ENERGY RESEARCH CORP DANBURY CONN F/6 10/2
NEW MATERIALS FOR FLUOROSULFONIC ACID ELECTROLYTE FUEL CELLS.(U)

JUN 77 M GEORGE:» S JANUSZKIEWICZ DAAKD?-?S'C-OOIS
UNCLASSIFIED ERC=0123~F

" AD=AO44 414

END
Filuep
\O 77




N

o N P

= ol =

¢ L

P
—_——
—_—
—_—
p———

L

ol s s




e S RN

ERC-0123-F
=i
qf‘ NEW MATERIALS FOR FLUOROSULFONIC ACID
< ELECTROLYTE FUEL CELLS
- FINAL TECHNICAL REPORT
o
=< JUNE 1977

by

Michael George

Stanley Januszkiewicz

US ARMY MOBILITY EQUIPMENT
RESEARCH & DEVELOPMENT COMMAND
Fort Belvoir, VA 22060

Contract No. DAAK02-75-C-0045

Project No. 167627087AH267

This document has been approved for public

release and sale; its distribution is unlimited

ENERGY RESEARCH CORPORATION

3 Great Pasture Road

Danbury, Connecticut 06810

s W0,
DOC FiLe copy




NOTICES

Disclaimers

The findings in this report are not to be construed as an official
Department of the Army position, unless so designated by other
authorized documents.

The citation of trade names and names of manufacturers in this
report is not to be construed as official Government indorsement
or approval of commercial products or services referenced herein.

Disposition

Destroy this report when it is no longer needed. Do not return it
to the originator.
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1. INTRODUCTION

This is the final report for Contract No. DAAK(02-75-C-0045
entitled New Materials for Fluorosulfonic Acid Electrolyte Fuel
Cells. The initial objective of this contract was to develop new
fuel cell materials or adapt existing fuel cell components for use
with the monohydrate of trifluoromethanesulfonic acid as the elec~-
trolyte. During the initial first half of this contract it was
shown that the TFMSA monohydrate had certain volatility, wetting
and conductivity characteristics which appeared to limit its ap-
plication in a practical fuel cell. Subsequently, emphasis was
placed upon the evaluation of aqueous solutions of TFMSA as an
electrolyte for low temperature fuel cells. The change to the
aqueous electrolyte considerably reduced much of the diffusional
and ionic polarization losses associated with TFMSA monohydrate
fuel cell. 1In conjunction with the aqueous TFMSA study, tungsten
carbide was evaluated as a possible low temperature hydrogen oxi-
dation electrocatalyst. Efforts were also directed at developing
an inorganic type fuel cell matrix comprised of silicon carbide to
insure long term stability with the corrosive trifluoromethanesul-
fonic acid.

2. TRIFLUOROMETHANESULFONIC ACID MONOHYDRATE
2.1 Background

Direct oxidation hydrocarbon air fuel cells utilizing common
electrolytes such as phosphoric and sulfuric acid have been exam-
ined by many investigators over the past decade. Much of the re-
search was centered on improving electrocatalysts to enhance the
kinetics for the hydrocarbon oxidation reaction. The approach was
never completely successful in a practical fuel cell as large
losses occurred due to the slowness of the direct hydrocarbon re-
action. 1In recent years emphasis has been placed upon the use of
improved electrolytes to enhance the direct hydrocarbon oxidation
reaction. Studies on the use of alternate electrolytes revealed a
promis}ng family of new electrolytes, the perfluoroalkane sulfonic
acids.

Subsequent investigation of the use of the monohydrate of
trifluoromethanesulfonic acid for the direct oxidation of propane
showed considerable improvement over phosphoric acid.’ The limit-
ing current density for the propane oxidation in TFMSA monohydrate
was a factor of 15 greater than for H;3;PO,. Subsequent studies
also indicated that the TFMSA monohydrate enhanced the electrooxi-
dation of both pure and impure hydrogen as well as the electrore-
duction of air.(2:*,5) The studies on the air electrode indicates
that the open circuit potential utilizing TFMSA monohydrate was
150 mV closer to the thermodynamic reversible oxygen potential
than was the potential using phosphoric acid. Enhanced perfor-
mance was also noticed for the same air electrode in TFMSA monohy-
drate at all operating current densities. The studies involved
smooth platinum electrodes rather than porous fuel cell type elec-
trodes, thus current densities were very low.




2.2 Acid Properties and Preparation

Trifluoromethanesulfonic acid (TFMSA) commonly referred to
as triflic acid or trimsylate acid (3M Company) can be described
as a hygroscopic and stable liquid that shows resistance to ther-
mal decomposition and hydrolysis.® 1In addition, it has been shown
to be the strongest monoprotic acid known.’ The boiling point of
TFMSA is only 162°C which makes high temperature fuel cell use
problematic. Mixture of the TFMSA with an equal molar amount of
water can produce a less volatile product, trifluoromethanesul-
fonic acid monohydrate.

The TFMSA monohydrate evaluated under this contract was pre-
pared by the method of Gramsted and Haszeldine.® This technique
utilizes successive distillations until a final product is col-
lected at 217°C. The monohydrate was a white needle like crystal-
line mass with a melting point of 33 to 34°C. These distillations
were conducted in all glass apparatus with polytetrafluoroethylene
strips acting as boiling chips and polytrifluorochloroethylene
grease to seal ground glass joints.

Available data on the volatility of TFMSA monohydrate sug-
gests that acid loss from fuel cells operating at moderate temper-
atures should be minimal. It was determined that the vapor pres-
sure of the monohydrate was only approximately 2 torr at 100°C.°®

Trifluoromethanesulfonic acid was known to be very corrosive
to all organic materials except for the fluorocarbons. A series
of immersion tests at 121°C of various materials in the acid mono-
hydrate also indicated that the monohydrate would severely attack
organics such as polyethylene, polysulfone, and phenol-formalde-
hyde (Kynol). Fluorocarbons such as polytetrafluoroethylene and
polyvinylidene fluoride showed no weight loss but were readily
wetted by the monohydrate. This phenomena had previously been ob-
served by Ackerman and Stuenenberg when PTFE bonded fuel acid
electrodes were flooded by the TFMSA monohydrate. ! Inorganic ma-
terials such as tantalum oxide and boron nitride were corrosion
tested and appeared to be impervious to monohydrate. Although
graphite composite structures tended to discolor the TFMSA mono-
hydrate, there was little evidence of any major attack. Metals
such as tantalum and gold also appeared to be stable.

