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Disclaimers

The f indings in this report are not to be construed as an o f f i c ial
Department of the Army position, unless so designated by other
authori zed 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. DAAKO2—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. In 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
elactrolytes such as phosphoric and sulfuric acid have been exam-
ined by many investigators over the past decade. ~1jch 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 . In 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
promising family of new electrolytes, the perfluoroalkane sulfonic
acids. 1

Subsequent investigation of the use of the monohydrate of
trifluoromethanesulfonj.c 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 3PO~ . 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. (~~’~~’~~

) The studies on the air electrode indicates
that the open circuit potential utilizing TFMSA monohydrate was
150 my closer to the thermodynamic reversible oxygen potential
than was the potential using phosphoric acid. Enhanced perfor-
inance 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 .

1
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2.2 Acid Properties and Prepa ra t i on

T r i f l u o r o rn e t h a ne cu l f o n i c  acid (TFN~;J1 ) commonly referred toas t r i fl i c  acid or t r i rn~ yla te  acid ( 3M Com pany)  can be described
as a hygroscopic and stable liquid that shows resistance to ther-
mal decomposition and hyc~rolysis.

6 In addi t ion , it has been shown
to he the stronc;u~~t r o c ~~rotic acid known .

7 The boil ing poin t of
TFMSA is on]y ]~~2°C w h i ch  makec high temperature fuel cell use
problematic. :~ i.x t:ure of the TFMSA with an equal molar amount of
water can produce a less volatile product , trifluoromethanesul—
fonic acid monoh ydrate .

The TFMSA monohydrate evaluated under this contract was pre-
pared by the method of Gramsted and Haszeldine .8 This technique
utilizes successive distillations until a final product is cal-
lected at 217°C. The monohydrate was a white needle like crystal-
line mass with  a melt ing point of 33 to 34°C. These distillations
were conducted in all glass apparatus with polytetrafluoroethylene
strips acting as boil ing chips and polytrifluorochioroethylene
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 l0O’~C.

9

Trifluorornethanesulfonic acid was known to be very corrosive
to al l  organic mater ia l s  except for  the f l uo r o c a r b o n s .  A series
of immersion tests at 121°C of various mater ia l s  in the acid mono—
hydrate also indicated that  the monohy drate would severely attack
organics such as pol yethylene , polysulf  one , and pheno l—for malde-
hy de ( K y n o l) .  Fluorocarbons such as pol y t e t r a flu o r o e t h ylene 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 tn-
f luoromethanesu l fon ic  acid monohy dra te . The monohy drate 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 th i s 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

2
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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/cm2 Pt black were selected for initial evaluation . Migher Pt
loadings of from 20 to 50 mg/cm2 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/cm2 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/cm2 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 

cell3
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resistance than expected . Even on an IR 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. 1 1  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-
t i l la t ion 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 TFNSA 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 rnonohydrate 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 immers~~on tests .

A composite film containing 75 weight percent Ta2O5 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 Ta2O5, 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

6
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70 mA/cm 2 were obtained at high pressures wi.th the pressure com-
pensation tech rdque . At 25 psi operating pressure an IR free cell
voltage of .93 was obLaii-ied at about 16 mA/cm2 . Comparison of
this dat.a with published data for 5 mg/cm 2 Pt black air electrodes
in 85 percent phosphorir ccid at 120°C was favorable for the TF~1SA
monohydrate. Voqel arid hundquist from half cell measurements re—
ported a value o~ .90 volts cathode potential on air at a current
density of 5 m2~/cm~~.

1 These promising results of the possible
enhance~icnt of Lhe elecLroreduction of air in TFMSA rnonohydratc
could not be duj)J•icatccx hc’wc~ver. Part of the difficulty was at-
tributed to t:l~~ poor i hyc.ical quality and suspected low bubble
pressure of the tantalum oxide matrix. Many cells exhibited gas
crossover b efore  meani ng fu l  data could be obtained in the pressur-
ized fuel cell.

Boron n i t r i d e  appeared to be in i t i a l ly attractive for use
with TFMSA monohy drate 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 onl y 4 0 m A/cm 2 were obtained . The matrix appeared to
have nonuniform wetting behavior with the monohydrate and the boron
nitride fibers lacked adequate structural integrity .

