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INTRODUCTION

This is a report on a joint effort of Ionics, Inc. and

The Institute of Gas Techniology to develop an air-breathing fuel
cell system powered by natural gas. The long range objective of
the project is the development of an economical power source

using this readlly availlable fuel, and which has a high degree

of reliability and safety for relatively long periods of unattended
-operation. The system selected for this program was a low
temperature, hydrogen-oxygen fuel cell with an acld electrolyte.

The hydrogen-oxygen system 1s well advanced. It provides
relatively high efficiency with fuels and oxidants that are easy
to .obtain. The fuel can be generated from natural gas or other
hydrocarbons and the oxidant is available from the air. The process
“to generate hydrogen for thils fuel cell has been presented in an.
earlier publicatlon in this series. The description of a 100- CFH
reformer unlt has been discussed in another paper during this session: ®

A low temperature system was selected for the investigation

because of 1ts long life, reduced corrosion problems, and low
pressure operation. These advantages are counterbalanced in part
by the present high cost of the catalyst.

Ani acid electrolyte system was dlctated by the need for
compatibility with the carbon dloxide which 1s formed during the
reforming of natural gas and which 1s also present 1n room alr.
With the acid system, expensive steps to purify the hydrogen are
not required. Also, the alr does not have to be scrubbed to
remove carbon diloxide.

A dual ion- exchange membrane battery was chosen for 1ts
inherent safety and reliabllity. With the acld electrolyte
contalned between two membranes, and the gases on the outslde of
these membranes, the chances of gas Intermixing are minimized. A
pinhole in one membrane does not bring two reactant species
together in the presence of an active catalyst which would cause
failure. The safety of operation 1s consistant with the goals of
the project.

BATTERY CONSTRUCTION AND OPERATION

General Descriptlon

The battery 1s an Internally manifolded stack of cells
wilred in serles and with parallel flows of gas and electrolyte.
An individual cell 1s diagramed in Figure 1. The acild compartment,
in the center of this diagrem, is filled with a polyethylene-
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polypropylene woven cloth (70% void) to maintain the electrolyte
spacing. .On either side of the acid compartment are catilonic
ion-exchange membranes with woven glass backing. Each of these
membranes 1is intimately contacted by an electrode, either anode or
cathode. These, in turn, are held in place by ribbed plates. The
plates are embossed nioblum sheets, 5 mils thick. They electrically
connect one cathode to the adjacent anode and simultaneocusly’

.distribute the flow of gas to the electrodes. The gas and

electrolyte compartment frames are made of 65 durometer butyl
rubber. This 1s sufficiently firm to retain dimensional
stabllity but still has enough flexibllity for sealing. The
electrodes are platinum-black bonded to a tantalum screen as
manufactured by the American Cyanamid Company.® The catalyst
loading in the present battery 1s 9 grams per square foot. The
©tal thickness for a single cell is 140 mils or about 1/7 inch.

The internal manifolding technique is shown in Figure 1.
The manlfolds for the movement of fresh and spent material are holes
punched in the margins of the components. Channels connect the
appropriate compartments and manifolds. In the present geometry,
70 percent of the total area is active. The active area of a cell
is 1/4 square foot. ‘

In operation, the reactant gases are fed to the top of thelr
respective compartments. Spent gas 1s removed from the bottom of the
battery to sweep out the liquid formed by the reaction or which
has passed through the membrane by osmosis. The .25 percent
sulfuric acid electrolyte flows from the bottom of the compartment
to the top. Thils removes gas which may be in the compartments
durlng start-up. The current is taken from the battery from the
terminal collector plates. These are heavier than the interior
sheets to reduce the battery's electrical resistance.

Heat and Mass Balance

A detailed analysis of the heat ard mass balance
problems within the cathode compartment of the cell was performed
on a digital computer using finite difference techniques. This
study indicated that the air required for a thermal balance is
greater than that for a water balance by a factor of approximately
30. Therefore, the heat of reaction must be removed by other '
means.