2.3 Technical Approach

The general objective for this program was to develop new
components or adapt existing components for use with the tri-
fluoromethanesulfonic acid monohydrate. The monohydrate was
viewed as a possible replacement for phosphoric acid for both di-
rect and indirect hydrocarbon fuel cells operating at 135°C and
above. Major emphasis was to be placed upon both electrode and
matrix development during this phase. It was recognized that the
electrode structure would present a major challenge since conven-
tional acid fuel cell electrodes with PTFE binders would readily
flood with the TFMSA monohydrate. Available for evaluation in the




monohydrate electrolyte at the outset were components developed

for the phosphoric acid fuel cell. This included PTFE bonded
platinum black electrodes and a variety of fuel cell matrices in-
cluding Kynol, quartz, and tantalum oxide. Electrodes containing

5 mg/cm? Pt black were selected for initial evaluation. Higher Pt
loadings of from 20 to 50 mg/cm? would probably be beneficial but
were thought to be unrealistic at the time in view of the fact

that phosphoric acid cells were being operated stably with loadings
as low as .25 mg/cm? Pt.

No effort was expended in evaluating direct hydrocarbon fuel
cells during this contract. It was thought necessary to develop
an electrode structure that could be either made hydrophobic to
the TFMSA monohydrate or could tolerate flooding to a certain de-
gree. Since fuel cell performance of the monohydrate fuel cell
would probably be controlled mainly by the relative gas diffusion
rates to the air cathode, it was considered beneficial to limit
losses at the anode by operating only on pure hydrogen.

In order to circumvent the obvious flooding tendencies of
the relatively thin PTFE bonded Pt black electrodes, a pressure
compensation system was utilized. The reactant gases; air at the
cathode and hydrogen at the anode were pressurized in order to
force electrolyte out of a portion of macropores of the electrode
structure. Pressurization was obtained by simply placing a gage
and valve on the exit line for each gas. By careful adjustment of
the exit valve and gas regulators on the bottled gas supplies each
side of the fuel cell could be pressurized to 30 psi. The pres-
sure compensation approach although questionable for fuel cells
operating for long durations was hoped to give some insight of the
potential of TFMSA monohydrate with porous electrodes.

Initial cell builds with the monohydrate contained 6.5 square
centimeter electrodes. The 5 mg/cm? Pt loaded - 25% PTFE catalyst
layers were mounted on gold plated tantalum screen current collec-
tors. Additional tantalum screens were placed behind both elec-
trodes to serve as a gas diffusion path between the electrode and
a flat tantalum plate serving as the cell housing. Viton gaskets
were utilized to seal the cell. The pressurization technique was
initially utilized with cells containing Kynol and quartz matrices
at temperatures in the range of 107°C to 121°C. Cell instability
was very evident as it was difficult to maintain an acceptable
open circuit voltage. Attack of the matrix was suspect on both
cases which resulted in cross leakage of the two gases. Another
problem area noticed during these preliminary tests was the evolu-
tion of thick white fumes emanating from both gas exit lines from
the cells. Electrolyte volatility was under suspect at this time.

During subsequent testing some cell polarization data was
obtained when cell operating temperatures were reduced. Figures
1 and 2 show respectively the data obtained for hydrogen-air cells
with Kynol and quartz matrices. The results in general were very
poor but some correlation between cell performance and pressure
was noted. Analysis of the cell data indicated a much higher cell




LWO/YWw XLISNIA INIJIND
9'E cT

ee]
ol

ISds8

- //
2384 4T - ISd8 ™
N
B /o
~ ~_

dOVLTOA

TIID “WO FUVNOS S°9
U506 IONVISISIY TIID

OoTL FUNIVYIAWAL

TONAY XI¥IVW

MOVIE Id ,Wwo/bw ¢ SIAONIOITI
YIV NIDO¥AZH

ZONVWIOJYEd TIID TINd TILVIAXHONOW VYSWJAL

T J4NOI1Id




LUO/Yw XLISNAA INIJHND

ov (43 ve 91

I i | I

ISd0oT

Isds ISsds-z

ISdST
(3383 ¥UT1)
ISdST LY

1130 *WO FWYNOS S°9
ULZ° FONVISISIY TTAD
D0L0T TWNILVIIIWIL
Z1¥YN0 XIWIWW

Id ,wd/bw ¢ SIAOULOATI
dIV NEOOYAAH

IONVINOJYEd TTIdD TINd TILVIAXHONOW ¥SWAL

¢ I¥NdId

oz~

dOVLIOA




resistance than expected. Even on an 1R free basis as shown in
Figures 1 and 2, the cell polarization had an extremely steep
slope indicative of flooded electrodes.

A positive aspect of the initial cell builds was the pres-
ence of open circuit voltages between 1.0 and 1.1 volts which is
generally higher than for hydrogen-air fuel cells with phosphoric
acid electrolyte. The problems with matrix instability and flood-
ed electrodes was expected but unexpected was the evidence of
electrolyte volatility and possible poor electrolyte conductivity.
Subsequent efforts were directed at understanding the nature of
fuming from the monohydrate cells. In addition, matrix develop-
ment was emphasized. No obvious solution was available at the
time of how to prepare an electrode structure that was hydrophobic
with the TFMSA monohydrate.

Other investigators had reported no apparent loss of TFMSA
monohydrate placed in a flask within an oven maintained at 135°C
_over durations of several weeks.!! This was contrary to our ob-
servations in actual fuel cells where thick fumes were noticed in
exit gas lines generally at about 90°C. Fuming occurred initially
and usually in greater quantities at the air side of the fuel cell.
It was originally thought that the monohydrate had been distilled
improperly. Numerous attempts were made to improve the process
including use of very clean distillation apparatus, elimination of
grease about the ground glass joints, reduction in the rate of dis-
tillation and very selective choice of the final distillate. The
product always distilled in a range of 216 to 217°C and crystal-
lized at room temperature. Deviations in the distillation process
had no influence on the tendency of the fuel cells to fume.

In another experiment at 120°C known amounts of various
gases were bubbled through TFMSA monohydrate. When dry gases were
utilized such as helium there was no tendency to produce fumes.
However, when wet gases were passed, fogs were produced. It was
concluded that TFMSA monohydrate vapor in the presence of water
will produce thick white fumes. Also shown was that TFMSA loss
was a function of gas flow rate. It was concluded that a definite
temperature limitation did exist for TFMSA monohydrate fuel cells.

Considerable effort was spent on developing a matrix struc-
ture that was compatible with the acid monohydrate. Candidate ma-
terials included two inorganic materials, tantalum oxide and boron
nitride, as well as PTFE. All three materials appeared to be
stable in the monohydrate during immersion tests.

