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CONTRIBUTIONS TO THE MECHANISM OF RANEY NICKEL DSK ELECTRODES
- Eduard W, Justi and Adolf W. Kalberlah
Institute of Technical Physics, University of Braunschweig, Braunschweig, Germany

1. Introduction

A decade ago Justi et al, (1) have disclosed the DSK (gouble skeleton katalyst)
system of gas diffusion electrodes consisting of a supporting homeoporous macro-
skeleton with embedded homogenized grains of catalytically active microskeletons
of Raney metal type. A primary goal of this system has been to avoid platinum
metal catalysts and to improve hitherto less powerful electrocatalysts such as
Raney nickel, This is the main reason why the DSK system does not meet the
requirements of space technology but continues being of actual importance for
terrestrial applications such as electrotraction. Apart from its abundance nickel
has the peculiar advantage to store great amounts of hydrogen and to facilitate
in this way the operation of hydrogen nickel anodes even under overload and as
accumulator electrode. In fact, our own group (2) and Russian (3) and Czecho-
slowackian (4) laboratories have made remarkable progress already in the
preparation of new Raney nickel catalysts which are not pyrophoric despite of
increased activity. For optimum construction and operation of DSK electrodes
with nickel macroskeleton and microskeleton a detailed knowledge of reversible
and irreversible oxidation and corrosion processes seems to be necessary,

From the work of formation of nickelhydroxide Ni (OH)_ -105.6 kcal/mole
and of water -56,69 kcal/mole the enthalpy of formation of the reaction {Ni{OH)
4+ H, —» Ni+ H_O may be calculated as -7,78 kcal/mole. Hence the potentia
of tﬁe reversible Ni (OH), electrode vs H_ electrode in the same electrolyte is
+168 mv. This means tha% Ni in this anode will be oxidized already at a polariza-
tion of 170 mv. Moreover it is known that nickel in alkaline electrolyte is coated
by a passivating layer. Therefore, the question was how these layers will
influence the porosity of the DSK anodes and the catalytic activity of the Raney Ni,
In Raney Ni with its large inner surface about one out of four atoms belongs to
the surface and,therefore, if only the surface atoms will be oxidized this would
mean a considerable increase of volume and decrease of porosity, a change of
surface structure and perhaps of the electronic structure of the catalyst grains,

. Such changes should be investigated by measurements of porosity, of weight,

catalytic activity including gas consumption and of electric resistance vs state
of oxidation, Such measurements are described below and their teachings for
construction and operation of DSK anodes are discussed.

2, Influence of oxidation on porosity of DSK nickel anodes

If one places an electrode disk A as separating diaphragm between two
electrolyte spaces the liquid may flow through the electrode and the pressure
drop Ap at said electrode may be measured, As shown by fig. 1 two additional
electrodes B are placed on each side permitting to send a direct current I
through the middle electrode and to measure the potential drop Ap at two more
reference electrodes C in the vicinity of electrode A, In this configuration the
Ni DSK electrode was gradually oxidized anodically departing fromthe hydrogen




potential and in this way both the flow resistance and electric diaphragm resistance
are measured as function of the state of oxidation of the electrode A (5). Fig. 2

. shows both resistances vs electrode potential against hydrogen in the same electro-

. lyte, Both resistances are increased suddenly at about +150 mv what may be ex-
plained as filling up the pores by nickel hydroxide layers at its potential of forma-
tion, Corresponding experimients with carbonylnickel electrodes without Raney
nickel failed to show such resistance changes and therefore, it is concluded that
the Raney nickel alone is responsible for the darning of electrode pores.

3. Inactivation of catalyst by Ni(OH)2 coating layers

3.1 Overloading a Raney Ni DSK anode

Together with the formation of the Ni(OH), coating layer the catalytic activity
of Raney nickel is lost as shown by experlmen% 1 in fig, 3. In this diagram is
shown the potentiostatically controlled electric current I and the hydrogen flow Q
consumed by the anode and expressed by its ampere equivalent vs time in minutes.
In this experiment the electrode was discharged with a polarization of +930 mv.
In the begmmng there is a rather high current of 6 amp corresponding to 240 ma/
em” at 20°C which is fed nearly completely by the hydrogen consumption of the
electrode, But the hydrogen influx remains always somewhat smaller than the
electric current and the difference is supplied from the electrochemical capacity
causing a gradual oxidation of the catalyst. From the decrease of electric current
and the hydrogen resorption per unit time one may see the gradual deterioration
of the anode,

3.2 The process of recovery of the DSK Raney Ni anode

If one waits until there flows but ; little portion of the initial electric current
and if one interrupts thereupon the current the hydrogen consumption will first
decrease considerably, then remain constant some time and will pass afterwards
a steep maximum, cf, fig, 4. .

In this diagram is also shown the electric potential ¢ as function of time during
this recovery period. At the left hand nadir of the maximum this is at the beginning
of the strong hydrogen consumption the potential has reached the value of +170 mv
against reversible hydrogen potential, Therefore, it is plausible to explain this
peak as consequence of an autocatalytic reduction of the Ni{OH), A layer by gaseous
molecular hydrogen, At some single germs of the surface there is activated the
hydrogen and dissolved anodically. The Ni(OH), layer is reduced cathodically at
the same velocity next to the germs caused by lzocal element effect, - The autocata-
lysis consists in the ability of the nickel atoms formed by the reduction to acce-
lerate subsequent hydrogen resorption from the gas phase. Therefore, at the be-
ginning of the expansion of the above mentioned active areas the hydrogen supply
will be accelerated until the nickel hydroxide areas are diminished considerably,
There will remain a small residual hydrogen influx caused by diffusion of hydro-
gen into remote regions far off the surface (6). If one extends this recovery
process over several days the electrode may reach the same performance as
before. But under certain circumstances one observes a deterioration of the
electrochemical performance which may be understood as the formation of

another "aged'" phase of nickelhydroxide, as in the corresponding case of Cd (7).




1. Ageing of nickel hydroxide layers

4.1 Recovery processes after potentiostatic anodic oxidation

During the experiments described above: the state of the catalyst inside the
electrode was not homogenous for it was under gas pressure during overloading
and was divided in an area accessible to oxidation and an unaccessible one. To
reach well defined conditions we have flooded the whole electrode with electrolyte
and subsequently discharged potentiostatically at a potential of +350 mv against
hydrogen during 15 hours. Then the electrode was pressurized again with hydrogen
and both hydrogen consumption and potential was measured during 9 hours, cf,
fig. 5, The experiment was repeated on 4 following days. From the curves 2, 3,
4 and 5 it may be seen that the maxima of subsequent experiments are setting
in respectively later and are decreasing each time. Integration of the Qcurves
shows that charge Q received decreases from one experiment to the following
one, If one compares the hydrogen amount consumed during one experiment with
the oxidation charge withdrawn previously one will state that it amounts to about
70 % only. This means that during each experiment a part of the Ni (OH)2 it not
reduced. Whereas most of the Ni{OH)_ is reduced spontaneously as soon as the
nickel hydroxide potential is reached, ‘the remainder is tranformed in a less
reducible phase the reduction of which needs several days. This is what we call
"aged" nickel hydroxide.

4.2 Electronic conductivity of Raney Ni as function of state of oxidation

All details of the reaction process at Raney Ni catalysts should be disclosed
if one investigates various physical properties during oxidation and subsequent
reduction. In connection with the electronic state of catalyst it will be important
to measure the electronic conductivity, Therefore, we have pressed under
water Raney nickel powder with a pressure of 1 to/em” at room temperatgre
and cut from the sheet thus produced a specimen of 37,3 x 6.1 x 3,3 mm ,
This rod St was provided with two current and potential wires (I and P) and sus-
pended in 6n KOH solution on one beam of a balance, as shown by fig. 6.

The experiment was performed in this way: starting from the hydrogen potential
we have drained anodic charges in subsequent little portions and have measured
simultaneously the electric resistance, weight and potential ‘of the specimen
after having reached a steady state., Fig, 7 shows the results. From the shape
of the potential curve ¢ vs charge L one takes cognizance of the beginning
hydroxide formation after 11 amp. min discharge, Before hydroxide formation
only hydrogen was withdrawn at negative potentials, the region 1 in fig. 7.
During this period the resistance R of the Raney Ni specimen drops from about
7.4 to 5, 3 mohms, and simultaneously the weight decreases proportional to the
charge L withdrawn, This part of the phenomena observed is understandable as
caused by the removal of hydrogen built in the nickel lattice during activation,
and the reduction of weight is caused in this way. The process is supported by
additional removal of aluminum. Now one may expect that according to the well
known experiments of Suhrmann (8) the removal of hydrogen as donor is connec-
ted with a resistance increase, Surprisingly that is not the case but we observe
a considerable decrease of resistance understandable as removal of scattering

centres,




During the formation of nickel hydroxide both electric resistance and weight
is increasing nearly proportional to the charge, see region 2 in fig. 7, The i
increase of resistance is explained by the depletion of conductivity electrons !
which are consumed by the oxidation process, The weight increase is due to the ‘
augmentation of the specimen. But the increase of volume must also be considered
because the increase of buoyancy causes a appearent decrease in weight, The chan-
ge of weight observed is the difference of the real change Ag minus the ch:a.nge3 of ‘I
buoyancy AV.p . For thg reaction Ni + Ni{OH), is Ag = 17 g/val, V=8,0lcm"/
val and p = 1,257 g/cm”., The expected weight change Ag= 17 - 10 = 7 g/val is 1
in good agreement with the measured value of 6,85 . ;

Until complete oxidation the resistance increases by nearly 300 % , but conti-
nues behaving metallic as proved by its always positive coefficient of temperature, {
If one tries to reduce the specimen electrochemically one reaches very soon the
hydrogen potential without an appreciable reduction of the catalyst. Accordingly ‘
the resistance remains relatively high, about 200 % above the lowest resistance j
value, Also evolution of hydrogen at higher polarization changes the resistance [
hardly., Even here appears a hysteresis showing that nickel hydroxide reduction
may be a slow process.,

4, 3 Interpretation of ageing

Certainly the reduction of nickel hydroxide may be accelerated by raising the :
temperature. To measure this effect we have reduced cathodically the specimen
at different temperatures at a potential of + 80 mv against reversible hydrogen
or else - 88 mv against nickel hydroxide potential t, At this potential we have
measured the currents I dependent on temperature, Fig. 8 shows logI vs 1/T.
The linear character proves that the speed controlling process is a purely
chemical reaction with an activation energy of 15. 9 kcal/mole and occurs prior
to the electrochemical process. If one assumes that the cathodic reduction of
Ni (OH), proceeds according to Ni (OH), + e" —» NiOH + OH , the speed
limiting chemical process should be thé transformation of aged Ni (OH), into
a phase appropriate for the electrochemical discharge process, One plausible
explanation is that during the ageing nickelhydroxide forms NiO by splitting off
water ( 9 ), which must reformed in hydroxide again by absorption of water,

kY : . . . . + -
The maximum work of the water splitting reaction is AG = GNiO GH o

GNi(OH)z = 2,79 kcal/mole and hence rather little, but according to the above

mentioned hiéh energy of activation there is a high energy peak in the course of
reaction, as shown by fig, 9 . Another explanation of the strong temperature
dependence but little potential dependence of the cathodic reduction of Raney Ni
is a polymorphism of nickel hydroxide as discussed by Bode ( 10 ), Similar
observations on Cd(OH)2 of Gottlieb ( 7 ) have been mentioned already. |

5, Discussion of results and outlook

The experiments described have given the teaching for the operation of
anodes with nickel catalyst that one should avoid the formation of nickelhydroxide
layers. Nevertheless this does not mean one must not operate such hydrogen
anodes at polarizations exceeding 170 mv, for the ohmic I.R drop and concentra-



tion polarization are not included and, moreover, hydroxide formation will insert
at more positive potentials in dilute KOH solution. In fact, the electrode will
supply at polarizations of about 150 mv such great current densities that the
electrolyte inside the pores will be diluted and the current will be limited by

lack of OH ions, Therefore, under normal conditions the current is not limited
by hydroxide formation but by concentration polarization and we have developed

a method to increase the limiting current density and to decrease the polarization
by continous or intermittant rinsing with small amounts of concentrated KOH(11).

In conclusion it should be mentioned that the stationary polarization current
performance of a Raney nickel anode may be improved considerably by a
transient positivation of electrode potential, As example fig, 10 presents two
curves of the same electrode, which was oxidized anodically one hour at 350 mv
against hydrogen and then dried in air, After reduction with molecular hydrogen
the electrode shfwed an improved performance with a polarization resistance
of 1.2 ohm.ecm"™ .

Although the present investigations into the mechanism of Raney catalyst
electrodes have contributed interesting informations about construction and
operation of electrodes avoiding rare metal catalysts the authors feel we are
only at the beginning of a fully utilizing the possibilities of such electrodes
both in fuel cells and accumulators.
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THE FUEL CELL ATR FLECTRODE
Henri J. R. Maget

Direct Energy Conversion Operation
General Electric Company
930 Western Avenue
West Lynn, Massachusetts

ABSTRACT

The development of fuel cells for ground power applica-
ticns requires detailed analysis of the dynamic behavior of air
cathodes operating at atmospheric pressure and variable conditions
(temperature, relative humidity). For low power levels, systems
considerations such as simplicity of operation, low parasitic
pcwer requirements, safety, etc.. are to a large extent related
to the air electrode. Immobilized and poly-electrolytes (ion
exchange membranes) offer advantages such as: support for elec-
trodes and barrier between reactant gases, no special require-
ments for well-defined electrode pore geometries and population,
mechanical integrity, etc.

The ion exchange membrane air electrode is rather well
suited for operation under conditions of natural convection.
This approach results in a complete system without moving parts,
thus in absence of parasitic power requirements. Recent work in
these air electrodes has been directed towards solutions of
simul taneous heat and mass transfer problems to achieve proper
water management and yield quasi-uniform electrode surface
conditions.
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A NOVEL AIR ELECTRODE
H. P. Landi, J. D. Voorhies, W. A. Barber

Stamford Research Laboratories
Americen Cyanamid Compeny
Stemford, Comnecticut

Ges diffusion electrodes suitable for use &8s air cathodes are a necessary
component for most practical fuel cells and metal-sir batteries. The general re-
quirements of air cathodes are similer to those for other gas diffusion electrodes,
nsmely, an optimum contact of reactant gas, electrolyte and electrode reaction sites
for minimum electrode polarization. The cathodic reduction of oxygen in air, how-
ever, is impsired by the initial dilution of reactant oxygen with irert nitrogen and
the tendency for nitrogen to remein in the electrode structure and thereby incresse
the dilution effect during cathodic discharge. -

In practice, air electrodes are used in contact with free liquid electro-
lyte or with electrolyte confined within a solid or semisolid matrix. Electrodes
designed for metrix use such &s thin screen supported electrodes (122) are gernerally
not applicable to free liquid electrolyte cells because of excessive macroporosity.
They can, however, be adapted to such use by application of a microporous, hydro-
rhobic backing.

Several gas electrode structures have been described (1-6) which satisfy
most of the requirements for eir. Clark, Darland and Kordesch [3) have described a
multilayer, graded porosity electrode based on carbon which is suitable as a&n air
cathode in alkaline elecirolyte. Paper fuel cell electrodes (6), while simple,
flexible and strong, are too grossly porous to use in a free electrolyte cell.

The air cathode described in this paper hes & combinstion of pore struc-
ture and controlled hydrophobicity which meke 1t suitable for use in free liquid
electrolyte or matrix-electrolyte cells. The basic carbon filled sheet 1s thin,
strong, flexible and conductive and cen be manufactured uniformly and economicelly
on & large scale.

Description of Electrodes

The new electrode, designated Type E, 1s fabricated with conventionsl
plastics processing equipment. A thermoplestic molding compound is blended vigor-
ously with polytetrafluoroethylene (PTFE) latex and a graphitic carbon or metal-
lized, graphitic cerbon filler. During the blending process, long fibers of PTFE
are drawn throughout the plastic mass to form an intercomnnected network which
enmeshes the filler particles. This blend is molded into a flat sheet, and the
thermoplastic is then extracted leaving & cohesive sheet of graphitic carbon
catalyst bonded by PTFE fibers. This process is versatile and allows for varia-
tions in temperature, filler type, PTFE level and the addition of other ingredients
to add special properties to the finished sheet. Figure l shows & surface replica
rhotomicrograph of the Type E sheet.

Most PTFE bonded gas electrodes contain 10 to 30% PTIFE for the combined
function of mechanical bonding amd "wetproofing" or gas-electrolyte interface con-
trol. A novel feature of the Type E electrode is the very low level, in the range
of 2 to 8% PTFE, which is capable of performing this dual function effectively. An
obvious advantage of this low PTFE level is the very high percentage of conductive
and catalytic components which can be incorporated into & highly porous structure.

The physical properties of typical Type E electrode sheets made in this
manner are shown below.
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Table I

Properties of Type E Sheet

Composition 95% graphitic carbon, 5% PTFE
Thickness" 0.02 inch
Pore Volume . 65%
Pore Distribution®* ’ 67% (0.1-1 y) 15% (1-10 ;) 10% (> 10 )
Tensile Strength 100 psi
Tensile Modulus of 9000 psi

Elasticity )
Resistivity (Dry)#* 50 ohms per square

cc

Air Permesbility 1.1

em? x min X mm Hg

® By mercury porosimeter (volume % distribution).
#* Measured with contacts along opposite sides of a one-inch square (50 pounds
on contact ).

A highly effective convected esir cathode is fabricated by lemineting two
thin (0.005 to 0.010 inch) sheets of Type E electrode onto both sides of an open
mesh expsnded nickel screen with moderate heat and pressure. The sheet facing the
electrolyte in & cell is catalyzed while the side facing the ambient air is an
uncatalyzed, highly porous, graphitic carbon layer of the same type. This structure
is referred to as ESE (S for screen).

Catalyzation of the Electrode

The carbon-PTFE sheet functions well &s an oxygen or air electrode in
alksline electrolyte without additionsl catalyst, but in most cases it will be
desirable to incorporate &8 catalyst metal in the structure. This can be done by
blending a precatalyzed carbon into the structure instead of the uncatalyzed carbons.
Catalysts such as platinum, silver and silver-palladium alloy will be described. Or,
the catalyst can be applied after fabrication of the Type E sheet by any of several
chemical or thermsl-chemical means.

An example of a post platinization technique is impregnation with chloro-
rlatinic acid followed by reduction with dry hydrogen at 200-225°C. High temperetures
should be avoided, however, to prevent distortion of the sheet near the softening
point of PTFE.

Electrochemical Measurements

Two kinds of current-potential measurement have been made on Type E air

“cathodes: (1) hydrogen-air matrix cell measurements in acid and alkaline electro-

lyte with a standerdized hydrogen counter electrode and (2) half cell messurements
on the ESE structure in free 65 KOH with naturally convected air. The hydrogen-air
matrix cell shown in Figure 2 1s used for terminal voltage-current density measure-
ments which reflect the air cathode activity. 1In this test, Type E electrodes are
acmyared with Cyensrmidé PTFE tonded, thin screen electrodes &__ designated Type B

jegoste

for graphitic carbon supported platinum and Type A for platinum black.

The half cell air cathode measurements are made in a cell shown in Figure 3.
The electrodes are vertically oriented and exposed to the ambient air. A controlled
current is applied to the cell such that the counter enode, which can be another ESE
electrode, evolves oxygen, and air is reduced at the working cathode. The cathode
potential is measured with respect to an Hg/HgO/6 N KOE reference electrode through
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a8 Luggin capillary. The reference is calibrated occasionally with respect to the
hydrogen-platinum black electrode in the same solution. The messured potentisl of
Ho(Pt)/6N KOH/HgO/Hg is 0.93 V at 25°C.

Because of a rather slow attaimment of the steady state cathode polariza-
tion at & given current density with naturally convected air at room temperature, a
cathodic preconditioning is required for mesningful results., The procedure used is
to predischarge the air cathode for about 25 minutes at 5O mA/cm2 before measuring
the polarization curve. The polarization values are then measured after three-
minute equilibration at each current density. The details of the transient response
of dry, untested electrodes will be discussed further in the RESULTS section.

RESULTS AND DISCUSSION

Metrix Cell-Acid and Alkeline Electrolyte

The polarization of Types A, B and E air cathodes at room temperature and
70°C in SN Hz804 is shown in Figure 4. Tne Type E cathode containing 1.9 ng/cm?
platinum is essentially equivalent to a Type B screen electrode at 2.5 mg/cm2 plati-
num. For comparison, air data obtained with a Type A cathode 8t 9 mg/cmZ platinum
black are also shown.

In Figure 5 is shown the metrix fuel cell air performance of the same
Type E cathode compared with a similar Type B on nickel screen in 5N KOH. Again
the results are about equivalent. A limiting current region is apparent for these
electrodes in bese, but Type E is no worse then Type B in this respect. Neither
type shows & limiting current in acid electrolyte over the same current range inves-
tigated in base. '

Convected Air - 6N KOH, 25°C

The average steady state electrochemical performance in a free electrolyte
cell of ESE type air cathodes with various metal catalysts supported on graphitic
carbons is shown in Table II. The cited half cell measurements were obtained in the
free electrolyte cell described previously. Low level platinum is an excellent
catalyst and is stable in alkaline electrolyte for long periods under various load
conditions. Silver is known to be & good catalyst for oxygen reduction but is
slightly soluble in alkaline electrolyte and is degraded by repetitive changes in
current density. The silver-pslledium alloy is an example of a group of binary
alloys with silver which represent improvements over silver in steady state per-
formance and stability to cyclic current changes. .

Platinum catalysts have been applied at seversl loedings by chemical or
thermel-chemical deposition before or after fabricetion of the Type E sheet. The
results in Teble III show an appsrent insensitivity to catalyst loeding and a slight
bias to post-platinization as the best method of catalyst application. It 1s pos-
sible that the real utilization of catalyst surface is relatively poor and that
concentration and ohmic polarization within the electrode structure dominate the
cathodic activity of these electrodes. : i

The two structural features of ESE electrodes which are most important for
convected air cathode performance ere the thickness of the catalyzed E layer and the
distribution of polyfluorocarbon throughout the electrode. These effects ere seen
in Table IV. As one would expect, polaerization is decreased by reducing the thick-
ness of the cstalyst layer thereby concentrating the electrocatalyst in the current
producing regions of the cathode. The lower limit of thickness is controlled pri-
marily by fabrication considerations particularly the low cchesive strength of thin
Type E layers.
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Table II

Convected Air Electrode Polarization

Catelyst Loading

20

.06

.17

17

(mg/cm2) 10
95% Pre-Fletinized 1.1 Pt .03
ACCO* Graphite
95% ACCO Graphite 9 Ag .12
Post-Silverized
95% ACCO Graphite 13 Ag-Pd .0k
Post-Catalyzed
75-25, Ag"Pd
95% ACCO Graphite 0 .20
Uncatalyzed :
92% Darco G-60 Carbon 0 .15
Uncatalyzed
" Teble III
Platinum Level and Method of Catalyzation
Catalyst Loading Egyp (V.
(mg/ em?) @ _50
Post-Platinized 0.60 .13 .21
(Method 1)
Post-Platinized 0.65 .13 .21
(Method 2)
Post-Platinized 0.6 .13 21
(Method 3)
Pre-Platinized 1.1 .12 21
Pre-Platinized 2.5 .11 .19

22
.12

.25

.17

.22

vs. Hg/HgO/6N KOH)

100 mA/em? (25°C)

®A graphitized carbon from Americen Cysnasmid Campany s !

~E¢(asy) (Volts vs. Hg/HgO/6B KOH) 25°C

lOOmA{ em?

.21
.35

.23

No. of
Measurements

(3 electrodes)

S
(3 electrodes)
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Table IV

Effects of Thickness and Composition -
Pre-Platinized ESE Electrodes (2.5 mg/cm2 Pt)

1. Thickness of platinized E layer - B -Eqip (V. vs. Hg/HgO/6N KOH)

S50 100 mh/em?
.017 inch . .23 .38
.007 inch .11 .19

2. Polyhalocarbon content of platinized
E layer. (E backing layer - 2.5% PTFE,

2.5% Kel-F)
4% PTFE .14 .37
4% PIFE, 4% Kel-F .11 .19
15% PTFE .18 .37

3. Polyhalocarbon content of E backing
layer (pletinized E layer - 4% PTFE

4% Kel F)
25% PTFE, 25% Kel-F .11 .36
20% PTFE .17 .28
13% PTFE = . A Jd2 .22
2.5% PTFE, 2.5% Kel-F .11 ' .19

The distribution of polyfluorocarbon in both the catalyst and backing
layers is also of critical importence. In the platinized E layer this is probebly
a matter of a critical balance between the amounts of air and electrolyte in the
structure. The sensitivity of ESE air csthodes to the polyfluorocarbon level in
the backing layer is somewhat unexpected. It would eppesr that a relatively low
level of wetproofing is necessary in the backing to bring the cathode reaction zone
closer to the centrally located screen by virtue of deep electrolyte penetration.
This in turn reduces the electronic conductive path to the collector screen thereby
decreasing the measured half cell cathode polarization.

Transient Response

The ESE air cathode operating on convected air at room temperature with
alkaline electrolyte exhibits large transients in cethode potential after instan-
taneous changes in current density under certain conditions. The most dramatic
transient is that observed upon changing the current density fram zero to & velue
in the range 50 to 200 mA/cm2 for a cathode which has not been tested previously
or preccnditioned in any way. Such & transient for a O to 50 mA/cm2 chaenge is
shown in Figure 6. Similar transients are observed for platinum-carbon, silver-
carbon and carbon catalysts. :

s B
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"The totel transient for pletinum-carbon is characterized by & short term
(1 to 2 minutes) and long term (2 to 20 minutes) portion. The largest part of the
total transient is apparently associated with optimsl wetting of the electrode
structure. This occurs at open circuit and perhaps in a more significant way after
application of the current. It is also likely that some of the tramsient is caused
by cathodic catalyst activation and perhaps by rearrangement of sorbed oxygen. In
the case of silver on graphitic carbon, the increase in cathode potential with time

is more gradual and the time to achieve & steady state value is longer than for
platinum, ’ ’

There are three pretreatments which can alone or in combinstions remove
most of the transient for platinum-carbon: (1) presoeking in water or electrolyte
for more than one hour, (2§ a 25 minute precathodization in 6K KOH at SO mA/cm2
with air (O reduction region) and (3) one or more polarization tests followed by
rinsing end air drying the cathode. The fact that treatment (3) is effective in
reducing the transient by up to S0% for a period of at least several days suggests
the possibility of a short term irreversible activation of the catalyst.

The transient response appears to be partly associated with the cell
design but independent of the feed of oxygen (air). Type E electrodes assembled in
matrix fuel cells show almost no trensient with flowing air, room temperature,

6! KOH. The seame electrodes show a pronpunced transient when assembled in & free
electrolyte cell under the same conditions and with flowing air. ’

SUMMARY

A novel air cathode for matrix and free electrolyte type fuel cells and
metal-air batteries has been described. The baesic and novel component of this elec-
trode is & thin, strong, flexible, electrically conductive sheet containing inter-
connected polytetrafluoroethylene fibers which bind the conductive and catalytic
components into a cohesive structure. This structure is particularly suitable for
use with convected air. The problem of large cathode potential transients upon
first application of a moderate discharge current arises from a combination of slow
wetting and catalyst activation.
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Fig. |. SURFACE REPLICA PHOTOMICROGRAPH
OF TYPE E ELECTRODE

A: PTFE FiBERS
B: ACCO GRAPHITIC CARBON PARTICLES

Fig. 2. MATRIX CELL

A. FACE PLATES D. ELECTRODES
B. GASKETS E. MATRIX
C. COLLECTOR SCREENS
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Fig: 3. AIR ELECTRODE TEST CELL

B:
C:
D:

: CONVECTED AIR ELECTRODE
COUNTER ELECTRODE
REFERENCE PROBE (6 N KOH)
FREE ELECTROLYTE CHAMBER
: SLOT FOR ZINC ANODE
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25°C 70°C

---0 —0 .9 mg Pt/cm2 TYPE E
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FIG. 4: CURRENT-VOLTAGE CURVES - HYDROGEN;SHH;SO,,/ AIR, @ 25°CAND 70°C

25°C 70°C
---0 ——0 1.9 mg Pt/cm2TYPE E
——--0 — @ 25mg Pt/cm2 TYPE B
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TERMINAL VOLTAGE
o

! ] 1 ! 1 1
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FIG. 5: CURRENT-VOLTAGE CURVES - HYDROGEN/S N KOH/AIR @25°C AND 70° C



SILNNIW ‘IWIL

0z 81 9l v u 0l 8 9 b 4 0
LI 1 I ! H 1 B | ¥ 1 LIS
— - 80—
- AY@—3SNIY—1S3L NOILVZI¥V10d Y314V LNJISNVHL \ - 90—
INJISNVHL IVILINI ——— — /
- + vo-
- - - ro-
. L - -
[qV]
o —4 00
ZW9/ywos LNIYYND A317ddV—

~ (¢ 3¥n914) 113D 1531 01 n EAA
a3agv 31470410313

2W3/1d 3wg 7 3AOHLVYD 353 3dAL

1 I ] L | 1 I ] | 1 1
J, ST 'HOX N9 — SLN3ISNVYL 3GOHLYD dlv :9 3¥nOId

i e T B Sy e Tl il T et s i et =S O I U L

(HOXM N9/03H/3H "sA A) %3



2e

A JEW CONCEPT OF THE STRUCTURE OF THE PORQUS GAS DIFFUSION ELECTRODE
Dr Olle Llindstrém

Central Laboratories, ASEA, Visterds, Sweden

1. Introduction 1

The author described the wetted porous fuel cell electrode in 1963 in the
following way (1,2)s "The reaction zone is assumed to lie in this extended ‘
meniscus. The walls in the gas-filled pores in the gas—diffusion electrode
are thus covered by a thin film of electrolyte (cf. Fig. 1). The reaction gas
is dissolved in the electrolyte film, diffuses to the electrode surface and
reacts there so that elecirons are taken from, or yielded to, the electrods.
The reaction products diffuse away from the reaction site, which is released
for a new reaction. The electrolyte film should obviously cover large surfaces
in the interior of the porous electrode and stand in good communication with 4
botl the gas side and the electrolyte side." — Tuis thin film hypothesis was
rresented independently by several fuel cell workers at that time. This was quite
natural, since it is difficult to conceive that a sharp three~phase boundary could
exisi in a wetted porous electrode, where the contact angle is almost zero. Will
was the first to present experimental evidence of the existence of an electrolyte
- film in the case of solid, partially immersed electrodes (3,4).

The studies of the gas—diffusion electrode have been dominated by the mathematical |
treaiment of the system of basic equations governing the electrode processes. As !
a rule, the gas diffusion electrode is then considered to be a population of pores, .
irrespecivive of whether the theory utilises the thin-film hypothesis of the hypo-

thesis of a linear three—phase boundary. i

The guestion of structure, however, is the key problem in this connection. The
creditabvle attempts made up to now to give an adequate and effestive description

of the structure of the porous gas-diffusion electrode on the basis of pore models !
nave not been entirely successful. Ksenzhek admits that attempts to correlate the
properties of porous electrodes with the simple pore models have only resulted

in greater complexity (5). The porous electrode is therefore conceived by Ksenzhek
to be a pseudonomogeneous medium, the properties of which are characterised by
effective parameters defining the mass transfer and kinetic properties of the
medium. lficka has coined the expression "fine—structure models" (6) for this type
of continuous or semi-continuous electrode model, and this has also been utilised
vy Ksenzhek (5) and Micka in later works as well as by Newman and Tobias (7).

The electrode model presented below is an attempt in another direction. A geo-
metrical model is developed, which corresponds as far as possible to reality.
The electrode structure is characterised with the aid of structure parameters
having a real physical import. The working electrode is conceived as a compres-
sed powder with the powder grain surfaces covered by a film of electrolyte, cf.
(4,5). This theory has previously been called the"powder film theory" (8,95
because of this conception of the electrode.
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The cohesive gas phase between powder grains in the porous electrode structure
is conceived as veing a2 network of interstices. This initial concept is supple-—
mented by a model of the cohesive film on the grain surfaces, the film network,
which i1s utilised for describing the mass transfer conditions along the electro-—
lyte film. The electrode structure can then be characterised on the basis of
these models with the aid of structure parameters, mainly the film area, film
perimeter, film thickness, interstice width, interstice tortuosity and film
tortuosity. The structure parameters can be determined in a non-electrochemical
way by means of dilatometer measurements, film resistance measurements, etc.,
under actual service conditions. The model therefore forms a good starting point
for the formulation of an absolute electrode and fuel-cell theory.

2. Gas penetration into a porous gas~diffusion electirode

Gas-diffusion electrodes are often produced with the help of powder metallurgy
by pressing (or rolling) of metallic powder, followed by a sintering process.
Pressing gives the electrode plate a certain strength, which is considerably
improved during sintering. During sintering, the grains in the contact surfaces
become bonded under the influence of surface forces and plastic deformation. The
structure developed during the pressing, however, remains largely speaking un-
altered. This is especially true of active nickel electrodes, which are sintered
at a low temperature, 500 to 600°C.

A section through the coarse layer of a working electrode is shown in Fig. 2. The
powder grains are assumed to be covered by a cohesive elecirolyte film. Cohesive
electirolyte bridges are formed across narrow passages. The cross—sectional area
is thus divided up into electrode material, film, electrolyte bridges and gas-
filled spaces.

