NOTICE

THIS DOCUMENT HAS BEEN REPRODUCED FROM
MICROFICHE. ALTHOUGH IT IS RECOGNIZED THAT
CERTAIN PORTIONS ARE ILLEGIBLE, IT IS BEING RELEASED
IN THE INTEREST OF MAKING AVAILABLE AS MUCH
INFORMATION AS POSSIBLE



ST TR TR TN T W

. 4 bl

- e e TR e TRRETI

e e

(NASA-CR-165426) TECHNO.CGY DEVELOPNENT POR NB2-164€2

PHOSPHOJLC ACID FUEL CELL POWRBPLANT, PHASE

2 Final Technical keport (Bnergy Beésearch

Corp., Dambury, “omnn.) 159 f HC AQO8/MF AO1 Unclas
CSCL 10A G3/44 07576

DOE/NASA/0067-79-7
NASA CR-165426

TECHNOLOGY DEVELOPMENT FOR
PHOSPHORIC ACID FUEL CELL
POWERPLANT (PHASE 1l

FINAL TECHNICAL REPORT

Larry Christner
ENERGY RESEARCH CORPORATION

December 1981

Prepared for

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
Lewis Research Center

Under Contract DEN3—67

For

U.S. DEPARTMENT OF ENERGY
Energy Technology

Division of Fossil Fuel Utilization




DEN3-67 F

/ ENERCY RESEARCH CORPORATION

EXECUTIVE SUMMARY

The objective of this program (DEN3-67) was to develop
cost effective phosphoric acid fuel cell technolcgy for an on-
site integrated energy system in the 100 kW to 1 MW range.
This program was a follow on to NASA Contract No. EC-77-C-03-1404
where the initial bipolar plate scale-up to 12 in. x 17 in.
was accomplished. S<mphasis of DEN3-67 was placed on the develop-
ment of corrosion resistant and more conductive materials and
longer term testing of full-scale components. Significant
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progress was made under this program with improvemcnts in:

) Cell performance up to 50 mV at 100 mA,’cm? due to elimina- j
tion of catalyst poisons from the cell materials,

[ Decreased cell resistance that resulted in approximately
60 mV improvement at 100 mA/cm?,

™ Biprolar corrosion rate decreased tenfold compared with
Jrevious standard graphite/resin plates.
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These improvements were primarily the result of heat-treating®
the bipolar plates to 900°C. This treatment converts the plate
material from a resin/graphite composite to a glassy carbon/

graphite composite.
Other achievements included:

® Long-term stack tests (3-cell, 350 cm’ type, up to 10,000
hours and 5-cell, 1200 cm’ type, 5,000 hours).

° Low platinum loaded electrode stack test (3-cell, 350 cm’
type, 0.12 mg Pt/cm’ anode and 0.25 mg Pt/cm? cathode) for
4,500 hours, with stability similar to the electrodes with
standard loading (twice the amount).

) A selectively wet-proofed anode was developed and suc-
cessfully tested for 4,000 hours.
® The ERC proprietary high bubble pressure matrix, MAT-1, ;
was tested 'Hr 10,000 hours. 3
) Three 23-cell stacks (v2 kW capacity) using the best state- :

of-the-art full size components were tested to demonstrate
the initial viability of these components for large stacks.
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TASK 1. COMPONENT DEVELOPMENT

The objective of this task was to desiqgn and fabricate
components capable of long-term operation. Ease of manu-
facturing by cost effective techniques was used as the basic
criteria for evaluating the fabrication methods pursued. The
components that were studied are listed below:

° electrolyte matrix

® bipolar plate

® electrode backina paper

L cell edae and ranifold seals
o acid inventory control menber.

1.1 Matrix Development and Fabrication

Development of the SiC matrix as a replacement for the
phenolic fiber matrix was initiated under the previous con-
tract No, EC-77-C-03-1404*. A simple bar casting technique
was identified as o viable method of manufacture. A few
matrices were prepared using this technique but the process
required further rerinements and characterization. Improve-
ments were sought in wickability, scale-up of the batch size,
handleability, and sinterinag requirements. Additional char-
acterization of the prepared mctrices for potential dearada-
tion and available porosity was necessary to determine the

acceptability of this type of material.

Characterization

Exposure of a matrix to 100% phosphoric acid at 205°C
for up to six months showed no observable degradation. Post-

test scanning electron microqraphs (SfFMs) showed no sion of

"nerav Rescarch corp., "Development ot Phosphoric Acid l'uel Cell Tech-
nology", Final Reyport tor Contract EC=77-C~03-1404, Sept. 1978,
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corrosion or decradation of the SiC. Perhaps just as im-
portant an indicator is the fact that the acid remained clear
during the entire six months. Previous experience with phos-
phoric acid has shown that even minute quantities of contami-
nants can cause the acid to discolor; so the lack of discolora-
tion tends to indicate that there are no degradation products

present.

e

The use of 1 um rarticle size £iC from Carborundum was

evaluated with the expectation that reducina the particle size

from the stanc vd 7 um mean particle diameter would result in
matrices of higher bubble pressure. The smaller particle size
8iC, however, produced cracked, crumbly and totally unaccertable

matrices. Since the smaller particle size has many more par-

ticles in a civen volume of matrix, it also takes proportion-

3
;
b
A

ately more binder to hold them together., It was necessary to
add so much Dupont Polytetrafluorocethylene (TFE-30) to eliminate
crackina, that the matrix lost its wicking ability. It had

been expected that improvements in matrix formulation, cast-

ina and sintering techniques over the last two vears would

permit production of good quality matrices with 1 um SiC at ?

acceptzble PTFE levels. Such was not the case. Matrices
made with the standard 4% PTFE cracked and crumbled to such

an extent that further work with 1 ym SiC was not considered

w~wo.thwhile.