A composite film containing 75 weight percent Ta,0s and 25
weight percent PTFE was prepared by a calendering operation simi-
lar in nature to the ERC electrode fabrication process. The ex-
perimental matrix with a porosity of about 41 per cent was pre-
pared from a particulate Ta,0s, thus the resulting film was some-
what nonrigid and difficult to handle. Some encouraging fuel cell
performances were obtained with this matrix with Pt black elec-
trodes in small cells. As shown in Figure 3, current densities of
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70 mA/cm? were obtained at high pressures with the pressure com-
pensation technique. At 25 psi operating pressure an IR free cell
voltage of .90 was obtained at about 16 maA/cm?. Comparison of
this data with published data for 5 mg/cm? Pt black air electrodes
in 85 percent phosphoric acid at 120°C was favorable for the TFMSA
monohydrate. Vogel and Lundquist from half cell measurements re-
ported a value of .90 volts cathode potential on air at a current
density of 5 mih/cm?.'? These promising results of the possible
enhancement of the electroreduction of air in TFMSA monohydrate
could not be duplicated however. Part of the difficulty was at-
tributed to the poor physical quality and suspected low bubble
pressure of the tantalum oxide matrix. Many cells exhibited gas
crossover before meaningful data could be obtained in the pressur-
ized fuel cell.

Boron nitride appeared to be initially attractive for use
with TFMSA monohydrate as it was available in fibrous form. The
very small fibers were believed to be capable of exerting good
capillary attraction for the electrolyte. Composite structures of
50 percent boron nitride and 50 percent PTFE were prepared by a
conventional paper making process. Matrices were obtained with
porosities of 60 to 65 percent. Efforts to build cells with the
boron nitride composite matrix were disappointing as current den-
sities of only 40 mA/cm’ were obtained. The matrix appeared to
have nonuniform wetting behavior with the monohydrate and the boron
nitride fibers lacked adequate structural integrity.

PTFE films appeared to be possibly the ideal matrix material
for use with the TFMSA monohydrate. Some commercially available
PTFE films of various porosities were evaluated and found difficult
to uniformly wet. An experimental PTFE matrix was prepared by a
calendering operation from an admixture of a dry PTFE powder and a
fine leachable filler such as zinc oxide. Subsequent removal of
the filler by acid treatment produced a porous PTFE film approach-
ing 70 percent porosity. A cell built with the experimental PTFE
matrix is shown in Figure 4. Current densities approaching
100 mA/cm? were obtained at an operating pressure of 30 psi. Al-
though the current producing capability of this cell was better
than previous cells, the high performance levels at the low current
density regions were not duplicated. A possible explanation for
this effect was the presence of some slight cross gas leakage which
made the cell slightly unstable.

Several other approaches were evaluated in an effort to im-
prove cell performance. These included use of alternate binders
within the catalyst layer, increasing of the Pt content of the
electrode, and use of an electrolyte reservoir to compensate for
possible electrolyte loss. The use of polyphosphazenes as an al-
ternate to PTFE as a binder in fuel cell electrodes was investiga-
ted. Polyphosphazenes had shown in preliminary laboratory tests
to be impervious to the corrosive nature of the TFMSA monohydrate
and to show less tendency to wet with monohydrate than PTFE. The
inorganic polymer phosphazenes of the general formula
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| R n are
generally in elastomeric form.!® A thermoplastic polyphosphazene
prepared by the U. S. Army Materials and Mechanics Research Center
with the formula

l(cF;CH,0.) . PN, .

appearcd to be easier to adapt for use in fuel cell electrodes.
Attempts to fabricate fuel cell catalyst-layers with the fluorin-
ated phosphazene by standard electrode fabrication procedures
were unsuccessful due to failure to bond the Pt and phosphazene
together. Addition of small amounts of PTFE alleviated the bond-
ing problem. Electrodes prepared by this technigue were cured at
160°C. During several attempts to operate cells with 5 mg/cm?

Pt - 35% phosphazene electrodes, nho evidence was present to indi-
cate any improved resistance to flooding with the new binder.
This approach was subsequently terminated.

Increased noble metal loading of Pt black electrodes was
also investigated. Electrodes containing 10 mg/cm? Pt were tested
in PTFE matrix cells with no improvement noticed in overall cell
voltages. It was rationalized that all platinum which is cataly-
tically active by virtue of being wetted by the electrolyte is
probably surrounded by pores which are equally wetted. If plati-
num black and PTFE have similar tendencies to be wetted by the
acid monohydrate, the catalyst layer probably consists of flooded
areas next to the matrix and dry areas on the gas side.

All cells described previously contained limited electrolyte.

All TFMSA monohydrate in the cell was initially added to the ma-
trix prior to cell assembly. The cells were marked with somewhat
high and inconsistent values of cell resistance. 1In addition, the
cells had limited life before cross gas leakage would occur. Cell
performance was definitely being affected by cell dryout. Several
attempts were made to build TFMSA monohydrate cells containing an
electrolyte reservoir. The pooling concept was utilized in con-
junction with 25 square centimoter electrodes contained within
either stainless steel or graphite hardware. A slot was machined
in one side of the cell hardware to hold additional electrolyte.
The slot was in intimate contact with the cell matrix which ex-
tended beyond the electrodes. The performance of a typical cell
using the pooling concept is plotted in Figure 5. Although the
cell exhibited more inherent stability as evidenced by more con-
sistent open circuit voltages and longer life, the excess electro-
lyte also tended to aggravate the flooding conditions within the
electrode structures. It appeared that cell pressurization had
less effect on performance than cells with limited electrolyte.

During the course of this evaluation of TFMSA monohydrate

10
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fuel cells at ERC, considerable progress was made in developing
supported catalyst type electrodes for use in phosphoric acid fuel
cells. This included both use of platinum supported on carbon
black and platinum doped Kocite electrodes.'* Supported catalyst
layers with PTFE binders would also be susceptible to excessive
wetting with the TFMSA monohydrate. Since the supported Pt was of
a less dense nature in comparison to Pt black, it did appear more
probably that a supported catalyst layer could be fabricated that
would be more tolerant to flooding than Pt black layers. Supported
catalysts were prepared by impregnating a commercially available
carbon black with 10 weight percent of platinum. Fuel cell elec-
trodes werc fabricated with 50 weight percent PTFE by the standard
ERC calendering process. A .040 inch thick layer containing

20 mg/cnm’® total catalyst loading (2 mg/cm? Pt) could be prepared by
utilizing certain process deviations that resulted in essentially

a less dense layer with increased macroporosity.