The electrode may be conceived as being a stack of sufficiently thin disecs,
electrode sections, which can be formed from a series of sections parallel to

the electrode surface (in a homogeneous electrode material the structure of the
sections is not affected by the orientation), cf. Fig. 3. The total electrode
area in 1 cm? electrode sections available for electrochemical reaction consists
of the electrode area covered by the electrolyte film, i.e., dA =N * 4L * s,
where I is the film length or film perimeter available, and s a tortuosity factor,
the interstice tortuosity. (Electrocatalytically active material is agsumed to be
uniformly distributed over the electrode surface.) The area of the film covering
the electrode, which can be called the film area dA, is sometimes considerably
less than the actual area of the underlying electrode material.

With low differential pressures and an electrode body completely filled with
electrolyte, the surface forces binding the electrolyte to the electrode material
in tne outer layer of the electrode exceed the gas pressure acting on the liquid
body. Wien a certain critical pressure is reached, however, the first minute
ouantity of gas begins to penetrate into the electrode, see Fig. 4. The gas
pressure, which acted on that part of the liquid body in the outer layer which
nad been forced vack, then very slightly exceeds the capillary force which acted
on this part of the liquid body at the instant when it was displaced. As the pres-
sure increases, the electrolyte is displaced more and more for the same reason.
The volume of the electrolyte displaced is equal to the cross—-sectional area of
the newly formed gas-filled spaces in a typical electrode section multiplied by
the thickness, L, of the coarse layer.
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An increase of dP for a differential pressure P, dyn/bmz, results in a further gas,’
penetration, dV, corresponding to a cross-section with an area equal to dV/L and
the film perimeter dN. If the surface tension is denoted G’dyn/cm and the contact
angle O, the balance between the differential pressure and the capillary force ‘
for the elements in question gives

ax + C+ cos & = P+ av/L (1)
Dilatometer experiments, see below, give V = £(P), from which i
av = £ (P) - 4P ' (2)

and

a « "+ cos @ =P ¢ £'(P) * aP/L ‘ (3) i

are obtained.
Integration gives

F /
1 - ' .
L * ¢ ° cos © /’ Pt (P) ar (4)
: (¢}

W

o=

A number of significant conclusions can-be drawn from Eq. (4). A high differential
pressure P and a steep derivative f'{(P) give a high value for N and thus a large
film area for electrochemical reaction. A large film area clearly cannot be com—
bined with a structure permitting low differential pressures, except when there

is some means of altering the surface tension or contact angle.

Provided that V is an unequivocal function of P (no hysteresis), the integration,
Eq. (4), can be accomplished and N is obtained as a function of P. The film area,
A, is then determined with the aid of the interstice tortuosity s. Fig. 5 shows
the film perimeter N as a function of the differential pressure. Since Eq. (4)

has been derived on the assumption that there is no hysteresis, only the ascending
curve branch in Fig. 4 has been utilised for the calculations.

The electrode activity for decreasing gas pressure often lies at a higher level
than for increasing differential pressure, cf. Fig. 4. The size of the gas-filled
volume per cm? electrode area, V, as a function of the differential pressure
displays a similar hysteresis effect, which can also be seen from Fig. 4. 4
possible explanation of the hysteresis effect is that the electrode structure is
not ideal with regard to internal communications. Certain spaces are blocked by
small passages sealed with a liquid lock (the ink-stand effect). A higher gas
pressure is required to open the passages and reach the blocked—off spaces.

The hysteresis effect depends partly, however, on the rate with which the process
takes place. This suggests that electrolyte transport in the porous electrode is

a slow process, which is not. surprising in view of the large surfaces and the thin
film layers.
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' Two different kinds of electrolyte transport can be conceived:s plug flow and film
flow. Plug flow would correspond to the normal flow in a pipe under the influence
1 of a pressure gradient. This assumes that the entire cross-section in the pipe/
pore is filled with liquid. The film flow would represent transport of liquid
through the displacement of liquid from film regions having a higher thermodyna-
mic potential to regions having a lower potential. Film flow compared with plug
flow must be a less efficient process for material mass transfer, owing to greater
frictional resistance and a low driving force. It should be possible, however,
Tor mass transfer by means of film flow to take place independent of ink-stand
struciures, etc. This means that it should be possible for the hysteresis to be
wore or less eliminated, if the changes in pressure are made sufficiently slow to
give time for the film flow. This is not contradicted by the experiments. Hyste~
resis is ireated wita the aid of an interstice model. The space between the grains
) in an elecirode section, cf. Figs. 2 and 3, is assumed to be divided into inter-
ices, c¢f. Fig. 6. These interstices are assumed to be gradually and successively

"

i illed with electrolyte as the differential pressure drops, or with gas as the

' differential pressure increases. This presentation is thus based on the geometrical
b

. relationsaips cduring t:e consiriction process.

An interstice has the width D, height G and thickness equal to that, dL, of the
electrode section. (D does not include the film.) The interstice thickness dL is
. constant and the seight G is assumed to be constant so that the interstice cross-
/ section wiil also be constant (= dL * G). Under these conditions the interstice
! volure is consequently directly proportional to the interstice width D. Each
. interstice width, D, clearly corresponds to a certain differential pressure, P,
waich is just sufficient for gas penetration into the interstice, provided that
tae interstiice in guestion can freely communicate with the gas and electrolyte
cide via a chain of other interstices of at least the same width.

Tae distribution of the interstices can be illustrated with the aid of frequency
districtution curves. These can also ve presented in histogram form. The associated
differential pressure, P, can also be used instead of the interstice width, D, as
an independent parcmeter in these histograms.

pe

Py
]

rs

all interstices belonging to a given pressure class will not be filled with gas
whien the pressure is increased to the relevant pressure P, under the conditions
applicavle to tie rates of change of the pressure. To permit a simple numerical
ireatment of iie iysteresis curve, it is assumed that a continued rise of the
:fferential pressure to the next higher pressure class causes all interstices
of the affected size not previously filled with gas now to be filled with gas.
Waen ihe pressure returns to its original value, some of the interstices in
question are filled with electrolyte. As a further simplification, it is assumed
' tnat all the interstices in question are filled with electrolyte again, when the
‘pressure is reduced to the next lower pressure class.

———— .

With these aszsumptions it is possible to recalculate the experimentally deter-
ained yzteresis curve for tae volume of the gas that has penetrated into the
electrode as a Tunction of the differential pressure to associated hysteresis
curves for ihe film perimeter and film area. An Algol programme is utilised for
tke nwierical ireatment.

The cas penetration into ithe elecirodes for varying differential pressure has
veen measured wita tie aid of a dilatometer, see Fig. 7. The interstice tortuosity,




26

s, can be determined in a conventional manner by means resistance measurements
across an electrode completely filled with electrolyte in a measuring cell, ses
Mg. 8.

3. Structure of the electrolyte film

The area and thickness of the film are of 1mportance to the transport of gas, e.g.,
audroben or oxygen, to the electrode surface from the gas phase right through the
film to the electrode surface. Other reactants and reaction products are transpor-
ted, nowever, in the liquid phase along the film to or from the reaction sites

in the electrode surface. These transport paths run along the film covering the
powder grains, and from grain to grain via electrolyte bridges and the sintered
functions between the grains. This siructure is called the film network, see

Fig. 9. The ionic resistance of the film network and its resistance to diffusion
of uncharged species depend in a similar manner on the struciure. The resistance
of tie film network to material mass transfer can therefore be assessed through
measurement of the ionic film resistance.

The available film area, A, in an electrode area of 1 cm2 can be presented as an
equivalent rectangular disc from the transport point of view with the electrode
in question naving a length fil and thickness F. The transport is thus assumed to
take place in the longitudinal direction. .

The film tortuosity f has another significance than the interstice tortuosity, s,
prev1ously introduced. Film resistance measurements are carried out in a cell
similar to that used for determining the interstice tortuosity, cf. Fig. 8. In
tiis case, measurements are performed on electrodes provided with a fine layer

on ooth sides of the coarse layer with the gas applied to a ring arranged around
the periphery. lleasurements can also be performed on normal electrodes provided
with only one fine layer with the aid of a thin auxiliary fine~layer plate pressed
direct on to the gas side of the test electrode.

4. Typical experimental results

Table 1 shows examples of the results obtained on different types of porous gas—
diffusion electirode, but not ASEA's production electrodes.

The toruu051tj factor s is utilised for determining the film area A from the film
perimeter II. Values around s = V 2 could be expected which corresponds to the
mean value of the relationshlp between the surface of a plane surface element

and its projection on a plane having an arbitrary slope relative to the surface
element. This is in close agreement with the experimentally determined values of
s according to Table 1.

The film areas for the oxygen electrodes at the maximum differential pressure in
Table 1 agree fairly well with respect to order of magnitude with corresponding
BET surfaces and' with pore surfaces calculated from determinations on pore dia=~
neters with mercury porosimeter. As far as hydrogen electrodes are concerned,
which contain nickel boride catalyst, the BET surface is considerably larger than
the film area. These hydrogen electrodes clearly display a considerable atomic
roughness compared with the oxygen electrode, which is also reflected in a higher
value of the film thickness.
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"he mean value of tie interstice width, 5, agrees rather well with the mean pore
diameters determined with the mercury porosimeter, with the exception of the AMT
electrode. The values of the film tortuosity, f, listed in Table 1, are very
approximative owing to the inexactness of the film thicknesses determined here.
Waen the transport. properties of the film in the longitudinal direction are to
De assessed, it is preferable %o utilise the resistance z as a direct measure of
this transport property of the film network.

Fig. 1C siiows the film area as a function of the differential pressure for an
oxrgen electrode in 7-I KOH at 25°C. The current density at =100 mV versus Hg/HgO
is plotted on the same diagram together with the film resistance. As the differen-
tial pressure increases, the current density rises in proportion to the film area,
and then passes through a maximum for a further increase in the differential pres-
sure, wien the film resistance starts to become considerable. These conditions

are suitable for a further simple analysis.

5. Division of elecirode resistance into componént terms

Limiting current density cannot be observed in technically interesting electrodes
at the recommended service conditions. The current-voltage characteristic of a
fuel cell during short-iern runs is generally linear down to cell voltages close
to zero. The apparent internal resistance in the fuel cell is thus practically
speaking constant for a varying load, but with otherwise constant operating
conditions, if low loads are neglected.

The internal resistance of the fuel cell can be divided up in the first place
into three terms: one term associated witn the ionic conductivity in the electro-
lyte space and the electronic conductivity in electrodes and current collectors,
one term associated with the specific cathode functions and one term associated
wiia the specific anode functions. These terms, which can each be experimentally
deternined are also largely speaking constant and independent of the current den-
8itly, with the exception of oxygen electrodes under low load.

The apparen* electrode resistance in its turn can be further divided into terms,
rartial resistances, having a physical significance. These partial resistances

can be conceived as varying in such a way that their sum total will remain constant
in agreement with experimental observations. As an alternative, the different
component resistances are each constant, to the extent that they are not negli-
Zibly small compared with the total electrode resistance.

The reaction path from the gas space to the inside of the fine layer via the
electirochemical reaction step in a section of an electrode is assumed to pass
across three series-resistors. The first resistor can represent the resistance

" to gas diffusion across tae film and is denoted R_. The second resistor describes

the slowness of tie elecirochemical reaction and §s denoted Ry.. The third resistor
is associated wit: the slowness of the ion transport along tne. film and is denoted
Rj. The reaction resistance Rp is assumed to be constant for the relevant low
current densities, corresponding to a linear relationship between current density
and activation polarisation. The gas-—diffusion resistance, Rg, ig inversely propor-
tional, with the other conditions being constant, to the film area in the section
dA ané ihe absolute pressure p. (The film thickness F is assumed to be constant.)
The ion migration resistance R; is directly proportional to the film resistance z.
The total resistance Ry can be written as
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c
o : 1 . '
R, = Rg + Rr + Ri T + G, f 03 2 u (5)

where C1, C», and C3 are assumed to be constant to the extent that the component
resistances are small in relation to the total resistance. The quantities dA ang
z vary with the differential pressure, etc. If the electrode is assumed to be
very thin, Eg. (5) may apply to the entire coarse layer, and therefore the film
area A is introduced instead of dA in Eq. (2). The resistance terms Ry, Rg, Ry
and R; will then have the quantity ohm and represent weighted mean values.

Déspite this considerable simplification of the actual conditions, Eq. (5) hag
been found to result in a qualitative agreement also with the relatively thick
electrodes utilised for these measurements.

The film diffusion is the decisive factor for low film areas, and therefore the
constant C] can be easily estimated from data for very low differential pressures.
The constant C] is thus estimated from the plotiing of the electrode resistance
Rty as a function of the inverted product film area x absolute pressure, i.e.,

1/ 4 - p). {The electrode resistance for the hydrogen electrode has been deter-
mined through division of 0.10 V by the current density, in A/cme, at 0.1 V pola=
risation, and for the oxygen electrode by division of 0.17 V by the current den-—
sity at -0.1 V versus ‘g/hﬁo ) A straight line is drawn through the origin and
points corresponding to small film areas, where the diffusion through the film

is assumed to be rate-determining, Fig. 1l. As a rule, the cluster of points is
deflected near the Y-axis and intersects this at the ordinate, which does not lie
at zero because other processes than diffusion bacome rate—determining for higher
current densities. With the constant C) determined in this manner, Ry + Rj =

= Ry - Cl/A * p is plotted in a new diagram as a function of the film resistance
z. A straight line is drawn through points associated with higher resistance
values, cf. Pig. 12. Tais gives the constant term Cp, which is the ordinata in
the origin, and the constant C3, which is the slope coefficient for the line of
regression. The constants are tested by means of calculation of current densities,
which are compared with the measured values. As a rule, this gives a satisfactory
relationship with a straight line across the entire range from very low current
densities to high ones.

In this way it is clearly possible to divide up the apparent electrode resistance
into a constant term, a term determined by the film area and a term determined by
the film resistance, cf. Table 2. The constant term plays a relatively important
role for the experimental electrodes and the comparatively low temperatures used
during the measurements for Table 2, which implies that the electrocatalytic
activity is the limiting factor in these cases. Table 2 also shows how the three
component resistances vary with the differential pressure and thus how the rate-
determining step depends on the differential pressure.

Table 3 lists calculated values of tne elecirode polarisation for the oxygen
electrode type AHT at 50°C in Table 2. These calculated values agree with the
measured value of 0.17 V across the entire hysterssis curve, which must be inter-
vreted as indicating that Eq. (5), at least for this type of porous gas-diffusion
electrode, effectively presents from the practical point of view the electrode
resisiance and its dependence on the structure parameters.
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Fig.l. Elecirolyte film in a porous gas—diffusion electrode
 {from references 1 and 2)

Fig.2. Section through the coarse layer of a working electrode
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o~ 2

Fig. 3. The electrode section viewed from the side (for the
notation see Fig. 2)
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as 4/cm? at 800 mV versus Hg/HgQ, as a function of the
differential pressure P, dyn/cm
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at =100 mV

versus Hg/HgO, as a function of the differential
pressure P, dqm/cmz, for an oxygen electrode in

7-K XOH at 25°C
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Fig. 11. Estimation of the constant C; in Eq. (5) :
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Fig. 12. Estimation of the constants 02 and 03 in Eq. (18)
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MASS TRANSPORT IN THE INTERNAL REFORMINC HYDROCARBON ANODE
William R. Alcorn

Leesona Moos Laboratories
Great Neck, New York

INTRODUCTION

An alkaline-electrolyte fuel cell based on an internal-reforming anode offers
advantages of heat economy, compactness, and controllability over an external-
reforming ceil. 1 The operating principle is illustrated in Fi Yrg 1. Experi-
mental work has been reported for methanol{2) and hydrocarbons.% »3) In the
preferred temperature range, 400 - 500° F, the thermodynamics of methanol
reforming are favorable, permitting high current densities. The conversion of
saturated hydrocarbons into hydrogen, however, is severely restricted by
thermodynamics. ' '

During the present investigation we have studied cataiyst decay, anode prepara-
tion, thermodynamic limitations, and the performance of an experimental anode
with methane. This paper is concerned with the last topic, and specifically with
an examination of the limitations on performance and changes that might be made
to maximize performance. The present performance goal for a liquid hydro-
carbon fuel such as octane is approximately 100 amps/ft® at 500° F,- 200 mV anode
polarization (a full cell voltage of about . 90 V), and 70% fuel utilization.

ANALYTICAL TREATMENT OF ANODE CELL PROCESSES
Figure 2 illustrates the cell dimensions used in the discussion. For fixed
pressure, temperature, and fuel/water ratio, fuel flow rate may be taken as

proportional to average velocity times cross-sectional area:

QFauat : . . ‘ (1)

Current density is based on membrane area:

1/A =1/aL ' )

Fuel utilization is proportional to total current divided by fuel flow rate: -

o« =1 _ (I/A)al.. _ (1/A) L
.n QF - uat T u t

(3)

Data are reported in terms of the ideal hydrogen space velocity, which is

volumetric flow of hydrogen (NTP) that would be produced by complete conversion

of fuel, divided by cell volume. From equation (1) we note that: :
uat u

S « =L

v alLt

4)
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Utilization versus Current Density

As flow velocity is varied through an anode cell at fixed potential, the resulting
current density will exhibit a maximum although it may occur at very low
utilization. At very low flow rates, complete utilization is accomplished and
current density is proportional to flow rate. At very high flow rates, the
residence time is short and the average hydrogen concentration decreases
towards zero, causing a decrease in I/A., These limits are shown in Figure 3 as
a function of S .. Note that the proportional relation at low flow rate is an
asymptote of s‘{ope + 1 on a log-log plot.

In determining the operating point to achieve a specified utilization and maximum
I/A, two cases may be distinguished, depending on whether increasing flow rate
has a beneficial effect on I/A through its effect on mass-transfer processes.

1. If there is no such effect, e.g., if transport is purely by
‘molecular diffusion, then space velocity is set to give the desired
utilization, and I/A is determined by reaction kinetics and
utilization. i

2. If I/A increases with flow rate over some range, e.g.,

/A= " S (5)

where mass-transfer data suggest 0 < n<'0.5 (see later), then
from equation (3) at fixed bed thickness, ’

(6)

Thus, from equations (5) and (6) the design procedure would be to maximize I/A
with respect to flow rate in a ''short'', one-pass cell and then increase the
effective length of the anode to obtain the desired utilization. The average I/A
will be lower than the maximum obtained in the short cell, but it should neverthe-
less be a maximum at the desired utilization,

There are various ways to increase effective flow length which are used in
analogous situations: series gas flow through connected anode cells, partial
recycle of gas, and internal baffling of the flow path. The three differ mainly in
the way pumping power is introduced and dissipated, and in their effect on system
control and reliability.

In any case, one expects that the optimization of an internal-reforming cell
should involve a tradeoff between cost of pumping and the enhanced mass (and
heat) transfer obtainable with high-velocity flow. In fact, a "perfect catalyst"
might be defined as one so active that this optimization is required.
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High-Velocity Range

As shown on Figure 3, I/A is depressed at low flow rates because.of the
extraction of hydrogen. In other words, the maximum available (equilibrium)
hydrogen partial pressure decreases as_utilization increases. For instance, for
a 2.7 H, O/CH, mixture at 500° F, the equilibrium Py is 29 mm Hg with no
extraction, and 9. 1 mm Hg with 70% extraction of ideal hydrogen. :

In the high-velocity range where utilization is low, I/A depends on both
mass-transfer and reaction rates. As a first approximation, we assume that

1/A, or H; flux toward the membrane, is proportional to a mass-transfer
coefficient and a maximum available hydrogen partial pressure,

(=4
/A k Py (7
As flow rate is increased, km will increase because of increasing convective
diffusion and Py will decrease because of kinetic rate limitations.

For this analysis it is assumed that k__ obeys the conventional correlation for
mass transfer between particles and a flowing fluid:(4)

km.“un(0<n<.5) ' (8)

This is shown in Figure 4. The point of transition is designated Sx; it occurs
near a particle Reynolds number of 1. The curve in Figure 4 may be
satisfactorily represented by the following equation:

k s \'°®
T =145 (9
[o]

Reaction Kinetics and Open-Circuit Behavior

Lacking knowledge of the true kinetic relations, the generation of Hp is simply’
represented here as a first-order rate process which decreases as
equilibrium is approached:

rate o kr (pe‘l ) le
unit volume bed ~ RT

(mols/hr-cma) (10)

With the assumptions of no extraction (open circuit), plug flow, and zero Ha
concentration at the entrance, a differential mass balance on H; gives the
following relation between local H; pressure and distance through the cell:

P k

H _ r X

P, -l-exp(—s T . (11)
q v
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We wish to relate this Hp gradient to the open-circuit voltage (OCV). Tests with
known Hz /N; streams confirmed that the measured OCV corresponded closely to
the theoretical value:

P
oCvV = RT in 160 -4n H (12)
ZF P P
eq eq

In the presence‘ of a pressure gradient, however, it is not physically obvious
whether the observed OCV reflects an average partial pressure or an average
potential with respect to anode length. In the first case the right~-hand term
becomes :

-_ 1
{in (pH/peq)= {in j:) ‘pH/peq)d (x/L) . (13)
and the integral is
BE =1 - [l-exp (-kr/sv)] (14)
Peq k /S
In the second case
- s, & [l-exp (—nkr/sv)]
tn [py/p.) - j’ 0 [py/p ) /L) = 5 ) T (15)

0 n=1

Curves of OCV versus S for various k_'s are presented for the two calculation
methods in Figures 5a and 5b respectwely

Flow-Rate Effect on Current Density.

In a cell at fixed anode potential the current density depends on both

mass-transfer and reaction rates, which in turn depend on flow (convection) rate.

A nondimensional equation expressing these relations has been developed, based
on equations (7), (9) and (10). The result is that the current ratio I is a
function of three ratios of characteristic rates:

=

k /t
o]

'k
r

(16)

Wlxm

_X
k

2]
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where,
Sv = ' convection rate
s .
kr = reaction rate
k /t = mass-transfer rate
Sx = transition space velocity for mass-transfer correlation,

eguation (9)

We have generated plots of I, versus S /k for several values of the other two

R
parameters. Representative curves are shown in Figure 6. Equation (16) applies

directly to the high-flow region where P, is constant. It is also applicable to the
low-flow region where extraction depresses the equ111br1um H: concentration, if
it is combined with an appropriate equation for p _ as a function of flow rate. The
following generalizations may be made from the résults.

1. A significant maximum is obtained only when the transition in the
mass-transfer relation occurs at a low velocity Sx/kr << 1}.
Otherwise the current density decreases with flow velocity in
approximately the same way as does ﬁl—-l (equation 14).

2. Whether or not a significant maximum occurs, the current density
always begins to decrease rapidly in the range .2 < Sv/kr < 2.

3. The relative mass-transfer coefficient has a major effect on the
absolute value of I/A but it has little effect on the relation between
I/A and flow rate.

EXPERIMENTAL

Three types of data from the anode cell are presented: OCV versus S , I/A
~versus S_, and OCV versus time when flow was stopped. Flow- visualization
tests are also discussed.

Apparatus

The anode assembly consisted of a .001 inch 75 Pd/25 Ag activated membrane,
1.5 x 2. 5 inches, backed up by a . 187 or . 125 inch thick bed of 20-mesh nickel
catalyst (Girdler G6ORS). Gas entered and left the cell through small ports along
the 1.5 inch sides which in turn led to . 25 inch tubes positioned at diagonally
opposite corners of the holder. The feed was preheated HaO/CI-h in a mole ratio
of 2.7/1. The anode was run as a half cell in 85% KOH at 500°F. The potential
reference was 1 atm Hy, in a Pd-Ag tube in an etched Teflon Luggin capillary.
Current density (no IR correction) was measured potentiostatically with an
Anotrol controller, usually at an anode potential of 200 mV versus reference.
‘Effluent was analyzed with a gas chromatograph. Performance was not
significantly affected by 25% changes in the Hz; O/CH, ratio, by pressurization of
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the cell up to 20 inches H> O, nor by vertical versus horizontal orientation of the
anode in the electrolyte. :

Open Circuit Voltage

Figures 5a and 5b show OCV data for three runs, including two bed thicknesses
and both horizontal and vertical orientation of the anode. Fluctuations of OCV
over several minutes are indicated by the height of the data points. According to
the pressure-averaging method, kr is about 3000 hours-l; by the
potential-averaging method it is about 15,000 hours >. The latter method fits the
data better; it is mathematically correct if one accepts that the measured
potential of a metallic electrode is the area average of point potentials and that a
large potential gradient may be sustained in the plane of the electrode.

Current Density

Points from the same three runs along with data from previous work(a) are shown
- in Figure 7. These current densities are the steady values after several minutes;
initial currents were generally 1.6 to 2.0 times the final values. Although
experimental problems limited the flow range that could be tested, it may be seen
that I/A decreases at both low and high flow rates, corresponding qualitatively
with the analytical curves in Figure 6. '

A rough estimate of kr can be made from equation (10) and the total Hz generation
rate, which is the sum of current flux plus Hy in cell effluent. For I/A =

80 amps /ft° at Sv = 3000 hours ® in the . 187 inch bed, we assume the average Py
in cell and effluent to be half of p (29 mm Hg). Then H; rate as current is

e
. 039 mols/hr, and in the effluent .q026 mols /hr, with the result that k =
-1 r
13,000 hours .

Transient Behavior

An alternative way to measure the anode rate processes is to observe the change
in OCV with time when flow is stopped. This was done during the same three
runs. Figure 8 shows that OCV approaches the equilibrium value for CH; and
Ho O (about 75 mV at 500" F), but requires several minutes to do so.

Flow Distribution

Some room temperature flow-visualization tests were made on the anode cell with
a transparent window in place of the membrane. The cell was packed with '
indicating Drierite, and water-saturated N; was passed through at experimental
flow rates. A peaked color profile was seen to move through the bed, the main
flow taking a diagonal path between holder inlet and exit in spite of the
small-diameter gas ports which had been intended to distribute the flow.




45

DISCUSSION

The open-circuit data (Figure 5) show that the simple model is-adequate to
describe the relationship between flow rate and kinetics, and k_ is about 3000 or
15,000 hours’l, depending on how OCV is related to the gas- -side gradient of p
The hlgher or potential-averaged value is supported by a better fit of data to
theoretical curves and by a separate calculation of k_ from observed curtent
density. Current densities (Figure 7) are unaccepta]ialy low, but in a qualitative
sense are consistent with the model developed. On the basis of these two types
of data one might conclude that catalyst activity is the major barrier to higher
performance. However, argumenfs based on the transient behavior of OCV
(Figure 8) and supporting calculations indicate a major role for mass transfer,
These are discussed below.

Maximum Attainable Rate

It is important first to estimate the current density that could be achieved under
various ideal conditions. The first case of interest concerns the current that
could be supported by the activated .00] inch membrane if it were exposed to a
gas mixture in equilibrium, A curve of I/A versus p_, for 500° F and 200 mV
pelarization has been estimated from previous unpubli ished data. Combining thls
curve with equilibrium calculations for H,O/C = 2.7, Table 1 shows the
estimated maximum performance for methane and octane at both zero and 70%
utilization. Experimentally, the best current densities shown in this and prevmus ,
work are about 35 - 45% of the tabulated.values.

Table 1. Maximum Attainable Performance With . 001 Inch Pd-Ag Anode,

500°F, 200 mV Polarization
Fuel | n, (%)~ : A\(';rlg;gr;}{ | . rII(A
Ci | 0 29 35’:0
C 70 14 210
Ce ' 0 . 17 o a0
Cs - .70 A 12 190

Transient Behavior

Four processes may be postulated to account for the characteristic open-circuit
equilibration time of several minutes (Figure 8).

1, .reaction rate

2. orientation of the cell as it affects flow distribution
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3.  solution of H in the Pd-Ag membrane

4. diffusion in the catalyst bed

The reaction kinetics may be checked by integrating equation (10). Then the time
required for Py to change from p, to pp is

. P - P
At (min) = i—o in _ﬂ___ (17)
r eq P2 :

Taking kr = 3000 hours™* from Figure 5a, peq =29 mm Hg, pp = 5, and p; = 28,

At = .064 min = 3.8 seconds. Larger values of kr give even shorter times.
Since there is so great a discrepancy between this and the observed equilibration
time, some kind of diffusion process must be involved.

The anode orientation was changed from horizontal (membrane facing up) to
vertical in order to ensure catalyst being in contact with the membrane and to
decrease flow channeling that would probably occur if a gas gap existed. No
significant change in performance or equilibration time resulted from this change,
and we conclude that neither blockage of the membrane nor the existence of a gas
space next to the membrane could account for the long equilibration times.

. . . (7) . (6, 10) .
On the basis of unpublished data and previous work, we estimate the
solubility of Hy in the membrane to be about 0. 7 cc (NTP) at Py = 5 mm Hg and
1.5 cc (NTP) at p,, = 28 mm Hg. In comparison, the gas space only contains
about .16 cc of H; (NTP) at the higher pressure. Thus, during equilibration most
of the Ho produced is absorbed by the membrane. If the membrane is at all times
in equilibrium with the gas, then by a calculation similar to equation (17) we
estimate equilibration time (5 to 28 mm Hg) to be about 8 seconds. The current
density supported by the membrane shows that the absorption rate is very rapid,
so if the membrane solubility contributes to the long equilibration time it is
because of slow diffusion of Hy toward it.

Mass Transfer in Catalyst Bed

Three kinds of mass transfer may be important: pore diffusion in the catalyst
particles, transport of reactants and products between bulk gas and catalyst, and
transport of Ha through the bed to the membrane. It may be shown that the first
two processes are quite rapid relative to observed net reaction rates. For
example, using standard correlations, 4) we estimate the bulk mass-transfer
coefficient (the second process) to be on the order of 100 times the first-order
reaction rate coefficient in the same units.

The third process, although related to the second, occurs on a larger scale, i.e.,
it involves a concentration gradient across the thickness of the catalyst chamber.
To a first approximation, we may define the Hy flux in the x-direction (as.
current density) in terms of an effective diffusivity De:
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D dp N
e H . : . ’
I/Ac: RT dx . . . > (18)

It should be noted that the coefficient k_, as used in the mathematical analysis,

m
and De describe the same process although defined in different dxmensmnal terms.
De is used for convenience in estimating.

De may be estimated by two methods . First, it may be calculated from

molecular diffusivite' and modified to account for the porous bed structure by an
empirical equation: 9)

N

¢ ,
D = ;D ‘ (19)

For a characteristic multxcomponent mixtare of H, O, CH,, Hp, and CO, at
500°F, D_- is about 2,1 cm? /sec and diffusivities of the other three gases range
from .45 to 75 cm? /sec. Measured bed porosity € = . 42 and tortuosity 7 for an

unconsolidated bed is generally 1.5 to 2.0. Then D _ is about 0.5 cm® [sec for
Ha and 0.1 to 0.2 for the other gases. €

Secondly, if turbulent (convective) diffusion is the dominant transport process
normal to the membrane,’ De may be estimated from the Peclet number:

du
Pe - De' ' - (20)

Taking d = .084 cm, the interstitial velocity u = 22 cm/sec (corresponding to S_ =
3000 hours™ ! in the . 187 inch cell), and the Peclet number to be 13.6, 4) D isv
approximately 0. 14 cm® /sec. That it is about the same magnitude as the
effective molecular diffusivity implies that both molecular and turbulent diffusion
are important at this flow rate. Below a space velocity of about 1000 hours
molecular diffusion dominates the lateral transport process.

The values of D may now be used in estimating the transient equilibration time
due to diffusion. We start with the solution of the equation for one-dimensional
diffusion from a surface source, (5) and focus on the relative partial pressures at
the source and a fixed distance from it -- in this case half the cell width (1.9 cm).
Letting f = the ratio of partial pressures at the fixed pomt to the source, the time
elapsed between ij. and f; is

(1.9f 1 1
t= 4D [Lnfa. '- Cnfg] ‘(21)
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N

- Assuming that the initial Py at the edge is 50% that at the center (fi = .5), equilj-

bration times are shown in Table 2 for two final partial-pressure ratios, for H,
(De =. 5) and for the average of the other gases ‘PDe =, 15).

Table 2. Transient Diffusion Times (Equation 21)

At (min)

De (cm® /sec) = .5 .15
f2 = .95 0.5 1.6
f2 = .99 ) 2.8 9.3

.The calculation probably underestimates diffusion time because no account is
taken of the solubility of Hy in the membrane (see earlier). We conclude that
diffusion in the catalyst bed is a reasonable explanation for the observed equili-
bration times of several minutes. It is not possible to say whether the main
diffusion process is parallel to the membrane (e. g., if there are ''stagnant"
corners which must come to equilibrium) or normal to the membrane in the
process of absorption of Hy into the Pd-Ag.