PTFE f i lms  appeared to be possibly the ideal matr ix  mater ia l
for use with the TFMSA monohydrate. Some commercially available
PTFE films of various porosities were evaluated and found difficult
to un i formly wet. An experimental PTFE matrix was prepared by a
calendering operation from an admixture of a dry PTFE powder and a
f i ne  leachable f i l l e r  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
matr ix  is shown in Figure 4. Current densities approaching
100 mA/cm 2 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
densi ty  regions were not duplicated. A possible exp l ana t i on  for
this effect was the presence of some slight cross gas leakage which
made the cell s l igh t ly  uns table.

Several other approaches were evaluated in an effort to im—
prove cell performance . These included use of alternate binders
within  the cata lyst  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 i nves t iga -
ted . Pol yphosphazenes had shown in preliminary l a b o r a t o r y  tes ts
to be impervious to the corrosive na tu re  of the TFM SA monohydra te
and to show less tendency to wet wi th  monohydra te  than PTFE . The
inorganic polyme r phosphazenes of the genera l  formu l

a8
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generauy in ela stomeric form .’3 A thermoplastic polyphosphazenc
prepared by the U. S. Army Ilaterials and Mechanics Research Center
with the formula

(CF 3CH 2O.) 2PN~

appeared to he easier to adapt for use in fuel cell electrodes.
Attempt5; to fabricate fuel cell catalyst~ layer:  with the fluorin-
ated phosphazene by standard electrode fabrication procedures
were unsucce ss fu l due to f a i l u r e  to bond the Pt and phosphazene
together. Addition of small amounts of PTFE alleviated the bond-
ing problem. Electrodes prepared by this technique were cured at
160°C. During several attempts to operate cells with 5 mg/cm 2

Pt - 35% phosphazene electrodes , no 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/cm2 Pt were tested
in PTFE matrix cells with no improvement noticed in overall cell
vol tages.  It was ra t ional ized that all platinum which is cataly-
t ical ly active by virtue of being wetted by the electroly te  is
probabl y 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 matr ix  and dry areas on the gas side.

All cells described previously contained limited electrolyte.
All TFMSA monoh ydrate 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. In addition , the
cells had limited life before cross gas leakage would occur. Cell
performance was de f in i t e ly 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 centimc ter 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
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fue l  cells at  ERC , considerable progress was made in developing
suppor ted c a tal y s t  typo e lectrodes  for  use in phosphor ic  acid fuel
ce l ls .  This included both us e of platinum supported on carbon
black and platinum doped Kocite olectrodes. ’~ Supported catalyst
lay ers with PTFE binders would also be susceptible to excessive
wetting with the TF~~~J~ monohydrate. Since the supported Pt was of
a less dense nature in comparison to Pt black , it did appear more
probably t.hElt a su~ porLed catalyst layer could be fabricated that
would be more t o l e r a n t  to f lood ing  than  Pt black layers. Supported
catalys t s  were prepared by impregna t i ng  a commercial ly  a v a i l a b l e
carbon b it c h  with  10 weigh t  percent  of p l a t i n u m . Fuel ce l l  elec-
trodes were fab r i c at e d  w i th  50 we igh t  percent  PTFE by the standard
ERC c al en de r i n g  process .  A . 0 4 0  inch t h i c k  layer  c o n t a i n i n g
20 mg/cm 2 t o ta l  catalys t  loading ( 2  mg/cm 2 P t)  could be prep ared by
u t i l i z i n g  certain process deviations that resulted in essentially
a less dense layer with increased macroporosity.

Initial attempts to operate support-ed catalyst  electrodes
wi th  the pressure compensat ion t echn ique  and PTFE ma trices led to
some problems in w e t t i n g  the  ac t ive  Pt ~-:i thin the ca ta lys t  l a y e r .
I t  was decided to test the exper imenta l  electrodes us ing  more con-
ven t iona l  test  procedures .  Kynol was again  t r ied as a f u e l  cell
m a t r i x  because it s t r u c t u r a l ly was be t tor  than the  expe r imeeta l
PTFi~ f i l m .  Kynol  was jud ged acceptable  wi th  the m on o h y d r ah e  as
long as tempera tures  were less than 9 0 ° C .  Elect roly te  was l imi ted
to only  t ha t  necessa ry  to sa tu ra te  the irta t r i .x  du r ing  cell assembly .
U n d e r  these test  cond i t ions  at i 9~~C it was poss ible  to op era te
TF~ :;A monoh ydrato cells that  were not d r a s t i c a l l y  a f f e c t e d  by d i f —
f u sio n a l  losses.  A typica l  per fo rmance  curve for 25 cm 2 e lectrodes
in g r a p h i t e  ha rdware  is shown in Fi gure  6.  The va lue  for  cell re-
sistance of .050 ohms compares unfavorably to ide nt i c a l ly as sembled
cc1l~ containing phosphoric acid at 149°C (.020 ohms ) and 50~ TFN SA
a - . .~~°c ( . 0 1 6  o h m s ) .  Conduct iv i ty  measurements  of the monoh ydra t e
sh -~ .- - d  it to be considerably less conduct ive  than  a~~ucous TFfl SA .
Ap~ ro~:imate values of .01 ohm ‘cm~~~, .23  ohm ‘cm , and . 4 0  ohm