BT S L N SR

Silicon carbide matrices are not as porous as the pheno-

lic fiber matrices used previously, averagina 51% and 70%, re-

spectively. Mercury porosimetry tests of the SiC matrix in-

dicated that 64% of the pores were between 1 ym and 4 ym, and

s gt

54% were less than 4 ym. The mean pore size was 1.8 uym. 1In
phenolic fiber matrices, 40% of the pores were between 1 um and
4 ym, and 90?2 were iess than 4 ym. The mean pore size was

1.0 ym.

To learn more about what happens to a matrix at the micro-

scopic level during sintering, samples of both sintered and

Page No. 2
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unsintered matrices were examined with a scanning electron

microscope (SEM). Fiqgure 1l.la shows an unsintered SiC matrix.
The large, irreqular particles are SiC and the smaller, spher-
oidal particles are PTFE. The PTFE can be seen clinging to
the sides of the SiC and partially filling the gaps between

: particles. Since there is only 4 wt%® PTFE in this particular
sample, a cluster this large suqgested a poor distribution.
However, more detailed examination showed evenly distributed
PTFE. Figures l.1lb, l.lc and 1.14 show a similar matrix
sintered at 350°C for 15 minutes. Figure 1l.1lb shows how
the PTFE particles have flowed together to form elonaated
"puddles”". In Figure l.lc, taken elsewhere in the samc sam-
ple, PTFE can be scen clinging to the sides of the SiC and

bridging the gap between particles. Figure 1.1d is an en-

laragement of the center portion of Figqure l.lc. In the last
p three figures, 1t appears that, although the sintered PTFE
did tlow at the sintering temperature, the tlow did n pro-

duce large, nonwettable films of FTFE on the SiC particles.

FFabrication

Improving the cost effectiveness of the procedures for

L

manufacturing matrices was achieved by eliminating a cleaninqg
» procedure for the 7 um SiC powder and by developina a ball

' mill mixing technique for making large batches of SiC slurry. ;

Uncleaned, as-received Carbcrundum green 1000 grit SicC
appears to be not only acceptable, but bencficial in matrices.

) SiC had routinely been cleaned to remove a very small, non-

green fraction of the material. However, the cleaning step was P

time consuming and whatever small amount of impurities niay be
present in the non-green fractior, the differcnce in chemical
) makeup between clean and unclean SiC was not detectable by emis-
sion spectrophotometry. In addition to eliminating a step, the

use of unclcan $iC produced matrices that were mechanically strona,

Page No. 3
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had hiach bubble pressures, and were more porous and faster
wicking than matrices made with "clean" €iC. The matrices
are strong enouyh to be cut to shape with a steel rule die,
a time-savina step introduced previously. Bubble pressures
of these matrices were as high as 210 kPa. The average por-

osity was 62% compared with 51% for standard SiC matrices.

A matrix made with as-received SiC wicked faster than
one made with "clean" SiC (Fiqure 1.2). The matrix per-
formed very well in a number of 25 cm® test cells. A cell
built specifically to test the matrix reached a peak per-
formance of 678 mV at 200 mA/cm’ IR-frece and was still per-
forming well at 1800 hours when terminated On the basis
of all the tests conducted, unclean €iC was adopted as the

standard material for £iC matrices.

Efforts to improve the quality, strenath and handle-
ability of the S$iC matrix were successful. One technique
is that of sinterina the matrix and c¢lectrode at the same
time. A matrix was cast onto an unsintered electrode and
prehcated at 225°C for 40 minutes, then sintered at 350°C
for 25 minutes. The result is a strong matrix that is
tightly boaded to the electrode. The question of whether
matrix or electrode performance would be adversely affected
by such a sintering technique was also investigated. A cell
ran well for over 2000 hours. The combined sintering tech-
nique would, therefore, appear to be a viable technique for
enhancing the physical strength of the matrix as well as
for reducing the handling and oven time required for elec-

trode and matrix operations.

Ancther technique for strengthening the matrix 1s to
increase the amount of plastic in the inking vehicle used
by the bar casting technique. In order to increase the
amount of plastic in the matrix without producina a slurry

too viscous to mix or cast, a lower molecular weight of the

Page No. 5
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FIGURE 1.2. WICKINC OF CLEAN AND UNCLEAN SiC MATRICFS
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same material presently in use was tried. The concentration
of this plastic in the inking vehicle was 2.5% compared with
0.5% for the higher molecular weight grade. The result was a
matrix strong enough to be cut to shape with a steel rule
die without crumblinag or flaking off. The matrix is safe
and easy to handle up to the sintering process, during which
time most, if not all, of the plastic burns off. After sin-
tering, the matrix appears to be at least as strong as a
matrix made with the standar . inking vehicle, the porosity
is greater (64 to 68%) and the bubble pressure is good (125
to 140 kPa).

Tests were also performed to determine the effects of
sintering time, temperature and PTFE content in a silicon
carbide matrix on the wicking characteristics, bubble pres-
sure and integrity of the matrix. These experiments in-
dicated that the wicking characteristics are more de ondent
on the sintering temperature than on the time of sintering
or the percent of PTFE in the matrix. In genceral, the hiah-
er the sinterina temperature, the less wickable the matrix
becomes. It was found that the guality (uniformity, frecedom
from cracks and pinholes, etc.) of the matrix produced more
sianificant changes in the bubble pressure than sintering
conditions or PTFE content. To illustrate these inter-
dependences, a matrix containing 2% TFE was cut in two
pleces, with one half being sintered for 2% minutes at 275°C
and the other half for 15 minutes at 350°C. The matrix sin-
tered at the lower temperature wicked at a much faster rate
than the matrix sintered at 350°C. Bubble pressures for
these samples were identical at 22 psi although additional
test data shown 1in Table 1.1 indicated slightly different
bubble pressures for these sintering conditions. Variabil-
ity in the quality of the matrix explains these bubble pres-

sure measurcments.