To estimate the current density with an '"'ideal' catalyst and real diffusion
resistance, we assume the partial-pressure gradient is linear between equilibrium
(average p 8 14 mm Hg for CH;, 70% extraction) and the membrane over, say,
one particle’diameter or 0.1 cm. The relation between Py and membrane flux

(at 200 mV) reflected in Table 1 may be approximately wntten as

Py = - 07 (I/A) (22)

Then equation (18), with De = 0.5 cm® /sec for Hy, becomes

I/a = 0.5} <= .07 (I/A) [mm H& x 5.39 |__amps/tf )
sec 0 1 {mm Hg-cm/se

and I/A = 130 amps /f®, compared with 210 in Table 1. This calculation -may be
made with different sets of assumptions, but the main point is that with a
realistic value of D , a large partial pressure gradient must exist for high Hy
flux rates. We conclude that it is plausible that diffusion may account for a
substantial portion of the dtfference between maximum I/A as given in Table 1 and
the observed values

Flow Distribution

Nonuniform flow along both width and thickness of the cell used in this study would
be very difficult to avoid. The tendency of the thin membrane to expand

iy, VSN
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1rregular1y pPresents one design problem. Flow visualization tests have shown a
tendency to nonuniformity in the horizontal plane.

We have not been able to make a meaningful estimate of the effects of nonuniform
flow on performance, although the cases checked have all been detrimental. For
example, stagnant gas pockets in the corners would tend to become depleted of Hp,
probably inducing a potential gradient and electrolytic circuit in the plane of the
membrane. This situation could occur at open circuit as well as on load, and
would contribute to the observed increase of OCV with flow rate that we have
previously ascribed to kinetic limitations. This problem is common to any flat
rectangular gas electrode with a mixed feed; however it is accentuated with a
packed gas chamber and a thin Pd-Ag anode.

Prereactor Concept

We have looked in principle at two design concepts in which the gas flows through
a catalytic bed at cell temperature prior to entering the anode cell. In the case of
a combination external-internal reformer, the cell is packed with catalyst. With
a completely external reformer (at cell temperature), the anode chamber would
not contain catalyst.

Current density would be somewhat higher in the combination reformer than in the
strictly internal reformer because of better utilization of the membrane near the
cell inlet. The penalty is the increased pressure drop and system volume. The
best possible performance would be approximately the same as the case of the
ideal catalyst and real diffusion resistance, calculated above. The second case
would require very high flow rates with recycle, or series flow connection with
alternating catalyst beds and anode cells. The only advantage -- flexibility in cell
design -- is far outweighed by pressure drop, volume, and system complexity.

CONCLUSIONS

With a 500°F upper limit, the internal-reforming hydrocarbon anode is severely

_restricted by the thermodynamics of reforming. With a .001 inch activated Pd-Ag

anode, 70% utilization of fuel at 1 atm total pressure, and 200 mV anode polariza--
tion, ideal performance is approximately 210 amps /f? for methane and

190 amps /f¥ for octane. Work to date has resulted in 35-45% attainment of these
ideal values. Data and supporting calculations indicate that in the flow range
tested, at least half of the deviation from ideal performance can be attributed to
diffusion resistance between catalyst sites and membrane. Nonuniform flow
distribution and kinetic limitations also contribute to the deviation although it is
not possible to rank them in importance.

Higher flow velocity and a thinner bed would decrease the relative limitation due
to diffusion and increase those due to catalyst and flow distribution. Changes in
this direction would soon bring the cost of pumping power into significance.

Thinner and more active Pd-Ag membranes would improve performance by
permitting a greater diffusion driving force between catalyst and membrane. A
perfect membrane -- one with no transport resistance -- would possibly yield 20
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‘to 30% greater current densities than obtained with the present 001 inch
membranes.

If system considerations permit flow velocities high enough to have a beneficial
effect on mass transport in the catalyst bed, then the design procedure should be
to maximize I/A with velocity and adjust the effective length of the anode to
achieve the desired utilization. This may be accomplished by using recycle,
series flow connections, or baffling. A prereactor added to an internal-reforming
cell would give some increase in current density at the expense of pressure drop
and volume, and is best regarded as a secondary desxgn option once the basic cell
design is established. .

The open-circuit voltage of a hydrogen electrode in the presence of an exponential
pressure gradient is satisfactorily described by an equation that involves an
average of point potentials over the anode surface. The equation gives better
results than the simpler calculation where partial pressure is averaged and a
single potential is determined from that average.

In summary; with a . 001 inch Pd-Ag membrane at 500° F and at 1 atm total

pressure, we estimate that the maximum feasible current density at 200 mV
anode polarization for a liquid hydrocarbon feed with 70% utilization would be
about 120 amps/ft® with a very good catalyst and careful design for gas flow.
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NOMENCLATURE
a, L, t cell dimensions (Figure 2) - cm-
D gas diffusivity - cm®/sec
D, effecAtive diffusivity - cm®/sec
d partjcle diameter - cm.
/A current density - a'mps/ft2
km mass-transfer coefficient - cm/ht;.
k6 . limit of km at low flow rate (Figﬁre 4)
kr reaction rate coefficient - hrs *
Peq equilibrium hyc?rogen partial pressure - mm Hg
Py hydrogen partial pressure - mm Hg
QF fuellﬂow‘ rafe - cc/hr
R gas c.onstant
Sv ideal hydrogen space velocity - hrs '
Sx spfzce velocity at mass-tragafer transition
(Figure 4)
T temperature - °K -
u gas velocity - cm/sec
€ ©  porosity
n, fuel utilization
T ’ tortuosity

F Faraday constant
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PULSED POWER FUEL CELLS

R. A. Sanderson, C. L. Bushnell, T. F. McKiernan

Pratt & Whitney Aircraft Division
United Alrcraft Corporation
East Hartford, Connecticut

INTRODUCTION:

Fuel cells are presently under development for a variety of applications. Hydrogen-Oxygen
fuel cells were used in the Gemini Space Program and are now part of the Apollo Space
Program. Fuel cells operating on preconditioned hydrocarbon fuels and air are also

being developed in a variety of military and commercial programs as high efficiency elec-
trical power supplies.

In these programs, the fuel cells are primarily subjected to steady direct current loading at
relatively low power density, less than 300 watts per square foot of electrode area.

Fuel cell operation at high current density under pulsed loading was the subject of a recent
program at Pratt & Whitney Aircraft. This work was sponsored by the Air Force Aero
Propulsion Laboratory at Wright-Patterson Air Force Base. The object of the program was
to investigate fuel cells as a source of short duration high intensity electrical discharge in
the microsecond to 5 minute discharge time range.

This paper describes fuel cell performance characteristics noted during this investigation,
including microsecond response following a single switch closure and the response to re-
peated square wave pulse loadings over a range of pulse frequency and pulse duration.

CELL PERFORMANCE CHARACTERISTICS.
Figure 1 shows a typical fuel cell steady-state performance characteristic, If the cell is

operating at a given point on the steady-state curve, then the voltage at the cell terminals is
given by:

oc P
Where:
Ep .= Ea+ Ec+1Rin)
Eoc = open circuit voltage ' \
Ea. = anode polarization
Ec = cathode polarization
1 = cell current
Rin = internal cell resistance
Ep = total cell polarization
v = operating voltage
R = external circuit resistance

The left side of the above equatio'n represents the difference between the cell open circuit
voltage and the voltage at the operating point (V).  This difference is the sum of the anode,
cathode and internal polarizations of the cell. The external load line can be superimposed
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upon the Steady-éta.te performance curve by connecting the origin and the operating point.

When the cell is initially at an open circuit condition and a load is applied, the load line
changes from the initial value (slope = ) to the new value (slope = R). If the load is changed :
to this new value (slope = R) very slowly, the cell polarizations have sufficient time to develop,
and the performance path follows along the steady-state characteristic A to C. If the load
is changed rapidly, such as closing a switch, the performance path moves from A to B.
Then, as the polarizations develop within the cell, the performance decays back to point C.

Tests were conducted at Pratt & Whitney Axrcraft to invesﬂgate the performance path during
switch closure

TEST CIRCUIT

The circuit used to obtain fuel cell transient response is shown in Figure 2. Tests were
generally conducted on cells with an active area of 0.5 in? to keep current in the electronic
switch during repeated pulsing within the 50 amp rating of the transistors. In some of the
single switch closure tests, a hand switchwas substituted for the solid state electronic switch.

Connections between components in the circuit were made as short as possible to minimize
inductance.

RESPONSE TO A SINGLE SWITCH CLOSURE

Initial tests were conducted on fuel cells using Pratt & Whitney Aircraft catalyzed screen
type electrodes with the aqueous KOH electrolyte trapped in a 10 mil asbestos matrix. The
tests were at 220°F with 15 psia Hy-Og2 reactants on 0.5 in2 cells. Figure 3 shows voltage
and current traces recorded from the oscilloscope. following switch closure with minimum
circuit resistance (later calculated at 0. 0032 ohms).

The time scale is 50 microseconds per cm. The traces do not start at zero current and open
circuit due to a delay in triggering the scope. Peak recorded current was approximately 55
amps (15, 600 amps/ ft2) at a cell voltage of 0.2 occurring about 100 microseconds after
switch closure. :

Figure 4 shows the same switch closure transient recorded at 10 milllseconds per cm. After
100 milliseconds the current is.still above 8500 amps/ 112,

During this step transient roughly 100 joules/ﬂ:2 of energy was released (in 100 milliseconds),
- and the calculated capacitance of the cell was 280 farads/ft2. Maximum output power density
during this transient was 5900 watts/ft

Figure 5 shows the switch closure transient plotted as voltage versus current. The normal
steady-state performance is shown for comparison.

The calculated electrolyte resistance is also plotted on the voltage-current curve. It can be
noted that current from the cell exceeded the maximum expected, based on the electrolyte
loss indicating the overall cell is behaving as a capacitor with h.lgher discharge currents
through the external circuit than through the cell itself.

Tests were also performed using a dual pore nickel electrode cell in free electrolyte. These
tests were conducted at 400°F with 85 weight percent KOH, The electrolyte gap between the
cells was 0. 060 inch.
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During the switch closure test, current densities up to 5750 amps/ft2 were‘r\ecorded, as
shown in Figure 6 (Trace A). Peak power density was 6240 watts/ft2,

A second test was then made with a Teflon barrier placed in the electrolyte between the
electrodes, blocking the electrodes but allowing ion flow around the edges. The cell was
once again pulsed from open circuit as shown in Figure 6 (Trace B). Peak current was
5370 amps/ft2, nearly the same as when tested without the ion barrier between the eells
Voltage and current dropped off at a faster rate in this test.

A third test was then made. With the cell at open circuit, the cell was withdrawn from the
electrolyte leaving an air gaj B between the cells. The switch was then closed. Current
densities up to 3600 amps/ft“ were recorded as a measure of the cell's pure capacitance,
Figure 6 (Trace C). Voltage and current dropped off very rapidly as the cell discharged
without the advantage of recharge current in the cell.

Calculated capacitance for the three tests was:

1. Normal corfiguration 0. 060 inch free electrolyte 550 farads/ft2
2. With Teflon barrier between electrodes 314 farads/ft2
3. With air gap between electrodes 19 farads/ft2

Figure 7 shows voltage versus current curves for the three tests as well as the steady-state
performance and the calculated maximum current based on electrolyte resistance.

Several trends were noted from these tests of cell response to a single switch closure:

1. -Initial performance during step increases in load exceeds steady state due to cell
capacitance. Peak current is limited by cell impedance during this initial period and
the external circuit resistance.

2. Initial performance during step increases in load also exceeds the level predicted on the
basis of pure resistance loss through the electrolyte. This can occur only if current
through the external circuit exceeds ion current through the electrolyte.

3. Impedance during the initial time aftér switch closure is not li‘mited by IR loss through
the electrolyte but depends instead on the overall cell capacitance and resistive losses
within the electrodes as well as current collection losses.

4. Capacitance of the cell increases with increasing electrode pore surface (electrode
thickness, porosity). Cells with thin screen electrodes had a generally lower capacitance
(200 farads/ft2) than cells with thicker electrodes such as the dual porosity free elec-
trolyte cell (500-700 farads/ftz)

REPEATED PULSE TESTS

Cell performance was also investigated for a continuous pulse load in which a switch is opened
and closed continuously at high frequency. Loading of this type could be imposed on the fuel
cell by an input chopper stage on a voltage regulator or ‘inverter, or by a pulse width modula-
tion type motor speed control. :
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Repeated pulse loading tests were performed on a screen electrode low temperature trapped
electrolyte cell using an electronic switch and square wave pulse generator. A range of pulse
frequency (10 to 10, 000 ‘cps), pulse duration (20 to 95 percent), and pulse amplitude (1400 to
3600 amps/ft2) was imposed on the cell. Voltage readings were ta.ken from the oscﬂloscope
during both the pulse on and off time. '

Figure 8 shows an oscilloscope trace with typical response of the cell during repeated pulsing
at one kilocycle and 90 percent pulse duration. During the switch off interval, the cell does
not have time to recover, ‘and the performance arrives at a quasi steady-state level.

Figure 9 shows performance during the pulse-ON portion of the cycle for a range of pulse
durations. Data points are readings taken directly from the oscilloscope. Since the objective
of the program was high power output, data was recorded primarily at higher currents.

The average power density was computed for square wave response by multiplying the power
while the pulse is ON by the pulse duration. Figure 10 shows cell voltage while the pulse is
ON, plotted against average power density. Steady-state power density is also shown. Ata
cell voltage of 0.75, the average power density in a pulsing mode at 90 percent pulse duration
is twice the output with a contimuous load (initial steady state).

The effect of pulse duration and frequency is shown in vFigure 11. Average power density im-
proves with decreasing frequency and peaks at 80-95 percent pulse duration.

The results of repeated pulse loading on a dual pore free electrolyte cell at 450°F are shown
in Figure 12. Average performance while pulsing exceeded performance during continuous
d. c. load for pulse durations above 50 percent.

Tests were also performed on an early experimental activated dual porosity nickel electrode
cell with 1/4 inch free electrolyte at 160°F. Performance of the cell is shown in Figure 13.
Although the general performance level was low, considerable improvement in performance
was noted by operating the cell in a pulsing mode as shown.

Several trends were noted during these repeated pulse tests.

1. During repeated pulsing, the cell capacitance is charged during the open circuit periods
and discharged during the closed circuit periods.

2. The voltage at which current is drawn from the cell during closed circuit conditions is
considerably greater than if the cell were operated under a continuous d.c. load. As
the pulse duration is increased, the performance falls off.

3. The integrated average performance in a pulsing mode can exceed steady state. The ex-
tent of performance improvement is affected by cell type, load level, pulse duration, and

frequency.

4. In general, the integrated average performance improves with lower frequency (100-1000
cps) and higher pulse duration 80-95 percent. Improvement in cell performance by
pulsing also appears to be greater at higher current density and in cells with a generally
lower peformance. Further investigation is needed to evaluate the effect of pulse load-

ing on cell endurance.




SUMMARY

The electrochemical capacitance of fuel cells has been eva.luated in single switch closure
tests and found to be in the order of 200-700 farads/ft2 of cell area depending on cell type.
This capacitance gives a fuel cell the ability to deliver high intensity microsecond-millisecond
discharges up to 16,000 amps/ft% and 6000 watts/ftz

During continuous fuel cell operation, cell capacitance can be used by repeated pulsing at
higher frequency.. The results of repeated pulse testing indicates performance improvements
up to 100 percent in current density at equal cell voltage.
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- On THE OPERATION mECHAWISH OF A POROUS HYDROGEN -
ELECTRODE WITH A NICKEL CATALYST

Re.Ch.B8urshtein, A.G.Pshenichnikov, F.Z.Sabirov

it

Instituie of Electrochemistry, Academy of Sciences

of the USSR, lMoscow.

It follows from our previous investigatioms of the. opera-
tion wmechanism of porous sas electroces 1=3) that a porous elec-
iroce can be represented by a model shown in Fig.1. In Eacon's
two-layer- -electrodes the fine pore layer practiéally does not

o
I
t

ticipate in the electrochemical process. Electrochemical pro-
sses occur oanly in the layer of the electrode, which consists
vvo kinds of pores: macropores znd microoores. liicropores are
1illed with electrolyte and macropores witin igase. Electrochemical
'reaction occurs on the walls of macropores covered with a thin
slecirolyle film. The thickness of the electrolyte {ilm determi=-
nad from the data for a nalfi-inmersed nickel electrode is 0’5'3M42
we-used such a nodel of the porous electrode in the prenaration
o1 active electrodes for a hydrogen-oxygen cell. .

According to Juéti, active netalloceramic hydrogen -electro=-
deg can be prenared using nickel skeleton catalyst5 .

It should be noted that the preparation of electrodes by
the Justi method requires a very long time because the aluminium
elimination process occurs extiremely slowly. These electrodes do
not posess sulificient mechanical strength and operate steadily
Tor a long period of time only at small current densities
50-50 ma/cm2 5). .

we have devcloped a method of preparing hydrogen electrodes
using a skeleton nickel catalyst, obtained from an alloy contai-
ning 50% ~i, 48% Al and 2% Ti °/.

It is known that such catalyst has larger catalytic acti-
vity and steoility than the usual Raney catalyst. The influence
of the heating temperature in hydrogen upon the specific surface
ol a catalyst containing a Ii addition was investigated. It was
snown tnat the specific surtace of a powder, measured by the BET
.zihod, remained practically unchanged upon heating in hydrogen
up to 8.0°C end was equal to 80-90 m?/g.

Blectrodes were prepared as follows. The alloy previously
ground in a vibrating mill and the powder obtained was freed of
aluminium by treating with 5 i, KOH. Such catalyst is highly‘py*
rophoric, but when mixed in the wet state with carbonyl nickel,
it loses inis property and such a mixture can be stofed dry a

N
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long time. The loss of pyroforic properties by catalysts when
they are mixed with carbonyl nickel is accounted for by the slow
diffusion of oxygen through the water film and the formation of
a thin oxide film on the catalyst surface. An investigation of
the electrodes with varying structures activated by the skeleton
catalyst carried out by the method similar to that used in 1).

In designing electrodes of large size of essential 1mpor-
tance is the electrode strength. To ensure better strength a new
design of electrodes with an internal gas feed'was develaped 7).

Such an electrode is shown schematically in Fig.2. The
electrode consists of a shell made of readily sintering carbonyl
nickel (edge - 1 and {ine pore layer - 2) with the active layer-
3 inside (a mixture of skeleton catalyst and carbonyl nickel).
Gas is supplied tnrough side tubes-4. In the case of the electiro-
des having 120 mm in diameter stirengthening and gas-feed paths -
5 are used. Strungth is ensured by the electrode edge and gas-
feed paths, which sinter well with the fine pore layers. Such
electrodes were pressed in a special die in one operation. Gas
feed paths can be of different forms. Tne electrodes operate both
sides. Their operating surface is 165 cm? (both sides). Vhen
assembling the cell the electrodes are placed into a tank with
electrolyte and comnected in parallel with respect to gas and
cuirent.

The dependence of the current :Za upon the potential for a
three-layer electrode with o{= 0,25 at different temperatures
is given in Fig.3. Fig.4% shows the dependence of log J (at
Sﬂ= 80 mv) upon the reciprocal temperature. The apparent activa-
tion energy of the process calculated from the slope of the
straight line is 5 Cal/mol °c. _

Tests on a large number of electrodes have shown good
reproducibility of the results. The electrodes operated steadily
in a hydrogen-oxygen cell for 12 months. :

In the case of electrodes with high eléctrochemical‘acti-
vity the ohmic losses in the fine pore layer are large and '
therefore with a decrease in its thickness the current density
"increases. The experimental curve of the current density depen-
dence upon the thickness of the fine pore layer is shown in
Fig.5.

Of considerable interest is the dependence of the electro-
chemical extivity of the electrode upon the skeleton catalyst
content in the active mixture. As is evident from Table 1, with
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.an increasing ratio of the catalyst weight to thaf'of_the mix- '
ture (o ) the current density rises up to (= 0,5.

Table 1.
(¥4 O Ury1U 5325 0,30 0,40 0,50 0,75 1,00
Ja/en’ 50 198 140 151 168 185 136 108 )
(&= 0v,08 v)

withh tarther increase in ¢ (= 0,75 and o= 1,00) the current
dengity drops. As is shown by the structure measurements, it
Jdependence on the cnange ratio of the macro- to micro pores.
of couciderable interest in designing the three-layer electrodes
is the deyendence of the current density at a constant potential
son the active layer ihickness. This dependence is. shown in
FPig.5. It is evident from the figure that at the thicknesses less
than 1,5 um the current density considerably decreases.

How let us coasider how the concepts of the porous electro-
ie operation Geveloped in 1-5) can be applied to the electrode
activated with a skeleton catalyst.

‘hie :7 90 depe:idences of the electrodes in question belng
linear at suazll polarization (see Fig.3), the electrode resis- :
tance R can be considered to be determined by the relation:

y/J - 7d+z¥ Coe

»nere 2' is the active layer resistance, f' the fine pore
layer resistance. The fine pore layer resistance is expressed

by the equations:
7¥=‘j0.‘; ({/‘U; e .o (2) 4

vhere _P' ig the electrolyte specific resistance, 5 - the

sinuosity coefficient, 'Zé - total cross-section of the pores

in the fine pore layer per unit of visible surface, equal to ‘

the fiwne pore layer porosity. In most cases 5 =\/— 8J, ‘
now letv us cor51der the dependence of the reaction resis- _

tance 7;upon the electrode act1v1ty. : !
According to (2), the depenuence of the current density

upon tne gas electrode parameters is of the form:

I-(s)Np VP

vhere l) is the total perimeter of the pores free of the

electrolyte, 9D - the total cross-section of the pores filled

with the electrolyte, ) =(%€) J ’- where l is the lOCal
Y=o ' :




current density,.x- - the ratio of the true % the visible sur-
face. Let us assume that to the first approximation X is pro=-
portional to the speciiic surface of the active mixture Sa. It
is evident that in the mixturg of the catalyst with carbonyl

* nickel. , . .

) Sa= %Sttt (1 -%). Socné. e e (W)

P _ The specific surface measurements using the BET method
have shown the specific surface of the catalyst Scat=80 mzlgr,

! the specific surface of the carbonyl nickel powder
S = 0,55 m%/gr.

According to the equations (3) .and (4), for the electrodes
with the same structure we obntain:

(L/z,) = S“/S'«,j {o(( SM/SMJ - 1)+1} .. (-5)‘

vhere Zc and Z“ are the reaction res1stan_ces of the electrodes

carb

prepared ‘from carbonyl nickel alone and from the active mixture,
respectively.

Substituting the values of Sgat and 8 s we obtain for

‘ carb
| the powdered catalyst uszed by us:

) v,
’ o (‘Z°/'z“) = (144 +1) % . + o (6)
J Substituting 7¢ =y/.7, obtained from equations (5) into (5) and
N\ using (2), we frind for the total electrode resistance R the
. ) ' .
Xpressions fa 2
; R = {q [(scq.‘/SCdlﬁ) /]+ /} + -P; J' (7)
’ .
/ N (B E(Pe) % " U
l wuerel ( ‘/3¢)¢_"3 for a non-active electrode. .
S Assuming for a 7 i KOH at 90° c JD— 0,715 ohm.cm 5) and
1 ta&lng, the value or _/ic from 2 s we obtains '
' "/’ (k/p) = 0,024 ohm 'em =3/2, 1t follows from the direct

measurements of the.fine pore layer porosity that U,i— 0,5.
> Substituting the values of P and} , we obtain for the coeffi-
! cient bpefore f}/(f*— 4,25 ohm.cm. Taking into consideration (6),
‘l we obtain from (7) for the zctive nickel hydrogen electrode:

1 ‘(W*“J - .. (8

wnere 41,5 .
‘ = 1 o o o !
L (pg % (10 + 1 )/z e
U= 4,30 - c .. (8m)

The relation (PP)/z f(AP) obtained from the pores
distribution curve of the electrode with the structure investi-




Th
~ gated by us & = 0,25 1is shown in Fig.?b. The fine po're layer
ithickness J' = 0,071 cm. In accordance with the determination
of # (1) and eq (8), for an electrode with the operating sur-
face Se = 165 cm2 at = 0,08 v, the current is equal to:

:7= ’Sf' g’ - - 5165 « J,08 o e e . (8"")
-5-:7 + 4y45 . 0,071 7

Fig.7 shows the experimental (Curve 1) and the calculated
(Curve 2) dependences of the current strength upon the pressure
difrerence between gas and electrolyte. At large values of AP
tne calculation and experimental results can be considered to
agree fairly well. At small AP the discrepancy appears to be due
to tne small gas permeability of the worse owing to some of the
8as supplying canals. '

using eq (&) and (1) it is possible to calculate the depen-
dence of the current J on an electrode upon the fine pore
layer thicsness. The results of the calculation and the compari-
son with the experimental data of Fig.5 are presented in Table 2.

Table 2.
d 1y s J a AP: 600 mm H
cm . ohri.cm® R ohm.cm g=0,020 v P= 0,08 v
calcul. experim. calcul. experim.

0 0 Gy32 12,9 - 44 -

J,01 0,082 Uy 36 11,2 37

0305 Ty212 0,53 7,8 9,0 25 30
U507 Uy 31 3,63 6,6 749 21 22

Us10 0,425 0,74 5,6 6,0 17 17

1t is clear from the table that the agreement between the calcu-
lated and experimental values is quite satisfactory.

Accérding to equation (&'), Ta decreases and hence the
current increases with increasing skeleton catalyst con-
tent (& ) in the active mixture.

The expwrimental results for the electrodes with identical
structure but varying catalyst content ( &) are given in Table 1.
The values of R and 'Za,calculated from the data in Table 1 are
listed in able 3. Equation (6) relates the values obtained from
the electrocnemical and st.z"uctur'e data for the electrodes with
identical structures. The right hand and the left hand sides of
equation (&) are given in Table 3 (columns 4 and 5). The compari=
son of the corresponding valuesg shows that up to o = _0,5 the
experimental and calculated data agree with the accuracy up to
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20i. The discrepancy between the data at = 0,5 is due, as
stated adbove, to the change in the electrode structure.

Table 3.

S 4 ohnf' cm® o’ru:lZ Zem? s%m‘-'-’g 2'c/ 7o 4P= é%émm Aepmm .

0 1,6 1,29 1 .- 1,0 1,3 4,0
0,10 0,74 0,43 3392 ° 3,0 - 0,4 153
0,25 0,57 0,26 6,10 5,0 0,25 0,8
0,30 0,53 0,22 6,65 5,9 0,2 0,65
0,40 0,476 0,166 7,65 = 7,8 0,15 0,5
0,50 = 0,433 0,123 8,55 10,5. 0,1 0,30
0,75 0,588 0,273 10,4 4;65 '
1,00 0374’ 0,43 12,0 3,0

As has veen shown in T{'jf the characteristic thickness is
determined oty the equat10n(9 )
L= (") (2ol C e e ()
Using the obvious relation A, =A.- Stc/gc,,,,g and equation(5),
v.e obtain for the electrodes w:.th mentlcal structure

Léa_z ( Scozé’) Z/'Za_ e o« (10)

vihere Lc and £a are cnaracteristic lengths of the nonactive and.
active electrodes, respectively. '

ACCOI’Gln" to 2-5), at the thickness Z<1 GL the electrode
can be coasidered to bve of infinite thickness. For such electro-
des the current density is determined by eq (j). Using eq (3) and
(%) and taking into consideration (1), we obtain: ,

L =" 9/(}:f) N CED)

Tor ine electrodes with the structure under consideration
(. JLZ.Cuj 240-345 mesh, 202 at_AP~6OQ 900 mm hg 9~o 2 ). Then
1, 41 2a . The values ofémw thus czlculated are given in column
S of rable 3.

it €<, de 3) the curreat dens ity is less than the maxi-
cum value determined from equation (3). The corresponding thick-
ness Aep o the three-layer electrode at which the current starts
to unzcrease is Aep = 2 x 1,64 . The values of Aee are listed in

"column 7 of Table 3. For the electrodes with X = 0,25 dce=0,8nm.

hccording to Fig.6, the decrease in:the activity on such an elec-
trode occurs at A<1,5 mm, which appears to be due to a unsuffi-
cient sas distribution on the electrode.
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n

fhus this concepts of the operation of the porous gas elect
trode can be used in the calculations and choice of the optiumum
concitions of operaiion of an active gas electirode. On the‘basis
of the three-layer clectrodes developed, it is possible to con-
struct a cell of a simple design for a long time operation.
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HIGH SURFACE AREA SILVER POWDER AS AN OXYGEN CATAT:.YST
Jémes E. Schroeder, Dirk Pouli, H. J. Seim
Allis~Chalmers, Milwaukee, Wisconsin 53201

Intfodﬁctioﬁ

The major voltage loss at current densities below 100 ma/cm2 in
modern hydrogen-oxygen fuel cells is due to the high overvoltage for
the oxygen reduction reaction. Hence, much research has been ex-
pended in efforts to develop catalysts that are more active toward
the reduction of oxygen. While the platinum group metals are well

known oxygen catalysts, they have the disadvantage of being very ex-
pensive.

Boron carbide (1) and carbon black (2) have been suggested as
less expensive oxygen reduction catalysts. Other catalysts of inter-
est are certain organic materials such as cobalt phthalocyanine
and oxide materials such as the spinels. For the alkaline cell, how-
ever, the most promising catalyst to date ‘appears to be silver

’ 1

Silver as an oxygen reduction catalyst may not possess a signi-
ficant advantage over the platinum metals from technical considera-
tions, but the difference in cost is significant. Silver will almost
certainly replace the noble metals as the cathode in the alkaline hy-
drogen-oxygen fuel cell unless a less expensive and/or more active
material is discovered. ' ' :

The amount of the catalyst's surface area exposed to the fuel
cell reactant in part limits the reaction rate. If the surface area
is increased, some increase in reaction.rate results. Therefore, we
attempted to make a silver powder with a surface area 5-10 times
higher than the surface area of commercially available silver pow-
ders. Further increases in surface area have diminishing returns and
sometimes even adverse effects.

Silver powder with varying properties has been prepared in sev-
eral ways. Some well known methods are chemical and electrolytic re-
duction of silver solutions and the decomposition of silver salts.
Many investigators have studied the preparation and decomposition of
silver oxalate (7+8,9,10,11), It was shown by Erofeev et al (/) that
the gradual acceleration of the decomposition of silver oxalate is due
to the catalytic effect of the product, silver. They observed that
for the first 20-30% of the decomposition the fraction decomposed, o

- is given by the eguation log (l1-&) = -ktB, where t represents time and

k and n (=4) are constants. The decomposition reaction is essentially
AgoCy04 —L» 2Ag+2C05. :

Macdonald (8) and Tompkins (9) found that partially decomposed
silver oxalate crystals darkened uniformly and there was no preferen-
tial decomposition of the surface nor did the decomposition spread
from a few isolated nuclei. These investigators were interested in
the kinetics of the controlled decomposition and did not study the ex-
plosive decomposition reaction or the pro?erties of the product of
this reaction. Poltorak and Panasyuk (10) investigated the activity
of sintered silver, produced by the decomposition of silver oxalate
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in vacuo, for the decomposition of hydrogen peroxide. The catalytic
activity reached a maximum for silver powder sintered at 600° C.
Sviridov and Branitskii (11) investigated the catalytic activity of
partially decomposed silver oxalate for the decomposition of hydrogen
peroxide. The activity of this mixture of silver and silver oxa-
late was found to be a maximum after 35% of the initial silver oxa-
late was decomposed.

We investigated the rate of reduction of oxygen in alkaline
media on silver powder made by the explosive decomposition of silver
oxalate. It was found that silver powder with a surface area of
2-6 m /g cou}? ?e made by the rapid explosive decomposition of sil-
ver oxalate .

Experimental Technique

Preparation and Decomposition of Silver Oxalate

Silver oxalate was made by adding crystalline silver nitrate to
a saturated solution of oxalic acid at ambient temperature. The
silver oxalate precipitate was filtered and the resultant slurry
dried under a bank of heat lamps. It was crushed and sized and only
particles between 0.5 and 2.0 mm were decomposed.

The silver oxalate was decomposed by dropping the particles
onto a hot surface. The decomposition temperature of silver oxalate
is 140° C but to increase the rate of decomposition the particles
are dropped on a surface at 250-500° C. At higher temperatures the
silver powder formed begins to sinter, thus lowering its surface
area. The decomposition is accomplished in a container since .
otherwise the force of the explosion would scatter the silver. The
container must be properly vented to exhaust the large volume of
carbon dioxide released during the decomposition reaction. A sche-
matic diagram of the decomposition apparatus is shown in figure 1.
The silver decomposition product is screened to less than 0.15 mm
in diameter to remove any oxalate particles or hard pieces of silver
formed when the product is scraped from the decomposition chamber.

Electrode Preparation

Electrodes were prepared from the silver powder by incorporating
poly-tetrafluoroethylene as a binder and pressing the mixture onto a
metal screen in a method similar to that reported by Niedrach and
Alford . Electrodes 7.5 cm x 7.5 cm were used to determine. the
catalytic activity of the material in terms of fuel cell performance,
while electrodes 10 cm x 23 cm were used in life tests. 1In life
tests two cells in parallel were used to insure reliability and more
significance in testing.

Determination of Catalytic Activity

The activity of electrodes for the reduction of oxygen was de-
termined in a hydrogen-oxygen fuel cell using an asbestos matrix to
contain the electrolyte. The test conditions are given in Table I.
The same conditions were used for life tests.




~.

83

TABLE I

Test Conditions

Thickness of

Asbestos Matrix - 0.75 mm

Electrolyte = 30% KOH

Temperature - 90°-C

Gas Pressures - 18 psig (26 psia)

Anode - 3.0 mg Pt and 3.0 mg Pd per cm? plated

on a porous sintered nickel plaque.