we re obtained respectively for the monohydrate , 50% TF~1SA ,
and 20’, TFMSA.

In addition to the large ohmic losses associated with the
monoh ydrate , the diffusional losses as shown in Figure 6 become
evident when cell performance is plotted on an lR 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 2 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 TFNSA monohydrate cells. It
was possible , however , to improve cell performance by replacing the
Kynol matrix with another experimental inorganic type containing
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silicon carbide . Details of the matrix are described in a pre-
vious in ter im repor t . 15 A performance curve for the improved
leve l is shown in F ig ure 7. J~easons for  the bet ter per formance
with the silicon carbide matrix are not clear. Possibilities in-
clude in creased u t i l i z a t i o n  of the a c t i v e  Pt ca ta l yst because of
better matrix — electrode conformity w i t h i n  the cel l .

3.0 AQUEO US TR .LFLU OROMET iI !~NE S U LFONI C ACID

3. 1 B;tcbground

At the a irn:-:is: to mid point of this contract , work was m i —
ti~tted on ev a l u a t : i ag  aqueous  so lu t ions  of TFMSA as electroly tes
for  matrix Lypo fuel ce lls .  A s h i f t  in emphasis from the TFNSA
mnonoh y dr ~~te to aqueous  TFMSA was w a r r a n t e d . Even wi th  the re —
duc -d v o lat i l i t y  of t he monohyc lra t e  in compar i son  to e i ther  the
anh y d r o u n  acid or d i lu b e  acid , f u e l  cell  o p e rat i o n  above about
90°C w~ s eat  poss ible  without some s i gn s  of loss of e lect roly t e .
In ad d i t i o n , it  prob sbl y would be ve ry  d i f f i c u l  L to m a i n t a i n  the
e le c tr o ly t e  co:L pc)ritian at e x a c t l y  the  a.-e-otrop ic composi t ion
s ince  mat-ri:-: f u e l  eel]  s have m all e1ecL~ o1y tx inve n to r ies  which
can be a f f e c t e d  by w:: t~-r prodac-od by ccl i  operat ion .

A q u e o u s  TFEEA a: ear ~-d to be a tt r a c t i v e  because it cu m i n —
at :ed tb :- severe prob e n  r e l a -L i n :~ to th~ ~-io tt aJ i l it y  of PTFF by
th e  T1 -E f nenohycb a l e . I t  was  also ncb I c c  d dun n-i preliminary
Is.. a~~ p :  ~~ :u c .~L s with SCj~~~~ ~~~~~ Tf. .~ Eat ~~cLaolytu ~~aa-iuu
t iv i  .y was c on s i d e r a l ’]  en h a n c e d .  A f ue l  ce l l  n o u f o r m a n c e  curve
u s i n g  a 50 percen t  b y vo lume so lu t ion  of i ’Ffh~~7, in wate r  is pre—
s-sn Led in Fi gure  8. It  was conc luded  f r o m  these i n i t ia l  tests
that  electrode f l o a c i i i i q  was not ~~~~~~~~~ s ince  0:-c qen ga i n  va lues
appeared to be cq u iv a ] cn t  to Pt b lack  e le c t r o d e s  o p e r a t i ng  in
pho .3phoric acid . A 2 mg/cm 2 Pt b lack e lectrode in phosphor ic
acid does t y p i c a l l y  give  80 mV d i f f e r e n c e  b otwc  -n a i r  and  oxygen
pe r fo rmance  at 100 mA/cm 2 when  not severely a f f e c t e d  by f l o o d i n g
or other diff usional losses. The aqueou. TFEE/~ tusts were sus-
ceptible to cross gas leakage , thus ]imitinq l i f e , because of the
poor integrity of the quartz matrix. The p o t e n t i a l  of the d i lu t e
TFMSA as a fue l  cell e l ec t ro ly te, however , had been shown .