Figure 2 shows the heat and mass balances during
steady-state operation on reformed natural gas. The operating
conditions are typical of those realized in the laboratory. All
of the heat generated in the battery, plus that which 1s
equlvalent to the water condensed, 1s removed by the rise.in the
acid's temperature. If the humidity of the inlet air were lower
during operation, water would be removed from the battery and
the acld concentration would rise. The exit alr is a few degrees
higher than the acid temperature because most of the irreversibllity
of the reaction is at the cathode. The inlet alr temperature and
humidity are maintained at the conditions of the exit air. The
fuel, on the other hand, need not be excessively heated or
humidified for stable operation. '
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Pressure Dr;p

The pressure drop of the gas streams within the battery
is important in the design of the entire system. Alr must be .
supplied at enough pressure to overcome the losses in the
humidification process and within the battery. Of greater -
-importance, the reformer must be designed to supply gas at
_enough pressure to overcome the losses on-the anode side of -
the battery from a 1ine pressure of six inches.

The pressure drop in the present battery design is
shown in Figure 3. From this graph, 1t can be observed that the
flow in the cathode chamber is laminar; the pressure drop varies
directly with the flow rate. With the same design, the pressure
drop for an 80 percent hydrogen-20 percent carbon dloxide fuel
mixture, similar to the generator product, should be significantly less
than that of the alr. The pressure drop with this fuel mixture
is so low that uneven distribution within the battery results.

To correct the distributional problem, the resistance in the
inlet  to the fuel .compartment from the fuel manifold is increased.
- In the present design, the restriction is 1/2 inch of 19 mil. I.D.
tantalum tubing. With this restriction, the pressure drop to
fuel flow is about the same as the pressure drop to air flow.

The flow within the anode compartment, according to the slope of
the line in Flgure 3, .1s not laminar but 1s in the transition
region. . . o

The pressure drop at expected operating conditions is
three to five inches wc. From the earlier paper on the reformer
construction, it will be rMoted that this fuel pressure 1s readily
obtainable. from the hydrogen generating system. Enough energy
is available in. the reformer flue gas to generate steam for
ejecting the air required. As the alr must be heated and humidified,
according to Figure 2, an eJector is a convenient technlque for air.
movement. . . |

If extrapolated, the pressure drops, at increased power - S~
levels, would be quite high.. This problem can be avoided by
embossing the bipolar plates more deeply and shortening the .
length of the restrictive tubing -in the anode compartment

The plates are now pressed manually and are not identical:
This non-uniformity presents a problem with uneven flow
distribution within the battery. Relatively high pressure
drops must be used in the experimental units for uniform gas
distribution.-

BATTERY PERFORMANCE

The 1n1t1al investigations of this program were performed
on. cells having an area of four square Inches. Performance of
-the batteries 1is better than that of thHe small cells. This is
due to improved control facilities. Four of these batteries have
been constructed and tested. Each has 13 cells with 1/4% square
foot of active area. The power is nominally rated at 100 watts
each when cperated on reformed natural gas and air.




- -35-

" Hydrogen-0Oxygen Performance

Polarization curves for a 13 cell battery operating on
varlous fuel and oxldant gases are shown in Figure 4. The data for’
Figure 4 were taken with 500 hours total operation on the electrodes,
and Just after a 100 hour run, to minimize the effects of fresh
catalyst. The hydrogen~oxygen performance of the battery at: 60°¢

-1s the standard of comparison for the operating conditions. - When

these data are plotted IR-free,with each electrode against a
reference, it is found that the anode reaction 1is essentilally
reversible over the range of current density. By contrast, the
cxygen electrode shows substantial polarization, even when the
circult is open. The irreversibillity of oxygen electrodes 1s well-
known. It 1is an area for further catalyst 1nvestigatilon.