A transistorized 60 cps sine wave commutator (14) was used to
drive the cell. For short term tests, such as those to determine
the initial activity (electrical performance), no elaborate water
removal system was required. Water may simply be removed by purging -
the gas cavities with the respective reactants. The asbestos is
soaked with electrolyte until saturated. The gases are then_applied
to the cell and the cell is subjected to a load of 300 ma/cm2.  The
gas cavities were purged until a maximum voltage was reached at the
applied load of 300 ma/cm<. A reverse current scan was adopted since
it normally yielded better reproducibility than the forward scan.
Total cell voltage, resistance-free voltage and the resistive voltage
losses of the cell were then measured as a function of current den-
sity. The time required to determine the voltage-current curve is
2-5 minutes. :

Voltammetric measurements were made using a potentiostat. It was
developed in our laboratories and is capable of handling anodic and
cathodic loads of up to 25 amperes. The test cell consisted of a
working electrode held in place by an asbestos matrix with electro-
lyte flowing behind the asbestos. To keep oxygen from bubbling
through the electrode a counter pressure was applied to the electro-
lyte. The oxygen pressure was approximately 3 psig higher than the
electrolyte pressure. If a smaller differential pressure was used
the working electrode flooded.

TABLE II

Conditions of Voltammetric Experiments

Temperature - 90° C

Oxygen Pressure - 18 psig (26 psia)
Electrolyte ] - 30% KOH
Electrolyte Pressure - 15 psig

Scan Rate - 10 mv/sec

Reference Electrode Hg/HgO

Results and Discussion

Physical Properties of the Silver Powder

Particles.- of silver produced by the rapid thermal decomposition
of silver oxalate are irregular in shape with many nodules. The nod-~
ules are approximately 0.1 u in diameter. Analysis by X-ray indi-
cates that the silver is crystalline.
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The specific surface area of the silver powder, measured by the
B.E.T. method, was in the range of 2-6 m2/g. Decomposition of the
hardest and driest silver oxalate particles yielded the highest sur-
face area silver powder. Material decomposed rapidly also had higher
surface areas than material heated slowly. Photo electronmicrographs
of the rapidly decomposed material are shown in figure 2. Figure 2B
shows in greater detail a portion of the particle shown in figure 2A.
Figures 2B and C show different particles under the same magnification.

Catalytic Activity

The activity of the catalyst for the reduction of oxygen was de-
termined in a hydrogen-oxygen fuel cell. Total cell voltage, resis-
tance free voltage and resistive voltage losses of the cell were
measured as a function of current density after optimizing the cell
at 300 ma/cmz. Representative total cell and resistance free vol-
tages vs. current are shown in figure 3. All the voltage-current
curves shown in figure 3 were obtained by reverse current scans.

Half cell potentials are cited with respect to the potential of the
standard hydrogen electrode unless stated otherwise.

The curve in figure 3 shows that appreciable reduction, say 10
ma/cmz, commences at a potential of 1.05 volts with respect to the
hydrogen electrode at 26 psia in the same solution. Voltage current
curves for low loaded Pt-Pd electrodes (3.0 mg Pt and 3.0 mg Pd per
cm? plated on a porous, sintered nickel plaque) and heavily loaded
Pt-Pd electrodes (13.5 mg Pt powder and 27 mg Pd powder per cm¢, tef-
lonated and pressed on a nickel screen) are shown for comparison
(see figure 3). The Pt-Pd electrodes were tested in the same manner
as the silver electrodes. On the basis of half cell measurements we
believe that total reaction polarization of the cell (see figure 3),
exclusive of resistive losses, occurs essentially at the oxygen
electrode. The polarization losses indicated in figure 3 are there-
fore essentially those of the silver electrode.

Effect of Oxygen Pressure-

The effect of oxygen pressure on cathode polarization was studied
in a half cell. The resistance free curves are therefore a direct
measure of the cathode polarization. The polarization increases near-
ly linearly with decreasing pressure for pressures exceeding one at-
mosphere of oxygen. . The slope of the curve increases by a factor of
five from 32 psia to 12 psia. This increase in slope is especially
prominent at current densities above 200 ma/cmz. Pressure vs. resis-
tance free voltage of a typical high surface area silver electrode is
plotted in figure 4.

Effect of Temperature

The effect of cell temperature on cathode polarization was also
studied. A resistance free voltage vs. temperature curve for a typi-
cal electrode is plotted in figure 5. The slope is essentially inde-
pendent of temperature between 50° and 90° C. )

Performance at High Current Densities

Voltammetric measurements on these silver electrodes showed that
the limiting current lies above 6000 ma/cm2. A voltage vs. current




J
)
)
)

—

85

density curve is shown in figure.6. The measurement was carried out
at such a sweep rate that build up of water during the voltage
current measurement is so small that control problems do not arise.
In manual testing the water build up is too rapid to study the limit-
ing current density with any validity.

Corrosion of Silver

Voltammetric data indicate that silver tends to corrode at poten-
tials exceeding 1.05 volts vs. the potential of the hydrogen electrode
for the conditions specified in table I. Therefore, the silver elec-
trode will tend to corrode at current densities less than 10 ma/cm
Since silver oxideis appreciably soluble in the fuel cell electrolvte
at 90° C, the electrode will gradually dissolve. Furthermore, the
silver oxide will be reduced on the anode after migration through the
asbestos matrix. Both these effects, dissolution and redeposition of
silver, are detrimental to fuel cell performance. In practice, the

_voltage of fuel cells operating at practical current-densities is well

below that required for the onset of corrosion. The problem of
corrosion of the silver electrode is, therefore, eliminated by the
relatively high overvoltage for the reduction of oxygen.

Life Tests

Life tests have shown that electrodes made from this high surface
area silver are stable for more than 6000 hours. The increase in po-
larization for the total cell at a constant current density of 100
ma/cm“ is about 10 uv per hour in a hydrogen-oxygen fuel cell at 90° C.
We have no data available to indicate the rate of voltage degradation
for the single electrodes. Since the total degradation for the cell
is 10 wv/hour the cathode degradation is certainly less. Life test
data is plotted in figure 7. . :

Conclusions

The rapid thermal decomposition of hard, dry particles of silver
oxalate produces a silver powder with a surface area of 2-6 m“/g.
This powder is extremely active as an oxygen reduction catalyst in
alkaline media. It exhibits lower polarization losses at all current
densities than Pt-Pd electrodes when used in a hydrogen-oxygen fuel
cell under the conditions cited in the text.

The dependence of the actlvity of this material on oxygen pressure
is nearly linear for pressure$§ above 18 psia. At pressures between
10 and 18 psia the polarization increases rapidly with decreasing
oxygen pressure.

The dependence of activity on temperature is essentially linear
from 50° C to 90° C in a hydrogen-oxygen fuel cell. At temperatures
below 50° C the polarization increases at a much faster rate.

Life tests show that electrodes made from this material are
stable for more than 6000 hours. The average voltage degradation was
less than 10 uv/hour. :
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INSTABILITY OF SUPPORTED-PLATINUM SURFACE AREA

IN THE PRESENCE OF ELECTROLYTES

J. F. Connolly, R. J. Flannefy, B. L, Meyers and R. F.HWate:s

Research and Development Department, American 0il Company, Whiting, Indiana

.»

Supported platinum crystallites grow rapidly when in contact with
electrolyte solutions at moderate temperatures (< 200°C), The absence of any
growth in air at much higher temperatures indicates that the rate of area loss
in solution is orders of magnitude greater than that of losses from dry sinter-
ing. This type of platinum-area loss is a serious handicap to the development
of economic fuel-cell electrodes. -

Measurements of platinum area, independent of the support area, were
made by using a combination of integral capacitance measurements in the hydrogen-
adsorption and double-layer regions, The possibility of poisoning was eliminated
by checking the degree of crystallite growth with x-ray diffraction. Analyses -
showed that permanent dissolution of platinum was not a significant factor.

In addition to the effects of time and temperature, the rate of crystal
growth was influenced by the support type, the solution, the platinum concentra-
tion, and the initial crystallite size. High support areas reduced crystal
growth rates as did solutions with low conductivity. However, even water (10~
mho/cm) showed some effect. The best dispersions are the most easily damaged
because the very small initial crystallite size provides a large driving force
for recrystallization. In such cases platinum-area losses up to 907 were observed,

Electrorecrystallization provides a possible mechanism for rationalizing
these results; i,e., cells may be formed between large and small platinum crystal-
lites, with the smaller crystallites acting as anodes because of their higher
surface energies. Complex platinum ions would then be transported through: the
solution while electrons pass through platinum-platinum contacts, or through a
conducting support, or through both., The transport of platinum complexes with
no necessity for electron flow between crystallites would also be conceivable.
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OXYGEN REDUCTION ON GOLD ALLOYS OF
PLATINUM, PALLADIUM, AND SILVER

J. Giner, J. M. Parry, L. Swette

Tyco Laboratories, Inc.
Bear Hill
Waltham, Massachusetts 02154

ABSTRACT

' Gold alloys of platinum, palladium and silver were pre-
pared in which the composition varied by increments of 10% from
10 —~ 90% gold. They vwere examined as rotating electrodes for
activity in the cathodic reduction of oxygen in 2 N potassium
- hydroxide at 25°C.

' The activity of the Au/Ag alloys decreased progressively
as the silver content was increased; the Au/Pt alloys showed an
almost constant activity over the whole composition range; the

Au/Pd alloys, however, showed a broad meximum of activity (greater

than that of the Au/Pt alloys) over the composition range 70 -
20 Au. The order of activity of the pure metals at low polari-
zation was Pd > Pt = Au > Ag.

The extent of oxygen film formation on each of the
2llcys wvas determined by fast potential sweep techniques, this
information is used in the interpretation of the observed activi-
ties. Selected measurements were made at 75°C, the pattern of
activity was substantially the same at 25°C. In the experimental
werk care was taken to ensure that the bulk alloy composition was
preserved at the surface for all measurements. Variations in
surface roughness were taken into account by measurement of
double layer capacities using a triangular potential sweep.
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THE ADSORPTION OF CARBON MONOXIDE ON PLATINUM AND RHODIUM ELECTROQES
S. Gilman

Nat1ona1 Aeronautlcs and Space Administration, Electron1cs Research Center, -
Cambridge, Massachusetts

INTRODUCTION

The adsorption of carbon monoxide on noble metal electrodes is of
current interest in connection with several areas in the field of fuel
cell technology. These areas include anodic oxidation of CO (7), of
impure hydrogen containing CO (8), and of organic substances where adsorbed
€O is suspected of being an intermediate (9). In this paper, the author
will compare the results of earlier (1-4) studies of CO adsorption on
Pt with more recent observations {5) made on the adsorption of CO on Rh under
roughly similar experimental conditions. .

EXPERIMENTAL

The original papers (1-5) may be consulted for experimental details.
The Pt and Rh electrodes were smooth polycrystalline wires. Pt wires were
generally annealed in a hydrogen flame. Rh electrodes were annealed near
the melting point in a high-vacuum bell jar. Both metals were sealed into
soft glass supports at one end, using a cool hydrogen flame. The surfaces
were given a light etch in aqua regia.
- A1l potentials are referred to a reversible hydrogen electrode immersed

in the same solution as the working electrode.

A11 values Oof charge and current densitv are reported on the bas1s of
the geometric area, unless otherwise specified.

DISCUSSION
Hydrogen and Oxygen Adsorption oh Clean Pt and Rh Electrodes-

Numerous voltametric studies have been made of the adsorption of hydrogen
and “oxygen" (including possible formation of oxides or oxide precursers)
on Pt and Rh electrodes, and the results have been reviewed by several
authors (10-15). The following qualitative conclusions for sulfuric or
perchloric acid electrolyte are useful in establishing proper conditions
for the study of CO adsorption and in interpreting the results:

1) The coverage of both Pt and Rh electrodes with hydrogen atoms
approaches a monolayer near 0 v.. The coverage gradually decreases to zero at
0.3 - 0.4 v. (depending on temperature) for Pt and at 0.1 - 0.2 v.. for Rh.
The adsorption and desorption of hydrogen atoms possesses a high degree of
reversibility for both metals.

2) The adsorption of “"oxygen" begins at potent1als below ca. 0.8 v.
for Pt and below ca. 0.6 v. for Rh. The "adsorption" is not reversible
(except possibly-at very low coverages) insofar as the dissolution of the
"oxygen" film occurs at potentials several tenths of a volt less anodic

“than the formation.
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Steady-State Oxidation of CO and H,-

Information on the steady-state oxidation of CO and H, on Pt and Rh
electrodes provides information useful in interpretation o? results of
adsorption studies. "Polarization curves" obtained in stirred sulfuric

acid appear in Fig. 1. The curves were obtained under the conditions of

a slow linear sweep but similar results may be obtained point-by-point -

at constant potential. For hydrogen on both Pt and Rh, (Fig. la and 1b),
transport-controlled oxidation is observed slightly above the reversible
potential. Onset of passivation of the oxidation is apparent at the potential
of oxygen adsorption (above ca. 0.6 and 0.8 v. for Rh and Pt, respectively),
and is almost complete within a few additional tenths of a volt. For CO,

a flat limiting current is not observed, since initial CO oxidation and
initial passivation almost coincide. The steep initial rise in CO oxidation
current has previously been ascribed, for Pt (3), to a reversal of "self
poisoning”. A similar interpretation seems 1ikely for Rh as well. Compared
with hydrogen, the passivation of CO oxidation occurs over a wider range

of potentials, particularly for the Pt electrode.

‘Electrode Pretreatment-

A convenient initial condition for the study of adsorption is that for
which the surface coverage with the adsorbate (and with impurities) is
initially zero and no reaction occurs between the surface and the adsorbate
(hence the concentration of adsorbate near the electrode surface is the
same as that in the bulk of the solution). For some adsorbates (e. g.,
some ions and hydrocarbons) this condition may be achieved at some potential
with the Pt surface in the reduced state. For CO on Pt and Rh, this condition
may only be achieved by passivating the surface with an "oxygen" film.

For Pt (sequence of Fig. 2a) a potential as high as approximately 1.8v.

(step A) is required, not only for sufficient passivation, but also to

remove such refractory impurities as the hydrocarbons (16). Products of the
anodization (CO,, 02) may be eliminated at some lower potential (e. g., step B)
at which the "oxygen" film is still retained. Rapid reduction of the surface
and subsequent adsorption occurs during step C. For Rh (sequence of Fig. 2b)
the high-potential anodization of step B eliminates all refractory adsorbed
substances, but the resulting "oxygen" film is reduced very slowly (as compared
with Pt). After this more rigorous cleanup, the anodization of the surface

at 1.2 v. (step D) is sufficient for Rh (unlike Pt) to strip off CO» and

fully passivate the surface against CO re-adsorption or oxidation.

In Fig. 2a, trace A is believed to correspond to the clean Pt surface.
Variations such as traces B and C are believed (2,6) to correspond to a
surface contaminated by electrolyte impurities since such variations are
accellerated by stirring and retarded by solution purification procedures.
Similar observations have been made by Giner (17) and Brummer (18) for Pt
in sulfuric and phosphoric acids, respectively. The situation for Rh (Fig. 2b)
appears similar to that for Pt, with trace 1 corresponding to the clean
surface and traces 2 and 3 corresponding to surface contamination:

Determination of CO Coverage by Anodic Stripping-

. In the potential sequence of Fig. 3a, the Pt surface is pretreated as
discussed above. The surface is them reduced during the first few milliseconds
of step C, and CO adsorbs on the freshly reduced surface. Application of sweep

D results in the current-time (potential) traces. Trace A of Fig. 3a corresponds
to zero coverage with CO and the charge (area) obtained by integrating under the

N o -
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curve §tarting_at the potential of steeply-rising current corresponds to
oxidation of the surface, charging of the jonic' double layer and (at higher
potentiq]s) to evolution of molecular oxygen. Traces B-F correspond to
increasing coverage of the surface with CO and compared with tracé A, additional
charge flows corresponding to oxidation of adsorbed CO to COp. Using trace
F as example, we see that this trace merges with that for the clean surface
at time ty (or potential E,)." This suggests that despite initial conditions.,
the two surfaces are in the same state by time ty. This in turn, suggests (2)
that, (in spite of the other coulombic processes occurring) aQ, the difference
in charge under traces F and A may correspond almost exactly to Qco, the
charge required to oxidize adsorbed CO to COy. This assumes that the sweep
is sufficiently fast that diffusion and subsequent oxidation of CO during the
sweep is negligible. In this case: . r

r " A0=Qco=2F! co (1)
Nhere“CO is the coverage of the surface with CO in moles per cm2. The
experimental observations (1,2) tend to support the validity of equation (1)
for Pt. First, 4Q is found to remain constant throughout a range of sweep
speeds where errors due to diffusion of CO during the sweep are not anticipated.
Second, the adsorption rate determined through anodic stripping obeys a
calculated diffusion rate law to within 10% {2). Galvanostatic transients
may also be used in determining the CO surface coverage (19-22) in a manner
similar to the use of a linear sweep. Variations between investigators in
reported maximum coverage are likely due in part to the details of correcting
for oxidation of the surface (4).

Equation (1) seems to apply for Rh as well as for Pt (5). In the sequence
of Fig. 3b, rapid reduction of the surface occurs during step F, but the
major part of the adsorption may be allowed to occur at any other potential
U (during step G). Step H is applied to eliminate "oxygen" adsorbed at
larger values of U. Sweep I is applied to sample the extent of adsorption
and the current-time (potential) traces obtained are similar to those obtained
for Pt. As for Pt, AQ is relatively independent of sweep speed and the
experimental adsorption rate follows a good linear diffusion law (5), until
high coverages are achieved.

Kinetics of CO Adsorption-

Until the coverage exceeds at least 75% of the maximum, the kinetics of
CO adsorption on both Pt and Rh is sufficiently rapid that transport control
is observed in both quiescent and mechanically stirred solutions (2,4,5). This
applies for potentials ranging from that of hydrogen gas evolution to that -
of anodic attack on CO.

Effect of Potential on the Structure of the Adsorbed Layer-

Carbon monoxide adsorbs on both Pt and Rh electrodes over a range of
potentials .extending from highly reducing to highly oxidizing conditions.
It is reasonable to suspect therefore, that the adlayer may vary in composition
or structure corresponding to partial oxidation or reduction of the original
adsorbate. During a linear anodic sweep, there are coulombic processes in
addition to the oxidation of CO and the situation is therefore kinetically
complex. Nevertheless, the linear anodic sweep trace may be used to characterize
the adlayer, if comparisons are made under carefully controlled conditions.
In Fig. 4a and-4b, using the results for U=0.12 v. as the bases for comparison,

* traces for CO on Rh are compared from -0.2 v. to 0.5 v.. When the traces
are compared at (approximately) equal values of Qcgs the results are almost

identical over this entire range of potentials. For Pt (Fig. 4c) at full
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coverage the identical trace (trace 2) is obtained for potentials from -0.1 to

0.7 v.. Trace 3 is obtained at -0.2 v. and may correspond to partial /
reduction of the adlayer. Excluding potentials as low as -0.2 v. for Pt,

it may therefore be concluded that there is no evidence for structural

variations in the CO adlayer on either Pt or. Rh over most of the range of

potentials at which CO adsorbs.

Steady-State Coverage with CO-

Fig. 5 présents the fractional coverage of a Pt electrode surface with
C0 as determined under the conditions of a slow triangular sweep. Very
similar results may be obtained on a point-by-point basis at constant potential,
The decreased coverages observed during part of the descending sweep is due
to the lag in reduction of the "oxygen" film formed at high potentials (1).
For a hypothetical perfectly smooth electrode, the maximum value of Q o
0.28 mcoui./cm® (4} (based on the hydrogen area) corresponds to co=?.4x]0‘9
moles/cm¢ (based on the hzdrogen area) with ca. 90% of the available (hydrogen)
sites occupied by CO. This maxumum value remains constant for CO partial

. pressures over a range of at least 0.01 to 1 atmosphere (4). :

The results for Rh (fig. 6) were obtained at constant potential. As
for Pt, we see that a flat maxumum is obtained for a wide range of potentials
and CO partial pressures._ The maxumum value of Qcp as calgulated for a smooth
surface js 0.44 mcoul./cm¢ (hydrogen area), equivalent to §C0=2.2x10-9
moles/cmZ (hydrogen area). This corresponds to almost complete coverage of
available (hydrogen) sites with CO.

For both Ft and Rh the coverage with CO tends to fall off precipitously
at the same potentials where CO is oxidized to CO,, and where there is also
the onset of "oxygen" adsorption for both Pt and Rh. For Rh as for Pt (15)
it may be argued that the explanation most attractive at present, is that the
adsorption of "oxygen" causes the rate of adsorption to become activation-
controlled and sufficiently slow that it is overwhelmed by the rate of CO
oxidation. This causes the surface coverage to drop down to a very small value
(experimenta]lyvindistinguishab]e from zero). The decrease in surface coverage
with CO is, in turn, largely responsible for the initial decrease in anodic
corrent at high potentials (Fig. 1c and 1d).

Hydrogen Co-deposition Measurements and Structure of the Adlayer-

If a cathodic sweep is applied to a Pt or Rh electrode partially covered
with CO ( and in the absence of praviously adsorbed hydrogen or "oxygen"),
the major coulombic process will correspond to the deposition of hydrogen atoms \
on sites not previously blocked by CO (2,5). Fig. 7a and 7b are some typical
traces obtained for Pt and Rh, and Fig. 7b demonstrates the construction
Tines that may be drawn to define a closedarea (charge), sQH corresponding to
hydrogen codeposition. These construction lines serve mainly to differentiate
between the end of the hydrogen adsorption and the onset of the molecular
nydroaen evolution processes. It is to be noted that the implicit assumption
involved is that appreciable molecular hydrogen evolution does not begin until
the mixed monolayer is largely complete. The sweep is continued to any value /
of the potential required to force the hydrogen evolution process at the '
particular coverage with CO, The greater irreversibility of hydrogen adsorp-
tion on Rh is evidenced by the much higher overpotentials required at the ‘
particular sweep speed employed.
Subject to the limitations in evaluating sQy, the following relationship
may hold for either Pt or Rh:
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where §FL saturation coverage of the surface with hydrogen atoms in the
presente-of adsorbed CO . .

( ) =saturatic. coverage of the surface with hydrogen atoms in-the
absencg gfoadsorbed co '

m=average number of hydrogen adsorption sites obscured per molecule
of CO adsorbed.

For (2) to apply it is only necessary.that no desorption of CO occur during
the sweep, as may be verified experimentally. If we further assume that
CO and hydrogen adsorption sites are similar and that hydrogen adsorption
may only be blocked directly by formation of a CO - surface valence bond,
then m may have the significance of representing the number of valences
formed between a CO molecule and the surface. For CO on Pt at 300C (2),
m was found to have the value 2 .for the first 30% of coverage, and 1 for the
remainder [suggesting "bridged and "linear" structures . (23) - respectively].
The appqrent'bridging decreased at 60°C. For Rh at 80°C, only the one-site
adsorption was suggested by the observed value of m=1, determined from the plot
of Fig. 8(5). As for Pt, a two-site adsorption might be indicated at lower
temperatures. ' ) .

The Hydrogen-Adsorption Isotherm-

In somewhat difverent experiments to those discussed above, hydrogen atoms

may be adsorbed at constant potential on a surface partially covered with a
measured amount of CO. The coverage with hydrogen may then be determined by
selective anodic stripping with a linear anodic sweep (5). The charge-
potential plot of Fig. 9 is essentially an adsorption isotherm (since fractional
coverage is proportional to the charge and the logarithm of hydrogen partial
pressure is proportional to the potential) for the clean Rh surface, similar

to those previously reported by Will and Knorr (24) and by Bold and Breiter
(25). Fig. 10 reveals how the coverage with hydrogen at constant potential .
decreases linearly with increasing CO adsorption time. The CO surface )
coveraue is increasing linearly under these conditions, and analysis of the
plots reveal that the following empirical relationship exists at all potentials,
between fractional hydrogen and CO surface coverages (below 80% of full

coverage with C0):

o= (eplolt - ‘El,'?%] ©)

where PH=fractional coverage with hydrogen atoms=QH/SQH

(eH)o=eH in absence of adsorbed CO

ece=fractiona1 coverage with Co:QtO/(QCQ)maximum

Expression (3) implies that the shape of the adsorption isotherm for the clean
surface is retained as CO adsorbs. The resulting implication is that there
is a random distribution of CO molecules on hydrogen adsorption sites possessing

. different heats of adsorption. This contrasts with the conclusion of Breiter (22)

for formic acid adsorption on Pt. "According to Breiter, initial adsorption of
formic acid on Pt occurs on those sites having the highest heats of adsorption
for hydrogen atoms.



4.

3.
No.

\D
@]

REFERENCES

S. Gilman, J. Phys. Chem. 66, 2657 (1962).
Ibid., 67, 78 {1963).

Ibid., 67, 1898 (1963); 68, 70 (1964).
Ibid., 70, 2880 (1966).

S. Gilman, Section 2.1.5 in General Electric Technical Summary Report

10, Hydrocarbon-Air Fuel Cells, 1 July-31 December,

1966, ARPA Order No.

247, Contract No. DA44-009-Amc-479(T) with U. S. Army Engineer Research and
Development Laboratories, Ft. Belvoir, Va.

6.
7.
8.

S. Gilman, Electrochem .Acta 9, 1025 (1964).

H. Binder, A. KBhling and G. Sandstede, Adv. Energy Conv. 7,

D. ¥. McKee, L. W.- Niedrach, I. F. Danzig and H. I.

77 (1967).

Ze11ger, General

Electric Technical Summary Report No. 9, Hydrocarbon-Air Fuel Cells,

1 January-30 June,

ENG-4909, DA-44-009-AMC-479(Y), DA-44-ENG-4853,pp.2-4.

9.
10.

chemical Engineering", Vol.

mn.

12.

1961-

13.

14.
15.

1966, ARPA Order No, 247, Contracts Nos.

DA-44-009-

D. R. Rhodes and E. F. Steigelmann, J. Electrochem. Soc. 112, 16 (1965).

A. N. Frumkin, Chapter 5 in "Advances in Electrochemistry and Electro-

3, Ed. by P. Delahay, Wiley, New York, 1963.

J. A. V. Butler, Ed., Chapter IX in "Electrical Phenomena at Interfaces",
Methuen, London, 1951, '

L. Young, Chapter 22 in "Anodic Oxide Films", Academic Press, New York,

P. Delahay, "Double Layer and Electrode Kinetics", Wiley-Interscience,
New York, 1965. .

K. Vetter, Chapter 4 in "Elektrochemische Kinetic", Springer, Berlin, 1961. '

S. Gilman, Chapter 3 in "Electroanalytical Chemistry", Vol. 3, Ed. by
Allen J. Bard, Marcel Dekker, Inc, MNew York, 1967, )

S. Gilman, J. Phys. Chem., In Press.

J. Giner, Private Communication.

S. B. Brummer, J. I. Ford, and M. J. Turner, J. Phys.

R. A. Munson, J. Electroanal. Chem. 5, 292 (1963).

Chem. 69, 3424 (1965).

4



99

20. T. B. Warner and S. Schuldiner, J. Electrochem. Soc. 111, 992 (1964).
21. S. B. Brummer and J. I. Ford, J. Phys. Chem. 69, 1355 (1965)
22. M. Breiter, Electrochim. Acta 8, 447 (1963).

23. R. D. Eischens and W. Pliskin, "Advances in Catalyses", Vol. X, Academic
Press, Inc., New York, 1958, p. 18. .

24. F. Will and C. Knorr, Z. Elektrochem. 64, 258, 270 (1960).
25. W. BB and M. Breiter; Z. Elektrochem. 64, 897 (1960).

.




100 -

(o) ' (b)
4.0 p— . 4.0
Rh /4N W,30,,W, o Y /AN N80, N,
3.0 3.0
‘2.0 2.0
1.0 1.0
L 11 1 , |
0.2 o.s 1.0 e 0.t o.¢ 1.0 1.4 POTENTIAL,
vOoLTS
-
3
(34
-
<
€
". .
40 p— te) 40 ¢~ {d)
3.0 p— 3.0 - :
Rh /4N 1, 90,,CO : Pt /4% 1, 90,,C0 !
2.0 2.0 }
r- i
1.0 - .0 ‘
i
L L 1 )
0.2 ot os .0 1.4 POTENTIAL, !
vOoLTS

Pigure 1. Polarization curves measured for smooth Pt and Rh elec-

trcées during application of a linear anodic sweep of speed 0.04 v.

ScC. The electrolyte was saturated with the gas at either 30°C (Pt
electrcde) or 80°C (Rh electrode) and the solution was paddle-stirred

(3{0 rmm) throughout the experiment. The hatched areas correspond to
resions cf cscillation of the current. (From Ref. 5) ’
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Figure 2. Adsorption of electrolyte impurities by smooth Pt
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treatment, adsorption occurs during step C (0.4 v., 1 N HClO,
30°C) and the traces are recorded during sweep D. In Figure
2b, steps A-E are for pretreatment, adsorption occurs during
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Figure 3. Determination of CO adsorption on Pt and Rh electrodes by
ancdic stripping. Steps C and G are adsorption steps in Figure 3a
and 3b, respectively. The traces are measured during sweeps D and I
\ in Figures 3a and 3b, respectively. All other stéps are for pretreat-
| ment. (Figure 3a from Ref. 2; Figure 3b from Ref. 5).
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Figure 5. -Coverage of a Pt electrode surface with CO.
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ution was paddle-stirred throughout the experiment (360
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tion or dissolution of the atomic hydrogen.
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ANODIC OXTIDATION OF CARBON MONOXIDE AND FORMIC ACID
ON PLATINUM COVERED WITH SULFUR

H. Binder, A. Kohling, G. Sandstede

Battelle-Institut e.V., Frankfurt am Main, Germany

1. Introduction

In recent years it was demonstrated by investigations of several
authors (1)-(5) that CO is oxidized on platinum electrodes in an
acid electrolyte at temperatures below 100°C. However, the current
density achieved was only of the order of some_ma/cm . In order to
increase the current densities temperatures of up to 150°C were
applied using phosphoric acid as electrolyte (6). In this way the
current density was raised to about 50 ma/cm“., We reported about
the results obtained with our type of Raney-platinum electrodes (7)
which allowed current densities of about 200 ma/cm“ to be drawn
using carbon monoxide as fuel in 3N HySOy at temperatures below
100°C (8,9).

However, polarization was large compared with that encountered in
the oxidation of hydrogen; attempts at the simultaneous oxidation
of hydrogen and carbon monoxide resulted in an enrichment of carbon
monoxide in the effluent gas mixture,

The strong polarization encountered in the anodic oxidation of CO
is due to an adsorption product which is slowly adsorbed on the
electrode, thus blocking it. We found, however, that the blocking
effect is not encountered on a platinum electrode onto which sulfur
has been pre-adsorbed (10).

This paper describes the results of adsorption measurements and of
the electrochemical oxidation of carbon monoxide and formic acid.
The influence of sulfur on the adsorption is disgussed and a modi-
fication of the oxidation mechanism is proposed* .

2. Experimental. Conditions

The electrochemical measurements were performed by means of a half-
cell arrangement. The reference voltages indicated in this paper
relate to a hydrogen electrode in the same solution as the test
electrode. The disk-shaped electrodes were prepared by compacting
a mixture of 50 volume per cent gold powder or platinum powder as
skeleton material and 50 volume per cent of a powdered platinum-
aluminum alloy having a platinum content of 15 atomic per cent.

The aluminum was leached out with potassium hydroxide solution. The
skeleton material - platinum and gold - appeared to have no effect
on the results of our measurements, The Raney platinum had a speci-
fic surface area of about 30 mz/g, For measurements with formic
acid, immersed electrodes were used, while bubbling electrodes
were used in the case of carbon monoxide, The electrolyte was boil-
ed thoroughly and protected from atmospheric oxygen by feeding
nitrogen into the closed vessel above the electrolyte. The elec-
trodes used for the determination of periodic current-voltage
carves had a platinum content of about 50 mg/cmz. Electrodes with

Y . .
)For papers concerning oxidation of formic acid and carbon mon-
oxide cf, references (12) to (33)
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a platinum content of 180 mg/cm2 were used only in measurements of
stationary current-voltage curves with carbon monoxide and for deter-
mining the quantity of the carbon monoxide chemisorbate. The potentio-
dynamic current-voltage curves were plotted by means of a mechanical-
ly operated xy-recorder,

3. The Sulfur Chemisor>ate

If a platinum electrode is exposed to an atmosphere of hydrogen sul-
fide, it 1s covered with a sulfur chemisorbate. A characteristic
feature pointing to the presence of this adsorbate is the ob-
servation made in measurements of periodic potentiodynamic current-
voltage curves that the peaks corresponding to the oxidation of H ad
atoms (34) become smaller or vanish completely (Fig. 1). Complete
disappearence of the maxima 1s consistent with complete sulfur cover-
age of the electrochemically active platinum surface. The degree of
coverage can thus be derived from the periodic current-voltage curve
by determining the ratio between the atoms of the platinum surface
available for hydroge? adsorption before and after coverage of the
platinum with sulfur

Above a specific reference voltage, which ranges between 600 and
800 mv depending on the degree of coverage, the sulfur chemisorbate
is oxidized anodically. Complete oxidation occurs at 1450 mv, so
that the normal current-voltage curve of platinum is obtained after
reversal of the voltage. The charge required for the oxidation of
sulfur can be determined from the difference of those areas in the
voltage range between 600 and 1450 mv which are enclosed by the
curves (Fig. 1, area hatched horizontally). It was found that the
required charge is about four times as large as the charge necessary
for oxidation of the corresponding number of H,43 atoms. From this
finding and from the observation that gas is evolved at the elec-
trode during oxidation, we infer that for each platinum atom one
sulfur atom is adsorbed which is oxidized to give sulfur dioxide.