Initial attempts to operate supported catalyst electrodes
with the pressure compensation technique and PTFE matrices led to
some problems in wetting the active Pt within the catalyst layer.
It was decided to test the experimental electrodes using more con-
ventional test procedures. Kynol was again tried as a fuel cell
matrix because it structurally was better than the experimental
PTFE film. Kynol was judged acceptable with the monohydrate as
long as temperatures were less than 90°C. Electrolyte was limited
to only that necessary to saturate the matrix during cell assembly.
Under these test conditions at 79°C it was possible to operate
TFMSA monohydrate cells that were not drastically affected by dif-
fusional losses. A typical performance curve for 25 cm? electrodes
in graphite hardware is shown in Figure 6. The value for cell re-
sistance of .050 ohms compares unfavorably to identically asscmbled
cells containing phosphoric acid at 149°C (.020 ohms) and 50% TFMSA
at 23°C (.016 ohms). Conductivity measurements of the monohydrate
showed it to be considerably less conductive than aqueous TFMSA.
Approximate values of .01 ohm ~‘cm™', .23 ohm ~'em™', and .40 ohm
-lcm-! were obtained respectively for the monohydrate, 50% TFMSA,
and 20% TFMSA.

In addition to the large ohmic losses associated with the
monohydrate, the diffusional losses as shown in Figure 6 become
evident when cell performance is plotted on an 1R free basis. The
1R-free performance on oxygen beyond the activation polarization
controlled region shows no tendency to level off. This behavior
is typical of a flooded electrode structure resulting in poor gas
diffusion to the electrocatalyst. Typical oxygen gains for the
porous Pt on carbon electrodes at 100 mA/cm? with the monohydrate
were about 140 mV, nearly twice the value for typical phosphoric
and aqueous TFMSA cells.

In subsequent studies it was not possible to reduce the large
ohmic or diffusional polarizations of TFMSA monohydrate cells. It
was possible, however, to improve cell performance by replacing the
Kynol matrix with another experimental inorganic type containing

12
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silicon carbide. Details of the matrix are described in a pre-
vious interim report.!® A performance curve for the improved
level is shown in Figure 7. leasons for the better performance
with the silicon carbide matrix are not clear. Possibilities in-
clude increased utilization of the active Pt catalyst because of
better matrix -~ electrode conformity within the cell.

3.0 AQUEOUS TRIFLUOROMETHANESULFONIC ACID
F. kL Background

At the approximate midpoint of this contract, work was ini-
tiated on evaluating aqueous solutions of TFMSA as electrolytes
for matrix type fuel cells. A shift in emphasis from the TFMSA
monochydrate to aqueous TFMSA was warranted. Even with the re-
duced volatility of the monohydrate in comparison to either the
anhydrous acid or dilute acid, fuel cell operation above about
90°C was not possible without some signs of loss of electrolyte.
In addition, it probably would be very difficult to maintain the
electrolyte composition at exactly the azeotropic composition
since matrix fuel cells have small electrolyte inventories which
can be affected by water produced by cell operation.

Aqueous TFMSA appeared to be attractive because it elimin-
ated the severe problem relating to the wettability of PTFE by
the TFMSA monohydrate. It was also noticed during preliminary
low temperature tests with agucous TrLHSA that electrolyte conduc
tivity was considerably enhanced. A fuel cell performance curve
using a 50 percent by volume solution of TFMSZA in water is pre-
sented in Figure 8. It was concluded from these initial tests
that electrode flooding was not occuring since oxygen gain values
appeared to be equivalent to Pt black electrodes operating in
phosphoric acid. A 2 mg/cm’ Pt black electrode in phosphoric
acid does typically give 80 mV difference between air and oxygen
performance at 100 mA/cm? when not severely affected by floceding
or other diffusional losses. The aqueous TFMSA tests were sus-
ceptible to cross gas leakage, thus limiting life, because of the
poor integrity of the guartz matrix. The potential of the dilute
TFMSA as a fuel cell clectrolyte, however, had been shown.

3.2 Preparation and Properties

Aqueous solutions of TFMSA in water were prepared by dilu-
ting the as received anhydrous acid. For simplicity, solutions
were prepared on a volumetric basis thus a 50 percent solution
refers to a mixture of equal volumes of TFMSA and water. Signif-
icant heat of dilution did occur on mixing and some volume attri-
tion occurred. Since fuel cell performance would be significant-
ly affected by electrolyte resistivity, conductivity measurements
using a standard conductivity cell were made of various dilutions.
The results as presented in Table I indicate that maximum conduc-
tivity occurs between 20 and 30 percent TFMSA at 23°C. For a
point of reference an 85 per cent TFMSA solution which is ap-
proaching the monohydrate composition had a conductivity of only
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TFMSA

70
60
50
40
30
20

10

IN KCL

TABLE I

CONDUCTIVITY of

TFMSA

ROOM TEMPERATURE

Measured
Resistance,

21.2

10.41

17

Ohms

Conductivity
mhos/cm

0.051
0.130
0.227
0.332
0.400
0.405
0.304
0.187

0.10439




approximately .01l mhos/cm.

3.3 Technical Approach

Evaluation of aqueous TFMSA fuel cells generally was con-
ducted with fuel cell components and test techniques utilized in
phosphoric acid fuel cells. This included use of 2 mg/cm’ Pt
black catalyst layers bonded with 25 percent PTFE and mounted upon
a porous graphite paper substrate. Matrices evaluated included
Kynol, glass fiber, and an experimental composite structure of
silicon carbide and PTFE. Molded resin bonded graphite structures
developed for phosphoric acid cells were judged acceptable for use
as test plates to hold the 25 square centimeter electrodes to be
evaluated.

Some differences, however, did exist between aqueous TFMSA
and phosphoric acid cells. 1In particular, aqueous TFMSA cells
were restricted to low temperatures generally in the range of 25
to 70°C while phosphoric acid cells can be operated at tempera-
tures approaching 200°C. Ancther difference between the two elec-
trolytes relates to the viscosity. Phosphoric acid being a rela-
tively viscous liguid can actually aid in sealing cells. Dilute
TFMSA has a much lower viscosity approaching that of water, thus
there is a tendency for electrolyte to leak from test cells.

