of cells were run with more concentrated electrolytes over which 
the vapor pressure of water was considerably less. 

When 12 M KOH was used there was,  indeed,   a slight improvement 
in performance at high current densities.    Unfortunately,  however,   because 
of its higher resistivity,   this electrolyte tended to heat more than 6 M KOH 
at corresponding current densities.    In addition,   its highei viscosity resulted 
in less circulation through the external loop and this also contributed to a 
higher temperature in the cell,   e. g. ,   96° vs 830C at a current density of 
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2 580 ma/cm  .    This attempt to reduce the vapor pressure of the water 
was therefore largely self defeating.    In general, however,   12 M KOH 
appeared to be an attractive electrolyte.    In particular,  its higher vis- 
cosity resulted in lower seepage rates through the electrodes than are 
seen with 6 M KOH. 

Attempts to examine the effect of increasing the electrolyte con- 
centration with the acid were unsatisfactory,    Sulfuric acid is less effective 
than potassium hydroxide in reducing the vapor pressure of water,  and 
a 23 N solution is required to accomplish the reduction equivalent to 12 
M KOH.   This concentration of acid proved unsatisfactory.    When it 
heated to a temperature of 60° to 70oC, direct reaction with the hydrogen 
occurred,  and hydrogen sulfide formed and poisoned the fuel electrode. 
A similar behavior was observed with 17 N H^SO^, but in this case when 
tiie temperature reached 80° to 90oC. 

Effect of Electrolyte Circulation - Because an external circulation 
loop such as that used in much of the present work may prove cumbersome 
in the designing of practical cells, it was of interest to determine whether 
this is required for satisfactory operation.    For this purpose an air- 
breathing, acid cell was placed in operation without any external circu- 
lation.   In stead, a small funnel was attached to the top inlet tube on the 
electrolyte chamber, and water - to compensate for evaporation losses - 
was added directly to the cell chamber. 

That adequate mixing of the electrolyte can be achieved in this way 
was clearly attested to by flat operation at 0. 68 volt and 88 ma/cm^ over 
25-hour periods both during operation of the cell in this fashion and during 
operation with a thermal loop when the makeup water was added to the 
reservoir.    Even with larger cells, thermal mixing within the electrolyte 
chamber should be more than adequate to prevent stratification of the 
electrolyte when the water is introduced at the top.    If stratification were 
to occur and a water layer formed at the top, the resistance across that 
layer would be much greater than in the lower acidic region.    The current 
would, therefore, be concentrated at the bottom of the cell and more power 
would be dissipated there than at the top.    The heat so generated would 
therefore be distributed in a way to promote convective mixing and thereby 
destroy concentration gradients within the electrolyte. 

If desired,  however,  makeVip water could be introduced at the bottc .. 
of the cell chamber.   In this case density differences between the makeup water 
and the electrolyte already in the cell would contribute to the mixing. 
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Alternative Electrocatalysrs 

A few exploratory experiments were performed with alternative 
electrocatalysts.    These included silver and activated carbons.   Electrodes 
of both types performed reasonably well with oxygen.    This is shown by 
the data in Fig.   11.    The silver electrode used in cell LFC-264 contained 
approximately 70 mg Silflake-131 (Handy and Harmon) and 7 mg Teflon 
binder/cm  .    It was coated with a surface film containing 2.4 mg Teflon/ 
cm^.    The platinized carbon electrode of cell LFC-282 contained 17 mg 
amorphous carbon containing 10% platinum and 3 mg Teflon binder/cm2. 
It too was coated with a surface film containing 2.4 mg Teflon per cm^. 
The anodes in both of these cells were made with platinum black. 

These data are included merely to indicate the p" .rnise of some 
oi these less expensive materials as practical electrocatalysts.    Actually, 
the carbon-base material has shown even better performance with both 
oxygen and hydrogen in the earlier matrix type cells (8-.    This implies 
strongly that the carton electrode of the present example does not repre- 
sent the optimum in wetting control. 

Performance During Continuous Operation 

Seven cells have been placed on continuous operation at current 
densities of 88,   176, or 263 ma/cm2 for periods of from 5 days to over 
5 months.    The first cell was operated with forced circulation of the 
electrolyte.    All of the remaining units were operated with thermal loops. 

The hydrogen supply was sufficiently pure to permit operation on 
static heads of gas with an occasional short purge (a few seconds) to sweep 
out impurities that slowly accumulated in the fuel electrode's gas chamber. 
Because the imp' rity level of the oxygen was higher, it was necessary 
to continuously v -nt a slow stream of oxygen from the cells; a rate of less 
than 1 cc/min was maintained. 