In contrast to the oxygen adsorbate, the sulfur adsorbate is stable
even at a voltage of -100 mv, although the thermodynamic limits for
the stability of elemental sulfur are 150 and 450 mv. Methods for
covering the platinum with sulfur, other than the exposure of the
electrode to an atmosphere of hydrogen sulfide, include its exposure
to sulfur vapor or sulfur solution (in CSz) and the cathodic re-
duction of sulfuric acid or sulfurous acid at high current densities.

L, Influence of the Sulfur Chemisorbate on the Anodic Performance
4.1 Carbon Monoxide

On a platinum surface covered with a sulfur chemisorbate, the rate
of the anodic oxidation of carbon monoxide is much higher than on
an uncovered surface. At a temperature of 90°C even small quanti-
ties of sulfur increase the current density considerably (Fig. 2),
but as in the case of 30°C the maximum current density is achieved
only at nearly complete monatomic coverage of the catalyst,

his increase in current density with increasing sulfur coverage
of the platinum is observed between 30 and 90°C in the whole volt-
age range up to at least 500 mv (Fig. 3). As soon as monatomic

ATThis is based on the assumption that one hydrogen atom is chemi-
sorbed per platinum atom.
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coverage is exceeded, the current density again decreases,

At an uncovered electrode the current density 1is much more dependent
on the temperature than at an electrode covered with sulfur. From
the different slopes of the straight lines in an Arrhenius diagram

a decrease in the activation energy of about 7 kcal/mole is cal-
culated. By calculating just the difference of the activation
energy, the contribution of the overvoltage to the activation ener-
gy 1s approximately eliminated.

4,2 Formic Acid

In the anodic oxidation of formic acid, the influence of the sulfur
adsorbate on the reaction rate is even more pronounced than in the
oxidation of carbon monoxide (Fig. 4). If the electrode is covered
with sulfur, the current density depends more strongly on the con-
centration of formic acid than in the absence of sulfur (Fig. 5),
i.e. the rate constant of the oxidation reaction is raised. From

the ratio of the rate constants the decrease in the activation ener-
gy can be estimated to be 8.4 kcal/mole. In contrast to CO oxidation,
the maximum influence is reached throughout the temperature range
investigated at a coverage of only 40 per cent and not at nearly
complete coverage (Fig. 6).

1
From the varying dependence of the current density on the tempera-
ture the decrease in activation energy for the oxidation of formic
acid on a platinum electrode with a 45 per cent sulfur coverage is
calculated to be about 8 kcal/mole. This value is in fair agreement
with that calculated for the oxidation of carbon monoxide.

5. Reaction under Open Circuit Conditions
Under open circuit conditions the fcllowing shift reaction takes
place at a Raney platinum electrode:

CoO + H,0 -—> CO, + H,. (1)
On pure platinum this reaction is very slow. In the presence of a
sulfur adsorbate, however, its rate is substantially increased.
This reaction takes place even if the carbon monoxide is mixed with
hydrogen or carbon dioxide. The reaction rate can be measured at
temperatures as low as 30°C,

Formic acid decomposes on a platinum electrode under open circuit
conditions according to the following reaction:

HCOOH —> €O, + H,. . (2)
The rate of this reaction again is increased by the sulfur chemi-
sorbate, In 3N H + 2M HCOOH at 90°C the reaction rates differ
by a factor of agout 25. The composition of the effluent gases at
a temperature of 70°C was determined to be 40.4 volume per cent Hy,
41,6 volume per cent CO,, and 18 volume per cent 02/N2. No CO
(<O 2 per cent) was formed during the decomposition of formic acid,
because the shift reaction takes place at a platinum electrode
partly covered with sulfur.

6. Adsorption Measurements

The potentiostatic current density-time curves (Fig. 7a) reveal
that the inhibition of the anodic oxidation of formic acid at a )
platinum electrode is due to a comparatively slow blocking of the
electrode [see e.g. (13)] . For plotting these curves, the elec-
trode was held at one of the voltages indicated- in Fig. 7 by means
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of a potentiostat. Oxidizable contaminations had been previously
removed by anodic stripping (up to 1,600 mv). Inhibition occurs also
under open circuit conditions: if the circuit is closed one hour
after addition of formic acid, the small stationary current density
is observed immediately, e.g. at a voltage of 300 mv. Our porous
electrodes required about two hours to be completely covered with
the formic acid chemisorbate. Thereafter, H d atoms are no longer
detectable at the platinum surface, &

This inhibition effect is not observed at potentials above, say,

600 mv, . 4

No inhibition is observed either 1f the electrode is partly covered
with pre-adsorbed sulfur (Fig. 7b): the comparatively high current '
densities are reached immediately and decrease only 1nsignificantly.

Similar inhibition effects which can be avoided by pre-adsorption
of sulfur, are observed during the anodic oxidation of carbon mon-
oxide.

For measuring the quantity of adsorbate, potentiodynamic curves have
been plotted at low voltage speed after thorough rinsing of the
electrode with pure sulfuric acid. These curves clearly show the in-
fluence of the hydrogen and oxygen adsorbate on the oxidation and.
permit the double layer capacity to be readily determined. Further-
more, these curves provide information about the position of the
oxidation maximum and the electrochemical stability of the organic
adsorbate.

The charge necessary for the oxidation of adsorbed hydrogen is deriv-
ed from the potentiodynamic curve obtained for the clean platinum
electrode by substraction of the charge of the double layer from

the total charge. The double layer capacity results from the current
flowing between 400 and 700 mv. Prior to adsorption measurement the
electrode is placed in dilute sulfuric acid. In order to remove all
adsorption layers, it is exposed first to a voltage of 1,400 mv,

then to 200 mv, and finally to 500 mv, Then, formic acid is added
under open circuit,

Between 0.1 and 2M, the quantity of chemisorbed formic acid 1is in-
dependent of the concentration of formic acid in the electrolyte.
However, it is necessary for this result that the adsorption
equilibrium has been reached. At 30°C the oxidation of the adsorpt-
ion product (Fig. 8) starts at about 400 mv, and at 70°C it starts
at about 300 mv. Thus, the chemisorbate is stable up to this po-
tential, The maximum oxidation currentsare observed at 660 mv and
530 mv for 30 and 70°C, respectively.

The quantity of adsorbate was derived from the measured charge,

taking into account the integral capacity of the double layer of
the uncovered platinum surface. The potential of zero_charge for
platinum has been assumed to be 400 mv [see also (31)]. In accor-

. dance with Brummer (15), the specific charge required for oxidation

of the adsorbate totals 1.5 e/Pt atom. The amount of HCOOH chemi-
sorbed on a platinum electrode partly covered with sulfur is smaller
than that on the uncovered electrode (Fig. 9a) and decreases with
increasing degree of coverage. For a coverage of 70 per cent, this
effect is easily recognized by the smaller oxidation peak. If the
quantity of chemisorbed HCOOH is related to the platinum surface
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not covered with sulfur, the charge required. for oxidation cor-
responds to a transfer of 2.1 e/Pt atom. At a sulfur coverage of
only 40 per cent, 1.7 e/Pt atom are required for the oxidaﬂ.on of
the HCOOH chemisorbate=

H 4 atoms are never detectable on the platinum surface once the
equilibrium of formic acid adsorption has been reached. Thus, the

surface is always covered with a chemisorbate (in the voltage range
between O and about 400 mv), either with a pure HCOOH adsorbate or
with a mixed HCOOH and S adsorbate. In steady state, oxidation of
formic acid occurs on the platinum surface covered with a mixed
chemisorbate at a higher rate than on platinum covered with the pure
HCOOH chemisorbate. In the case of the periodic curve (Fig. 9b) the
current necessary for the oxidation of the chemisorbate is super-
posed on the steady state current-voltage curve,

For the adsorption of carbon monoxide on the electrode, the gas was
pressed through the porous electrode at a very low flow rate under
‘open circuit conditions. The amount of adsorbate was determined at
the completely immersed electrode which had been rinsed thoroughly
with boiled sulfuric acid prior to the measurement.

At 70°C the oxidation maximum is observed at a voltage of 530 mv.
At 30°C the peak is shifted to 650 mv (Fig. 10). Thus, the maxima
are reached almost exactly at the same voltage as in the case of
oxidation of the HCOOH chemisorbate.

The quantity of CO chemisorbate again decreases with increasing
coverage of the platinum with sulfur (Fig. 11). At a coverage of
about 100 per cent the adsorbed amount is insignificant.

In the case of uncovered platinum, 1.5 e/Pt atom are required for
the oxidation of the CO chemisorbate. At a sulfur coverage of 60
per cent the charge corresponds to a transfer of 1.9 e/Pt atom.

7. Oxidation Mechanism and Influence of the Sulfur Adsorbate

The most important question in the discussion of the mechanism
underlying the anodic oxidation of formic acid and carbon monoxide
on platinum is the influence of tlhie adsorbate or intermediate
blocking the electrode.

It is important to note that the chemisorbate is oxidized in both
cases only at a voltage above 300 mv, being stable at lower voltages,
and that in both cases only one oxidation peak occurs at the same
potential. Another significant finding is that no H,q atoms are
found on the surface of the electrode after the adsorption equilib-
rium has been reached.

As an explanation of the fact that for each platinum site less than
2 e are required for the oxidation of the inhibitory chemisorbate,
several authors - e.g. (15) - state that the platinum surface is
covered only partially with chemisorbate., This is contradictory to
our finding that no Hoq atoms can be detected after the equilibri-
um has been reached, not even at a voltage as small as 100 mv, The
reactions assumed by many authors for the adsorption of formic acid

HCOOH —_— COOH_, + H_, (3)
and )

2 Hpq —  H, ' (&)
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are certainly initiated on a completely free platinum sarface.

The hydrogen thus formed is physically dissolved in the electrolyte
or escapes as a gas: this is the process of dedydration. In the
hydrogen-covered regions of the electrode, however, the following
reaction will take place: .

HCOOH + H_, ——> COOH_, + H, (5)
On the free platinum surface the decomposition of the carboxyl ra-
dical proceeds in accordance with the reaction

COOHag —= CO, + H4 : (6)
With increasing inhibition of the electrode by the chemisorbate,
the formic acid will be dehydrated according to the electrochemical.
mechanism postulated by Gottlieb (23) and finally, though at a very
low rate, it will be dehydrated even on the platinum surface covered
with chemisorbate.

However, the poisoning of the platinum by reaction (3) does not pro-
vide an explanation for all the findings. Since the average charge
of the adsorbate per platinum site is larger than 1 but smaller than
2, it has to be assumed that a further reaction takes place; the
most plausible appears to be dismutative adsorption: .

2 HCOOH —_— COOHad + CHOad + HZO _ (7)
Each species has one platinum bond; COOH,4 has one oxidation equi-
valent per C atom, Cquhas three. This means that, on the average,
two equivalents are available for each C atom, which would also be
the case in the adsorption of HCOOH It is unlikely that even
glyoxylic acid (15) with a C-C bondags formed, because it has no
free eleéctron for the bond with platinum [see also (17)] . If
Hgqy atoms ‘are to be found on the surface, the formic acid may also
be hydrated to give the radical of formaldehyde in the reaction
assumed by Podloxhenka et al. (17):

HCOOH + H_4 —> CHO,4 + H,0 (8)
The combination of reactions (3) and (8) would result in (7):
-HCOOH — COOH_, + Huoq (3)
H 4 + HCOOH _— CHO,4 + H,0 - (8)
2 HCOOH ——>  COOHpq + CHO.4 + H,0 (7)

This would, however, involve an additional platinum site for Hyy
in contrast to the direct process of (7). Besides, the following
reaction may occur: .

COOH_ 4 + 2 Hag _ CHO,4 + H,0 : (9)

The platinum atoms s8et free during this reaction would then be
again available for reaction (3).

The chemisorbate obtained after the adsorption of CO is identical
witk the HCOOH adsorbate. This is due to the fact that the oxidation
peak is reached in both cases at 530 mv and that the same charge is
required for the oxidation. Besides, the required charge depends to
the same extent on the sulfur coverage.
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Dismutative adsorption also appears most plausible for the ad-
sorption of CO:

2.CO + H20 ——> COOHgy + CHOmq ('10)
because it furnishes the same mixture of species as the adsorption
of formic acid. In addition, there is always a sufficient amount of
adsorbed water on the electrode immersed in the electrolyte.

Reaction (10) may be followed by the shift reaction observed on
platinum, for example, in accordance with the following equation:

CHOg,q + H0 — COOH_, + 2 H_4 (11)
followed by
2 Hgq - H, - (%)
and ' :
COOH, 4 —> COp + H_, (6)

~These reactions should occur as long as there are free platinum
sites to take up the Had atoms. When all the platinum atoms are
covered with the mixture of CHO aq @&nd COOHad, the rate of the shift
reaction becomes insignificant.

However, this .hypothesis postulating a chemical mechanism for the
shift reaction and formic acid decomposition is rather improbable
if we consider our finding that a sulfur adsorbate strongly in-
creases the rate of these reactions. This is true despite the fact
that - as in the case of carbon monoxide - the sulfur adsorbate
occupies practically all the platinum sites when maximum rates are
reached.

Our experiments rather suggest that the electrochemical oxidation
of formic acid and carbon monoxide at potentials below 300 mv and
the decomposition of formic acid or the shift reaction observed

in steady state do not take place on the free platinum surface, but
on a chemisorbate covering the platinum surface. We postulate that

a) reactions on sulfur-free platinum alvsays take place on the
complete "monomolecular" chemisorbate of formic acid or carbon
monoxide (at an extremely low reaction'rate),

b) reactions on platinum covered with sulfur take place on the
mixed chemisorbate of sulfur and formic acid, or of sulfur
and carbon monoxide;

c) reactions involving oxidation of carbon monoxide take place
even on a surface completely covered with sulfur chemisorbate.

This concept contradicts the dehydrogenation mechanism of the
oxidation, which would have to involve the following reactions

HCOOH =~ —> COOH,y + H_, . (3)
and :
COOH, 4 ——> CO; + H_, (6)
with
+ -
Hg g ——> H' + o (12)

as the potential-determining step. A prerequisite‘for this mechanism

would be dissociative adsorption, which is assumed to be poasible
only on the free platinum surface.

N~
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Anodic oxidation of formic acid may rather be expected to take place
on the chemisorbate or chemisorbate mixture in accordance with a
modified electron-radical mechanism (20,26 27)-

HCOOH ——> (HCOOH)g4 + e (13)
(HCOOH),, —— (COOH)aq + H* (14)
(COOH),q ——> (COOH)., + e~ (15)
(coon)sy —> co, + H' (16)

where either equation (13) or equation (15) determines the potential.
In no instance will (COOH)aq be identical with COOHpy, since the
chemisorbate covering the electrode permits physisorption rather than
chemisorption,
Dehydrogenation of formic acid in the steady state of the electrode
involves reactions (13) to (16) as the anodic step of the total
electrochemical reaction, with

H' + e —p 1/2H,
as the cathodic partial step [see (23)]. The charge transfer reaction
occurs more readily at the sulfur sites than at the formic acid
chemisorbate, so that dehydrogenation is measurable even at room tem-
perature.

The electror-radical mechanism for the anodic oxidation of carbon
monoxide may be described as follows:

CO + H,0 —— (CO x Hy0)ag + e (17)

+ + .
(Co x HZO)ad — (CO0 x OH)E" + u_ (18)
(co x OH)ad —»(Cco x on)&d + e (19)
(co x OH)! ~ ——eCO, + H* (20)

The intermediates are reaction complexes which are probably not
identical with the corresponding complexes involved in the oxidation
of formic acid, since the relationship between the course of the
reaction and the sulfur coverage of the electrode is different in
each individual case.

Carbon monoxide appears to be physisorbed on the sulfur sorbate, so
that the charge transfer reaction can take place. The sulfur adsor-
bate appears to be unsuitable for the physisorption of formic acid;
it is rather to be assumed that a carbonyl group is necessary to
which the formic acid molecule is attached by hydrogen bonding, thus
coming into the neighborhood of the chemisorbed sulfur by which the
electron transfer is effected.

This model requires further substantiation by experiment. For a
closer characterization of the chemisorbate it is in particular

‘necessary to know-the number of charges required for the formation

of one molecule of carbon dioxide.
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PREPARATION AND CHARACTERIZATION OF Pt-BLACK
FOR ANODIC HYDROCARBON OXIDATION

J. Giner, ]J. M. Parry, and S. M. Smith

Tyco Laboratories, Inc., Waltham, Massachusetts

A. Introduction

The work presented here is part of a wider study to develop a
correlation between the physical characteristics of Pr-black and its
activity for the anodic oxidation of saturated hydrocarbons. Since the.
physical characteristics of a black should be a function of its prepara-
tion, some emphasis has been placed on studying a preparative method
in order to obtain Pt-black of varying characteristics. Because of the
. technical importance of Pt-black and the scarcity of information on its
preparation available in the recent literature, this phase of the study
is of interest on its own. :

B. The Formaldehyde Reduction of Pt-black

Of the many reductions proposed and used to prepare Pt-black,
one of the most widely studied reactions concerns the reduction of a
chloroplatinic salt with formaldehyde in a basic medium.

The over-all reaction is mainly a combination of the following
reactions:

PC1Z" + 2HCHO + 60H™ — Pt + 2HCOO™ + 4H,0 + 6CI°
and ‘ ' '

PCIZ™ + HCHO + 6 OH" — Pr + CO§ + 4H)0 + 6CI°
with one o She ‘other being more dominant according to the preparation

conditions\'/,

This system was selected for our study because it is the best

known process and because it offers the possibility of separating the initial

nucleation and the subsequent growth of the nuclei to a well defined pre-
cipitate of Pt-black. Furthermore, the growth stage can be considered

to occur as a mixed electrode process. According to this latter mechanism,

the initial nucleation is followed by an electrochemical deposition of Pt

coupled with an anodic oxidation of formaldehyde. Although both electrode
processes occur on the same particle simultaneously and at the same rate,
they are essentially independent of each other. The principle is illustrated

in Fig. 1 which shows the individual i(E)-curves obtained for the anodic



124

oxidation of formaldehyde and the cathodic electrodeposition of Pt from

a chloroplatinic salt, both in acid and in basic electrolyte on a Pt~
microelectrode. From these curves it can be concluded that a mixed
clectrode reaction is' only possible in basic solution since the anodic
reaction occurs at lower potential than the cathodic reaction. This- is

not the case in acid miedium, agreeing with the observation that, although
thermodynamically possible, a chloroplatinic salt is not reduced by
formaldehyde in acid medium even over extended periods of time.

Figure 2 shows the change in potential of a Pt-microelectrode vs.

RHE immersed in a solution of chloroplatinic acid and formaldehyde —
after the addition of NaOH. The absolute value of potential should indicate
the potential of the particles formed during reaction. An interestin
observation from this experiment is that the potential of the microelectrode
changes slowly during a period of time which coincides with the induction
time of the reaction, i.e. time between mixing of the reactants and visual
observation of precipitation. Simultaneously with the observed blackening
of the solution, the potential drops steeply to remain at about +100 mv
(vs. rev. Ho-electrode in same solution) during the reaction. The fact
that the potential always remains positive with respect to the hydrogen

. electrode indicates that hydrogen evolution, which is thermodynamically
possible. does not occur under these conditions.

In considering the precipitation of Pt-black as a mixed electrode
process, it is tempting to use criteria similar to those used in electro-
deposition of powders ) for predicting the effect of reaction parameters.
The major difference is that the current would be supplied by the '
formaldehyde oxidation, and would vary according to the reversibility of
the reaction and the concentration of formaldehyde. Thus, by extension
of the experience on electrodeposition of powders, factors favoring
deposition of Pt at conditions closer to the diffusion limiting transport
should tend to give finer particles.

On the other hand, the nucleation process (i. e. the formation of a
cluster of a few atoms without metallic properties) has to occur by a
mechanism different from the electrochemical mechanism. In addition,
heterogeneous nucleation in the walls of the vessels and on impurity
particles is also possible.

A phenomenon related to the nucleation process is the formation of
a bright mirror on the solution surface and walls of the container. Under
some conditions, in absence of stirring the formation of the mirror on the
surface can be observed before any reaction appears in the bulk solution.
The reaction (characterized by blackening of the solution) pro%resses slowly
down from this surface mirror into the solution as a very well defined layer,
which can reach a thickness of up to several centimeters before complete
mixing occurs. This observation indicates a dendritic growth on the mirror
with possible detachment of crystals that serve as secondary nuclei.

"
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] In order to obtain active materials, the formation of this mirror

is to be avoided since after drying, platelets of very low BET surface

area are formed. In general, the longer the induction time, the larger

the amount of mirror material will be formed. S

' Another difficulty when studying the effect of preparation parameters
involves transformations occurring after preparation, such as agglomeration
and recrystallization. These factors are affected by the gas bubbled during
preparation, by the presence of protective colloids and ions, and by the adsorp-
tion of intermediates of HCHO oxidation and/or of its -polymerization products, etc.

- Finally, in an actual preparation drastic changes of parameters occur
(es_pecmlly, for example, the concentration of PtCl%-) as the reaction progresses
which results in the formation of black under varying conditions.

C. Physical Characterization and Determination of Electrochemical Activity

In order to study the effect of the parameters on the precipitation
process, many preparations with different reaction conditions were made,
and the resulting materials were characterized using the BET surface area,
pore size distribution, bulk density, electron microscope shadowgraphy,
selected area electron diffraction and X-ray diffraction. The last method
was an extension of the method of Warren and Averbach (3); the technique
utilized a Fourier analysis of the diffraction intensity data to provide informa-
tion on the average crystallite size. In addition, strain and resulting stored
energy, stacking and twinning fault probability are separated. The combined
use of these methods allows characterization of the crystallites, the elementary
particles,. and the agglomerates which form a black (431.

The activity of the prepared blacks for the anodic oxidation of propane
at 130°C in 85% H3PO4 was measured, using a Pt-Teflon structure (5; 6) and
the floating electrode technique (7). In addition to the conventional over-all
activity determination, a nonsteady-state method has been developed to
determine the intrinsic activity of the black in the Pt-Teflon structure (8).

- From these measurements the current at a potential of 400 mv Xi rev.
Ho (i4gp) and the value of the current peak (Ep) were used as parameteTs
characterizing the activity.

D. Results on Pt Preparation

. Separation of nucleation and growth phases. After preliminary experi-
ments which showed poor reproducibility, attention was directed to the separa-
tion of the nucleation and growth stages of_the process. This was accomplished
(1) by adding NaoCOg3 to a solution of Ptleg- and HCHO to raise the pHto ~9
where the mixed electro-growth process is insignificant, (2) by allowing the
resulting solution to nucleate for a predetermined time, and (3) by adding this
mixture to the NaOH solution. The number of nuclei per unit volume of solution
was varied by changing the nucleation time and the portion of PtCl¢-HCHO solution
submitted to this process. This procedure was derived from that of Turkevich,
Hillier, and Stevenson (9) for the precipitation of gold. Two fast-addition funnels
were used to insure quick mixing of reactants in order to achieve the desired
initial concentrations. The apparatus is shown in Fig. 3.




The effect of nuclei concentration on crystallite size for experiments

performed with the same reactant concentrations, the same sequences of
addition, the same temperatures, ctc., but with varyving nucleation times,
is indicated in Table L

TABLE I

Black Time Average Crystallite Size .(X)

: (min) w2000 2200 a0
73-44 1 87 75 82 77
73-45 3 70 62 75 70

73-46 10 72 60 67 63

The black produced from the 1 minute nucleation time had the
largest crvstallite size, while the materials produced from the 3 and 10
minute nucleation have approximatelyv the same size. Since crystallite
size is inversely related to the number of nuclei present at the beginning
of the growth stage of the preparation, these results indicate that after
I minute nuclei are still forming and by 3 minutes the formation of nuclei
has reached a steady state condition.

In additional preparations the rélative number of nuclei/unit volume
was changed by reducing the volume of the nucleating solution without
changing the concentrations, as mentioned above, at a constant time of
10 minutes and at constant concentration of the final reacting solution.
Comparing solutions with the number of nuclei in the ratio 1; 1/2; 1/4;
1/8, the most active material was that corresponding to 1/4 ratio.

Effect of order of addition. Adding HCHO to a premixed solution

of PtClg-"and NaOIT resulted 1n inactive catalysts with surface areas varying

between 2. 6 and 7 m<4/g when using high NaOH conc = 53 M (Table II). An
cexample of the clectron microscope pattern of these preparations is given
in Fig. 4 which shows verv large spherical particles. Selected area elec-
tron diffraction of individual particles shows that thev are polycrystalline.
In contrast, a material obtained by adding the mixture of PtCl%- and HCHO
to 5 M NaOH at the same temperature, concentration, etc., shows a lace-
like structure (Fig. 5) made of single crvstals and high over -all activity.
In experiment #73-23, nucleation time was not controlled.
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TABLE 11

High NaOH Concentration (NaOH-5. OM) ’
. (All Concentration Refer to Electrogrowth Phase)

a) HCHO added to PtClg-/NaOH mixture

Black PtClg- HCHO  BET . Electrochc;mic?l Ac'civity2
$ ~ Conc. (M) Conc. (M) (m?/g) 400 Ma/cm” 1y ma/em
73-36  © 0.25 1.50 3.0 Inactive
73-30  © 0.25 1.50 5.0 Inactive  ------
73-31 0.25 1.50 6.9 Inactive ~  ------
73-32 0.25 1.50 4.1 Inactive ~ ------
73-35 . 0.05 - 1. 50 2.5 Inactive =~ -----=

b) PtCIZ-/HCHO mixture added to NaOH

73-25 - 0.25 1.50 31.7 58 235
73-58 0.13 0. 39 25.2 72 107
73-56 0. 06 0.19 22.2 28 52

Effect of reactant concentrations. The higher concentration of HCHO
during the growth produced a faster reaction rate and_consequently a smaller
particle size. When the molar ratio of HCHO to PtClg~ was equal to or lower
than unity, long induction times were found which resulted in extensive mirror
formation during preparations at or below room temperature. It was apparent
from the stoichiometry of the reaction that the reduction requires at least a
2 to 1 molar ratio of HCHO to PtClg- ; however, preparations were made a
ratio of unity or lower in order to study the relation between low HCHO concen-
tration and mirror formation. At high temperatures, the induction time was
considerably shorter, but thezs_ame mirror product was obtained. However, at
molar ratios of HCHO to PtClg > 3, there was no appreciable effect con-
tributable to the HCHO concentration. ’




Thercefore, working at molar ratios of 1HCHO to PrCl%- ~ 3, blacks
were prepared cither at different PrClg- concentrations or at various NaQll
concentrations in the growth stage while keepipg constant the temperature,
nucleation time, and the concentration of PtClg- and HCHO in the nucleation :
stage. Rather ghan attempt to determine the cffect of varying the concentra- v
tion of the PrClg- or NaOll sceparately, the results are better presented in the
form of the mo{u r ratios.  Plotting the current/geometric cm at 400 myv of
the various blacks as determined in the over-all activity against the molar {
ratio of [NaOl |- PeClg-]. therce is an apparent optimum rario of ~ 25:1 (Fig. 6).
Above and below this value, activiry falls off.

In particular, the active materials formed at molar ratios of 1HHCHO to
PiClg- of 11 and 25 were obtained from reasonably reproducible preparations
from an clectrochemical activity standpoint.  X-rav ditffraction data on identical
preparations 73-60, 61, and 62 (molar ratio of 11) gives verv good agreement
on crvstallite size (Table D)

TABLE TII ‘
Black - Average Crstallite Size (R) Electrochemical Activity ‘
. 2 2 i

11 200 220 311 iypp ma/em® i, ma/em
73-60 51 53 52 49 . 102 147 ;
73-61 51 50 30 18 70 143 ‘
T3-62 55 30 52 51 67 105

Lffect of temperature.  The onlv apparent effect of f&‘nperature was

to increasce the rate of reaction. Many early invcstigu[ors( emphasize the .
need to prepare the blacks at low temperatures to avoid formation of resinous '
matcrial {(probablyv polyvmers of HCHO) and formation of mirror. Attempts to {
reproduce Willstatter preparation at 5°C, with specidl precautions to avoid 4

local heating, failed to produce a black of higher activity than those prepared {
ar high temperatures.  Since the more active blacks obtained in the present

work were prepared at 80-90 C, it is tempting to conclude that higher tem- /
perature is beneficial insofar as it accelerates the reaction, decreasing the
induction time, and possible mirror formation.
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Effect of oxygen. It has been claimed that adsorbed oxygen plays
an important role in the catalytic activity of platinum tfllalc)k in the sense
that materials freed of oxygen were generally inactive . To test this,
a series of identical preparations were made under Og and Ny. The
bubbling of oxygen through the reaction solution was useful in coagulating
the resulting colloid solutions of platinum. As to their effect on BET area
or electrochemical activity, no clear difference could be detected between
black produced under O2 or under N2.

The beneficial effect mentioned in the literature may be related to
the slowe 132{1tering rate of platinum when covered with oxygen, reported
by McKee , or to a cleaning by oxidation of chemisorbed intermediates

“of the HCHO oxidation.

E. Relation Between Structure and Activity

In general, the over-all activity per unit weight is high in blacks
having agglomerates of high internal porosity and relatively large particle
size. This may be a pure structural effect confirming those electrode
models in which electrolytic transqqgt fg)the reaction site through the

- flooded agglomerates is postulated . Surface areas larger than

~ 15 m</g are necessary to obtain high activity; above this value no
correlation between activity and surface area was found.

A somewhat surprising result is that a black with low stored energy
produced higher over -all activity than the blacks with considerably more
stored energy. Preliminary measurements show a similar effect on intrinsic
activity. Work is continuing to define better the properties of the black and
to relate these properties to the structure after electrode manufacture.
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Fig. 4 Pt black, 73-26
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NORMAL ALKANES AT PLATINUM ANODES
H.A., Liebhafsky and W.T. Grubb
General Elecfric Research & Development Center, Schenectady, N.Y.

Extensive work on direct hydrocarbon cells has shown the normal
alkanes to be the most suitable family of fuels (1) . How their per-
formance changes with molecular weight has consequently become im-
portant. The most straightforward way of establishing this relation-
ship is by measuring for an anode (or similar anodes) under condi-
tions intended to be identical the steady-state current densities
supported by the several homologues at fixed anodic overvoltage.

The anodic overvoltage m, is usually measured as the potential
difference Ejp_R between the working anode and a reversible hydrogen
reference electrode in the same cell. Figure 1 shows the results
of an early comprehensive study of this kind.(la,b)

A plot like Figure 1 is adequate as a record of experimental
results or as a basis for comparing results for a single fuel. But
when comparisons that involve more than one fuel are to be made, one
must remember that each alkane (or other fuel) can surrender a
different number, ne, of electrons per molecule upon anodic oxida-
tion. Experiment has shown that the normal alkanes are often com-
pletely oxidized, yielding Ht and COg at fuel-cell anodes(2,a,b,c).
When this is true, ng = 6n + 2 for the n'th member of the homologues
series of normal alkanes.

Current densities like those in Figure 1 will be expressed in
molecular units (further specification unnecessary)* if each of them
is divided by the value of ng for the corresponding normal alkane.
When this is done (Figure 2), the maxima in Figure 1 disappear, and
methane takes its place as the fuel of highest molecular performance.
We have similarly transformed data by Binder and co-workers(2b), and
by Cairns(2c) with the results in Figures 3, 4, and 5. Figure 3 is
in accord with Figure 2; in the other figures, methane fails to
achieve top performance to a degree that increases with Ej_p and with
current density. (Ep_p and i increase together in this range.)

The experimental conditions under which the presumed steady-state
current densities were measured varied so widely that they will not
be discussed. The experimental conditions most nearly certain to
have given true steady-state current demsities are those of Binder and
co-workers. Only here were all fuels at a known identical pressure,
1.5 atm. The gases at this pressure flowed through an anode heavily
loaded (180 mg/cmz) with Raney platinum; unreacted fuel and carbon
dioxide(2b) bubbled through the electrolyte, 3N HpSO4 at 100°C. The
first reading was taken after 24 hours, and subsequent readings at
2-hour intervals. These data consequently provide the best test of
whether the maxima in performance curves disappear when they are
placed on a2 molecular basis. Comparison of Figure 3 with Figure 5

*With 105 coulombs as the Faraday, and with current density in

ma/cm?, the current density in molecular units (i/ne) is 108 times
the moles fuel/sec oxidized on 1 cm?2 of electrode surface. The num-
ber of electrons per molecule, ng, yielded up by the fuel during oxi-
dation is of course equal to the experimental number of Faradays for
a mole of fuel. When the anodic reactions are complex, ne may be on-
ly an average value.
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of Reference 2b shows that the test was successfully paséed.

A hydrocarbon anode at a steady state is a complex system in
which various consecutive processes (physical, chemical, electro-
chemical) proceed at the same absolute rate. No one process is
therefore rate-determining, although the rate constants associated
with each process help establish the absolute steady-state rate of
all. Reliable data for the detailed analysis of such steady states
do not exist.