Internal Reslstance -

Prelimlnary measurements of the internal resistance of
the battery show 0.002 ohms-square foot for each cell. This
value was determined by interrupting the load on the battery and
Instantaneously measurlng the voltage rise on an oscilloscope.
This resistance figure is probably high. More accurate determinations
wlll be possible when faster battery swltchlng techniques have been
perfected. TFigure 4 shows a curve for the hydrogen-oxygen
performance on an IR-free basis.

Conductivity measurements of the membranes and electrolyte
Indlcate that a negliglbly small fractlon of the internal
resistance 1s 1n the metalllic components of the battery. The
liquid electrolyte area resistance 1s 0.00046 ohm-square foot
and the membranes, which act very much like porous media containing
25 percent electrolyte, are responsible for the balance.

- Hydrogen-Alr Performance

The goals of the project require a system that operates
with air at the cathode. The prime disadvantage in the use of alr
1s the loss of cathode potential because of dilutlon. ' This

‘potentlal loss ranges from 40 to 80 millivolts per cell if sufficlent

alr 1s used. The voltage loss lncreases as current 1s increased.
The loss at 60 amps per square foot (ASF) is approximately 70
millivolts per cell or .91 volts for the battery. A polarization
curve for hydrogen-air operatlon 1s Included in Figure 4

The loss of cathode potentlal, as stated above, depends
upon the use of sufficlent sair. This is designated as a
meximum effective feed rate — that 1s, the point at which any
further increase in alr flow does not measureably Increase the
electrode - potential. A determination for thils alr flow rate 1is
presented 1n Figure 5. TFor a single cell, the alr flow rate at
which a potential drop occurs 1s only slightly more than the .
stoichiometric equivalent. Thls 1s less than 20 percent excess ailr
for 300 millivolt drop from a linear extrapolation of the
polarization curve, and less than 25 percent excess air for
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100 millivolt drop. At twice stoichiometric flow (100 pércent
excess-air), no deviation from the straight line curve can be-
observed. :

If the oxldant gas supply is interrupted briefly while
‘current can flow through the battery, a noticeable Improvement @ -
occurs  in the battery's performance. This may amount to .65 volts’
"at 60 ASF with a decay time of up to 6 hours depending upon the .
past "hlstory of the battery. BSince this -lack of reactant shifts
the cathode potential almost to the anode potential, a strongly
reducing condition is produced at the cathode which apparently
cleans the electrode.

‘Dilute FuelvPerformance

The product of the hydrogen generator is primarily 80
‘percent hydrogen and 20 percent carbon dioxide, with trace. amounts
of methane and carbon monoxide. The methane and carbon dioxide
. dilute the anode feed whereas carbon monoxide has a polarizatlon -
effect which will be discussed later. ‘

. The investigation of reactant dilution is straightforward
since only hydrogen and carbon dioxide need be considered. The
concentration effects due to the dilution of the hydrogen are
shown in Figures 6 and 7. Polarization data is included on
Figure 4. In treating the data, it 1s convenient to define a
unit gas flow rate as a stoichiometric equivalent (or stoich).

This 1s a gas flow equal to the rate at which the reactant gas

1s consumed under specified conditions. For example, with a
13-cell battery operating at 15 amperes current, 1 stolch

equals 1460 milliliters per minute of hydrogen. Figure 6 shows

the stoichiometric relationships. Lines of constant fresh feed (j),
and -recycle ratio (R), are shown for an 80-20 percent mixture of
hydrogen and carbon dioxide. o

Experimentally, the indicated feed and recycle rates were
similated by feeding a mixture of the corresponding values of the
pure gases. The average potential loss at 60 ASF was then calculated
for each condition.. This voltage, expressed-as millivolts per cell,
appears on Figure 6 near the intersection of the corresponding lines.
The average potential loss is strongly influenced by excess feed -
and only slightly affected by the recycle ratio. '

‘ ‘THe arithmetic mean of battery inlet and outlet
conditions was used for average reactant concentration. A graph
of potential loss against the average concentration 1s presented
in Figure 7. The correlation 1s good. The three poorest polnts
occurred at low total flow rates. With this condition, poor
distribution between cells was the most likely cause, that is,
“one or two cells behaved differently from the rest. According to
Figure 7, there is a wide range of conditions under which the :
potential loss can be held to approximately 20 millivolts at 60 ASF.