The sintering conditions must be selected by considerina

FPage No. 7
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TABLE 1.1

BUBBLE PRESSURE DATA FOR THE MATRICES AT DIFFERENT

SINTERING CONDITIONS

(2% TFE)

MATRIX BUBBLE PRESSURE
Sintered 25 min. at 275°C (4% TFE) 152 kPa (22 psi)
Sintered 10 min. at 330°C (4% TFE) 131 kPa (19 psi)
Sintered 25 min. at 330°C (4% TFE) 172 kPa (25 psi)
Sintered 25 min. at 275°C (2% TFE) 1582 kPa (22 psi)
Sintered !5 min. at 350°C 152 kPa (22 psi)

"
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trade-offs between wicking ability (which is greater at lower
sintering temperatures) and the need for strength and high
bubble pressure. Originally the matrices were sintered to
maximize their wicking ability, but over a period of time

it became apparent from testing several stacks that the wick-
ing was still adequate at higher sintering temperatures.

1.2 Bipolar Plate Technology

Cost effectiveness is an important criteria for all fuel
cell components. The materials and processes used to manu-
facture bipolar plates were investigated with this in mind.
Initially the program was concerned with graphite filled
phenolic resin composites, but later in the program a heat-
treatment process was introduced. Several parameters which
affect cost,. molding and processing were evaluated in addition
to the heat-treatment.

New resins and mixes that improved the cost effective-
ness of the bipolar plate were successfully molded and heat-
treated. Molding trials with Varcum 24-655 resin (Reichhold
Chemicals, Inc.) were successful and production rates were
comparable to those of the previous pipolar plates made with
Colloid 8440 resin from Colloid Chemical, Inc. The Varcum
24-655 resin is a one-stage phenolic resin and has a recom-
mended shelf life of 60 days at 16°C, while Colloid 8440 is
a two-stage resin. Compounds formulated with two-stage resins
have a greater molding latitude, better dimensional stabil-
ity, and better long-term storage capabilities than those
formulated with single-stage resins. Varcum 24-655 resin com-
pounds were, however, superior to Colloid 8440 resin compounds
in corrosion resistance. Corrosion studies with H;3;PO, showed
that another resin (two-stage Varcum 29-703) had comparable, if

not better, corrosion resistance to that of Varcum 24-655. Mold-

ing with Varcum 29-703 resin compounds indicated no special

Page No. ¢
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problems in fabricating bipilar plates. Resin prices for less
than truckload quantities were significantly less than for
Colloid 8440:

Varcum 24-655: $1.50/kg
Varcum 29-703: $1.52/kg
Colloid 8440: $1.74/kg

The previous standard bipolar plates were 33 wt% Colloid
8440/67 wt% graphite. The graphite was composed of 27 wt$
850 and 73 wtt A-99 from Asbury Graphite Mills, Inc. Mold-
ing trials and physical property measurements showed no ad-
vantage in the usage of 850 graphite. This 850 graphite
was therefore not used in the fabrication of plates with Var-
cum 29-703 resin. The graphite prices were:

Asbury Micro 850: $4.85/kg
Asbury A-99: $0.86/kg

The 1200 and 350 cm? bipolar plates were successfully
molded with Varcum 29-703 resin and A-99 graphite. The mold-
ing characteristics of the compound were satisfaétory com-
pared with previous production materials and other experimental
compounds. No significant difference was observed between
Varcum 24-655 and Varcum 29-703 resins during preforming or
molding. The preforming process is a low pressure compaction
of powder into a flat cake which is subsequently pressed at
high pressure. Preforms of both Varcum resins , however, were
noticeably different from Colloid resin preforms: Varcum resin
preforms were denser but not as strong as the Colloid resin
preforms. Additions of Asbury 850 graphite (a flake graphite
used with the Colloid molding compound) to Varcum molding
compounds did not improve the strength. Varcum molding com-
pounds were found acceptable for bipolar plate production, but
require more careful preforming and handling procedures
compared with Colloid 8440 moldino compound.

Page No. 10
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Molding

Graphite/resin materials are preformed prior to the 400
ton, five minute compression molding at approximately 150°C.
The procedure used in preforming was:

1. weighing the graphite/resin powder,
2. loading the material into the preform mold,
3. leveling the powder,

4. preform (pressing) at room temperatuvre.

The distribution of the graphite/resin powder in the preform

is a critical factor in achieving uniform dimensions. Figure
1.3 shows a typical weight distribution of material used for
two types of 31 cm x 43 cm plates. These loadings were found
by trial and error and are the result of several factors {(e.g.,
bipolar plate design, flowability of the material, mold char-
acteristics, etc.).

As an alternative to the full size rectangular preform,
molding trials were also conducted using three 12.7 cm dia-
meter disks as preforms to mold 350 cm? bipolar plates. Uni-
form thickness was not achieved. A change in mold desian
(e.g., breathing flats which would direct flow and allow gases
to escape) might improve the molding of the disk preforms.
Because of the cost of changing the current mold base or dies
and the uncertainty that a significant improvement would re-
sult, no further work was performed with disk preforms.

Heat Treatment

After the plates are preformed and molded, they must be
heated to cure them fuvrther. Post-curing of bipolar plates
to promote cross-linking of the resin was invdstigated. Bi-
polar plates were heat-treated in air at various rates to
210°C. During the post-cure, gases are evolved and blistering
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of the plates occurs if the temperature increases too rapidly.

Experiments were conducted on 13 cm x 13 cm %X 0.4 cm sec~-
tions of bipolar plates. The plates were inspected before
and after post-cure for observable blisters. Table 1.2 demon-
strates the effect of three different post-cure cycles on the
bipolar plates.