Attempts to interpret current densities as rates in terms of
overvoltages usually founder because one cannot establish the con-
tributions that the individual processes make to the measured over-
voltage. "Tafel plots' for the data of Figures 1 and 2 appear in
Figures 6 and 7. Clearly, these plots are not straight lines, and
this testifies to the complex and composite character of the mea-
sured overvoltage. Figure 7 is tidier than Figure 6, which supports
the "molecular units" as more rational that ma/cm®. Note, especially
in Figure 7, that increasing anodic overvoltage increases current

. density more markedly at intermediate values of n: the plots for

CH4 and for C;gH34 resemble each other. Evidence too extensive for
discussion here (3,4) has shown that methane is adsorbed more slowly
on platinum than are its homologues, and that the oxygenation pro-
cess on the anode (which leads ultimately to CO2) 1s simplest for
methane. For the first fact, the symmetry of methane may be re-
sponsible; and the absence of C-C bonds is responsible for the
second. The gain in performance occruing to methane from the second
fact appears to override any loss from the first. The greater effect
of increasing overvoltage on current density for the higher homo-
logues can be explained as resulting from accelerations in the rates
of breaking carbon-carbon bonds, and in the rates of other reactions
that rid the anode of dehydrogenated alkane residues.

Though Tafel slopes cannot of themselves establish mechanism,
we must admit the possibility that similarities in Tafel plots, such
as- that between the plots for CH4 and CjgH34, point to similarities
in the mechanism for anodic oxidation. For example, such a possi-
bility is that cetane, being a large molecule, is held by the sur-
face only at isolated points where anodic oxidation occurs (as for
methane) without the breaking of carbon-carbon bonds and perhaps
with desorption of incompletely oxidized molecules. Note, however,
that complete oxidation to COy has been shown by Grubb and Michalske
(unpublished) to occur within experimental error for the normal
alkanes up to and including octane. The suggestion just made for
higher alkanes needs to be tested experimentally, and it serves as a
reminder that ne = 6n + 2 cannot always be taken for granted.

We shall use current densities in molecular units in comparing
the reforming of methane before it reaches the anode with its direct
oxidation at the anode. We make this comparison on the basis of the
endothermic reaction

CH, + H)0 = CO + 3H, : (1)

4
At an overvoltage of 0.3 volt, observed current densities under the
conditions of Figure 1 are: CH4, 13.2 ma/cm?; CO, 58 ma/cm?; Hi'
>500 ma/cm®. Expressed in molecular units, these current densities
become CHy, 1.65; CO, 29; Hg, >250. The attractiveness of reforming,
from a kinetic point of view, is enhanced when current densities are
expressed in molecular units.



We wish to thank Dr. L.w. Niedrach for providing us with the CO !
datum used above. : :

We shall not claim that the current density in molecular units is
always to be preferred in comparing performances of different fuels or
in judging the effectiveness of electrocatalysts. But we do wish to
point out the advantages of basing current densities upon the mole-
cule - especially when the anode process is as complex as the steady
state at the hydrocarbon anode, which was alluded to above. 1In the
series of consecutive processes that proceed at the steady-state rate
on this anode, the first are probably transport processes, and they /i
are known to involve the molecule. After these come the processes
(e.g., dissociative adsorption, electron transfer, breaking of bonds,
oxygenation) that take place on the anode surfaces. These processes
are unknown in number and involve unknown intermediate species. Be-
cause one (or at most two) electrons are transferred in a single pro-
cess, the number of processes in which electron transfer occurs will ,
vary from one alkane to another as n, varies. By basing comparisons
on the current density in ma/cm? (or similar units), we base the com-
parison on the integrated contribution of'all electron-transfer pro-
cesses, the nature and number of which vary from one alkane to another.
¥e hope that current depnsities in molecular units will be used by
others as a basis for comparing the anodic performances of different
fuels so that the usefulness of these units can soon be decided.

SUMMARY

1. Current densities in molecular units as opposed to, say,
ma/cm2,. are logical for comparing the performance of the various nor-
mal alkanes at hydrocarbon anodes. The staterent holds also for other
cases. : . '

2. Current densities being expressed in molecular units, methane -
outperforms other normal alkanes at fuel-cell anodes under certain
steady-state conditions with sulfuric and phosphoric acid as electro-
lytes. With electrolytes containing hydrofluoric acid, the statement
does not hold. Further work is needed, but the absence of carbon-
carbon bonds in methane strongly supports the idea that it ranks
first in anodic reactivity among normal alkanes.

3. It is possible that heavy alkanes, such as cetane, are oxi-
dized incompletely at anodes and without the rupture of carbon-
carbon bonds, which would cause their (partial) anodic oxidation to
resemble somewhat the anodic oxidation of methane. Further work is
needed.

4. Current densities in molecular units need and deserve further -
testing as a basis for comparing the performance of different fuels
at fuel-cell anodes. -
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AN EQUIVALENT ELECTRIC CIRCUIT‘APPROACH‘TO THE STUDY
OF HYDROCARBON OXIDATION KINETICS
Arthur A. Pilla and Gabriel J. DiMasi
Power Sources-Division, Electronic Components Laboratory
USAECOM, Fort Monmouth, New Jersey

ABSTRACT

- A technique for the determination of the frequency res-
ponse of an electrochemical system between 1 Hz and 10 Hz is des-
cribed and applied to the study of the anodic oxidation of hydro-
carbons. Special emphasis is placed upon the treatment of data
in the frequency domain. Thus, it is shown that the combined use
of specific frequency functions of the real and imaginary parts
of the measured impedance as well as the phase angle, magnitude
and Argand functions constitute a powerful method to establish
an equivalent electric circuit for hydrocarbon oxidation, In
addition, the concept of total electrode impedance is used to
permit the evaluation of the double layer capacity in the presence
of the electrode reaction. It is shown that appropriate treatment
of frequency response data 5btained over a wide enough frequency '
range allows & uniqgue circuit to be obtained under the particular
conditions of the experiment. The equivalent electric circuit
thus established is COmpared with those obtained from an analysis
of the reaction schemes which have been proposed by other workers.
In this respect, the method of establishing equivalent ciréuits
representative of a given reaction scheme is discussed in detail
and it is shown that each mechanism has a unique circuit. The
variation of impedance as a function of potential and of reactant
gas is studied allowing the possibility of detecting changes in
reaction mechanism at different steady-state potentials.
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ANODIC OXIDATION OF CYCLIC HYDROCARBONS

M.L. Savitz and R.L. Carreras

U.S. Army Engineer Research and Development Laboratories
Fort Belvoir, Virginia

In order to obtain efficient practical direct hydrocarbon fuel cells for
military use, it is necessary to oxidize the components of .logistically avail-
able fuels. Military specificationsl allow these fuels to contain as high as
25% aromatics and 5% olefins. Recently Luksha? found that a Niedrach-Alford
Teflon bonded platinum electrode with phosphoric acid electrolyte at 150°C
could tolerate a fuel containing up to 5% olefins, 1% aromatics, 5% six ringed
napthenes, 157 five ringed napthenes and the remainder saturated normal or
isooctane with an increase loss of only 50 mv in polarizatfon from that of
pure octane. Previously we had reported3d the adsorption characteristics of
some of these representative compounds on bright platinum wire in 85% H4PO, at
lBOjC. For all of the compounds studled, the rate of adsorption appeared to
be diffusion controlled. Benzene adsorbed the most rapidly; cyclohexene and .

-cyclopentene adsorbed the next fastest and both at the same rate; hexene-1 and

hexene-2 also adsorbed at the same rate, but less rapidly than the unsaturated
cyclic compounds; and cyclohexane and cyclopentane had the lowest rate of dif-
fusion. For all compounds, maximum adsorption was between 0.2 and 0.4V. The
highest steady state coverage for a specific concentration was obtained for
the most rapidly adsorbing species. The maximum amount of adsorption at each
potential follows the same order as did the rate of adsorption (i.e. benzene
adsorbed the most).

In fuel cell tests,2 it has been found that cyclohexyl compounds affect
octane performance more adversely than five c-ringed napthenes and they do not
behave like normal saturated hydrocarbons. Open circuit values indicated de-
hydrogenation toc benzene was occurring for the six member ringed compounds;
however, in the initial adsorption studies on a wire electrode, cyclohexane
appeared to behave as a normal saturated hydrocarbon. To obtain more evidence
as to whether there was dehydrogenation under our conditions, the composition
of electrochemically adsorbed species formed from benzene and cyclohexane was
investigated using cathodic and anodic desorption techniques developed by
Brummer.

Experimental

The experimental set up was similar to that which we have described pre-
viously. In brief, the electrochemical studies were performed on a flamed
bright platinum wire of thermocouple grade platinum of geometric area 0.5 cm?
maintained at 130°C in 85% H4PO,. The acid had been pretreated with hydrogen
peroxide and was contained in a standard three compartment electrochemical cell
made of quartz. The reference electrode was the dynamic hydrogen reference
electrode described by Giner.® The hydrocarbon was introduced into the working
compartment by using an argon carrier gas through a glass tube containing or-
ganic compound maintained at a controlled temperature to give the desired par-
tial pressure. For low partial pressures, the organic was contained in a tube
cooled in an ice-methanol bath. For higher partial pressures, the tube con-
taining the hydrocarbon was heated in an oil bath to the desired temperature.
Phillips research grade hydrocarbons of 99.6 mole % purity were used in all
cases. :
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In order to obtain a reproducible platinum surface for the electrochemical
measurements, potentiostatic procedures similar to those of Brummer’ and Gilman8
were employed. Essentially, the electrode was held at 1.35 V for 1 min., the
last 30 sec without stirring, at 0.05V for 10 msec, and then maintained at a
potential of interest for varying times before examining the §urface state of
the electrode with an anodic or cathodic galvanostatic pulse. Potential se-
quences were obtained by switching of a series sequence of potentiometers with
H -wetted relays. Time intervals at the potentials were controlled by Tektronix
Type 162 waveform generators.9 The potentials were applied to the cell through
the input of a Wenking potentiostat. '

All areas are based on real electrochemical areas with 210 xcoul equal to
1 cm“ of real area as obtained from‘depoiation of a monolayer of hydrogen with

a cathodic galvanostatic charging curve.

Results and Discussion

Anodic %alvanostatic charging () using current densities from 500 .« amp
to 150 ma/cm® gives a reliable estimate of oxidizable material on an electrode.
The charge occurring from the oxidation of the electrode and adsorption of
H3PO, under argon is subtracted from the charge obtained with organic reactant.
To obtain the amount of irreversibly adsorbed material on the electrode, ca-
thodic galvanostatic pulses are used. The ratio of hydrogen deposition obtained
in the presence of organic with that obtained in an argon atmosphere gives E*H'
The fraction of the surface covered by organic material is 1- . The initial
adsorption studies with benzene- indicated that at higher concentrations (200
mm partial pressure) of benzene, 15% of the electrode was covered with material
after adsorption at potential for 1 msec, the least amount of time of adsorption
that could be reproducibly measured. In order to have a clean surface at initial
adsorption, benzene at a partial pressure of 5 mm was used in these studies.

Since cyclohexane” adsorbed very slowly at the lower concentrgt}o&f and at higher -
3 ’

partial pressures behaved like normal saturated hydrocarbons, a higher
concentration was used. This would alsc enable dehydrogenation to benzene to
be detected more easily. ’

Maximum Amount of Adsorption

The adsorption of benzene and cyclohexane appears to be initially diffusiom
controlled, the rate of adsorption then decreases and the surface concentration
of adsorbed species reaches a constant maximum value. This value is reached
within 30-60 seconds at all potentials except with the low concentration of
cyclohexane where steady state coverage is not obtained until 300 seconds. Fig-
ure 1 shows the maximum amount of adsorption obtained from anodic galvanostatic
pulses as a function of potential for benzene at 5 mm pressure and cyclohexane
at 200 mm pressure. The electrode is pretreated as mentioned, held at the po-
tential of intereit for -2 minutes and then treated with an anodic galvanostatic
pulse of 50 ma/cm“. .Both compounds have appreciable adsorption from 0.05 to
0.80 V, and benzene even has adsorption at 0.9 V. Between 0.2 and 0.4, maximum
adsorption is observed. There is not, however, a sharp maximum at 0.2 V as has
been observed with n—paraffins,7’ll but more of a bell shaped appearance for
both of the compounds. Figure 2 is a plot of the maximum fraction of the sur-
face covered vs potential as obtained after 2 minute adsorption with a cathodic
galvanostatic pulse of 50 ma/cmz. These measurements indicate maximum coverage
for both compounds at 0.2 and 0.3 V. Both figures (1) and (2) indicate that
the maximum amount of surface coverage does not differ too much for both com-
pounds though it must be kept in mind that there is a much lower concentration
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of benzene. 'Figure 2 also shows maximum amount of coverage for 200 mm pressure
of benzene. Maximum amount of adsorbed species for a specific compound might
be expected to be independent of concentration if long enough times of adsorp-
tion at potential are maintained, and little or no oxidation is taking place.
Figure 2 indicates about 68% maximum coverage with benzene and 65% coverage
with cyclohexane ~ numbers within experimental error of each other. Compounds
of similar size and reactivity would be expected to occupy same space of the
electrode. The maximum charge to oxidize the adsorbate 1s slightly higher for
the cyclic hydrocarbons than the n—paraffins.l"7’11’12

These results compare with 50%Z electrode coverage %n the region 0.3-0.5V
vs normal hydrogen electrode obtained by Bockris et a1l using radiotracer

techniques for benzene adsorption in H PO4 at 50°C.

Type of Adsorbed Species

14 . .
Gilman, N1edrach15 and Brummer4’11’12 have obtained evidence for several
types of intermediates adsorbed on the electrode surface with normal saturated
hydrocarbons or ethylene as reactant. Part of the adsorbate designated CH-~-

.can be cathodically desorbed and is thought to contain only C and H. Another

CH material not removed by cathodic treatment and seems to be a combination of
a CH polymer (CH-B) and a more highly oxidized material thought to contain at
least one C-0 bond (O-type). To determine whether benzene and cyclohexane give
the same type of adsorbed intermediates - specifically whether cyclohexane de-
hydrogenates to benzene - the composition of the steady state adsorbed residues
was investigated. Cathodic and anodic desorption techniques similar to those
used by Brummer~ have been employed. After the usual pretreatment, the elec-
trode was held at a potential for 60 sec at which point steady state coverage
was obtained. Then the potential was lowered to 0.0l V where little or no ad-
sorption occurred (benzene had appreciable adsorption at potentials higher than
0.01 v, but not at 0.01 V). At 0.01 V part of the adsorbate, CH-¥, desorbs.
The potential was held at 0.01 V for various perilods offfime after which the
surface was examined with a galvanostatic pulse. Cg; & C-0
to oxidize the remaining adsorbed species to CO,, and ®] , the fraction of the
surface occupied by the remaining organic species C-0 and CH-Bobtained from the
cathodic stripping curve were followed as a function of time. Before applying
the galvanostatic pulse, the potential was raised to oxidize any Ho adsorbed

at 0.01 V. In the time necessary to oxidize H, off, there is no readsorption

of organic material. The slope of Q vs P plot gives [e] the number of elec-
trons released per covered site during oxidation of adsorbate. Changes in [e]
during the desorption of a given adsorbid species are taken as evidence for the
presence of different adsorbed species.” Figure 3 is an example of Q vs B plot
for benzene and cyclohexane for which steady-state was obtained after adsorption
for 60 sec. at 0.4 V. Desorption proceeds from the right to the left of the
figure. The easiest material to be desorbed occurs at the right. For both com-
pounds, a constant value of Q and © are obtained after desorbing at 0.01 V for

5 seconds which indicates all of the CH-+ 1s desorbed. Both compounds give a
slope corresponding to 5.5 electrons per covered site on the path to oxjidation.
A methylene group (CHz) in cyclohexane would require 6 electrons to oxidize com-
pletely to COp, a methine group (CH) of benzene requires 5 electrons to oxidize
completely to CO;. This result indicates that the cathodically desorbable ma-
terial might be an equilibrium mixture of benzene and cyclohexane. There is a
certain amount of scatter in the plotted points; therefore, it is difficult to
distinguish whether there are two separate slopes: one equal to 5 electrons

and another equal to 6. Thermodynamic equilibrium data for the gas phase dehy-
drogenation reaction:

, the charge required.
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O = O +3y

indicates that there would be an equimolar amount of the two compounds.16
There is substantial evidence that the CH-<} material is a composite of sev-
eral species. ,Using TSfUEl cell electrode and propane as the reactant, Grubbl?
and Barger and Savitz found that upon cathodic desorption, methane and ethane
were observed with the gas chromatograph. Brummer has not examined the fine
structure of CH-~  for propane or hexane adsorption on a wire electrode. Using
our experimental set-up, inconclusive results were obtained for the CH-+ from
propane adsorption, as the species occupied only 6% of the covered surface and
CH~~ had desorbed completely at 0.01 V in 100 msec. Figure 3 also indicates
a small part of the surface covered with a highly reduced species for the ben-
zene adsorbed species. This could be a polymeric material although in desorp-
tion experiments with propane at a fuel cell electrode, no species higher than
propane was observed in the gas chromatograph.l Figure 4 indicates that the
5.5 electron species appears to be relatively potential independent from 0.1

to 0.7 V. At 0.05 where there is most likely to be hydrogen along around with
hydrocarbon, a lower number of electrons is obtained. The oxidation of hydro-
gen would account for 1l (eJand the average of the mixture would be lower. These
results do not tell us whether the relative amount of the species which com- ‘
prise CH- ¥ is potential independent. Barger found the ratio of methane to eth- i
ane formed on cathodic desorption was very potential dependent. Definite

proof of whether there is an equilibrium of cyclohexane and benzene and the rel- .
ative amounts is currently being obtained with gas chromatographic procedures.18 J
The value of 5.5 electrons is obtained for species which have been adsorbed at
the potential of interest for 120 sec to indicate steady state of adsorption had
been obtained at 60 sec.

e

The total amount of CQCH—ﬁ’ is defined as Q o;g - CQ after desorption
for 5 sec at 0.01 V. The charge of CH- 4 for benZene andrg§clohexane with po-
tential varies similarly to that of the total charge for each compound with a )
maximum amount bezween 0.2 and 0.4 V (figure 5). This is similar to the re-
sults for propane’ and n-hexanell excgpt there is more CH-< for benzene and
cyclohexane. At 0.2 V, 650 ugoul/rem® charge to oxidize CH-< is observed for
benzene, 600+(coul/recm“ for cyclohexane, 400 _.(coul/rcm* for n-hexane,ll and
175 «coul/rem“ for propane.“ In both cyclohexane and benzene from 0.1 V to
0.4 vV, 70% (+5%) of the covered surface is with CH-"%. At 0.5 to 0.7 V, about
60% of the covered surface is with CH- 9 . As oxidation increases, less of the
surface should be covered by the more reduced species. : {

Pt

In order to determine the composition of the remaining adsorbed species,
desorption at more anodic potentials was pursued. The electrode is pretreated,
held at a given potential for 60 sec at which point steady state coverage has {
been obtained, and maintained at 0.0l V for 10 seconds to desorb all of the CH-}
material,. returned to 0.4 V to oxidize H, formed at 0.01 V, and then raised to
a potential of 1.0 V where it is held for varying amounts of time before exam~ 7
ining the surface with galvanostatic charging curves. The potential is lowered 7
to 0.40 V before making the measurement to reduce any oxide formed. No read-
sorption of organic material occurs during the time at 0.4 V. The slope of a

s plot gives a value of 1.95 electrons per site when it 1s oxidized to €0,
(figure 6). This species is potential independent from 0.1 to 0.8 V as shown
in figure 4. There is a certain scatter at 0.3 where a value of 1.4 electrons
is obtained. It is unexpected that both cyclohexane and benzene should give
the same deviation. Since we are dealing with a relatively small charge oc-



~ e

147

cupying only 15% of the total electrode coverage (up to 30% of the adsorbed
species), there is more likely to be some uncertainty than where there is more
of the O-type and one must be cautious in comparing with other O-type species.
Brummer has found O-type species for propane for which [e] is 1.34 and covers
about 80% of the electrode at 0.4 V and for n-hexane for which {e] is 1.411 ang
covers 40% of the electrode. Our value for the cyclic compounds is higher, but
repeating Brummer's experiments with propane we obtain {e] of 1.1 and covers
70% of the electrode. With benzene and cyclohexane, we have been unable to de-
sorb all of the material on the electrode at 1.0 V, even after setting for 120
sec. About 5% of the surface remains covered with a species requiring a charge
of 50« coul/rcm? to oxidize it.

These results do not give the answer as to what the sequence of steps from
benzene or cyclohexane to CO0p are. On a fuel cell electrode, both cyclohexane
and benzene were found to be 1/4 as reactive as hexane and 1/8 as reactive as
propane. Benzene is slightly less reactive than cyclohexane. The decrease
in reactivity might be explained by the fact there is much more CH-} for cy-
clohexane and benzene than propane and its oxidation is the slow step for the
overall oxidation. Whether this CH-~ is unreacted benzene or cyclohexane, a
mixture of it and some of the possible cracking products (Cy, Cj, Cy etc)is
being determined by adsorbing on a fuel cell electrode, desorbing cathodically,
and analyzing the desorption products with a gas chromatograph.
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RELATIVE REACTIVITIES IN THE ELECTROCHEMICAL
OXIDATION OF HYDROCARBON FUEL COMPONENTS

Fugene Luksha and Eugene Y. Weissman

General Electric Co.
Direct Energy Conversion Operation
West Lynn, Massachusetts 01905

Introduction

The tolerance of a fuel cell anode to n-octane containing various
types of hydrocarbon additives, aromatic, olefinic, and naphthenic was
determined (1). It was found that the octane-based fuel of the composition
shown in Table 1 behaved very similarly (50 mv or less difference), at
least on a short term basis, to n-octane alone. :

Table 1

Model Hydrocarbon Fuel Cell Fuel

Compound Type Concentration Mole %

Olefins ) 0-5

Aromatics 1

Naphthenes (cyclohexane type) 5
(cyclopentane type) 15

n + i octane balance

If the reactivities of each one of the fuel components in Table 1 are different
it can be inferred that ancdic oxidation will proceed, at steady-state, accord-
ing to the extent-of electrode coverage by the most reactive species. This
implies, of course, that probably a major portion of the anode will be
covered by more refractory species; these may be present in the original
fuel and may also consist of reaction intermediates.

t
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Experimental

The details of the experimental features were outlined earlier (1),
The following additional procedures apply specifically to this case:

A fuel, after making a single pass through the fuel cell (anode
compartment value 7.5 cm3), was passed, with its oxidation products, into
a Perkin-Elmer 801 gas chromatograph, equipped with a heated gas sampling
valve and a differential flame ionization detector. The chromatographic
measurements of the exhaust composition were made after the cell was
operated for long enough to eliminate biases introduced by concentration
gradients in the exhaust system and /or adsorption effects. The gas chroma-
tograph was calibrated before each measurement by injecting several fuels
in the concentration range of interest to determine retention times, peak
heights, and areas. The gas chromatograph was operated isothermally at
100°C and the calibrations were made in terms of peak areas determined
with a disc integrator fitted on a Leeds and Northrup 5 mv recorder. The

_column, prepared by Perkin-Elmer was a 12 foot, 1/8 inch o.d. Stainless

steel tube packed with 10 wt. % Apiezon-L supported on 80-100 mesh
chromosorb W. Helium gas was used as a carrier, air and hydrogen gases
were used for the flame detector. All were zero grade (hydrocarbon free)
supplied by Matheson.

Since all the fuels used in this study are liquids at room temperature,
the sample valve, sampling tube, and the fuel exhaust lines were heated to
prevent condensation. The temperatures of the lines were maintained at
about 130°C and monitored frequently with the aid of appropriately positioned
thermocouples.

Prior to entering the hot lines, the anode exhaust passed through a
heated electrolyte trap made of Teflon. Fuel flows in the microliter range
were measured with a capillary tube flowmeter. A schematic diagram of
this system is shown in Figure 1, '

Measurements of the inlet fuel flow, the cell current, and the exhaust
composition supplied all the data that were necessary to calculate the current
contributions of each component in the binary fuel. However, since a flame
ionization detector was employed, it was not possible to measure the CO, or
H_O in the exhaust stream. Therefore, the concentrations measured only
refer to mixtures of hydrocarbon components. The calculations were performed
on a General Electric 625 computer using programs written in Fortran IV,

The complete programs are given elsewhere (2).
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The anodes were platinum-Teflon-screen composites of a type
described in the literature (3). They were of 3 x 3 inch (0,05 ftz) active
geometric area. The electrolyte was phosphoric acid, maintained at
95 wt. 7% by controlled addition of water. All measurements were made
at 350°F.

The anodes were operated, for the most part, at potentials in
the range of 0.5 volt vs. H /H+; this is a practical potential at which
hydrocarbon anodes can be operated for extended periods with reasonable
power outputs (1), '

Results
A. Binary Fuels
1
1. Aromatic Additive (benzene/n-octane)

To study the relative reactivity of aromatics and n-paraffins, a
binary fuel consisting of benzene + n-octane was examined.

For this particular fuel the benzene concentration was varied from
1 to 5 mole %, and the liquid fuel flow rate was varied from 5 to 40 u 1/min.
For n-octane, this corresponds to at least two times the stoichiometric ’
amount for all cases. The experimental results for all the benzene/n-octane
mixtures studied are summarized in Table 2. Columns 4 and 7, respectively,
give the exhaust composition of the cell and the current contribution from
benzene. A comparison of columns 1 and 4 indicates that benzene is
preferentially oxidized. In Figure 2 the quantity IA/IT the current fraction

from benzene, is plotted against the fuel flow rate for a fuel consisting of
99 mole 7% n-octane + 1 mole 7 benzene. These data points were obtained
at an essentially constant current (~1.5 amps) and anode potential (~0.5
volt vs, N.H.E.). The current fraction from benzene is directly proportional
to the fuel flow rate. This indicates that the aromatic is consumed as rapidly
as it is supplied, at least for the range of flow rates studied, and provided
that I_ > 1 .

T A

Further generalization is provided by Figure 3 which is a plot of IA'

the current from benzene, vs. the benzene flow rate, for fuels consisting
of n-octane + 1, 3, and 5 mole 7% benzene. The current from benzene is
proportional to the benzene flow rates, again indicating that the aromatic is
consumed as rapidly as it is supplied, independent of whether it is supplied
at high concentrations and low total fuel flow rates or low concentrations and
high total fuel flow rates.
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The current contributmn from benzene IA' under these conditions
~can be represented by the relation:

4
= 4. 1
I, =4.51x 107V, (1)

where VA is the benzene flow rate in units of gm. mole/min,

If this reéqlt can be generalized to all aromatics, at these conditions
of operation, -the following relationship can be obtained:

= 0.934 nF uN 2
Iy 934 nFuN, . (2)
where:
u = mole feed rate, moles per minute
N = mole fraction of aromatic in feed stream

A

and the other terms have their usual significance.

2. Olefin Additive (pentene-1/n-octane)

The reactivity of olefins in a fuel was determined by studying a
binary fuel consisting of 95 mole 7% n-octane + 5 mole 7% pentene-1, The
experimental data is summarized in Table 3. Colums 4 and 7 give the
exhaust composition of the cell and the ‘current contribution for pentene-1,
respectively. A comparison of columns 1 and 4, the pentene-1 inlet and
exhaust concentrations, respectively, shows that the olefin is preferentially
oxidized irrespective of the fuel flow rate. As for the case with benzene,
this indicates that the olefin is consumed as rapidly as 1t is supphed for
the range of flow rates studied, and provided that IT ol"

The average values of the current contribution from penten-1,
are plotted against the pentene-1 flow rate in Figure 4. It can be seen that
there is a linear relationship between the current, I , and flow rate, and
since there is virtually no pentene-l in the exhaust, %he current produced
is the stoichiometric amount calculcated from its flow rate. It is noted
that at the higher flow rates there is a curvature towards the abscissa.
This suggests that at high flow rates or high concentrations of the olefin
the current from this compound will probably reach a limiting value.

The current contribution from pentene-1 for these reaction conditions
and at low flows, as determined from Figure 4, can be expressed as:

4
I, = 48x10°Vv =~ . | (3)

b
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where V is the pentene-1 flow rate in gm mole/min If the results are
generalifed to apply to all ‘olefins the follow1ng result is obtalned

I()1 =nF y Nol : ] (4)

where the symbols have the same meaning as described above for benzene,

3. Naphthene Additive (cyclohexane/n-octane)

Experiments to determine the relative reactivity of cyclohexane-
type naphthenes and n-octane were conducted on a binary fuel consisting,
of 95 mole 7% n-octane and 5 mole 7% cyclohexane. The experimental results
are summarized in Table 4.

The cyclohexane-type naphthenes are considerably different from
‘the aromatic and the olefin compounds previously discussed. By comparing
columns 1 and 4 which show the cyclohexane concentration in the inlet and
exhaust streams, respectively, it is seen that only 27 to 44% of the
naphthene is removed. This is inmarked contrast to the aromatics and .
olefins which were virtually entirely removed (93 to 100%). However, it
is of importance to note that the cyclchexane concentration in the exhaust
is always substantially lower than the inlet concentration, This is shown in
Figure 5 in which the cyclohexane concentration in the exhaust is plotted
against the liquid fuel flow rate. It is seen that the cyclohexane concentration
levels out at about 447 of the inlet concentration.

From a consideration of thermodynamic equilibrium data (4) for
the gas phase dehydrogenation reaction:

O=0)

it shows that, for the conditions prevailing at the anode, the product of
Reaction (5) will contain 2.3 mole % benzene and 2.7 mole 7% cyclohexane.
The benzene (and hydrogen) will be rapidly and almost completely consumed.

From these equilibrium considerations, 46% of the naphthene would
be consumed with some consumption of the accompanying cyclohexane. This
compares favorably with the experimental values ranging from 56 to 72%
(Table 4). The agreement with the low value (567%) obtained at the higher ‘
flow rates is in better agreement since under high flow conditions the electro-
‘chemical utilization of cyclohexane is lower than under low flow conditions.
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The average values of the current contribution from the naphthene
I_, is plotted vs. the naphthene flow rate in Figure 6. A linear relationship
is again obtained as with benzene and pentene-1, but here it is noted that
the line does not pass through the origin.

The experimental results in Figure 6 can be fitted to the following
empirical equation:

4
=0. .55 x 10 6
Ly =0.05+3.55x A (6)

where VN is the flow rate of cyclohexane in m.ole/min.

Once again, if the results are generalized to all cyclohexane-type
naphthenes the following relationship is obtained:
7

+0.613 yN_) (7)

I, =nF (8,65 xv10 N

N

when N__ is the mole fraction of the naphthene at the inlet and the other terms
have the significance described above.

B. Five Component Fuel

A fuel consisting of 74 mole % n-octane + 15 mole % methylcyclo-

pentane + 5 mole % methylcyclohexane + 5 mole % pentene-1 + 1 mole %
m-xylene was studied to determine whether the results reported above using’
binary fuels are applicable to more complex fuels. It is possible that one or
more of the components are selectively oxidized at the expense of the others,
A fuel of this particular composition was chosen since it was previously shown
(1) to behave very similarly to pure n-octane, Furthermore, this study comes
closer to simulating operations with a real commercial fuel. The experimental
results are given in Table 5.

For the sake of better resolution in the chromatographic analysis,
benzene and cyclohexane, which had been used as model additives in studies
with binary fuels, were replaced by m-xylene and methylcyclohexane,
respectively., The results should not be greatly affected. The exhaust com-
positions of the five fuel components are shown as a function of liquid fuel
flow rate in Figures 7 thru 11. It is important to note that the n-octane
concentration in'the fuel actually increases from 74 to 96 mole % after a single
pass through the cell as is shown in Figure 7. The naphthene concentrations
for both the five and six-membered ring types are substantially reduced in

the exhaust stream, especially at low fuel flow rates; this is shown in Figures
8 and 9.

Figures 10 and 11 show the pentene-1 and m-scylene concentrations
in the exhaust, respectively, plotted as a function of liquid fuel flow rate,

¢

o
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As for the case of binary fuels, the unsaturated compounds are virtually
entirely depleted from the fuel stream at low fuel flow rates (approximately
10 ul/min.). The breakthrough of these compounds above these flow rates
must be a result of competition for surface sites between the various fuel
component molecules. However, the concentrations of these compounds

are greatly reduced; thus, better than 70% removal of the aromatic compound
and better than 807 of the olefin is observed. This fact is extremely
significant, since it indicates that the more harmful components are
preferentially oxidized resulting in an "exhaust fuel" that is richer in the
more desirable components. '

The current contributions of the five components under consideration
are shown in Figures 12 thru 16. They were obtained by means of the
simultaneous solution of five linear equations (2). Unfortunately, the solutions
are quite sensitive torelatively small variations in each of the variables.

Thus, an experimental error of about 1 to 3% in the chromatographic analysis
can cause rather severe distortions in the calculated current contributions

of the components for which the errors were made. Furthermore, the
assumptions made for the parameter n (number of gm-equivalents/gm-mole)

of each species and for the Faradiac efiiciency, which was assumed to be 100%,
will also influence the results.

These comments are pertinent, in view of ‘the curve discontinuities
observed in Figures 12 thru 14. These discontinuities were unexpected,
considering the smooth variation of the exhaust composition data with flow
rate {Figures 7 thru 9).