3.2 Preparat ion and Propert ies

Aqueous solutions of TFM SA in wa te r  were  prc~~ired by dilu-
ting the as received anhydrous acid . For simplicity, solu tions
were prepared on a volumetr ic  basis thus  a 50 percent  so lu t ion
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 i n d i cate  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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TABLE I

CONDUCTIVITY of TFMSA

ROOM TEMPERATURE

Measured Conductivity
TFMSA Resistance , Ohms mhos/cm

70 21.2 0.051

60 8 .36 0.130

50 4.79 0.227

40 3.27 0.332

30 2.72 0.400

20 2.68 0.405

10 . 3 . 5 7  0 .3 0 4

5 5 . 8 2  0 .187

lN KCL 10.41 0.10439
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approxim ately .01 mhos/cm .

3 .3  Technical  Approach

Evalua tion of aqueous TFf~SA fue l  cells general ly was con-
ducted w i th f u e l  c e l l  compo nen ts and test techniques u ti lized in
phosphor ic acid fu el cel ls .  This in cluded  use of 2 mg/cm 2 Pt
bl ack catalyst layers bonded with 2~ percent PTFE and mounted  upon
a porous graphite pauer- s ub st rat e . Fa t r i c e s  e v a l u a t e d  i n c l u d e d
I~yno 1, glass  f i ber , and  an e : -:pur imcnt a l  composite s t r u c t u r e  of
silicon ca :biJe ~i : u  P f F E .  F a l d c L I  r e si n  bonded g raph i t e  s t r u c t u r e s
developed for phnnpb~oric  ac i d ce l ls  were j udged  acceptable  for  use
as test plates to hold the 25 square centimeter electrodes to be
eva lua ted .

So~:e d i f f e r e n c e s , however , did exis t  between aqueous  TFMSA
and phosphoric  ac i d  ce l l s .  In p a r t i c u l a r, aqueous TFI~1SA cells
were r e s t r i c t ed  to low temp era tu res  g en er a l l y  in the r ange  of 25
to 7 0 ° C  w h i l e  phosphor ic  acid cells  can he operated at tempera-
tures  a p p r o a c h i n g  2 0 0 ° C .  Another  d i f fe r e n c e  between the two e lec—
t ro ly tos  re la tes  to the v i s c o sity .  Phosphor i c  acid being a rela-
t ively v iscous  liquid can a c tua l ly aid in s ea l ing  ce l l s .  D i l u t e
TIf-IS A h as a much lower v i scos i ty  approaching th at of water , thus
there is a tendency for  e lectrolyte to leak f rom test  cal l s .

Emphas i s  was i n i t i a l l y  p laced upon d e t e r m i n i n g  the opt imum
ma L.L ix ~ L~ ue Lur e  L e t  u a e  \ Lb d i l ut c  1 dS~ e lec tr o l y te  cells
Ca ndidate  matrices included Kynol , Reeve Angel  g lass  f i b e r  paper ,
and an e x p e r i m e n tal  composi te  s t r u c t u r e  developed under  t h i s  con-
t rac t  cons i s t ing  of a f i b r o u s  s il icon carb ide  ( S i l a g,  I n c .)  and
PTFE . Some diff iculty was initially experienced in starting cells
at room t empera tu re .  I t  was suspected tha t  some r e s i s t ance  to
we t t i ng  of the ac t ive  c a t a l y s t  was occur r ing . 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.

Fi gure 9 shows a representative fuel cell performance curve
for each of the th ree  matrices  operat ing on both hydrogen air and
hydrogen-oxygen. The higher performance levels shown by the g lass
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 m a t r i x 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-
mi n ed fo r  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 TFflSA . The cells were operated at both
room temperature and 70°C.

18
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Attempts were made to gather data rapidly so that test re—
sul ts  would not be severely i n f l uenced  by possible dilution af—
fects. A summary of initial cell performances is presented in
Figures 10 and 11. The best overall concentration was 37.5%
a l though  no c l ea rcu t  rela t ion sh ip  between concentrat ion and per-
formance  was  shown . Also evident  at room t empera tu re  was a pos-
sib le  f loe- i Ln g t endency  wi th  the 60% e lectrolyte  as indicated by
the m a g n i tu d e  of the  0 2 gai ns.