Low resin bipolar plates (13 cm x 38 cm) were fabricated
with 75% A-99 Graphite/25% Colloid 8440. To achieve desirable
dimensional tolerances, the weight of the plates was increased
by 12.5%. sSatisfactory plates were produced by this process.

Although some graphite/resin plates have lasted over
20,000 hours, there are several characteristics which are
undesirable: a) high electrical resistance, b) acid absorp-
tion, c¢) corrogion, d) poisonini of electrodes. In order
to eliminate these detrimental characteristics, the materials
were heat-treated to 900°C.

Samples of graphite/resin composites were heated accord-
ing to the schedule in Table 1.2 up to‘900°C in a nitrogen at-
mosphere over a six day period. A programmable temperature
controller varied the heating rate for this period. During
this heat-treatment, sections of 13 cm x 38 cm x 0.40 cm bi~
polar plates did aot blister, but thicker 10 em x 10 em x
0.55 cm plates blistered severely. The heating cycle and the
length of the heating cycle will depend on the thickness of
the parts. Bipolar plates will also warp during carboniza-
tion unless restrained. Weights (exerting pressure, 4.5 Pa)
placed on plates reduced the amount of warping. Shims were
used to distribute the load over the plates uniformly.

Table 1.3 and Figures 1.4 and 1.5 show the percentage
change in linear dimensions as a function of the resin con-
tent. According to the figures, no significant differences
between Colloid and Varcum exist. The confidence band was
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further narrowed (as sho.m by I in Figure 1.4) after addition-
al process control. This information will be of value in de-
signing fuel cells with heat-treated parts.

A retort was designed, built and used to heat-treat
sixteen 1200 and 350 cm? bipolar plates (Varcum 29-703 and
Varcuin 24-655 resins). The plate compositions varied be-
tween 32 and 25 wtt resin. Shrinkage was uniform during the
heat-treatment: 2.5% + 0.5% for 25 wt® resin and 4.0% + 0.5%
for 32 wt% resin.

Permeability to hydrogen is an important parameter since
the plate is used to separate the hydrogen and oxygen. Al-
though more testing is required to quantify the hydrogen per-
meability, initial testing indicated reductions in hydrogen
permeability after heat-treatment of the 32 wt% resin plate.

Two fuel cell stacks were built with the heat-treated
32 wt% Varcum 24-655/68 wt$ A-99 bipolar plates: a three
cell, 350 cm? stack and a five cell, 1200 cm? stack (refer
to Task 4 for performance information). Both of these
stacks operated very well.

1.3 iacking Paper Technology

This subtask mainly focused on the questions of wettabil-
ity before and after cowpression by bipolar plates. Floodina
was sometimes observed in backing paper areas compressed by
the bipolar plate ribs. In some disassembled stacks, it is
evident that the rib pattern of the plates is impressed in
the backings, and streaks of acid sometimes fill these im-
pressions. Of particular concern was the possibility that
the compressed areas were not only prone to wetting, but that
they might actually wick acid, transporting it from a wet
area to an area which might otherwise remain dry. 1In the
case of the cathode, the impressed rib pattern runs in straight
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lines across the backing from the area directly opposite the
acid channel in the bipolar plate.

A test was conducted with pieces of wet-proofed backing
to determine whether the compressed areas of the backing wick
acid. These pieces were deliberately compressed between bi-
polar plates at 690 kPa (100 psi), more compression than oc-
i curs in an actual stack. Strips of the backing were sus-
. pended with one end submerged in a beaker of 102% phosphoric
|
|
|

acid. The impressed lines in the backing were oriented ver-
tically to the plane of the acid. The whole apparatus was |

enclosed within a bell jar and placed in an oven at 177°C
(350°F). Periodically during the course of a 100 hour test,
the samples were removed from the oven, visually inspected,

P T R T

; lightly blotted to remove excess surface acid, and weighed,
L Three samples of an uncompressed backing were similarly test-
ed. Although the samples were submerged equally in the two
tests, all of the compressed samples picked up more acid than
the uncompressed samples. To eliminate the possibility of
acid wicking (inside the sample) a razor cut was made in each
] sample 1/4 inch (0.64 cm) above the highest point of submer-
sion. A piece of pH paper was then placed into the slot and
pulled back and forth several times. There was no change in Lo
the color of the pH paper with any of the samples, indicating o
that the acid had not wicked above the submersion line either i g
;
i

up the surface or interior of the material. All of the acid
pick-up occurred in the submerged portion.

In an effort to determine how much of a problem this

s flooding might be, two finished electrodes (a 0.3 mg Pt/cm?
anode and a 0.5 mg Pt/cm? cathode) were deliberately compressed

» between two bipolar plates. The electrodes were cut in half

[ and then arranged between the bipolar plates as thecy would

: be in a cell. The units were then placed in a small press

{ i and one set of half electrodes was compressed at 483 kPa (70 psi)
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while the othar set was compressed at 690 kPa (100 psi).
Normal compression in a stack is 60 psi. Small samples ]
cut from the electrode halves were then float filled. Fig-
ure 1.6 shows the acid pick-up of the compressed samples
compared with the average of uncompressed Samples A and B.
Samples A and B had a Pt loadina similar to that of the cath-
ode used for the compressed samples. The data indicate that
the cathodes absorbed more acid than the anodes, which is to
be expected because the higher loaded cathode has a thicker
catalyst layer. The cathodes, compressed at 483 kPa and 690
kPa, picked up 40% and 60% more acid, respectively, than did

the uncompressed sample in the same period. It was apparent

from these tests that highly compressed backings became wet 5

and probably would limit gas diffusion to the electrodes. '

Fuvel cell tests were used to confirm this observation. A

g 25 cm? cell was built with electrodes compressed at 690 kPa.