On the other hand, the relative reactivity of olefins and aromatics
yield results as exhibited in Figures 15 and 16, These results are reminiscent
of the binary fuel results and reflect the situation where it was shown that
there is not necessarily an additive effect on performance when two or more
"refractory" additives are present in a given fuel (1).

It is clear from the above discussion that the current contributions
from n-octane, methylcyclopentane, and methylcyclohexane are difficult to.
calculate. This is not the case, however, for m-xylene and pentene-1,
The current contributions for each of these components, at low flow rates,
are given by the equations:

I01

0.963 nF N _, ‘ (8)
N = 0.93 nF uNA' : (9)

Equations (8) and (9) are in very good agreement with Equations (2) and (4)
which apply to binary fuels. It should be noted that a different aromatic
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addi_tive was used in the binary mixture. This 18 an alternate way of expressing
the fact that the electrochemical oxidation of olefins and aromatics at low fuel

flow rates appears to proceed independent of the other specles present In the
fuel.

C. General Considerations

Figure 17 shows that aromatics, olefins, and naphthenes in pure
form exhibit considerably poorer polarization characteristics than n -octane
when oxidized electrochemically,

The rather unexpected relative reactivities observed in the present
work for fuel mixtures is, therefore, probably due to competitive adsorption
effects, with the more refractory species achieving high coverages of the
active sites and being selectively oxidized. Unfortunately, no electrosorption
data are available for the classes of compounds studied to put this discussion
on a more quantitative basis.

Discussion

A clearer understanding of the preceding results can be obtained
from some fundamental relat1onships Consider an anode compartment of
thickness t, containing an electrode of area A, as is shown in Figure 18.
There is a steady flow, 11, of reactant mixture expressed as moles per unit
time. A volume element, dA, is selected so that the concentration of
component { is N, expressed as mole fraction and the concentration leaving
is N - dN,. The rate of change in the number of moles of component i at a
given poin% in the anode compartment, m,, can be e:ipressed by the equation:

dmi :

—d—t- = udNi + l'1 dA : (10)
where r, is the rate of oxidation of component i in the ‘anode compartment
expressed as moles of reactant converted per unit area of electrode per unit
time, and the remaining symbols have their usual signlﬁcance.

Considering the anode compartment as a flow Teactor at steady-state,
Equation (10) simplifies to:

r, dA = - jdN, - - (11)

4

Considering mainly activation effects and expressing the current
density of a component 1. in terms of the reaction rate, we obtain:

i = n F h ‘ (12)
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Combining Equations (11) and (12) and integrating ylelds:

A N (
[ da = -nF r N

= -nFp ] I 1 4
.lo ' P No i ( 3)

here the subscript i has been eliminated for sake of simplicity and N is
the mole fraction of the component under consideration at the inlet.

Expressing the current density in terms of the electrochemical
kinetics of an activation-limited, anodic, forward reaction

|na| >> %' ‘

where n_ is the anodic activation polarization, we can write
a

() =G = ()

where y is the reaction order, k is a rate constant, AG* is the standard
free energy of activation, E® is the reversible potential, and q is the
transfer coefficient. It is recognized that Equation (14) is the correct
kinetic expression for the hydrocarbons studies, but for our purposes the
following simplified equation can be

y BE
e

i = nFN

) IR

i = k'N (15

more easily fitted to the experimental data, where k! and B are now constants /
to be fit to the experimental data. Substituting Equation (15) into Equation
(13) yields:

e

D SNC N

-B «- N
Man-mEue’E 3T an (16)
o "N N Y
o] '
where upon integration and rearrangement gives: .
k' A(l- - 1- '
CAQ-y) BE L (1-y) _(1-y) 17)
nF y o

for the case where y ¥ 1. Since none of the additives studied have a
reaction order of unity this case was not considered. The constants in
Equation (17) are listed in Table 6 for the additives studied.
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‘Table 6

Constants for Equation (17)

Compound k', ASF _8 Y .
Benzene 0.039 9.3 -0.11
‘m-xylene 0.17 6.7 -0.11%

Methylcyclohexane 0.029 11. 4
Pentene-1 0.26° 9.3 -0.16%
n-octane 0.12 13.1 ~0.5

- The empirical constants k' and B were determined from the linear
portion of curves in Figure 19. The reaction order for benzene was given
in a recent study by Bockris et. al. (5) and the values of the orders for
m-xylene and pentene-1 were estimated from Bockris's data. The other

‘values for y were obtained by fitting the binary fuel data to Equation (17).

Equation (17) permits the calculation of the exhaust composition of any
compound for which the constants are known. It is hoped that the constants
for various compounds in a particular class will be sufficiently similar to
make Equation (17) general enough to calculate the exhaust composition
(and therefore current contribution) of a fuel cell anode at any given set of
anode operating conditions.

The fit of the experimental data for the five component fuel to
Equation (17) is only fair if the condition:
' B
e E < nF y N(I_Y) (19) -
k' A (1-v) .

is obeyed. The utilization of the components that were believed to be un-
reactive prior to this investigation can be explained by Equation (18),

indicating that the results obtained can be explained from simple fundamental
considerations.

Conclusions

1. Under anode operating conditions that present-day direct
hydrocarbon fuel cell technology permits, the components of a practical
fuel (aromatics, olefins, and to a certain extent naphthenes) can be prefer-
entially oxidized. This is apparently a result of the magnitude of the
relative coverage of the active sites with the components in question. The
anode effluent becomes enriched in the more desirable paraffin component.
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2. The preferential oxidation of the '"unreactive'' components
can be explained by simple kinetic considerations.

The engineering significance of these findings is extremely important

since it is now evident that no fuel pretreatment beyond established limits is
necessary and that the fuel can be recycled without any harmful side effects.
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OXIDATION AND ADSORPTION OF HYDROCARBON ON NOBI.X METAL
ELECTRODES. 6. A discussion of the Mechanism of Saturated Hydro-
carbon Oxidation on Pt .

S. B. Brummer
Tyco Laboratories, Inc., Waltham, Massachusetts 02154
ABSTRACT

The mechanism of the anodic oxidation of saturated hydrocarbons on Pt
clectrodes in strongly acid solutions at elevated temperatures is discussed. Since
the coulombic efficiency for CO9 production is 100% even for complex fuel mole-
cules, the need to examine the aasorptioh processes in order to obtain mechanis-
tic information is emphasized. From adsorption studies it has been found that
three principal types of material accumulate in the steady state adsorbate: these
arc CH-8 (polymeric), CH-a (mixture of alkyl radicals), and O-type (oxygen-
ated C) species). The O-type is the predominant species and oxidizes the most
rcadily at high potentials. Its coverage is high below about 0. 4 v. This coverage
is inscnsitive to hydrocarbon pressure. This observation, coupled with previous
reports that the overall reaction order is unity, prompt the suggestion that O-type
is a poison for the overall hydrocarbon-to-CO2 reaction. However, recent re-
sults indicate that in the region of high coverage the overall reaction order is con-
sidcrably less than unity and even negative at Iow potentials. This suggests that
the slow step of the overall reaction involves a reaction of an adsorbed species
(c.g. O-type) at high or limiting coverage. A tentative overall mechanism for
the oxidation of hvdrocarbons is suggested. » .

INTRODUCTION

The anodic oxidation of saturated hydrocarbons is required for the econom-
ic utilization of the fuel cell principle. Consequently, there has been much interest
in this arca in the past five years. The earliest reports of saturated hydrocarbon -
oxidation at low temperatures and interesting rates were by Grubb and Niedrach
(1) in 1963. They used extensive amounts of Pt as the anode catalyst and con-
centrated H3POy4 at 150°C as the elecwolyte and achieved moderate current A
densities at reasonable potentials.  Since then there has been a large number of ;
studies and it is clear that while many saturated hydrocarbons can be oxidized ,
the kinetics are rather unfavorable. The ultimate utilization of the hydrocarbon J

A\

anode requires an enhancement of these kinetics, or requires the development of
a sufficiently cheap, i.e. non-noble metal, catalyst that the electrode area can be
appropriately expanded. . ‘

It appears that maximum activity is found for the Cp - C4 (2,3) range that ‘
straight chain hydrocarbons are better than bridged chains (4) and that Pt is one J

of the better catalysts that we have (5). In the present work, we have undertaken
to investigate the mechanism of anodic hydrocarbon oxidation with a view to
clucidating those features, structural, electronic and ionic, which determine the ' (
path and the rate of the overall reaction. In the first instance we have studied

the adsorption and oxidation of CgHg (6,7,8) and n-CgHj1q4 (9) atelevated tem- |
peratures using hot concentrated H3PO4 and smooth Pt electrodes, While the \
chemical mechanism has not been fully unravelled at this point, a number of sig- |
nificant features of the reaction path have been revealed and the present paper .
summarizes the result of our own work and discusses mechanistic conclusions y
which can be drawn, both from our own work and from that of others.
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OVERALL COURSE OF REACTION

) It is well known that saturated hydrocarbons are very stable materials and
it would be expected that their oxidation would be very difficult, and indeed as
mentioned, stringent conditions are required for the reaction to occur at any -
reasonable rate. By analogy with gas phase reactions and in particular, the
heterogeneous catalysis reactions of these compounds, one might expect that the
reacton path would be very complicated and as a consequence that there would be
a number of products. However, it has been shown that the general reaction

CpHa n42) + 20H0 = nCO, +(6n+2) H' + (6n+2)e” (1)

occurs to completion with no side products acéumulating in the solution or in the
gas phase (10, 3, 11). .

This 100% faradaic efficiency for the product of CO, is remarkable and un-

~ expected and has important mechanistic implications. Thus following the initial

adsorption all the intermediate products between the reactant and the final product,
CO, , are adsorbed on the electrode. There is no other way to account for the
observations. This suggests that the fruitful way to investigate the reaction mech-
anism is to study the adsorption proceésses. This has been the prime approach of
our experiments and in conjunction with the work of others, notably Gilman (12)
and Niedrach (13-17), it has led to a considerable understanding of the nature

of the products formed on the electrode.

NATURE OF ADSORBED PRODUCTS

The methods we have: used to examine the adsorbed products involve their
determination with anodic stripping and with H-atom deposition. Using these
techniques in conjunction with controlled potential adsorption regimes onto a clean
electrode. we can define the charge to oxidize the adsorbed species, Qugqg and
their coverage Bgrgy . From the relationship between Q and By, we cande-
termine [e] which™is the number of electrons released when the adsorbed product
is oxidized to 'CO2 . This is quantitatively of prime importance in discussing the
nature of the adsorbed products and their likely relationship to the overall re- -
action. .

. We have shown that when C3Hg (8) or n-CgHj4 (9) are adsorbed, three
partally oxidized residues accumulate on the electrode. These residues are of
three generic types: the CH-a, the CH-B and the O-type. The CH-a is
cathodically desorbable, relatively unreactive towards oxidation and probably
comprises a mixture of (partly dehydrogenated) alkyl radicals. Its composition
changes with potential. The composition of the CH-8 species is also a function -
of potential. It is unreactive towards both reduction and oxidation and is probably
a carbonaceous polymer. The O-type, the major species in terms of coverage,
has the same composition at all potentials. It releases ~ 1.3 electrons per
covered site on oxidation to CO2 -and this indicates that it is oxygenated. We
have found (18) that O-type is electrochemically identical to the reduced CO9
species of Giner (19), confirming his results (20). ‘

.Other workers have also reported evidence for these types of adsorbed
product. Niedrach et al (14) following Gilman's (12) suggestion have suggested
two distinct paths which the initially adsorbed hydrocarbon can adopt. The first
path, the preferred path, involves the production of what we would call O-type. The
second path involves the production of what we would call CH-a. The distinction
between the types was based on the current.waves which appeared during the
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linear anodic sweep stripping of the adsorbed layer. The fact that O-type was
oxidized more readily under these conditions than CH-a was taken to mean
that those reacdons leading to O-type were preferable to those leading to CH-a .
In support of this view we may note that CH-a plays a greater role with higher
hydrocarbons which are less reactive. The implication of this view of course

is that the production of O-type and CH-a are parallel reactions.

We found that (8, 9) oxidation kinetics of O-type are faster than those of
CH-a and that'its coverage is high compared with CH-a. These observations
support the view of Niedrach. However, there is a large difficulty. The corro-
lary of this view would be that at low potentials the oxidation of O-type is the rate
limiting step in the overall reaction with a very slow side reaction involving CH-«
oxidation in parallel with it. 1f this were so, we would expect that variations in
thc rate of O-type oxidation with potential and with hydrocarbon concentration
would closely parallel the variation of the rate of the overall reaction. Since it
has been reported that the overall reaction for both C3Hg (11) and n-CgH14 (21)
is first order with respect to fuel pressure, we would expect GO—ty to be
strongly pressure dependent. However, we found O-type coverage %% both C3Hg
and n-CgH]l4 to be almost independent of fuel pressure (8, 9). is led us tothe
view that the reaction occurs via a general mechanism which was recently pro-
posed (22), i.e.

Hydrocarbon ——+ reduced CO2 (0 ), v (2)
v (1 -6
Hydrocarbon CO2 . 3)

poisoning

In this mechanism the overall reaction occurs on that part of the electrode which.
is not occupied by adsorbed species, or at least is not occupied by the poisoning
adsorbed species. It was suggested that reduced COp , i.e. O-type, was the
worst kind of poisoning species since being a Cj species it very likely consumed
just those C] reactive radicals which maintain the rate of the overall reaction.
This view is in sharp contrast to that of Niedrach et al and suggests that those
reactions which lead to the production of O-type are undesirable.

Since some adsorbed species must be controlling the rate of the overall re-
action, we suggested the possibility that the CH-a species comprises several
parts (8,9). Some of these parts, following Niedrach et al (14) are undesirable -
but some of them, the CH-a,.4ye » Were desired to promote the overall re-
action. :

REACTION ORDER

As indicated, a central point in the divergence of our view from that pro-
posed by Niedrach et al is the reaction order. In an early study we reported that
the reaction order on smooth Pt is positive (23). Recently it has been reported
(11, 21) that on platinized Pt the reaction order for CgHg and n-CgHjg4 is -
accurately unity. These experiments, on platinized Pt , were the reasons for
our adopting the views expressed above. » ' :

We have, however, reexamined the reaction usi‘ng platinized Pt and two
"important points have emerged. . :

Firstly, we have found that coverage with O-type, is much more dependent
on fuel concentration than it is on smooth Pt. For'example, at 0. 35 v on smooth
~ Pt ar 130°C the O-type concentration does not change when the CzHg .pressure in-
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creases from 2,2 mm 223 mm (8). ~ Similar insensitivity is found with n-Cgliy 4
- (9). On platinized Pr; §1owe.ver, the concentration of O-tvpe increascs by from
0t ~ 230 gcoul/r.cm< for - Cgllg under the same conditions (24). These
observations prompted us-to examine the order of the rcaction. '

. This second and crucial finding was that at low potentials,” c. g. bclow 0. 35 v,
the reaction order is.notunity. In fact, we find-a small negative order for the
overall reaction-rate (24) and this is preciscly the kind of complication which
would be expected if the reaction-were coming under extensive adsorption control
ar relative high coverage.  There is litle experimental conflict between our re-
sults and those reported by Gileadi et al (11) since most of their studics refer o
the porential region above (.33 v where the coverage with adsorbed materials be -
comes very low. . '

RELATION OF ANDSORBED PRODUCTS TO OVERALL REACTION

These observations show that there is still a sharp disagreement between
the orders of the overall reaction and of O-type coverage. lowever the results
arce more ambiguous than was previously thought (8).  The unity order for the over -
all reaction reported by Gileadi, Stoner and Bockris for Csllg oxidation (11) im-
plics a relatively simple mechanism. Specifically, the reaction could not pro-
ceed via O-type since the coverage with O-type was thought to be high and vir-
twally independent of CgHg-pressure (8). For this reason, we postulated that
the reaction proceeded on the part of the surface not occupied by O-type, a simi-
lar poisoning mechanism to HCOOIM. oxidation (22,25). The negative reaction
order we have obsérved in conjunction with the increase in O-type coverage with
pressurce on platinized Pt (24), could c¢ertainly be interpreted in terms of such a
poisoning mechanism (reactions (2) and (3)). However, these results on the over-
all order show that at low potentials the reaction could proceed via an adsorbed
spécics present at high coverage, e.g. O-type. —

Consideration of such a mechanism allows an alternative interpretation of
the data.  Thus we note that coverage with Cli-a has an even stronger depend-
ence on C3llg pressure than has O-type for smooth (8) and for platinized Pt
i (24). 1f the oxidation of O-type involved a "reactant pair" mechanism, involving

the adsorbarte itself and free sites, as postulated by Gilman for COygqg (26),
Cli-a could act as a poison for the reaction due to its occupation of surface.
Since CH-a is so pressure dependent, we can entertain this mechanism as an
cxplanation of the above conflict in reaction order whilst still asserting that the
main reaction proceeds via O-type. We have found an increase in the rate of
O-tvpe oxidation in circumstances where we deliberately desorb CHl-a (24)
and this supports such a mechanism. . - ' :

These observations allow possibly the maintainance of the views expressed
by Niedrach et al concerning: the role of O-type. A third observation with plati-
nized Pt electrades leads to further elaboration of the mechanism. We have in-
vestigated the oxidation kinetics of the adsorbed species on platinized Pt ‘in
presence of C3Hg with anodic chronopoténtiograms. These were taken at
sufficiently low current densities that the adsorbate oxidation occurs well before
the electrode' s oxidation but at sufficiently high current densities that insignifi-
cant solution CgHg is oxidized. Two predominant features are observed, a
prewave and a more extensive potential plareau (24). The behavior of the plateau
leaves no doubt that it corresponds to the oxidation of O-type material, i.e. re-
duced CO2 . The oxidation rate corresponding to the plateau is about 40-50%
of the overall reaction rate of the hydrocarbon. This is a reasonable value if
O-tvpe lies between C3Hg and COp and indeed strongly suggests this conclusion.

|
14
\
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The prewave is associated with adsorbed material on the electrode other
than O-type, presumably CH-o. At low currents, the prewave is found at lower
potentials than O-type but at high oxidation rates it merges into the O-type wave,
Eventally, both processes are displaced to the region of electrode oxidation.
The crucial point is that whereas at high potentials (e.g. in our “anodic desorp-
tion" experiments (8,9) or in fast linear sweeps (12, 14)) CH-o will oxidize less
easily than O-type, it oxidizes more readily at low potentials. The relative oxi-
dation rates at low potentials are what are significant for the operation of the
hvdrocarbon anode. Hence we can no longer assert that formation of Cll-a is
nccessarily undesirable.  Similarly, our previous conclusion (8,9) that CIT-o
production is parallel o O-type production can no longer be maintained.

There is no reason to suppose that the reaction sequence

Cgllg — CH-a, @
CH-¢ — O-type , )]
O-type —» CO, , (6)

doces not occur.

If this is so, the oxidation of O-type must be rate-limiting at least as far
up the homologous series as n-CgH|4 . This is because O-type's coverage is
so high. An additional complication may also arise from the above -mentioned
poisoning of O-type oxidation by CH-a occupying the surface. As the homo-
logous series is ascended, CH-o coverage increases and at some stage it is
clear that its redction, reaction (5), becomes rate limiting.

From the coulometry of the adsorbed species, we have suggested the
following numbers of electrons in these various reactions (24):

CyHg =D cH-a 2285 0-type 8210 30, . R0

Confirmation of this reaction mechanism is req_uired and, in particular,
the chemical structures of the intermediates are the aim of our further work.
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STUDY OF THE EFFECT OF ELECTROLYTE ON ELECTROCHEMICAL
HYDROCARBON OXIDATION

Arthur A. Pilla, John A. Christopulos, and Gabriel J. DiMasi.

Powver Sources Division, Electronic Components Leboratory
USAECOM, For@ Monmouth,‘New Jersey

ABSTRACT

The influence of the electrolyte upon the kinetics of
the electrochemical oxidation of hydrocarbons is discussed in
. terms of reactant gas solubility and the general interaction of
the electrolyte with the electrode. It 1s shown, through the
use of the voltage sweep technique, that electrolytes normally
employed in these studies are relatively active. Thus the cur-
rent response to a voltage sweep, both in the presence and ab-
sence of active species, evolves in such a way as to indicate-
that adsorptlon competition occurs between the reeotant gas and
the electrolyte. This renders the adsorptlon process involved

in hydrocarbon oxidation more complex than previously considered.-

A preliminary indication of this is.the decrease -of peak hydrogen
currents with a respective increase in the oxidation current of
the competlng species. This phenomenon is discussed in terms of
the proposed ‘mechanisms’ involving dehydrogenatlon of the hydro-~ -
carbon with subsequent H adsorptlon A comparison of the behav-
iors of H2504, HsPO4 and CF3000H in the presence and absence of ‘
gaseous hydrocarbons is given. The different rates of hydro
carbon adsorptlon 1ndlcate the degree of 1nfluence whlch the
electrolyte has upon hydrocarbon oxidatlon

4
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SOLUBILITY OF ‘GASES IN'MOLTEN CARBONATE BEHAVIOR OF
SILVER-AIR CATHODES IN CORRESPONDING FUEL CELLS
G.H.J:- Broers and M. Schénke
Central Technical Institute<T.N;O., The Hague, Netherlands *
ABSTRACT. .

The solubility of oxygen in three different carbonate
melts. was determined by'means of an amperometric titration method.
At 7QO°C, the order .of. magnitude  is 4-1077 moles/atm.ml melt.- The °
dissolution. is ‘ehdothermic and dependent on cation envirorment. . .
On basis of the oxygen data the solubilities ‘of ' both Hs and Co at :
J7OO°C could be, estimated from limiting dlfqulOn currents at. 8. N
:rotating Pt electrode 9-1077 and. 8:1077 moles/atm.ml melt respec-w
tively. A strightforward analytical method to check the above
:results is"in progress i

Silver metal and copper (II) oxide, being suitable cath-

'ode materials in fused carbonate fuel cells,, tend to dissolve In
_the melt. The solubility of Ag ions was determined 'in various :
eutectic alkali carbonate mixtures. There is a -marked influence
of the cation environment. In absence of K" ions (Li—Na~melts)
the temperature coefficients of the solubilities have "anomalous"
(p031t1ve) values, in K -rich melts a more normal behavior is
found (greater solubility and negative temperature coefficients)

The solubility of copper (II) ions in LiNaCOs has been
determined also. Here the results are completely anomalous end,

in contrast to Ag lons, strongly point to complex formation; pos-
| sibly Cu0%~ ions. The effect upon cathodic operation of fuel '
‘ cells (corrosion phenomena) is pointed out briefly. '

P

Correspondence on this subject to the laboratory address:
198, Hoogte Kadijk, Amsterdam-C, Netherlands.



SINGLE GAS EILECTRODES IN MOLTEN. CARBONATES
‘ Alina Borucka

Institute of Gas Technology
3424 South State Street
Chicago, Illinois 60516

ABSTRACT

The principles and the exper1menta1 requ1rements underlying accurate use of single
gas electrodes as the reference electrodes in fuel cell studies are discussed in rela-
tion to typical geometric difficulties, In the case of the molten carbonate fuel cells,
the most compatible gas electrodes for this purpose are the O,/CO; and the CO/CO,
electrodes supported by noble metals. The experimental study of these electrodes over
the whole range of gas compositions and temperat ures up to 800°C shows that their
fqu111br1um potentlals are determined respect1ve1y by the following overall reactions:

02 +CO, + 2e = CO; and CO +CO; = 2CO, + 2e. Both these electrodes obey their

respect1ve Nernst equations accurately, but only the CO/CO, electrode .provides a con-

. . . . — - z
venient standard potential scale based in ECO/COZ = O when PCO = PCOZ' The

individual characteristics of these electrodes are presented graphically and discussed
in relation to their practical limitations as well as their use as the reference electrodes
in molten carbonate fuel cells, The results of an experimental correlation study
between the O,/CO, and the CO/CO; electrodes are compared with the thermodynamic
predictions, and the potential of the 0,/CO, electrode is located on the standard CO/CO,
potential scale for molten carbonate electrolytes. ‘ .
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‘ELECTROLYTE INTERACTIONS IN MOLTEN CARBONATE FUEL CELLS
Isaac Trabhtenberg and David F. Cole

" Texas Instruments Incorporated, Dallas, Texas

Performance data have been presented for a variety of fuel cells employing
mixtures of molten alkali carbonates as electrolyte (1-6). Depending on the par-
ticular cell design chosen, the operating conditions, age of cell and a number of
other parameters, almost any kind of operating characteristics (current-voltage
relationships) desired can be obtained. Various investigators have emphasized
certain operating characteristics; in fact, the entire experiment, cell design and
operating conditions are optimized to maximize one of several parameters. Emphasis
has been, for the most part, on power output per unit area of electrode and opera-
ting life. Efficiency, power output per unit weight and volume, and other fuel
cell and system characteristics have received only moderate attention. However,
at the present state of development it is obvious that the particular set of fuel
cell system characteristics chosen will be very greatly influenced by the appli-
cation. Rather than adding more fuel to the fire, this communication will empha-
size certain interactions of the electrolyte which to some extent will be appli-
cable to all molten carbonate fuel cell systems, regardless of their design and
application, \

-There are many electrolyte interactions in a fuel cell containing molten
alkali carbonates. The following text will discuss some aspects of three of these
interactions: electrolyte stability in some of the gas atmospheres encountered in.
operating fuel cells, corrosion of silver electrodes as a function of atmosphere
and electrolyte composition, and the effect of atmospheres and electrolyte compo-
sition on cathode polarization.

Electrolyte Stability

A material suitable for use as an electrolyte in a fuel cell should be
chemically stable to the electrodes and atmospheric environments it will encounter
during the operating life of the cell. In fuel cells employing molten alkali
carbonate electrolytes CO, is added to the various gas streams to insure this
stability. However, if insufficient C02 (7) is added, it is possibie under
certain operating conditions. to obtain a condition at the cathode-electrolyte -
interface in which no €0, is present. The effects of various gas atmospheres on
the stabl]lty of molten ixNaCO3 were investigated.

Samples of 50-50 mole % L12C0 Na €0, were exposed to various gas atmospheres
at 650°C for extended time 1ntervals, and %he composition was determined by
standard analytical techniques. In an atmosphere of 20% CO, - 80% air, tests
ranging from 246 hours to 1615 hours duration indicated no decomposition of

LiNaCO; or change in Li/Na ratio. Similar tests in 50% H2 - 50% Co, for 408 hours
and in"8% H,0 - 12%-C0, - 10% 0, - 70% for 384 hours produced no change in
electrolyte composition. However, when 0% was not added to the air, some
decomposition in the electrolyte could be detected. Data in Table I'illuStrate
the effect of no CO, added to the air. The decomposition is indicated by the rise
in OH content. BeCause of the analytical techniques employed both 0° and OH®
present in the melt will be reported only as OH". There is no significant change
in the Li/Na ratio. The OH  concentration appears to remain constant after 48
hours, which indicates .an equilibrium hydroxide (oxide) concentration ‘has been
established. The 0.03% C02 present in air may have been sufficient to prevent
further decomposition. )
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Date for a second gas composition are also presented in Table I. The gas
composition of 10% H20, 10% 0, and 80% N, was obtained by burning a mixture of
9.5% H, in 76% air and 14.5% ﬁz. Although there is no significant change in Li/Na
ratio, there is significant decomposition of the electrolyte, as illustrated by
both the decrease in % CO; and the increase in % OH™. The €0y content is slightly
more than 3/4 of what it was in the previous experiment and can account for only a
small part of the difference observed for the two gas compositions. Water removes
0~ in the form of OH™ and promotes further decomposition of the carbonates. Here
again, the equilibrium condition appears to be established after 2! hours, and
further exposure to this gas composition produces no additional decomposition.

As pointed out by Stepanov and Trunov (7), a low ratio of €0,/0, (<2.35),
particularly in a cathode gas mixture containing a large amount of inert gas,
results in depletion of CO, at the electrode-electrolyte interface and a change in
electrode mechanism, This effect is further complicated by decomposition of the
electrolyte, particularly if appreciable amounts of H20 are present.

" Evaporation of LiNaCO, was investigateﬂ using a radiochemical technique with
C' " labeled LiNaCO,. A samgle containing c!* 1abeled LiNaCO; was placed in an
Al,0; boat in a tube furnace and heated to 700°C with a mixture of 23% co, - 77% O,
flowing over the free electrolyte. The experiment was started at the time the

CO02 - 0 mixture was replaced by pure N,, The effluent gas from the furnace was
passed through a bubbler containing Ba(%H)z. -The BaC0O, precipitate was then beta-
counted at infinite thickness. The results of t?&s experiment are shown in

Figure 1. Apparently, two processes result in C 02 in gas phase. The first
process appears to fall off rapidly (an order of magnitude change in one hour)

and is essentially complete in about six hours. The second process, which is much

slower, shows only a slight decrease with time up to 250 hours. The first process . J
(fast) is believed to be the decomposition of LiNaCO, into LiNaO and CO,. The
second process (slow) is believed to be the evaporation of LiNaC0,. This slow
process has an approximate rate of 10> mole of CO per mole of Ng passed. Broers ‘

(1) reported that in an operating_fuel cell containing Li, Na and K carbonates
evaporation losses were about 1072 moie of CO; per mole of fuel, air and CO,
passed over the electrolyte. ’

Evaporation losses were also determined by very careful weight loss measure-
ment. A sample of 30% LiNaCO, - 70% fused Mg0 was mixed in an A1203 boat and
placed in a tube furnace at 700°C. A gas mixture of 5% 0,, 12% €0, 83% was
passed over the electrolyte mixture. Three separate.runs of 123, ?13 and T17 hours
were made. The total gas flow was 3.2 moles/hr for the first two runs and 3.5
moles/hr for the third run. The average weight loss for the three runs was }
6 x 1075 gram/mole of effluent + 3 x 107> gram/mole of effluent. Two runs of 117 1
and 161 hours were, made using pure N, at 2.0 and 2.1 Eoles/hr. The average weight
loss was 4.9 x 107" gram/mole of eff?uent + 0.9 x 107" gram/mole of effluent. The i
sample was then re-exposed to the first gas mixture containing CO, for 17 hours.

The weight of the sample increased by an amount that was 68% of tﬁe weight lost

during the Ny runs. " This is equivalent to 7.5 x 107° mole of COz/mole of gas

effluent, assuming that this portion of the weight loss can be attributed to

electroly&e decomposition. The net evaporation loss during the N, runs is .

1.6 x 1077 gram/mole of gas effluent. If the latter weight loss Is assumed to be ,
LiNaCO,, this represents an additional Co, loss of 2 x 107° mole/mole _of effluent :
gas. }he total loss of CO; during the runs_thus became 0.95 x 10~ mole/mole

of NZ' which agrees very well with the 1 x 10~5 mole/mole of N, found by the radio-
chemical technique.

The rate of evaporgtion loss appﬁars to be higher in the absence of CO2 in
‘the gas phase (1.6 x 107" vs 0.6 x 107" gram/mole of-N,). However, both values

have considerable uncertainty, and the difference may not be significant.
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These studies indicate that electrolyte stability (decomposition.and/or
evaporation) may well become a problem in long-lived molten carbonate fuel cells,
Further, they point up the requirement for sufficient CO, in contact with the
electrolyte, particularly in the cathode gas where relatively large amounts of
inerts will be present if air is used as the 0, source. The suggestion of Stepanov
and Trunov (7) that the C0,/0, ratio be about 5.35 should be seriously considered
by molten carbonate fuel c€ll“system designers.

Silver Corrosion

The corrosion of silver in molten carbonates has been studied by several
groups (10, 11, 12) and observed qualitatively by many others, but the conditions
employed in the experiments have not been representative of the operation of a
molten carbonate fuel cell except for those reported by Broers (8).

The results presented here were obtained by weight loss measurements. The
samples used were 20 gauge silver wire, 5.1 sq cm in geometric surface area. The
samples were immersed completely and to a uniform depth in either 50% Li,CO; -
50% Na, €O, or 37% Li C03 ~ 39% NaZC03 - 24% K2C03 contained in an 80% Au -"20% Pd
crucxble o; 250 cc capaclty Atmospheric composition was maintained at 90% -

N2 - 10% CO, unti) the desired operating temperature was reached and thereafter
was maintained at the desired composition as determined by Orsat analyses. The
most extensive experiments have been performed in an atmosphere (5% O b - 10% co,
85% NZ) believed likely to be typical of operatxng conditions in molten carbonate
fuel cell systems using air and spent fuel in the cathode gas supply. (In operating
fuel cell systems about 10% of N2 will be replaced by H20.§ :

Visual examination of the weight Toss samples after completion of the experi-
ments indicated apparently uniform attack with no dendritic growths from repreci-
pitation of dissolved silver.

Table II lists the results of experiments under a variety of atmospheric
conditions in binary melts. Weight loss was negligible in the pure CO, atmosphere
at 600°G. -Where oxygen was present, the rate of weight loss increased with. in-
crea51ng partial pressure of oxygen.

Table III shows the constancy with time of the weight loss of the sxlver
samples in both ternary and binary carborate melts under the conditions shown.

There is no -significant difference in rates in the binary and ternary mix-
tures. Accordingly, the rate-limiting process is apparently not the diffusion of
dissolved oxygen to the metal surface but rather a process such as diffusion of
silver ‘ions away from the dlssolutlon sites.