Emphasis was initially placed upon determining the optimum
matrix structure for use with dilute TFHMSA electrolyte cells.
Candidate matrices included Kynol, Reeve Angel glass fiber paper,
and an experimental composite structure developed under this con-
tract consisting of a fibrous silicon carbide (Silag, Inc.) and
PTFE. Some difficulty was initially experienced in starting cells
at room temperature. It was suspected that some resistance to
wetting of the active catalyst was occurring. This could be over-
come by heating the cells overnight at 70°C with gases flowing.

In some cases it was necessary to reverse the gas flow to the two
electrodes within the cell to properly wet the hydrogen anode
which had a tendency to wet slower than an air cathode.

Figure 9 shows a representative fuel cell performance curve
for each of the three matrices operating on both hydrogen air and
hydrogen-oxygen. The higher performance levels shown by the glass
fiber and silicon carbide matrices is probably due to better ma-
trix to electrode conformity within the cell. All three matrices
had about the same thickness (.017 to .020") and attempts were
made to compress each matrix to the same degree. Some slight dif-
ferences in resistance was noticed for all three cells. An ap-
proximate value of .016 ohms, .013 ohms, and .012 ohms was deter-
mined for the Kynol, SiC, and glass fiber cells respectively.

The glass fiber matrix was selected to evaluate the effects
of electrolyte composition and temperature upon initial cell per-
formance. A series of cells were assembled containing 25, 37.5,
50, and 60 volume percent TFMSA. The cells were operated at both
room temperature and 70°C.
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Attempts were made to gather data rapidly so that test re-
sults would not be severely influenced by possible dilution af-
fects. A summary of initial cell performances is presented in
Figures 10 and 11l. The best overall concentration was 37.5%
although no clearcut relationship between concentration and per-
formance was shown. Also evident at room temperature was a pos-
sible flooding tendency with the 60% electrolyte as indicated by
the magnitude of the 0, gains.

Although dilute TFMSA showed excellent potential as a low
temperature fuel cell electrolyte, endurance testing did present
some problems. Adeguate water removal from continually operating

cells would be difficult especially at room temperature. Initial
attenpts were directed at operating cells with initial concentra-
tions of 25 and 50% TFMSA at 70°C. Hydrogen-air cells containing
silicon carbide matrices were operated at a current density of
100 ma/cm?. Stable performance at this temperature was not pos-
sible for either of the concentrations investigated. Initial de-
cay rates of about .3 mV/hour were experienced for the first 125
to 200 hours with a subseguent higher decay rate approaching

1 mV/hour thereafter. Initial cell performance could be restored
by flowing air over the cell anode. This suggested that some poi-
soning species was being oxidized at the anode surface. The ef-
fluent hydrogen gas from the anode did not smell of hydrogen sul-
fide nor did the effluent gas tend to precipitate an insoluble
metallic sulfide. A similar test with sulfuric acid did result
in hydrogen sultide being formed as a reduction product at the
hydrogen anode. Although the stability of aqueous TFMSA at 70°C
was in question, it appeared to be a different mechanism than
commonly experienced with sulfuric acid electrolytes. Other in-
vestigators have recently postulated the formation of sulfur from
aqueous TFMSA at temperatures in excess of 60°C.!® Similar cells
described above were also endurance tested at essentially room
temperature. Cell performance as a function of time is presented
in Figure 12 for the 25% TFMSA and Figure 13 for the 50% TFMSA.
In order to operate the cells continuously, it was necessary to
make daily additions of electrolyte to a reservoir in contact with
the cell matrix. Air flow to the cell was about at the six
stoichiometric rate, thus the water removal from the cell was gen-
erally insufficient. The electrolyte did tend to dilute and leak
from the bottom of the cell around the gasketing material. Ap-
proximate lifetimes of 1100 hours for the 25% and 2500 hours for
the 50% electrolyte were exhibited before severe decay occurred.
Eventual cell failure was not due to an anode poisoning effect as
was experienced at 70°C but appeared to be related to a diffusion
effect caused by the relatively wet conditions within the cell.

Since an endurance capability of 2500 hours had been shown,
aqueous TFMSA did appear to be a viable electrolyte for use in
low temperature acid fuel cells. The water rejection problem from
cells did complicate evaluation of the various cell components.
In an effort to control the water balance within the cell, special
cell hardware utilizing an "O" ring seal was built to prevent
electrolyte leakage from cells. A schematic of the cell hardware
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CELL VOLTAGE
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is shown in Figure 14. The design allowed some exccss electrolyte
to be added to the cell initially but no provisions were made to
allow continual addition of electrolyte as the cell operated.

A series of cells containing 25%, 37.5%, 50%, and 60% TFMSA
were assembled with glass fiber matrices and Pt black electrodes
utilizing the new design hardware. Air flows to the cells were
increased to about the 25 stoichiometric rate to remove water.
Difficulties were encountered in operating the 25% electrolyte
cells for more than several hours due to a tendency for gas cross-
over to occur. The difficulty is believed associated with the
poor electrolyte retention properties of the matrix with the 25%
acid.

The endurance data for the more concentrated electrolyte
cells operating on air at 100 mA/cm? and room temperature are pre-
sented in Figures 15, 16, and 17. During the course of testing
absolutely no changes were made in the operating conditions of the
cell unless noted in the endurance plot. No electrolyte was ever
added to the cell nor was the load ever removed from the cell un-
less performance test was indicated. 1In most cases when the cell
was allowed to operate continually under load a gradual loss of
performance did occur. Initial performance could be restored how-
ever, by merely running a polarization test on both air and oxy-
gen. A possible explanation for this phenomena might be related
to the very high flow rates to the air cathode. A drying out ef-
fect could be occurring within the cathode structure which results
in under utilization of the Pt catalyst.

The 37.5% TFMSA cell shown in Figure 15 did develop cross
over problems at about 700 hours. Reduction of the air flow to
about the 15 stoichiometric rate helped eliminate this tendency.
Figure 16 shows that for a 50% TFMSA electrolyte fuel cell, an en-
durance capability of 2000 hours was demonstrated without the ne-
cessity of periodic electrolyte replenishment. All cell decay was
of a reversible nature, probably related to percentage of catalyst
utilization. Figure 17 for the 60% concentration shows a tendency
for performance to improve with time. Initial performance was
generally lower than for the more dilute concentrations indicating
that diffusional and ionic resistance losses could have been
greater. As the cell was operated, however, further dilution of
the electrolyte probably was occurring. A noticeable drop in the
cathode oxygen gain of 100 mV was noted between initial startup
and 600 hours. A change in the wetting characteristics of the
agueous TFMSA upon PTFE could have been occurring. The cell per-
formance at the 600 hour point is presented in Figure 18.