' Cell performance was mediocre and began to deteriorate fairly |

soon. After two weeks, the cell was disassembled. The cath- |
vde backing showed moderate flooding in the compressed rib ‘
area but the anode backing gave no signs of being flooded. i
It is likely that the highly compressed backiny paper got
wet , reduced the porosity that lets gas into the elec-

: trode. There is a trade-off between compression crushing

the paper and compression reducing the contact resistance

between the paper and the bipolar plate. Shimming of each

’ cell allows this compromise to be made.

PR T TR Ty THIRTICN T T * T i

1.4 Sealing Techniques

The seals in the fuel cell serve three basic purposes:

. they a) prevent mixing of reactants at plate edges, b) pre-
{ vent acid overflow from the addition channel into the reactant
F« gas channel, and c) protect the current collector from acid.
|
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The first two seals wer: initially provided by Kynol fiber
mats which were wet with acid. These were replaced with
Teflon sheets glued down with Viton. The non-degradable
Teflon seals performed as well as the wet seals and should
Y provide a long life.

Rt ST i

Providing a protective seal ar-und the copper current
collector with strips of Viton was only partially effective
when the current collector had tabs extending out beyond
the ~dge. Extension beyond the edge made the collector ride
up and over the Viton seal. This created the poor seal as
shown in Figure 1.7. When the current collector was changed
to a central post, the collector was cut to fit irnside the
seal. In addition, two new strips were added to surround the
copper sheet completely. This has eliminated corrosion
due to acid creeping in from the edges.

1.5 Definition and Control of Electrolyte Volume Changes

Acid volume is expected to change during operation of
the fuel cell at various current densities and temperatures,
and during assembly startup, shutdown and load changes. An
assessment of the magnitude of the problem and development of
a component to accommodate the changes were completed during
this program. The problem was divided into the following
areas:

; a. Measurement of the acid volume in the components
i at a known condition;

f b. Measurement of the rate at which acid penetrates
: the electrode:

c. Estimation of the expected volume changes at vari-
ous conditions;

4. Devising a start-up procedure to minimize the vol-
ume changes;

e. Fabrication of an Acid Inventory Control Member to
handle these volume changes.
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Measurement of Acid Pick-Up

Tests were conducted to determine the maximum amount of
acid that can be absorbed by various cell components as well

as the amounts they are likely to pick up under cell assembly

and test conditions. Table 1.4 lists a number of electrode

components and the amount of acid they absorbed after 20 hours

of being float-filled at 177°C. The float filling technique
is performed by simply floating the component on the surface
of acid contained in a dish.

Another technique for determining the acid absorption
capacity of electrodes is to wick them from a matrix, as is
done during cell assembly. 1In this method, a phenolic fiber
matrix was soaked in hot acid and then placed between two
electrodes. The assembly was compressed and placed in an
oven at 177°C. The amount and rate of acid absorption was
determined by periodically weighing the electrodes.

The different kinds of acid pick-up tests conducted
included float filling, vacuum (float) filling, and wick-
ing from a matrix. Some samples were checked periodically
in order to establish rates of acid pick-up and other sam-
ples were weighed only at the end of the tests to measure
the final pick-up. All of the data were corrected to allow
for any concentration changes in the acid occurring during
the test.

In a series of float filled electrodes, small samples
(5.1 cm x 5.1 cm) were cut from a 13 cm x 38 cm rolled
electrode. They were tested in duplicate under the condi-
tions listed in Figyure 1.8. Since the acid absorption re-
sults from two duplicate samples did not deviate from the
average by more than 0.25 x 10-° cm? of acid/cm? of sample,
only the averages are shown.
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Bacause only two data points (plus the origin) were
taken for Sample AB, dotted lines are drawn rather than try-
ing to assume the shape of a curve. In this test, as in
all of the float filling tests, the electrode samples were
placed with cataljat side down in a beaker of acid and then
placed in an oven at the temperature listed on the fiagure.
Sometimes the acid was preheated for one hour prior to the
test.

Whenever it was time to weigh a sample, the electrodes
were removed from the oven one at a time, gently blotted on
Aldex paper to remove excess surface acid and then quickly
weighed on a digital scale.

Sample CD in Figure 1.8, illustrates acid pick-up of
electrodes float filled in a vacuum oven. It had been hoped
that applying a vacuum would speed up the electrode filling
process, but these results indicate that vacuum filling of
electrodes is probably not worth the effort: it seems to
speed up the early stages of electrode filling but, after
the first hour or so, the rate of fill tapers off to that
of other float filled electrodes.

Additional tests were done on small (5.1 ecm x 5.1 cm)
samples and other tests were performed on full size 13 cm x
38 cm (5 in. x 15 in.) and 31 cm x 43 cm (12 in. % 17 in.,)
electrodes. In this type of test, an acid-soaked Kynol mat-
rix was placed between two electrodes, forming a sandwich.
Weights were placed on top of the sandwich and the whole
unit was placed in the oven. Figure 1.9 shows one such
test where samples were all cut from the same electrode.

The graph shows that in both cases the electrode on the bot-
tom of the sandwich picked up more acid than the electrode
on top. This trend holds in most of the tests of this type.
Table 1.5 lists the conditions and results of other tests
performed. Electrode filling is apparently slower when
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wicking from a matrix than when float filling, but the ul-
timate pick-up appears to be similar.

These tests indicate that a 13 cm x 38 cm (5 in. x
15 in.) uncompressed electrode with a typical loading of
0.5 mg Pt/cm? could be expected to hold approximately 2.0
cm® of acid and a similarly loaded 31 cm x 43 cm (12 in. x
17 in.) electrode would hold approximately 5.3 cm?®.