Graduated traps in the ver.t lines permitted the collection of liquid 
that accumulated in the gas chambers.    This included seepage as well as 
water which distilled from the electrodes to the faceplates uf the cells.   All 
was recycled back to the reservoirs.    To minimize seepage,  electrolyte 
heads were held to about 1 inch above the tops of the electrodes. 

During air operation with a fully exposed electrode, more water 
was evaporated than was produced in the cell reaction.    In such cases 
makeup water was added periodically to the reservoir. 

13- 



During operation on oxygen the water fcrmed in the cell reaction 
gradually diluted the electrolyte so that periodic replacement was re- 
quired.    The need for replacement was generally indicated by a decline 
in cell performancei the response of the cell to fresh electrolyte was 
immediate.    During early tests about 80 cc of electrolyte were used in 
charging a system.    Later this was increased to about 250 cc in order 
to extend the periods between replacements. 

Some representative performance data are summarized in Fig. 
12 through 15.    Shown are cell voltages ou load as well as polarization 
curves obtained after various periods of operation.    No cell failures 
occurred during these tests apart from leaks which developed in cell 
housings. 

Cell LiFC-260 was one of the first ceLs to be assembled.    Its 
electrodes are reinforced with 80-mesh,  3-m.il wire, platinum screens 
having narrow tabs.    As a result its internal resistance was high»  0. 12 
ohm» and a drop of about 0,15 volt occurred in the tabs themselves at 
the operating current of 2 amperes (176 ma/cm^).    Nevertheless,  this 
acid cell gave excellent performance on hydrogen and air for over '60 
days as attested to by the data in Figs.   12 and 13. 

A word is in order about the performance of this cell during the 
first 52 days.    During this period silicone rubber gaskets were used on 
the cell.    Gradual attack from the acid produced silica which accumu- 
lated in the pores of the electrodes.    On the 52nd day the cell was dis- 
assembled and the electrodes were leached with warm sodium hydroxide. 
After reassembly with poly(ethylene-butene) copolymer gaskets,  the cell 
performed excellently for over 110 additional days. 

Cell LFC-269 contained the same electrodes as provided the data 
in Fig,  5.    They were reinforced with 40-mesh,  4, 5-mil wire,  rolled 
nickel screens having wide tabs.    This alkaline cell had a considerably 
lower resistance than LiFC-260,  i, e. , 0,06 ohm.    It was operated on 
hydrogen and oxygen for over 140 days at the current densities indicated 
in Fig,   14,    During the first 19 days a small reservoir charged with 80 
milliliters of electrolyte was used.    This was subsequently charged to 
a larger reservoir with charges of about 250 milliliters of fresh electrolyte^ 
although the amount was reduced again upon switching to 12 M KOH.    In 
general, the performance of this cell was excellent,  and as shown by 
the polarization data in Pig.   15 there was no decline in its ability tc handle 
overloads. 
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SUMMARY AND CONCLUSIONS 

The structure of Conducting-Porous-Teflon electrodes has been 
improved with regard to strength,  conductivity, and wetting character- 
istics.    In their new form these very thin electrodes (5 to 10 mils thick) 
may be employed with aqueous eJec'crolytes without the need for the 
matrix-type support previously used.    The result is a fuel cell having 
excellent performance characteristics.    These include an ability to operate 
on air at practical current densities of 100-200 ma/cm^.   In other work 
the new electrodes have also been shown to have excellent performance 
characteristics with hydrocarbon fuels and with methanol. 

The new cells may be operated with the electrolyte circulated 
through an external loop by thermal pumping, or the electrolyte may 
be used without such circulation. 

A number of cells have been operated continuously for periods 
of months with encouraging results.    One of our first hydrogen-oxygen 
cells was operated with an acid electrolyte and air as oxidant at a 
current density of 176 ma/cm^ for over 5 months.   A similar alkaline 
cell,  was operated on hydrogen and oxygen at current densities of 263 
and 88 ma/cm^ for a similar period. 
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Fig.   2.    Photomicrograph of a Sectioned Electrode Showing the 

-Surface Film on One Side.    (Electrode No.   375.    Body: 

2    — 34 mg Pt black,   3. 1 mg Teflon/cm   ; Film:    2. 4 mg 

Teflon/cm  ; Nickel screen 40-me8h; 4.5 mil wire.)   500x 
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Fig.   3.    Electron Micrograph of Microtomed Section of an Electrode 

Showing Surface Film.    (Electrode No.   375.)   10, OOOx 
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