Figure 7 1is plotted on semilog paper for convenient.
presentation of the data. Also included on this graph is the .
1line for the Nernst Equation which expresses the theoretical open

IR
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clrcult potential loss:. At low average feed concentratlons,

there appears to be a significant diffusion problem at 60 ASF current.
In the range of probable operation, without recycle, the concen-
tratlon effect 1s not large. : :

Figure 4 includes a curve for the polarization of the
13-cell battery on 80 percent hydrogen-20 percent carbon dloxlde
fuel mixture vs. alr. Approximately 200 percent excess fuel was

'used in the collection of these data.

To check for carbon monoxide production in the .anode
chamber, the carbon monoxide concentrations of the battery Inlet and
outlet gases were measured with a sensitive infra-red analyzer.

With an inlet concentration from a bottled mixture of 80 percent
hydrogen-20 percent carbon dioxide contalning 3 ppm of carbon
monoxide, the battery outlet concentration was % to 5 ppm of
carbon monoxide without load. The thermodgnmnic equilibrium of
the reverse water gas shift reactlon at 60°C is 20 ppm. Under
the flow conditions in the battery, the reaction does not
proceed raplidly over the platinum catalyst.

‘Performance with Reformed Natural Gas Fuel

The purpose of‘this project 1s to achieve satlsfactory
battery operation on a fuel derived from natural gas. The product

- gas of the hydrogen generator contains 3000 ppm of methane and

20 ppm of carbon monoxide in addition to the hydrogen and carbon
dioxide. The methane exerts a negligible dilution effect only,
but the carbon monoxide, even In small amounts, significantly
affects the battery's operation. It is believed that the carbon
monoxlde 1s adsorbed at the reactlon slte and results in a

polscnlng effect.

Figure 4 includes a line for the polarization of the

13-6611 battery at 60°C when operating on reformed natural gas

(RNG) fuel and air. These data were taken after 300 total hours

on RNG fuel and immediately after a 100 hour run at 40 ASF. The
polarization at 60 ASF 1s 1.2 volts for the 13 cells, or less than
100 millivolts per cell, when compared with pure hydrogen feed.

As expected. from the previous section, the concentration polarization
due to the presence of carbon dioxide.is less than 20 millivolts

per cell. The remainder is due to the effect of the carbon monoxide.
The maximum power of the battery 1s 112 watts at 80 ASF. )

: The poisoning effect just mentloned has occurred for
60°C operation. From tests on small cells, the effect at room
temperature 1is approximatelg 300 millivolts per cell. The
operating temperature of 60°C was selected to mlnimize the .
polsoning effect without reaching the temperature at which the
fuel reduces the sulfuric acid to hydrogen sulfide. '

The long term effects of carbon monoxide in the feed
stream are now being investigated. At present, the total operating
time on reformed natural gas 1s 800 hours.

Apparently, the anade can be rejuvenated by two techniques.
1f the battery load 1s removed for about an hour, the output
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voltage of an 80-20 fuel mixture is produced when .the load is
restored. Andthelr techniqué to remove the anode poisoning is
to short circuit the battery wlthout fuel. In thls case, the
carbon monoxide apparently is oxlidized. It 1s not known if
either of these rejuvenatlon technlques can be repeated
indefinitely There 1s evidence of increasing potential
falloff rate w1th repeated anode treatment

'FUTURE IMPROVEMENTS

When this program was started two years ago, the
approx1mate material cost was $50,000 per kilowatt of power.
on hydrogen-oxygen feeds. The present cost is $3,000 per
kilowatt with ‘an RNG-ailr feed. The cost must still be reduced
sign;ficantly for this fuel cell battery to -be an economical
power source. There are several polnts of potential anrovement
in the battery : ' : ‘

The electrical resistance of the electrolyte accounts
for a substantial loss of* cell potential. A majority of the
resistance is in the ion-exchange membranes. Research at Ionics
has produced a membrane which could reduce the resistance by more
than half, doubling the power output. It 1s likely that additional
- effort will result in further improvements in membrane technology.