Knowing the amount of acid in the various components
provided the basis for estimating the expected volume changes
during start-up and operation. These changes might determine
the speed of start-up, shutdown, and transient operation
such that acid does not expand into the electrode or backing
paper wetproofed porosity. Expansion into these areas would
result in diffusion limitations.

Estimation of Volume Changes

The initial estimation of electrolyte volume changes
during cell assembly and operation was obtained for two dif-
ferent dry room (where the stack is assembled) humidities and
two different current loads.

As :nown in Table 1.6, the volume changes depend on the
environmental moisture content when the cell is prepared and
operated. Before starting the cell, electrolyte wicking and
stack heating in a dry atmosphere will produce less volume
change. For a stack assembled and filled with electrolyte
under PH20 = 1.2 mm Hg (4% RH at 30°C), an electrolyte volume
contraction of 1.1 cm?® would be experienced (Step 4 to 5)
when heated to 121°C under the same humidity conditions. 1If
it were to be heated under Pﬂzo = 24 mm Hg (80% RH at 30°C),
a volume expansion of 0.9 cm’ would be expected (Step 4 to 5)
according to the calculations. Starting the stack at 121°C
(Step 6) would produce a volume expansion of 1.2 cm?® at a
current density of 54 mA/cm? and 2.1 cm? at a current density

of 162 mA/cm?, and then further heating would gradually contract
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the electrolyte volume to 13.2 cm’. To minimize the volume |
expansion during start-up, the stack should be kept as close :
to the steady operating temperature as possible. Comparina
steps 4 and 6, the minimum AICM capacity per cell in a 350 cm?
stack should be 1.0 cm® for cells heated under Py,0 = 1:2 mm Ha
and 3.0 cm® for cells heated under Py,0 = 24 mm Hg (at a
starting current load of 162 mA/cm? at 121°C). When the stack
is assembled in a dry room of controlled moisture content,
Puzo = 2.4 mm Hg (8% RH), the minimum AICM requirement appears

to be 2.6 cm?.

A gradual path was devised for stack wickina and starting
to prevent excess acid volume change resulting in acid drip- ,
page and weeping from the cells. Ficures 1.10 and 1.11 show ;
the steps for ‘omputing a desirable cell condition from wick-
; ing to final operation. 1In the calculations, final stack oper-
L ating conditions were assumed to be 177°C and 100 mA/cm?,

From the information of flow rates, humidities of air
and fuel, and current load, the partial water vapor pres-
sures on the cathode and anode are estimated from overall
mass balance equations. Acid density and concentration are
then calculated using the estimated water vapor pressure on
the cell. Based on the saturated cell condition at final
stack operating conditions, a wickinag condition can be de-

rmen e g R gt

termined from the following equation:

e R i RS ki e e 1T

P, . w
wick "wick = 1.0 v

Vol. of acid in cell at wicking

Vol. of acid in cell during operation poper woper Vs ; 4
:
wWhere, 5
p. ., and p = densities ;
wick oper at wicking and operating
stages, respectively.
wwick and woper = concentrations

Page No. 32




NOILVGYdIdd MOVLS TT1dD T3ANd ¥ 404 S4ddLS 0T°'T JWNOIJ M

SNOILIGNOD 40 13S i

INOS HLIN (DoLLT) 450SE OL ONILVH
41V QMY 13N NI SNOILIGNOD ‘ .
ALIGINNH ONV SINIWYND INFY3HHIQ Ly 1130 JHL ONILWVLS
SNOILIGNOD ALIGIWOH INIW334IQ
¥3ANN ©1 0L WIS JHL ONILVIH

1

T30 3HL 40 NOISSTUAWOD ONV SNTTEWISSY
| ‘ f
)1y
XId1%d NI 3LAT0412313 40 ONIT1I4

3
(o] &
1 "31A70819313 31vygininea 1
1 1V S300¥12313 NI 3FLAT0412313 40 ONITI4d

33

Page No.

DEN3~-67




o

DEN3~-67

ENEROY RESEARCH CORPORATION

‘ .I Calculate szC = p(l) at current load = I(l)

INPUT FINAL OPERATING CONDITIONS:

mput. air recycle, air hatdtﬂ. dry room humidity, ceil auq

=
Calculate Pu0 Poper Yoper Vey,

|
(‘r‘“k. Pideke "wlck) satisfying
Y = Pudcke Wyick = 1.0
s Poper® Woper
R

Calculate Preheating Temp. (Th) in Dry Room Giving

Calculate

V.#Vc-o

1
Calculate (Tooy Pocy  Woey ) Satisfying
’ L4

v .gms&-_gm = 1.0
Vs eV ¢ Yooy
T

1
Calculate Preheating Temp at which I(l) is loaded, uti-fyin1

vi +vle=o

Calculacoi'remp =T(1), p = p(l), W=wl}]

Satisfying V/v. = 1.0 at I = I1(1)

f 1) = 1) v a1
Calculate Py,o = P(2) at current load = I(2)

|
Calculate Preheatin? Temp, at vwhich I(2) is loaded,
Satisfying V.I + Véx =0

|
Calculate El'emp =T(2), p=p(2), U= w(zj satisfying
V/Ng = 1.0 at I = 1(2)

1) = 1(2) Q= Flow rate

T= Temperature
I= Current

Pw Vapor pressure
V= Volume

W= Concentration

1s I(2) = Iope‘.?