Aithuegh diluLe TFdSA she-~ cd e x c e l l en t  po t en t i a l  as a low
t emp er a t ur e  L c o l  c e l l  e l ec t rol y te , en d u r a n c e  t e s t i ng  did present
sO~ -e proW on s. A d- - . u u a te  water  remova] . f rom c o n t i n u a l l y  opera t ing
cells wou ld  he d i f f i c u l t  especial l y at room t empera tu re .  I n i t i a l
attoepts \- --- r ~ dir cct - . ’I a t  opera t ing  cells  wi th  i n i t i a l  concentra-
t ions  of 25 arid 50~ . TFOSA at 7 0 ° C .  Hy d r o g e n — a i r  cells c o n t a i n i n g
silicon cisbicle matrices were operated at a cu r ren t  d e n s i t y  of
100 mA/ cr i ’ . S table  ~- -~-r f o rma i ice  at t h i s  t empera ture  was not pos—
sibie for either of the concentrations investigated. Initial de-
cay ra tes  of about. . 3 mV/hour were exper ienced for  the f i r s t  125
to 200 h o u r s  wi th a subsecue nt higher  decay ra te  ap proa chin g
1 mV/hour thereafter. Initial cell performance could be restored
by flowin-~ air over the cell anode.  This  suggested tha t  some poi—
sol:inq species wa s being ox id ized  at the anode s u r fac e .  The ef-
f l u e n t  hyLhog en gas f rom the anode did not smell of hydrogen sul-
f i d e  nor did the e-i fiuent gas tend to p rec ip i t a t e  an inso lub le
m e t a l l i c  s u l fid e . A si mi l a r  tes t  w i t h  s u l f u r i c  acid di.d r e su l t
in h ydr o g e n  si .i J  t ide bning formed as a r educ t i on product  at the
hy drogen a n od e .  A l though  the s t a b i l i t y  of aqueous TFHSA at 70°C
was in quest ion , it appeared to be a d i f f e r e n t  mechan i sm than
commonly capor i enced  w i t h  s u l f u r i c  acid e lec t roly t e s .  Other  in-
ves t iga to r s  have recent ly pos tu la t ed  the fo rmat ion  of s u l f u r  f rom
aqueous TFflSA at t empera tures  in excess of 6 0 ° C . 1 6  Similar  cells
described above were a lso endurance  tes ted at e s sen t i a l ly room
teriperature. 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 m a t r i x .  Air  f low to the cell was about at the six
stoichiomctr ic  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% e lec t ro ly te  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 d i f f u s i o n
effect caused by the relatively wet conditions within the cell.

Since an endurance capabi l i ty  of 2500 hours had been shown,
aqueous TFMSA did appear to be a vi able electrolyte for  use in
low temperature  acid fue l  cells.  The water re jec t ion problem from
cells did comp licate evaluation of the various cell components.
In an effort to control the water balance within the cell , special
cell hardware  u t i l i z i n g  an “ 0” ring seal was built to prevent
electrolyte leakage from cells. A schematic of the cell hardware

20
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FIGURE 10

TFMSA CONCENTRATION - PERFORMANCE
TEMPERATURE 70°C

ANODE AND CATHODE - 2 mg PT/CM 2

H2/AIR H2/02
50 mA/cm 2

0.85 - 0.90 -

_  80~~~~1~~~~~~
<

0.75 2’S 37.5 50 60 
0. 

25 37.5 50 60

100 mA/cm 2

0 80 0 85

0.70 25 37.5 50 60 
0.75 25 37.5 50 60 1

150 mA/cm2:::~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
:::~~~~~~25 37.5 50 60 25 37.5 50 60

14
200 mA/cm 2

_ _  ::: ~~~~~~25 37.5 50 60 25 37.5 50 60

% TFMSA % TFMSA
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FIGURE 11

TFMSA CO~ CEN T PA TTO N — PER F OR MAN C E
ROOM TF~~PERA TU RE

ANODE AND CATH ODE - 2 mg PT/CM 2

112/AIR 112/02

50 mi~/cm 2

0.85 [ 0.90[
- I -

/~~~ ~~~~~~~~~~

_ _ _ _ _ _  L~~J0 .75  - 
~~~~~ 0.80~25 37.5 50 60 25 37.5 50 60

100 mA/cm 2

0. 75 ~~~ 0. 80 ~ /V _
‘ I  L_~~~. ~~~~~0.65 25 3 7 .5 50 60 0.7025 ~7 . 5  so ~o

150 mA/cm 2

::~~~~~~~~ :Y~i25 37.5 50 60 25 37.5 50 60