It must be pointed out that the cell terminal voltages ex-
hibited by aqueous TFMSA cells at ambient temperatures were not
as inherently stable as phosphoric acid cells operating at high
temperatures. Fluctuations did occur on a daily basis, possibly
due to slight changes in temperature or different degrees of cat-
alyst utilization.
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A limited effort during this contract was spent on evalua-
ting supported catalyst type cathodes in conjunction with agueous
TFMSA electrolytes. The electrodes were prepared from a 10% Pt
on carbon black catalyst and contained 50 weight percent PTFE.
Figure 19 shows polarization results from several cell builds
with various supported catalyst cathodes tested versus Pt black
anodes with both Kynol and glass fiber matrices. The initial re-
sults as shown tend to indicate some diffusion problems with sup-
ported catalyst cathodes. Rapid decay believed to be the result
of flooding generally occurred during endurance testing. Stabil-
ity was improved by increasing electrode PTFE content to 60 per-

. cent but clearly more work is necessary to optimize a supported

catalyst electrode structure compatible with the aqueous TFMSA.
4.0 TUNGSTEN CARBIDE
One of the purposes of this program was to explore the pos-

sibilities of using tungsten carbide as a hydrogen oxidation cat-
alyst with agueous TFMSA fuel cells. The investigation of tungsten

. carbide was believed warranted because other catalysts such as Pt

black or noble metal alloys are severely poisoned by carbon mon-
oxide especially at the low temperatures of interest under this
program. A fuel cell grade tungsten carbide (Ultramicron) pre-
pared by H. C. Starck with a nominal surface area of 8 sq meter
per gram was the primary catalyst evaluated. Catalyst layers were
prepared by a calendering process utilizin? (10-15%) PTFE as a
binder. For catalyst loadings of 80 mg/cm® WC or less, it was
possible to utilize graphite paper as a substrate. An expanded
tantalum screen was used as the support for WC loadings in excess
of 80 mg/cm?.

Testing of tungsten carbide anodes was conducted versus
standard 2 mg/cm? Pt black cathodes. Cell evaluation was conduc-
ted with pooling type molded graphite hardware containing 25 cm?
electrodes. Silicon carbide and glass fiber matrices were uti-
lized to evaluate the experimental anodes since there appeared to
be a basic incompatibility between WC and Kynol matrices. WC
evaluation in aqueous TFMSA cells was restricted to the 50% con-
centration.

Startup of WC anode cells with aqueous TFMSA proved to be a
difficult task. Indications were that the WC had to be initially
activated. Activation procedures have been described in the lit-
erature for WC catalysts for use in sulfuric acid.!7’!'® 1t was
possible to activate a 150 mg/cm2 loaded Starck WC-15% PTFE elec-
trode after several weeks within the cell. Activation was accom-
plished by periodic exposure of the anode to flowing air. Figure
20 shows the maximum performance levels obtained for the experi-
mental hydrogen anode as tested with a standard Pt cathode and a
silicon carbide matrix. A life test of this cell as presented in
Table 2 indicated limited stability for the WC anode.

The insitu activation was considered tedious and attempts
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TABLE II
TUNGSTEN CARBIDE ENDURANCE TEST

150 mg WC/cm?

50 Vol. % TFMSA

Time, Hrs. Cell Voltage at 40mA/cm?
Initial 0.50
200 0.44
600 0.40
900 0.33
1300 0.30

1550

0.20
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were made to expedite the activation procedure. Various activa-
tion techniques were evaluated. The most effective method ap-
peared to be to anodically oxidize the WC in 30% KOH and 10% N,H,
at 70°C. This procedure was more effective in activating WC for
use in sulfuric acid than for agqueous TFMSA. It was possible,
however, to operate the activated WC anode initially in H;SOs,
thoroughly wash, and then reuse in a TFMSA cell with essentially
equivalent anode polarization. Included in the data shown in
Figure 21 is a comparison of the anode polarizations of H,SO, and
TFMSA cells. The anode polarizations were determined by driving
a hydrogen consuming WC electrode versus a hydrogen evolution Pt
black electrode and assuming the polarization for the evolution
reaction was essentially nil. In Figure 21, there is also shown
full cell polarization for both 50% TFMSA and H,SO, cells. The
results indicate a severe voltage penalty of about 380 mV at 100
mA/cm? when using the non noble metal anode catalyst. Further
catalyst improvements are probably necessary to warrant its use
in aqueous TFMSA cells.

Several other tungsten carbides were evaluated under this
study. This included use of H. C. Starck HC-80, Sylvania Syl- K
Carb~105, and some experimental WC batches prepared by Stonehart i
Associates. Catalyst performances were generally inferior to the
Starck Ultramicron WC, possibly due to low initial catalyst sur-
face area.

5.0 SILICON CARBIDE

Specific development of a silicon carbide matrix was made
an integral part of this investigation. It was recognized that
any organic matrix material except for the fluorocarbons would be
susceptible to some chemical degradation over long periods in the
presence of TFMSA. Matrix degradation could not only lead to
mixing of the reactant gases but also corrosion products from the
matrix could be possible poisons for the fuel cell catalysts. Dur-
ing aqueous TFMSA cell endurance testing with the orginic Kynol
matrix, there was some evidence that cell decay was related to an
anode poisoning effect, especially when low Pt loaded electrodes
were utilized.

Fabrication of a discrete paper-like matrix of silicon car-
bide was viewed as easier to accomplish with a fibrous form rather
than the particulate form. A process for producing a silicon car-
bide with average fiber lengths of about 50 microns has been de-
veloped utilizing rice hulls as the starting material.'® Experi-
mental lots of this material are now available from Silag, Inc.

A procedure was developed for fabricating a paper-like com-
posite structure of silicon carbide and PTFE utilizing a filtra-
tion process. The process required 15 weight percent of PTFE in :
a dispersion form to be added to the silicon carbide to give the %
composite adequate structural integrity. Matrices with thick- :
nesscs of approximately .020" and 80% porosities could be fabri- ‘
cated using this technique. Although wickability of the matrix
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CELL VOLTAGE

FIGURE 21
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was not optimum because of the relatively high PTFE contents, ex-
cellent fuel cell performances were generally attained with SiC-
PTFE composite. As previously shown in Figure 9, the performance
improvement with the SiC over a Kynol matrix has been typically
40 to 50 mv at 100 mA/cm?.