l END 1 P= Dansity p1083

FIGURE 1.11

FLOW CHART FOR CALCULATING STACK WICKING AND STARTING CONDITIONS
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The general rationale and procedure described in Figures
1.10 and 1.11 can be represented graphically. The following ex-
planation of Figure 1.12 and description of several calculations
made for the fuel cell system have resulted in a recommended pro-
cedure. Aftcer wicking, V/vB = 1, the stack is preheated in the
dry room prior to OCV testing. Fioure 1.12 illustrates the point
(Th) to which the stack should be preheated in the dry room. As
shown, the volume of acid in the cell will initially expand if
the stack is placed under higher humidity and then gradually
shrink as the stack temperature goes up. The behavior of vol- ;
ume change with temperature will depend on the rate of moisture :
: absorption, i.e., curve r, represents the case of an infinitely
* fast absorption rate. When the rate is very slow, the volume
expansion curve will decrease and approach the dry room con-
i traction curve. The preheatina temperature Ty, is based on the
| extreme condition of the moisture absorption rate, to insure J
safety when the stack is standing for a prolonged period cutside :
the dry room. At point Th' the calculated volume contraction
(Vg) and the equilibrium expansion (V.) become identical for the
conditions inside and outside the dry room, respectively. The
stack is then moved out of the dry room with continued heating
until the acid volume returns to the V/Vg = 1 point. The stack
is again preheated to reduce the acid volume in the cell before
loading current on the stack. This procedure is repeated until

-

e e R

A R e

e

Nl ok e B e e i o e s S

the initially assumed operating conditions are achieved. :

In Figure 1.13 a three dimensional path was drawn for
an air stoich* of 3.0, dry room humidity of 2.5 mm Hg, and
a testing lab humidity of 12 mm Hg. Under the given condi-
tions, the optimal wicking temperature becomes 75°C and the
acid concentration is 97.6%. After wicking, the stack is
preheated to 99.5°C (path a-b), before taking it out of the
dry room to the 12 mm Hg humidity condition and heating it
to 120°C (path b-c) before OCV testing. After OCV measure-
ments, the stack is kept at 123°C (path c-d) before the 20

*Through the cathode channels.
Page No. 35
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2.0
0 r, - Rate of moisture
g absorption
g To = Dry room temperature
T = Stack temperature
< < =
1 § ry < r, <(r, =a0) n
§ Tf = Pinal stack temp.
§ g Heating outside drv room
% 2 ﬂ at higher humidity
2
S
g
“
1.0
Heatina outside dry
Ve 7 room
2 Heating in
% dry room
:
8
}
0.0
T..
To Th f

FIGURE 1.12

TEMPERATURE

ACID VOLUME BEHAVIOR DURING HEATING
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mA/cm? current loadina. After the stack is put on load, the
temperature is raised to 126°C (path d-e). When the start-
ing current loads are 40, 60, 80 and 100 mA/cm?, the pre-
heating temperatures become 130, 142, 152 and 162°C, as
shown in the figure.

Table 1.7 summarizes a comparison of stack conditions
from wicking to loading for two and four air stoichs, and for
zero and 40% recycling of air. According to the table, the
optimal wicking temperature varies from 59 to 77°C, while the
preheating temperature in the dry room varies from 921 to 108°C,
and the temperature for OCV testinc varies from 114 to 130°C.
Based on the information given in the table, a set of stack
parameters was chosen to allow tolerance of the varying
environment within reasonably small volume changes. Table
1.8 shows the recommended parameters to be applied from
stack wicking to starting. Maximum volume expansion en- . ,
countered for the given set of parameters was estimated to ]
be 2.5%. '

)
|
p
E

I et

Acid Inventory Control Member (AICM) ' :

The development of a technique to wetrroof a backing
paper (AICM) selectively using an FEP solution was completed.
: Additional work is needed, however, to define the minimum
% amount of wetproof area necessary to prevent gas diffusion
limitations at the design operating current density. The

i presently developed AICM was satisfactorily tested in a
3-cell 350 cm? size stack at 100 mA/cm? (see Task 1.6).

Several techniques which could be used to produce
selectively wetproof backings were identified. These tech-
: nigues result in backings that are completely wetproofed
g on one side (the gas side) and are spotted with wetproofed
F areas on the other (catalyst) side. The backing then be-

t comes an AICM which can be used to store or supply elec-
trolyte as the conditions of the cell dictate.
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TABLE 1.8

RECOMMENDED SET OF STARTING PARAMETERS

PREHEATING IN
WICKING DRY ROOM OCV TESTING TOADING
T =70 T = 110 T =120 T =150
W = 97 W = 99 I = 60
pHgO = 2.5 pHgO = 2.5 szO - 12 szO = 12
i

Do

Units: T (°C): W(M) of acid: I(mA/cm?).
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Sample AICMs containing 368 FEP were prepared by this
technique and the quantities of acid picked up in float fill-
ing tests have averaged 15 x 10=? cm’® of acid/cm? backing. When
translated to the scale of a 350 cm® stack, the acid storage
capability of these AICMs is approximately 5.8 cm’ per anode
backing. The minimum storage necessary to accommodate elec-
trolyte volume changes due to start-up conditions was es-
timated to be 1.0 cm® t0 3.0 cm® per cell,

Since the AICMs are expected to absorb changes in acid
volume, prefilling of anodes in some cells was an attempt
to accelerate what might happen in operatina cells. The ex-
tent to which filling the backinas with acid interferes with
the flow of hydrogen to the anodes will affect anode perfor-
mance.