Experimental electrodes with. a greater tolerance for
carbon monoxide are now being studied. - These electrodes may
reduce 'the load on the methanation system of the hydrogen generator
and permit lower temperature operation. Improvement of the
carbon monoxlde polarization may be possible with lncreased unit -
power output

Electrode costs are a significant fraction of the total
battery material costs. Although the electrodes havé a high scrap
value, the platinum is a high cost investment. While 1t is
unlikely that platinum will be replaced as a catalyst, at least on
the oxygen side, the possibllity of a more effective use of the
catalyst 1s significant. Experiments with electrodes using
different amounts of platinum indicate that the effectiveness of the
platinum (at constant potential) increases significantly as the
pilatinum loading decreases. Some success may be expected from
attempts to place small amounts of catalyst on the electrode
surface most favorable to the reaction. The anode polarization
curve indicates that reduction in catalyst loading may be possible
now without penalty to performance.

ACKNOWLEDGEMENT

The authors wish to thank Southern California Gas Company,
Southern Counties Gas Company of California, and Con-Gas Service
Corp., who are sponsoring this investigation, for permission to
publish these results

REFERmNCWS

1. Meck, J., and Baker, B. S., "Hydrogen from Natural Gas for
" Fuel Cells," Fuel Cell Systems, pp. 221-231, American

Chemical Sooletyg Washington, -D. C., 1965.

ot



—_

-39.

Meek, J., Baker, B. S., and Allen, A., "Performance of a
Reformed Natural Gas-Acid Fuel Cell System, Part I,
Hydrogen Generator Design," presented at Fuel Chemlstry
Division of the American Chemical Society, 150th Annual
.Meeting, Atlantic City, N. J., Sept. 12-17, 1965.

-. Haldeman, R G., Colman, W. P., langer, S. H., and Barber,

W.- A., "Thin Puel Cell Electrodes,” Fuel Cell Systems,
pp. 106-115, American Chemical .Society, Washington, D. C.,
1965. _ _ .

- e D
yTE oL
EGTE%A Nf -
L
/EOUTL RINLSLD
,A:‘Ale
..‘i.‘:
:ﬁxg
s EL
gess fU
j2aes 100
%‘.“.“ JJK 5PE§NIFO::ATE
222 N M |- MARP )
Oy o’ ) OL EN
¢ \F‘zl:PARTM
a0
IR o0 1
EL ral” yph
" ¢0
ME L{TER '

Figure 1.-DIAGRAMMATIC REPRESEI\PI‘ATION OF A SINGLE CELL
IN THE BATTERY




-40-

ACID OQUT
0.62 L8
142.5°F
q=-508 BTU
_ Iz | 1 1
FUEL (N AIR IN ,
0.035LB H, 15 AMP 1.66 LB . 4
0.191 LB CO3 AT 7.4 VOLT 145°F
20PPM CO q=4348 BTU H20 IN
120°F H,0=0.144 LB 0.296 LB(V) _ : '
PRODUCED . f
{_n.__ | _____]
AIR OUT l FUEL EXHAUST
1.58 LB ACIDIN 0.023L8 H;
145°F 0.62LB ©0.191 LB CO,
Hz0 OUT 125°F 27 PPM CO
0.282 LB(v) 120°F
. 0.158 LB (L) q:=0
q=+i60 BTU -