Recently some difficulty has been experienced in receiving
consistent batches of the fibrous silicon carbide from the sup-
plier. Some batches have been marked by the presence of carbon
or silicon dioxide leading to either conductivity or wetting prob-
lems of the resulting matrix structure. The potential of a sili-
con carbide matrix in conjunction with agueous TFMSA electrolytes,
however, has been shown. Further evaluation of different forms of
silicon carbide and refinement of fabrication techniques is prob-
ably justified.

6.0 CONCLUSIONS

The use of TFMSA monohydrate as an electrolyte for a prac-
tical hydrogen-air fuel cell does not appear to be feasible due
to volatility, conductivity, and wetting limitations. In partic-
ular, the monohydrate was shown to be volatile at temperatures in
excess of 90°C; readily wetted PTFE the binder commonly utilized
in porous fuel cell electrodes; and exhibited very poor ionic con-
ductivity characteristics.

Aqueous TFMSA solutions ranging in concentrations from 25 to
60 volume percent were shown to be good ionic conductors and did
not appear to wet PTFE as did the monohydrate. Very attractive
hydrogen air fuel cell performance levels were exhibited by ag-
ueous TFMSA cells at temperatures ranging from 23 to 70°C. At
70°C some indications were present that electrolyte decomposition
might be occurring. At room temperature an endurance capability
of over 2,000 hours was shown for dilute TFMSA cells with only a
nominal performance loss. In addition, it was shown that low
temperature cells could be operated for long periods without elec-
trolyte replenishment and cell water balance could be maintained
using high air flow rates. Generally, considerably higher perfor-
mance was achieved than with any other acid electrolyte system
equated under similar conditions.

Tungsten carbide was successfully operated as an hydrogen
oxidation catalyst in aqueous TFMSA. The best anode polarization
obtained in a fuel cell was 380 mV at 100 mA/cm?. The endurance
capability of the catalyst was limited, indicating that further
improvements are necessary to make it attractive for use in a low
temperature aqueous TFMSA fuel cell.

Aqueous TFMSA fuel cells with fibrous silicon carbide ma-
trices were shown to give high initial performance levels. Sili-
con carbide is potentially a very attractive matrix material for
use with TFMSA because of its stability. Further improvements
are necessary to improve both its wettability and structural in-
tegrity.
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7.0 RECOMMENDATIONS

Additional work is necessary for aqueous solutions of TFMSA.
In particular, it is necessary to optimize supported catalyst type
electrodes and matrix structures for long term stability. Also
the exact temperature limitations of the electrolyte and various
fuel cell components need to be determined. Since aqueous TFMSA
fuel cells are restricted to low temperatures, it will be neces-
sary to determine what carbon monoxide levels can be tolerated
with various types of noble metal catalysts. More exact operating
conditions for maintaining water balance must be determined and
vapor pressure data for water over TFMSA should be obtained.

The very attractive fuel cell performance levels obtained

with TFMSA under the program, in a relatively short time period,
warrant further efforts be expanded to develop this system.

38




REFERENCES

I A. A. Adams and R. J. Foley, "Research on Electrochemical
Energy Conversion Systems", Report 2, USAMERADCOM, Contract |
DAAK02-72-C-0084 (1973). |

2. A. A. Adams and H. J. Barger, Journal of the Electrochemical
Society, 121, 987 (1974).

3. A. A. Adams, R. J. Foley and R. M. Goodman, "Research on
Electrochemical Energy Conversion Systems", Report 4,
USAMERADCOM, Contract DAAK02-72-C-0084 (1974). 1

4. A. A, Adams, H. J. Barger and G. W. Walker, Electrochemical
Society Meeting, Toronto (1975).

2 5. A. A. Adams and R. J. Foley, "Research on Electrochemical

; Energy Conversion Systems", Report 5, USAMERADCOM, Contract
DAAK02-72-C-0084 (1975).

6. R. N. Haszeldine and J. M. Kidd, J. Chem. Soc. (1954) 4228.

g o T. Gramstad, Tidsskr Kjemi Bergvesen Met., 19, 62 (1959).

8. T. Gramsted and R. N. Haszeldine, J. Chem. Soc. (1957) 4069.

9. A. A. Adams, R. T. Foley and G. W. Walker, 27th Power
Sources Symposium, Atlantic City, June, 1976.

10. J. P. Ackerman and R. K. Stuennenberg, Evaluation of Elec-
trolytes for Direct Oxidation Hydrocarbon - Air Fuel Cells,
USAMERADCOM, Contract No. H3101 (1975).

1¥ A. A. Adams, R. T. Foley and R. M. Goodman, "Research on
Electrochemical Energy Conversion Systems", Report 3,
USAMERADCOM, Contract DAAK02-72-C-~0084, 1973.

12. W. M. Vogel and J. T. Lundquist, Journal of the Electro-
chemical Society, 117, 1512, (1970).

13 R. Singler, N. Schneider and G. Hagnauer, Polymer Engineer-
ing and Science, May, 1975, 321.

14. L. B. Welsh and R. W. Leyerle, Optimization of Pt-Doped

Kocite Electrodes, Report 3, USAMERADCOM, Contract DAAGS53-
76-C-0014, 1977.

39




REFERENCES
(continued)

15. S. G. Abens, B. S. Baker, M. A. George and S. Januszkiewicz,
New Materials for Fluorosulfonic Acid Electrolyte Fuel i
Cells, Report 3, USAMERADCOM, Contract DAAK02-75-C-0045, !
February, 1977.

16. V. B. PHughes, B. S. McNicol, M. R. Andrew, R. B. Jones and
R. T. Short, J. Appl. Electrochem. 7 (1977) 1l61.

1570 V. Palanker, D. Sokolsky, E. Mazulevsky and E. Baybatyrov,
Journal of Power Sources 1 (1976/77) 2, 169.

18. H. Bohm, Journal of Power Sources 1 (1976/77) 2, 177.

LG U. S. Patent 3,754,076.