~~~~~ 200 mA/cm2

::: ~~~ 
_ _

U 25 37 .5  50 60 25 37 .5  50 60

% TFMSA % TFMSA
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is shown in Figure 14. The design allowed some exc~ ss 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 gla ss fiber matrices and Pt black electrodes
ut i l iz ing 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% electro lyte
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 2 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. In 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 dry ing out ef-
fect could be occurring within the cathode structure which results
in under u t i l izat ion 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 stoichiomet~ i.c 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 elec trol yte probably was occurring . A noticeable drop in the
cathode oxygen gain of 100 my was noted between initial startup
and 600 hours. A change in the wetting characteristics of the
aqueous 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 dail y basis , possibly
due to slight changes in temperature or different degrees of cat-
al yst utilization .

- 
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A limited effor t durin g this contract was spent on evalua-
ting supported catalyst type cathodes in conjunction with aqueous
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—
suits 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 aqueous 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/cm2 .

Testing of tungsten carbide anodes was conducted versus
standard 2 mg/cm2 Pt black cathodes. Cell evaluation was conduc-
ted with pooling type molded graphite hardware containing 25 cm 2

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’’8 It was
possible to activate a 150 mg/cm 2 loaded Starck ~C-15% PTFE elec-
trode after several weeks within the cell. Activation was accorn—
pu shed by periodic exposure of the anode to flowing air. Figure
20 shows the maximum performance levels obtain -~i for the ‘. xperi-
mental hydrogen anode as tested with ~i standard Pt cath~ d~ 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 2

50 Vol. % TFMSA

Time, Hrs. Cell Voltage at 4OmA/cm2

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% N2H~at 70°C. This procedure was more effective in activating WC for
use in sulfuric acid than for aqueous TFMSA. It was possible,
however , to operate the activated WC anode initially in HZSOk,
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 H2SO~ andTFMSA 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 essential ly ni l .  In Figure 21, there is also shown
full cell polarization for both 50% TFMSA and H2SO~, cells. The
results indicate a severe voltage penalty of about 380 mV at 100
mA/cm 2 when using the non nobl e 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—
Carb-105, and some experimental WC batches prepared by Stonehart
Associates. Catalyst performances were generally inferior to the
Starck Ultramicron WC, possibly due to low in i t ia l  catalyst sur—
face area.

5.0 SILICON CARBIDE

Specific development of a silicon carbide ma t r ix  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 org .nic 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— I
bide with average fiber lengths of about 50 microns has been de-
veloped utilizing rice hulls as the starting material .’9 Experi-
mental lots of this mater ia l  are now available from Silag, Inc .

A procedure was developed for fabricating a paper-like corn-
posite structure of silicon carbide and PTFE utilizinq a filtra—
tiori 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-
nesses 0~ approximately .020” and 80% porosities could be fabri-
catid using this technique. Although wickability of the matrix
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FIGURE 21

ULT RAMICRON TUNGSTEN CARBIDE
80 mg wc/cm 2 - 15% PTFE

1.00 —

CATHODE 2 mg PT/CM2

70°C

0.90

0.80

0.70 — \ ~~ ,

0.60 -
50% TFMSA

0.50 N /
/~~~ H:/AIR

H2/H2

C’) -

o 0.40
6N H2SO~

0.30 
H2/AIR2

H 2/H 2

0.20

0.10 -

C 
I I I I

0 20 40 60 80 100

CURRENT DEN SITY mA/cm 2

36 
- - - ---- -—

.
- -  i4



- ~~~~~~ 

~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ri~~
- - - : -

~~~~
-
~ - ~~~~~~~~~~~ -

- —V -__ — _—-— --- -- —V —

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 my at 100 mA/cm 2.

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 aqueous 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 volat i l i ty, conductivity, and wetting l imi ta t ions .  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 fue l  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 aq-
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 mainta ined
using high air flow rates .  Genera l ly ,  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 fue l  cell was 380 mV at 100 mA/cm 2 . The endurance
capability of the catalyst was limited , i nd ica t ing t h a t  f u r t h e r
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 ma terial for
use with TFMSA because of its stability . Further improvements
are necessary to improve both its w e t t a b il i t y  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.
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