Table 1.9 relates cell performance to the cross-sec-
tional area of the anode backing wetproofed snd to the amount
of acid picked up during prefilling. The percentage of FEP in
the backings is higher than might be expected because the FEP
used for selective wetproofing was of a much higher concentra-
tion than is commonly used in the standard wetproofing opera-
tion. This was necessary due to the greater tendency of dilute
FEP emulsions to spread out. The approximate percentage of the
area next to the electrode covered by the FEP (listed in Column
C) indicates that, in these wetproofed areas, there it a much
greater concentration of FEP than normal. The effect of this
on the uniformity of current flow through the backings has not
yet been determined. <Column D lists the amount of acid that was
picked up by the anode during prefill. All of the anode loadings
were approximately 0.3 mg Pt/cm?. In comparison, a typical
electrode of that loading would pick up 0.11 cm® of acid, pre-
sumably all in the catalyst layer. Column E shows the amount of
acid that would be stored in an equivalent anode scaled up to
a 1200 cm? size.
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The average IR-free peak performance of prefilled cells
is only 610 mv, whilé the average of cells not prefilled is
630 mV, all at 200 mA/cm?. Analysis of cell polarization t
curves indicated that, to a large extent, cell performance
was indicative of backing flooding. The oxygen gains remain-
ed low, while the drop in performance was steecp as the load
increased. |

~ 1In addition to the selective wetproofina of anode backinas
for an AICM, several backings were uniformly wetproofed but
with low FEP contents. As indicated by the data in Table 1.10
the low FEP backing cells performed 17-22 mV higher at peak ‘
performance. As the testing time increased these cells grad-

ually flooded.

Forty 350 cm? three-cell stacks were built to evaluate
various components including SiC and MAT -1 matrices, Stack-
pole and Kureha backing papers, Varcum and Colloid resin
plates, heat-treated and nonheat-treated plates, and selec-
' tively wetproofed AICM's, Typical data are summarized in i
Table 1.11. The most significant differences are apparent
between nonheat-treated plates and heat-trcated plates. A j

4
i j
;
L 1.6 Component Evaluation and Screenina , ﬂ
1
1

| large inc:ease in performance was obtained using heat-treated
plates; this can be attributed to improved electrical con-
; ductivity of the plate material, reduced contact resistances,
and renoving an electrode poison. Some of the variations :
F in the performance of stacks used to compare different com- |
ponei::- 8 may be a result of variable degrees of poisoning. It
is most likely that this poisonina arises from the corrosion of
plate material .° scribed in Task 2. Since the poisonina was not
clearly defined until late in the program when funding was
h limited, the tests were not repeated. Assuming, however,
E equal poisoning of all cells, the data indicate a success-
' ful scale-up of the SiC matrix, rolled electrodes, backing
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papers, and bipolar plates. The selectively wetproofed AICM
was also succesgfully tested in a 350 cm? stack and should
be easily scaled up to 1200 cm? cells.

During the program an ERC matrix (MAT-1) became avail-
able that had a superior bubble pressure and was easily manu-
factured in 1200 cm? sizes. Tests suggested the cell perfor-
mance with MAT-1 was equal to that with the SiC matrix cells.

Rasulte of the 10,000 hour endurance tests described in Task 3
further demonstrated the superior nature of the MAT-1 matrix.

Based on material cost, handlina, manufacturability and
long-term performance, the following components were found to

be effective:

1. Rolled electrodes, 0.25 mg Pt/cm? anodes, 0.5 mg
Ft/cm? cathodes;

2. Carbon paper backings (Stackpole carbon):

3. Heat-treated phenolic resin bipolar plates with
33% or greater Varcum resin 29-703 and 67% or
less Asbury A99 graphite;

4, MAT-1 matrix;

5. Teflon seals.
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TASK 2. MATERIALS EVALUATION

The effort in this task focused on diagnostic analysis
of materials used for fuel cell stacks so that guidance could

be provided in their development. The areas of investigation
were:

® Component corrosion resistance
® Physical property measurements
() Bipolar and cooling plate erosion.

2.1 Component Corrosion Resistance

Exposure of the fuel cell components to concentrated
phosphoric acid results in both chemical and electrochemical
corrosion. A number of resins and resin/graphite composites
(heat-treated and nonheat-treated) were investigated under
various test conditions:

° Apparent chemical corrosion - immersion in acid
followed by weight and thickness changes;

° True chemical corrosion - apparent corrosion cor-
rected for acid absorption (see Fiocure 2.1):;

® Slow sweep voltammetric corrosion = under dif-
ferent gyas atmospheres and various corrosion times;

® Continuous corrosion at constant potential.

During these studies several limitations for each type
of measurement were discovered. 1Initially samples of material
were immersed in hot acid, superficially washed, dried, and
weighed. It quickly became apparent that some materials re-
quired extensive extraction to remove acid while others re-
guired only a simple rinse. This variability resulted at
times in no apparent corrosion when corrosion had occurred.
Acid absorption also caused variable swelling and subsequent
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shrinkage on acid removal. Careful attention to ‘these pos-
sibilities was required to achieve meaningful chemical cor-
rosion data.

Voltammetric sweep corrosion curves were confused by a
very slow surface equilibration reaction that results in a
significant hysteresis between the anodic and cathodic sweeps.
This is not unexpected since the equilibrium surface oxide
concentration might very well change slowly during reduction
and also as new surface sites are created when oxidized. 1In
addition, the corrosion current decreases significantly for
long time periods (10-100 hours). The magnitude of the lona-
term corrosion current can only be obtained, however, by a con-
stant potential versus time plot, while the voltammetric
sweep curve provides the approximate effect of potential at
any point in time.

Apparent Chemical Corrosion

The investigation of the chemical corrosion of component
materials in 100 to 102% H;PO, at 185°C was completed. Using
the weight and thickness change data for 4000 to 5000 hours,
the phosphoric acid tolerance of these materials has been
evaluated. Rates of weight and thickness change are re-
ported for thermoset resins, thermoplastic resins and thermo-
set based composites in Tables 2.1, 2.2 and 2.3, respectively.
The following important observations can be made from these

results.,

° All thermoset resins studied (except Plencc 653)
have comparable apparent corrosion rates between
1 and 2 pg/hr/cm? (Table 2.1).

® Varcum resins in general have low corrosion rates
and, in this group, Varcum 29-703 showed maxirnum
acid tolerance.

° Plenco 653, a cresol modified phenolic resin of

the single-stage type, disintegrated in the acid
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