40




DISTRIBUTION LIST

Commander (12)

Defense Document Center
Cameron Station, Bldg. 5
ATTN: TISIA

Alexandria, VA 22314

Commanding General (1)
Headquarters,
U. S. Army Materiel Command
ATTN: AMCRD-GP,

Mr. John M. Horstkamp
5001 Eisenhower Avenue
Alexandria, VA 22304

Commander (1)

U. S. Army Materiel Command

ATTN: AMCRD-TE, Mr. John Crellin
5001 Eisenhower Avenue
Alexandria, VA 22304

Commanding General (1)

U. S. Army Tank Automotive
Command

Technical Library

Warren, MI 48090

Commanding Officer (1)
U. S. Army Electronics Command
ATTN: AMSEL-KL-P,
Mr. David Linden
Fort Monmoath, NJ 07703

Commanding Officer (1)

U. S. Army Traasportation
Research & Engineering Command

ATTN: Research Directorate

Fort Eustis, VA 23604

Chief of Research and Development
Office, Chief of Staff(1l)
Department of the Army
Washington, DC 20310

Chief (1)

U. S. Army Security Agency
Arlington Hall Station
Arlington, VA 22212

Office of the Assistant(1l)
Secretary of Defense (R&D)

Departimment of the Army

ATTN: Technical Library

Washington, DC 20310

Office of Assistant Director (1)
Defense Research & Engineering
ATTN: Col. G. D. McPherson
Pentagon
Washington, DC 20310

Power Information Center (1)
University City Science Institute
3401 Market Street

Room 2210

Philadelphia, PA 19104

Institute of Defense Analysis (1)
400 Army-Navy Drive

ATTN: Mr. Robert Hamilton
Arlington, VA 22202

Director (1)

National Aeronautics and Space
Administration

ATTN: Code RPP, Mr. E. M. Cohn

Washington, DC 20546

Director (1)

George Marshall Space Flight
Center

ATTN: M-ASTR-E

Huntsville, AL 38809

Commanding Officer (1)
Aerospace Power Division
ATTN: AFAPL/PO

(Mr. George W. Sherman)
Wright-Patterson Air Force Base
Dayton, OH 45443

Director (1)

Lewis Research Center

National Aeronautics and Space
Administration

ATTN: ME. H. Jd. Schwart2

(M.S. 309-1)
21000 Brookpark Road
Cleveland, OH 44135

Commanding Officer (1)

Rome Air Development Center
ATTN: EMRED, Mr. F. J. Mollura
Griffiss AFB, NY 13440




| Sy

Commanding Officer (1)
U.S. Air Force Security Service

ATTN: DCS/Communications -
Electronics (ESO)

San Antonio, TX 78241

Chief (1)
Naval Ships Engineering Center
Department of the Navy
ATTN: Code 6157D

Mr, €. F. Viglotti
Washington, DC 20360

Director, Power Branch (1)
Office of Naval Research
ATTN: Code 473,

Dr. Ralph Roberts
800 N. Quincy Street
Arlington, VA 22217

Chief (1)

Naval Ship Systems Command

Department of the Navy

ATTN: Mr. B. B. Rosenbaum
Code 03422

Washington, DC 20360

Office of Naval Research (1)
Department of the Navy
ATTN: Code 425

800 N. Quincy Street
Arlington, VA 22217

Commanding Officer (1)
Naval Ordnance Test Station
China Lake, CA 93555

Commanding Officer (1)

U.S. Naval Electronics
Laboratory

San Diego, CA 92152

Director (1)

U.S. Naval Research Laboratory
ATTN: Code 2027

Washington, DC 20390

Commanding Officer (1)

Naval Ships R&D Center,
Annapolis Division

ATTN: Mr. John H. Harrison

Annapolis, MD 21402

Technical Documents Center (2)
USAMERDC

Fort Belvoir, VA 22060
Argonne National Laboratory (1)
9700 South Cass Avenue

ATTN: Dr. A. Tevebaugh
Argonne, IL 60439

Dr. Paul C. Milner (1)
Bell Telephone Laboratories
Murray Hill, NJ 07974

Mr. Sidney Gross (1)

Mail Stop 88-06

The Boeing Company

P.0O. Box 3999

Seattle, WA 98124

Electrochimica Corporation (1)

2485 Charleston Road

ATTN: Mr. V. Sparks
Technical Library

Mountain View, CA 94040

Engelhard Industries, Inc. (1)
Military Service Department
113 Astor Street

ATTN: Mr. V.A. Forlenza
Newark, NJ 07114

Esso Research & Engineering Co.
Box 121

ATTN: Dr. G. Ciprios

Linden, NJ 07036

General Electric Company (1)
950 Western Avenue

ATTN: Mr. L. Nuttall

West Lynn, MA 01905

Institute of Gas Technology (1)
State and 34th Sts.

Technology Center

ATTN: Mr. L. G. Marianowski
Chicago, IL 60616

Massachusetts Institute of
Technology (1)

ATTN: Professor H. P. Meissner

Cambridge, MA (02138

(1)




P. L.

Howard Associates,
Incorporated (1)

Millington, MD 21561

Pratt & Whitney Aircraft
Division (1)

United Aircraft Corporation

ATTN: Mr. W. H. Podolny

400 E. Main Street

East Hartford, CT 06108

The Standard Oil Company (1)
Research Center

4440 Warrensville Center Rd.
ATTN: Dr. Robert A. Rightmire
Cleveland, OH 44128

TRW Systems (1)

R1/2094
One Space Park
ATTN: Dr. Herbert P. Silverman

Redondo Beach, CA 90278
U.C.L.A. (1)

Dept. of Chemical Engineering
ATTN: Prof. D. Bennion

Los Angeles, CA 90007

Union Carbide Corporation (1)
Parma Research Center

P.O. Box 6166

ATTN: Dr. R. Brodd

Parma, OH 44101

University of Florida (1)
Dept. of Chemical Engineering
P.0. Box 3027

ATTN: Professor R. D. Walker
Gainesville, FL 32601
Globe-Union Inc. (1)

ATTN: Corporate Research
5757 North Green Bay Avenue
Milwaukee, WI 53201

Energy Research Corporation (1)
ATTN: Dr. B. S. Baker

3 Great Pasture Road

Danbury, CT 06810

Mr. Norman Rosenberg (1)

U.S. Department of
Transportation:

Transportation Systems Center

55 Broadway

Cambridge, MA 02142

Professor R. T. Foley (1)
Department of Chemistry
The American University
Washington, DC 20016

Dr. S. B. Brummer (1)
Director of Physical Research
EIC, Inc.

55 Chapel Street

Newton, MA 02158

Commanding Officer (1)

Harry Diamond Laboratories
AMXDO-RCB, ATTN: Dr. Morrison
Washington, DC 20438

Director, Technical
Information (1)

Advanced Research Projects
Agency

1400 Wilson Boulevard

Arlington, VA 22209

Dr. D. C. Olson (1)

Shell Development Company
P.O. Box 262
Wood River, IL 62095
Dr. R. A. Wynveen (1)
President

Life Systems, Inc.
23715 Mercantile Road
Cleveland, OH 44122

Electric Power Research
Insticute (1)

3412 Hillview Avenue

Palo Alto, Ca 94304