Figﬁre 2.-HEAT AND MASS BALANCES AROUND THE OPFRATING BATTERY

(1Z CELLS, 1/4

3Q FT EACH, 1 HR OPERATION, STEADY STATE)

7.0 '
//
. 6.0 ‘
80% H; . A
20% CO, 4
. . 1Y
5.0 //
o L - / A £
5 VA R Ve
v A /|
w 4.0
z /
g | / )
a /
<2 .
& 30 / ‘
w . //// 4 .
x A 4
o I /
9 25 VA o
w - 4
& // !
2.0 :
1.0 1.5 2.0 25 30 35 40

FLOW RATE, STOICH FOR 15 AMP

Figure 3.~PRESSURE DROPS IN THE BATTERY GAS STREAMS



go—

o SEl

———
=

Figuré 4,

IR-FREE CATHODE POTENTIAL (VS SAT CALOMEL)VOLTS

Figure

|2\ :
S
N T
N —~
10 b—— _\ - l\\_-h ,_,:_.‘1\ —_— J
) \ _\ \ e .’\\~~\_ H;/0;
B I \\ NS _ ] == tR-FREE)
W NSUEERY
TRl R . \\§ k{ —
g \ \\ \‘Hz’Oz
6 N R e N e
- NN
w IS I R A D I O A NU NI AR
e I ~Neow H,-
<SSO TN I e V\___Hi?:.coz/
T " REFORMED
» 11 ! NATURAL |
GAS/AIR
o .
o . 20 40 60 80 100 120 140

o o o

o .

S

 CURRENT, AMP/SQ FT

—OPERATTNG PERFORMANCE OF A 13-CEIL BATTERY AT 60°C
° [ TTTI l
STOICHIOMETRIC FEED$ O 1—O—
) . TWIFjST(OlCHlOMETRIC FEED ¢ 3 |4 b
6 - - FEousvse
K
Y
al- | L1l
AR FLOWRATE
| | 1| ML/MIN-CELL g
(] 59
2HH1 T © e o CITHI
A 168 X . || ll
i 0 - 280 [ =1
ol L T LR
2 IT

ool - - ~ - - Ol - .10 ' 10
CURRENT ON I/4 SQ FT AMPERES

5 POLARIZATION CURVE SHOWING POTENTIAL DROP AS

CURRENT APPROACHES STOILCHIOMETRIC EQUIVALENT OF AIR FEED




N

R *RECYCLE RaTIoYOL OF RECYCLE GAS
VOL OF FRESH FEED)
| | =FLOW RATE OF FRESH REACTANT
| GAS TO SYSTEM ~ IN STOICHS
| I S M N W TR T
3 4 5 3 7 8 E]
'HYDROGEN FEED RATE TO BATTERY IN STOICHS (SEE TEXT)

Figure 6. ~VOLTAGE DIFFERENCE.BETWEEN PURE HYDROGEN AND DILUTE
ANODE FEEDS. NUMBERS ARE MILLIVOLTS LOSS PER CEHELL

CO FEED RATE TO BATTERY IN STOICHS

o

[o]

EXCESS FEED,

IF 80% H, FEED, PERCENT

o] 0 25 50 100 200 ®
- L 1 1 i 1 |

00/ . P ———
0N O O

N\ - EXPERIMENTAL, 60 AMP/SQFT LOAD

200}~

ANODE VOLTAGE LOSS FROM PURE HYDROGEN FUEL, MILLIVOLTS

ot
: o
20— — ool \%k -
THEORETICAL e I
OPEN-CIRCUIT VOLTAGE LOSS| I~ | P J ©
(NERNST EQUATION} I~
. AN
o—- e .
e — T T T
[ S T S UY) i [ i &
S
4 o
- 60 70 80

30 40 50
AVERAGE HYDROGEN CONCENTRATION, %

Figure 7.-VOLTAGE LOSS DUE TO DILUTE ANODE FEED.

'

J

ey 4