. Diagrams analagous to those of Pourbaix have been constructed by Ingram and
Janz (13) to show the thermodynamic positions of metals in ternary molten carbénate
eutectic with respect to corrosion as a function of 0, and CO partial pressures.
These gases determine the 02/0 redox potential in the melt

"There are important factors which would tend to make the corrosion-of silver
in operating molten carbonate fuel celis less severe than in these experiments.
These factors include cathodic polarization of the siltver electrode when the cell
i's subjected to current loading, immobilization of the electrolyte by the matrix
and the limited amount of electrolyte .available in the cell.
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Cathode Polarization and Melt Composition

The solubility of oxygen in molten alkali carbonate mixtures has recently
been shown by Broers to be dependent on the melt composition (8).

Oxygen was found to be more soluble in ternary (Li, Na, K) than in binary .
(Li, Na) mixtures. This seems ample reason to suspect that polarization of the
molten carbonate fuel cell cathode (an oxygen - carbon dioxide electrode) is also
dependent on melt composition. This has been observed experimentally.

Presented here are the results of a series of experiments in which the IR-
free polarization of silver cathodes has been determined in melts of two compo-
sitions, §50%* Li,CO, - 50% Na2C0 and 37% Li C03 - 39%vNa2C03 ~ 24% K%CO . Tem-
perature was varled”from 600 to ;80°C. Partial pressures of C0O, and ), aere fixed
so that C02/02 was about 2-2.5 and were determined by Orsat ana?ysis. These
experiments were performed in operating fuel cells of a design which has been
previously described (2). The silver cathodes were | in. x 4 in. and were con-
structed of 120 mesh twill weave screen with 3.7 mil wire diameter, The resis-
tance measurements for the IR corrections to the polarization were made by a
current interruption technique which has also been described previously (8).
Voltages were measured with respect to either a Danner-Rey Ag/Ag” reference elec~
trode or a Ag-wire idling oxygen electrode. Reproducibility of voltages was.
quite satisfactory in both cases.

' ' Figures 2 and 3 show the effects of temperature on the cathode polarization
in binary and ternary electrolyte, respectively, at a fixed gas composition of
15% 0, and 30% CO2 (55% Nz). Figure 4 combines some of the data of Figures 2 and
3 for"easier comparison. “Figure 5 presents data exhibiting the effect of gas
composition on cathode polarization in the two carbonate mixtures at a fixed
temperature (700°C). It should be noted that the data at higher oxygen concen-
tration (in the gas phase) were more reproducible, partly because of the greater
ease of measuring and maintaining constant the gas composition.

What is the cause of this electrolyte composition effect? The structure and
properties of molten alkali carbonates and other ionic liquids are known to
depend on the particular alkali metal ions present (14). As the size of the
§lkali metal ion increases, the volume expansion of the carbonate on melting
hncreafe%. Most of this volume expansion is accounted for by introduction of

holes'' into the melt structure. The smaller cations have a greater tendence to
become involved in formation of ion-pairs, but the larger ions are more effective
in stabilizing other complex ions which may be formed. ’

) Janz (15) reported that experimentally determined conductances, surface
tensions and densities are much nearer the values computed by simple additivity
rglationships in the case of a Li C03 - Na,C0, mixture than in that of a
Li,C03 = Na,CO; - K,CO, or a |.i2c?>3 2 K,C05 mixture.

The heat of soilution of oxygen, like the activation energies for viscosity
and conductance (16), is higher for the ternary than for the binary (Li-Na) mixture.
All these properties seem related to the degree of dissimjlarity of the cations.
Mgs? attempts (17) at explanation of this behavior have been in terms of compe-
tition of the cations for certain orientations with respect to the carbonate ion,
the larger cations orienting so as to allow more freedom of rotation for the anion.

. * mole %

f

It
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Improvements in cathode polarization in molten carbonate fuel cells utilizing
ternary electrolyte are not, unfortunately, directly reflected in greater power
densities than those of cells using binary electrolyte. Anode polarization in the
ternary electrolyte cells is poorer than that in the binary electrolyte cells, so
power densities do not differ significantly. However, the electrolytic composition
might be chosen so as to improve power output if there is a considerably more
severe polarization of one electrode in a cell than of its counterpart.

Anode polarization behavior may be clarified by determinations of hydrogen
solubility in the melts. »

SUMMARY

Studies of three areas of influence of molten carbonate fuel cell system
operating conditions on interactions with the electrolyte have helped to define
certain problems which may arise. Electrolyte loss (decomposition and evaporation)
may be minimized by optimizing CO, distribution to the electrolyte-gas interface.
Corrosion of silver is increased Ey raising 0, partial pressure in the cathode gas

. supply but there is little latitude for change in this composition in a system

utilizing air and spent-fuel C0,. Cathode polarization characteristics are better
in Li-Na-K ternary melt than in"Li~Na binary melt but power densities are not
significantly different because of anode polarization behavior.
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LiNaCO3 Electrolyte Composition as a Function of Time at 650°C

Hours

Gas Composition

48
98
thl
216
336

Gas Composition

oo
NOANONO OO
- O\N 0\~ O

[eNeoNoNoNoNolol

10% H,0 - 10% 0

100% Air

%Na"* %Lit Li/Na
Y 25.7 7.5 .29
2 25.6 7.5 .29
5 26.4 7.6 .29
5 26.4 7.9 .30
4 26.4 8.1 .31
5 26.2 7.8 .30
6 26.0 7.9 .30

(9.5% H, - 76% Air - 14.5% N,)
Hours %Na™ yLi* Li/Na
0 0.0 25.7 8.0 .31
3 1.2 25.5 8.0 .31
21 3.1 ,25.6 8.3 .32
71 3.2 25.6 8.0 .31
165 2.1 25.7 8.1 .32
333 3.0 25.9 8.1 .31
477 2.3 25.9 8.2 .32
Table II
Silver Corrosion in Molten Alkali Carbonates
Electrolyte: 50 Mole % Li2C0 - SO‘MoIe % NaZCO
Area of Sample: 5.09 Sq. Cm.
Time Temper- Gas‘Comp.osition 55 Rate of
(Hrs) ature (Mg/Cm Wt L¢2>ss
°C (Mg/ Cm<Hr)
0 Ny
100 600 - - <.06 <.0006
48 600 5 83 5.1 x1.1 0.11 +0.02
168 600 5 85 17.9 + 0.2 0.11
100 600 10.5 -- 20.6 _1-_2.8 0.20 _4_-0 03
27.5 -- 40.8 +2.2 0.36 +0.02

1 600
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Table III

Silver Corrosion in Molten Alkali Carbonates

Electrolyte: 37 Mole % Li2C03 - 39 Mole % N-32C03 = 2l Mole % K2C03
Area of Sample: 5.09 Sq. Cm.
Time  Tempera- Gas Composition (%) Wt. Lloss Rate of Wt. Loss
(Hrs.) ture (°C) 0, co, N, (Mg/Ctm2) (Mg/ Cm*/Hr)
26 700 5 10 85 6.2 +0.8 0.24 + 0.03
L8 700 5 10 85 10 0.21
95 700 5 10 85 21.8 +1.2° 0.23 + 0,01
Electrolyte: 50 Mole % Li2C03 - 50 Mole % Na2C03

Area of Sample: 5.09 Sq. Cm. _ '

Time - Tempera- Gas Composition (%) Wt. Loss Rate of Wt. Loss
(Hrs.) ture (°C) 0, co, N, (Mg/ Cm?) (Mg/ Cm2/Hr)
24 700 5 10 85 5.8 +0.7 0.24 + 0.03
48 700 5 10 85 8.0%1.3 0.17 % 0.03 Y
72 700 5 10 8 18.5 * 1.5 0.26 * 0.02
96 700 5 10 85 21.5 0.22
' ‘ ' ¥/
. TIME (HOURS) ' : !
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Fig. 1. Rate of COz evolution from LiNaCOs at 6500 C
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THE BEHAVIOUR OF SILVER CATHODES IN SOLID FLECTVOLYTV FUEL CELLS

H. Tannenberger and H. Slegert

Institut Battelle, 7, route de Drize
1227 Carouge-Genéve, Switzerland

INTRODUCTION

Fuel cells with solid zirconia electrolytes which work at 750°C to 1000°C
are promising systems to convert the chemical energy of cheap fossil fuels
into électrical energy. Expensive platinium catalyst can be avoided because .
of the high working temperatures. Silver as the cathode waterial and nickel
as the anode material have proved to be successful up to 900°C (1) (Fig. 1).
In these fuel cells, the resistance of the electrol,te predominates in the
total internal resistance of the cell, if the electrolyte has a thickness
of more than 1 mm. To increase the power output per unit area of surface of

-the cell, the thickness of the electrolyte should be reduced. In so doing,

polarisation phenomena become important.

This peper deals with the polarisation of silver electrodes. A tentative
explanation for the observed phenomena will be given,

Polarisation phenomena in high temperature s0lid slectrolyte fuel cells

A fuel cell with an oxygen-ion conductor as the solid electrolyte creates

a voltage btetween its electrodes due to the difference of the oxygen partial
pressure on both electrodes. This voltuge is expressed by the Nernst equa-
tion :

, P
0

RT 2
E==F 1" 2
Po

2

If a current flows through a solid electrolyte fuel cell, the potential
betueen'the terninals will drop due to the internal resistance of the cell.

The internal resistance which limits the power output of the fuel cell can
be devided into the following parts :

- polarisation of the cathode
- ohmic: resistance of the electrolyte
- polarisation of the anode

The electrode polarisation thus defined contains all sorts of losses in the
electrodes, such as the electronic resistance, diffusion resistance of the

-gases, activation polarisation and so on.

The voltage at the termlnals of the fuel cell under load can then be
expressed by :

Va Eo - VC - vEl’- VA

YV = Terminal voltage
E = Open'cirguit voltage
A

= Ppiarisétiqn of the.cathode
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v = Ohmic voltage drop in the solid electrolyte

v = Polarisation of the anode .

‘The meonanism of the electrode polarisations is far from bLeing understood.
It is not yet even possible to determine unequivocably the voltage losses
due to polarisation from the total internal resistance.

Current interrupting techniquee are frequently used to separate electrode
polarisation from the ohmic resiatance of the electrolyte (2) (3).

We tried to obtain further information about jolarisation phenomen:i. by in-
vestigating cells of the type ‘ '

ag (0,) / (2r0,)4 4 (YB,04)q 1 / A8 (0,)

with varying electrolyte thickness, which permits the determination of the
influence of the electrolyte resistance on the total internal resistance
more readily.

EXPERIMENTAL

Fig. 2 shows schematically the experimental set-up. The cell to be studied
was made of a wafer of the electrolyte of ~ 30 mm diameter and about 3 mm
thickness, held between two tubes made of steel.

In the centre of the electrolyte wafer there was a hole, at the bottom of
it was placed the one electrode, the other electrode heing on the opposite
side of the wefer. The surface of the slectrodes was about 1 cm?. By vary-
ing the depth of the hole, the thickness of the electrolyte between the
two electrodes could be adjusted to the desired value.

Current collectors made of silver, were pressed against the electrodes by
springs. Thermocouples were placed on both sides of the electrolyte wafer,

An oxygen stream of 100 cc/min wde directed against both electrodes.

The electrical circuit, shown. in Fig. 5, allowed measurement of the current-
voltage characteristics of the cell. A current interruptor technique was
used to measure the ohmic and the non-ohmic part of the total cell resistan-
ce. To do this a short time interruption relay (type Struthers-Dunn M1CC-
C5-6.3 AC) was placed in the current circuit, wvhich could break the current
periodically for 0.4 wmilliseconds at a frequancy ‘of 100 cycles per second.
The voltage-time curve wae observed on an oscilloscope Tektronix type 503,
and could be easily photographed. '

As electrolyte, cubic zirconium dioxyde of the oomposition of

10 mol % Yb205

and 90 mol % zro,
was employed. The resistivity as a function of teamparature of this composi-
tion is shown in Fig. 4. The electrolyte wafer was prepared by sintering a
compact of the mixed oxide powders at 1900°C for 3 hours. The apparent den-
8ity was about 92 # of the theoretical density and the wafers were gas tight.

The surface wae prepared by rubbing with SiC paper, then rinced with dietilled
- water and heated at 1000°C for a short time.

Silver electrodes were proparbd by painting 2 layere of a silver paste,
Degussa Leitsilber 200, followed by & heat treatment up to 850“0{

o
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TESULTS
Fig. 5 and Fig. 6 show typical characteristics of the cells. They are
straight lines passing through the origin of the coordinates as they should,
because Lhe pariial pressure on the two electrodes is tlie same 3

pg = pg = 1 atm.

Al current densitles higher than ahout 200 mA/cm the characteristics begin
to flatten out. This phenomenon, also observed by other workers (3), may be
explained by the heating of the electrolyte due to the current flow. This
hypothesis is supported by thne fuct, that the current density, above which
the internal resistance of the cell decreases, deponds on the thickness of
the electrolyte and the nominal opcrating temperature.

We restrict furither discussions to the linear part of the characteoristics.:

Figz. 7 shows the %otal resistance ner cm? of cells having different
wlactrolyte thiicknessea, as a function of temperature. It is remarkable,
that the temperature dependence of the total resistance of the cell is

‘sensibly the same as that of the resistivity of the electrolyte, indepen-

dently of tne thickness of tne clectrolyte which varies by a factor ol ten.

.1g. 8 shows a cross-plot of Fig. 7,that is the total resistance of the cell
as a function of the ihickness of the electrolyte at three temperatures. as
can be seen, a residual regsistance R, remains, if the thickness of the
electrolyte is extrapolated to zero. ''he temperature dependence of Ry is
nearly the same as that of the resiativity of the electrolyte.

The separation of the total potential drop into the rapid ("ohmic") and slow
{"non-ohmic") part by tne current interrupting tecnnique did not snow a
collerent result. I{ was not possible to relate the “non-ohmic" potentlal
drop with the residual resistance R,. '

DISCUSSION

The essential result of our measurement is, that we were able to determine
the influence of the electrolyte rasistance on the total resistance of the
cell and so to defins a total polarisation of the electrodes. This total
polakxsatxon,’okpreqsed by the residual resistance Ry, depends on the
Yemperature in approximately the same way as ‘the ras1at1v1tj of the
electrolyta.

In the tentative eoxplanation of the observed phenomena we shall assume, that
the catiivdic and anodic polarisation will be about the same, that is half

of the obgerved total polarisation, and that the temperature is the same
throughout the sample. Where these assumptions may alter significantly the
interpratation, we shall discuss the possible consequences of a deviation
from our assumptions.

At first, we may attempt to ascribe the residual resistance Ry to a concen-
tration polarisation at the cathode due to the diffusion of oxygen through
a compact gsilver layer. - :

The potential drop due to concentratlon polgrieation is

KT .
/2 (1-37)

R = gab constant

where

T = ébsolute temperature
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F =« faraday constant

Jl « 1limiting current density

The limiting current density can be expressed by
’ 4® C D
= 73

where

Co = golubility of oxygen in silver
D = diffusion coefficient of oxygen in silver
d

= thickness of the silver layer

Fig. 9 shows the potential drop‘p as a function of current density with the
Vlimlting current density as unity.

The characteristics of our cells are pructically linear and never showed a .
tendency to limiting currents in the measured current range. If, neverthelsss,
we assume that the polarisation is due to the diffusion of oxygen in silver,
and the 1limiting current density is much higher than the measured current
density range and therefore the logarithmic behaviour of the concentration
polarieation may approximate to the obuerved linear behaviour, theory predicts
much swmaller values for the polarisation e.g.

7 = 13 mV
for j = 0.25 j, at 800°C

than the observed polarisation, which is about
Ay < 80 oV for 200 mA/cm?

We may therefore exclude that concentration polarisation occurs in our cells.

Activation polarisation, involving losses associated with adsorption, or
surfuce reactions, seers to us improbable at these high temperatures. In
addition 4t would seem quite surprising that the temperature dependence of
these losses should be the same as that of the resistivity of the elecotrolyte.

We propose therefore to explain the residual resistance by the fgct that the
electrodee are nctive only on discrete spots of small size, distant one from

each other. In the case of molten salt Iuel cells such .a model has alroady
been put forward (4). :

The residual resistance, found by extrapolating the total internal cell
resistance to zcro electrolyte thicknees, is then due to the lose of effective
cross-section for the current flow through the electrolyte and the dependence
of R, on the iewperature should be the same as that of the .electrolyte -
resietivity. Fig. 10 ehows achematioally the dependence of the total 1ntornnl
cell resistance on the electrolyte thickness expected,

In the following a quantitative estimation of the dimensions of and the
distance between the active spots will be given with the aid of aimulating
the element in an electrolytic tank.

To eimplify the situation for the aimulation we assume that the active spots
have the fore of parasllel stripe with conetant width (Pig. 11).

L~ P o
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The resistunce of ore "element", dependent on itc thickness,was measured
in the electrolytic tank. By putting in parallel n of these elements, the
resistance of the unit area of the cell can ve calculated.

Fig. 12 shows the simulated element in this electrolstic tank.

Fig. 13 shows the resistance ’lof this element as a function of its
thickness expressed by the parameter

.J_nd

28] ]

for a conductivity

g = 18 em

~and for a bath depth B

B=1lcn

It is important to note, that tne resistance 3ann be expressed in the form
of

Zl = 926 +1ﬂ'
for values of 1"

19'>1

independently of > . This neans, that the current flow is homogenous above
a distance 'd, where

: L

ML ]

e o : : . . b
“ig. 14 gives the residual resistance 920 as a function of ; .

The resistance R of an element with

resistivity g
and width B

is then given by

R' = % .’2 = )%’QO + % .

Nio In.

By puiting 2 n elements in parallel we get ti:c resistance of a whole cell
of length L and width B.
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Referring to Fig. 11 we have

and obtain finelly

EY
[ |
w+°
N

o

+
-
i
3

In this formula the term

5

can be identified with the measured residual resistance R_ we obtained by
extrapolating the electrolyte thickness to zero (rig. 8). ’

[ 15-]
3
]
b

It should be noted, that from the knowledge of R, by experiment, it ie not

possible to determine p and b (from °) separately but only pairs of valuea

p and b.
To interpret the results obtained at 800°C (Fig. 8), suppo}e that

L=B=1cnm

We can first calculate @ of the electrolyte from the slope of the straight

line in the diagram of total resistance versus electrolyte thickness. This -

yields

y'- 28R cm

in good‘agreehent with the value of resistivity measured independently.'

Tre residual resistanee:Ro was
R, = 0.8 cn®

If we assume that the element behaves symmetrlcally Hlth reapect to its
electrodes; we have, for instance, for the cathode

~Rg - 0.4Q2 cm2
and therefore

R°-0.4-—z—.2n°-

LB' 2

From this and Fig: 14 we can calculate the follov1ng table 1

p ) | 400 | ‘100 40 - | 20

b (M) 88 1.7 | 180 .107% | 6 .10

T eetat— eman

I~
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CONCLUSIOKRS

The hypothee;q'that the silver electrodes are active only-on discrete spots,
the one distant frow the other, is able to explain ‘the observed dependence
of the total resistance of the cell .

a8 (0,) / (50,), o (19,0,)0 | / g (0,)

on the thickness of the electrolyte. As the residual resistance R_ in this
model is directly linked to the electrolyte, its temperature dependence
should be the .same as that of the resistivity of the electrolyte.

The quantitative evaluation of the data shows thét the dimensions of the
active spots becowe very suwall if the distunce between them decreases.

Local overheating of the active spots, lowering the resistivity of the
electrolyte in their vicinity, would vield 8till smaller dimensions for the
spots having the same distance. :

'Conforming to Figs B8 and 1% we must adnit, that the»maximum distance between

the spots should be less than ebout SOO/A

It is evident, that the model of the strips employed for the s1mulation

does not correspond to reality. Certainly, the active spots are of irregular
shape and are distributed irregularly over the e¢lectrode surface. However,

the order of magnitude of b and p, calculated on the basis of our experlmental
value of R » would not be altered by orders of magnitude.

There remains the question of how to interpret the "non-ohmic" part of the
total potential drop. We would suggest, that the phenomenon, yielding the
"elow" potential drop, also lies in the electrolyte.

At least for the cathodic polarisation, it may be suggested that the
electrolyte region below the active spot is slightly reduced by the cathodic
current., If the current is interrupted, the open circuit potential corresponds
in the first. instant to the chemical potential of oxygen in the slightly
reduced electrolyte. After having inierrupted the current the reduced region
of the electrolyte below the active spots is reoxidized by the oxidizing
atmosphere in the cathode compartment and the initial open circuit potential
will slowly re-es tab11sh itself.
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Fig. 2 Experimental set-up of..thé.solid, electrolyte cell

250

. Thermocouples




206
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os a function of temperature
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Fig. 7 Total internal cell resistance of three cells with different
electrolyte thickness as a function of temperature
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electrolyte thickness d at three temperatures
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Fig. 9 Concentration polarisation as a function of current
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Fig. 10 Total internal cell resistance as a function of electrolyte
thickness for a cell having electrodes being active
only on isolated spots.

P electrolyte resistivity .
seff effective electrode area per cm
(Area of the active spots).
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THE DESIGN OF A 100-KILOWATT COAL~BURNING
FUEL-CELL POWER SYSTEM¥*

D. H. Archer and R, L. Zahradnik

Westinghouse Research Laboratories
Beulah Road, Churchill Borough
Pittsburgh, Pennsylvania 15235

INTRODUCTION

The development of an economic solid-electrolyte fuel cell system
to produce electrical energy from coal and air at an overall efficiency of
60% or greater is the goal of a project at Westinghouse Research, Work
reported previously(l’z) has shown that solid-electrolyte batteries can
utilize flowing HZ-CO mixtures and air to generate d.c. power with only low
losses from resistive and polarization voltage drops at.current densities
up to 700 amperes/ff.z.

The high operating temperatufe of solid-electrolyte batteries ==
in excess of 1750°F -- allows the heat produced when power is drawn to be
effectively utilized in the gasification of coal. Furthermore, the gasi-
fication to form H2-00 fuel can be carried out using hot H20-Co2 combustion
products emerging from the batteries. Since both the heat and the medium
required for coal gasification are by-products of fuel-cell operation, a
high efficiency for an overall system including both the gasifier and the
fuel-cell batteires can be achieved.

C A conceptual process scheme for incorporating coal-gasification
into fuel cell power systems has been introduced and discussed in a previous
paper(3). Essentially, this scheme separates the oxidation of the fuel"
gases derived from coal into two distinct steps, which take place in two
different cell banks as illustrated in Figure 1, The fuel gas stream from
the gasification.unit is split into two streams =-- the first going to a bank

of cells in which only a partial oxidation occurs. The second gas stream

*The work recorded in this paper has been carried out under the sponsor-
ship of the Office of Coal Research, U. S. Department of the Interior,
and Westinghouse Research Laboratories. Mr. George Fumich, Jr., 'is
head of 0.C.R.; Neal P. Cochran, Director of Utilization, and Paul
Towson have monitored the work for O.C.R.
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goes to a second bank of cells where it undergoes essentially complete
combustion. - The gases emerging from this second cell bank are &ischarged
from the system, while the partially oxidized fuel gases from the first
cell>bank-are recycled back to the(r;actor, whére they gasify the coal.

‘ 3

A thermodynamic analysis of a system similar to.that shown

in Figure 1 indicates that a maximum system efficiency approaching 100%
can theoretically be realized for the coal-burning'system. . Under normal
operation, however, this efficiency is reduced due to irreversibilities
which occur within the cell banks and within the coal reactor. Previous
analysis has indicated that these irreversibilities are limited so that
overall opérating efficiencies of 60% or greater are anticipated in full-
scale power plants.

A process design for a 100-kw coal-burning solid eléctrolyte fuel
cell power plant has been completed, based on the concéptual scheme of
Figure 1. This design incorporates all of the features which now appear
necessary to the plant. Details of this design and the predicted operating

characteristics of the plant are discussed in this paper.

BASIS FOR,SYSTEM DESIGN ‘

The design for the cell banks of the 100-kw fuel cell powerlsysteﬁ
is based on the constrUctioh and measured performanée.of the 100-watt gen-
erator shown in Figure 2. This device is the largest solid-electrolyte fuel-
cell power system reported to date. The techniques used in fabricating its
batteries have been described (1) and the voltagé-currént curves for  the
generator have been presented (2). ~ The device consists of 400 solid-electro-
lyte cells of the bell-and~spigot design, fabricated into 20 segmented tube
batteries, each consisting of 20 individual cell segments. In this generator,
platinum was used as electrode material for both the fuel and air electrodes.
The battery tubes were held at the 1880°F operating temperature by means of a
large, heavily insulated, 3-zone commerciél furnace.  The tubes were of typi-
cal closed-end construction and were mounted in a cold (< 350°F) metal base

plate by means of. thick-walled base tubes.
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Platinum electrodes are too costly for the fabrication of an econo-
mic coal-burning power system, but cheap and plentiful materials are now
being developed for both air and fuel electrodes. It is believed that the
performance of these materials will meet or exceed that of platinum. For
this reason, the performance of the 100-watt unit has been employed as a
reasonable basis for the following plant design.

SYSTEM FLOW CHARTS

An overall flow chart for the system is presented in Figure 3.
Operating conditions are specified in a simplified version of the chart,
Figure 4. Material and energy flow quantities throughout a nominal 100-kw
plant are shown in Figure 5; equipment sizes, in Figure 6.

Coal is charged to the reactor unit at the rate of 57 1b/hr. This
unit, as indicated in Figu}e 3, is a complex assembly designed to house in
adjoining compartments a fluidized bed of coal and tanks of tubular fuel-
cell batteries. The compartments are arranged to facilitate heat transfer
from the cell banks operating around 1870°F to the coal-derived solids in the
reactor operating around 1750°F. Partially oxidized fuel gases from Cell
Bank I pass through the fluidized bed at a superficial velocity of 1.3 ft/sec.;
this velocity allows for a gas residence time of about 12 sec -- a time suffi-
cient to gasify the 45 1b. of char per hour produced from the coal feed, to
convert the mol ratio (CO + Hz) / (CO + Hy, + CO, + H20) in the flowing gases
from 0.58 at the reactor inlet to 0.81 at the outlet, and to increase the gas
flow from 5580 standard ft.3/hr. at the inlet to 7240 ft.3/hr. at the outlet.

The gas stream as it leaves the reactor passes through a series of
cyclones which remove entrained dust, fly ash, and solid particles and return
them to the fluidized bed. The fuel gas, relieved of entrained solids,
enters Heat Exchanger I where it is cooled to 970°F. The cooled gas next
passes into a series of two fluidized bed absorbers -- each 2 ft. in diameter
and 3 ft. high, housed as a single unit. These absorbers contain iron oxide,
which acts as a catalyst for the absorption of H2S and other sulfur contain-
ing compounds from the fuel gas stream.

e i i e
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As the absorption of Hgs progresses, the catalyst activity
decreases both due to the formation of iron sulfides and to partial reduc-
tion of the ore to FeO. In steady state operation, therefore, it is
necessary to remove continuously a portion of the catalyst to a second
unit into which a stream of air is introduced. Here exothermic roast-
ing of the iron sulfides and reoxidation of the Fe0 to FE,0, occur at

273
a temperature around 1470°F. The gases emerging from this catalyst

‘ regenerator are primarily SO2 and N2_-- which can either be discharged
to a stack or sent to an acid contact plant. The catalyst regenerated

in this unit is recycled to the H2S absorber, where it contributes some

of its sensible heat, which along with that of the fuel gas serves to

maintain the absorber at a temperature of 750°F. This sulfur removal

-

process has been developed and successfully used in the treatment of

s

2-1/2 million ft.3, of coke oven gas per day at the Appleby-Frodingham

/ Steel Company in Great Britain(u)

‘ The. fuel gas leaving the Hés absorber is at a temperature of
about 750°F. At this low temperature, the water gas equilibrium constant,

K,

Héo + CO . CO2 + Hé
is quite high. If the water gas equilibrium is catalytically promoted,-
most of the HéO in the fuel gas stream can be converted to H2 -=- a fuel

A ——

o

e

1A —

which minimizes the polarization voltage losses in the fuel cells. The
fuel gas passes, therefore, through a shift converter»measuring about

| 2 ft. in diameter and 6 ft. high containing a commercial shift catalyst

such as chromium-promoted Fe30h

Leaving this unit the gases are at about 600-700°F and have a
typical composition as follows: CO, 45%; H,, 33%; €O, 18%; H0, O. 5%.
At this point in the cycle the gases are introduced to a recirculation
pump. A 5-hp drive should be more than adeqpate to handle any contemplated

recycle flow rates.

e
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The gases can, in general, next pass into recycle Heat Exchanger
II, in which they receive some heat from the hot exhaust fuel gases. This
exchanger is small in size, having an exchange area of less than 10 £t.2,

The gases next enter Heat Exchanger I, where they recover suffi-
cient heat from the high temperature fuel gases just beginning the recycle
loof to attain a temperature of about 1550°F. In this instance the total
heat generated in operating the cell banks is sufficient to preheat the
fuel gases and air, and to supply the heat required for coal gasification
in the reactor as indicated in Figure 5.

The fuel gas stream then passes through central core of the fuel
cell-reactor unit where it is brought to cell operating temperature by heat
exchange with the cell banks. It then enters the cell banks at the bottom
of the cell bank-coal reactor unit. Here the stream is split into two un-
equal portions; about a quarter of the gas is sent to Cell Bank II and three-
quarters to Cell Bank I. Upon exiting from Cell Bank I the larger stream,
now at 1870°F, is recycled to the coal bed. The smaller stream leaves the
second cell bank also at about 1870°F with a mol ratio (CO+H2)/(CO+H2+C02+H20)
of less than 0.03.

This stream is then sent to recycle Heat Exchanger 11 where it
gives up a portion of its heat to the recycling gases. 1In a highly effi-
cient plant, it may be necessary to use this stream not only to heat the
recirculating gases, but to preheat the air flow as well. This is
accomplished as shown in Figure 3 by having the spent fuel stream, upon
its discharge from recycle Heat Exchanger II, pass in countercurrent
heat exchange with the incoming air.

Equal amounts of air are fed to each of the cell banks. Internal
(to the cell banks) heat exchangé between incoming and exiting air streams
is sufficient to heat the fresh air -- so that upon its entrance to the
active cell region it is about 1470°F. The spent air containing only 3
mol % O2 discharges to the atmosphere at about 200°f.

b
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DESIGN OF UNIT COMBINING COAL REACTOR AND CELL BANKS

. The coal reactor-fuel cell unit consists of a U ft. diameter vessel,
equally divided by eight spokelike chambers, each 4.25 in. wide and 19 in,
long, extending radially from a 10 in. diameter center hub. It is this
hub through which. the recycle fuel gases flow before they are introduced
into the fuel cell banks.. The spokelike chembers divide the vessel into
8 pie-shaped slices which extend the height of the vessel =~ 16 ft. -- and
which contain the fluidized bed of coal.

The cross-sectional area for gas flow through the pulverized coal --
7.8 ft.z, the volume of the fluidized bed -- 125 ft.3, and the quantity of
char contained -- 1200l1bs. are ample to provide the fuel gases required to
produce 100 kw in the cell banks. Reactor computations have been carried
out using data collected on char gasification in this laboratory and infor-
ﬁation published by other investigators(S).

The 16 faces enclosing the spokes of this wheel design provide
ample heat exchange area to transfer heat for the gasifying the coal from
cell banks to fuel bed. Heat transfer computations using calculated trans-
fer coefficients between the wall and fluidized-bed have been carried out
assuming: l) that radiation is the sole mechanism for heat transfer from
the solid-electrolyte batteries to the walls of the cell banks; and 2)
that published empirical formulas(s) are accurate in predicting heat transfer
coefficients from the cell bank walls to the fluidized bed. A temperature
difference between the cells and coal of less than 60°F is prediced by
these computations. ) ’

Each of the spoke chambers contains 1250 fuel céll tubes with
e.ch tube containing about 40 individual fuel cells. The tubes .are
mounted horizontally inside the spokes on 3/& in. equilateral centefs,
five tubes to.a tier. The tubes themselves extend radially into the unit
and are attached to 6 in. long base tubeé, which extenq through about 7 in.
of insulation which surrounds the L ft. diameter vessel, and are secured o
in a cold base plate located at the ocutside shell of the reactor cell bank
unit as .shown-in Figures 7 and 8. Intermittently spaced in the chambers
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~housing the fuel cell batterieé will be four 6 in. high catalyst beds
containing chrome-oxide water gas catalyst. These catalyst beds are
sufficient to bring the rising gas to water-gas equilibrium according
to data gathered in this laboratory. 1In this way sufficient Hé is gen-
erated for consumption in the fuel cell batteries section of the cell
bank immediately above the catalyst. )

It should be pointed out that the rising gas is in laminar flow
with respect to the cell batteries, so that no separation or weke formation
is incurred, and fuel gas is in contact with each postion of the cell
fuel electrodes. '

Air enters and leaves the system, as shown in Figure 9, by means
of an air-exit tube -- which is a 1/8 in. ceramic tube extending along
the axis of the battery. Fresh input air flows into the annular space
between the battery and the exit tube from an air plenum chamber located in
the shell. The battery itself has a closed end(l) so that after travers-
ing the length of the segments and giving up its oxygen to the fuel cell
reactions, the now spent air is forced to reverse its direction and flow
into the exit tube, where it then flows countercurrent to the incoming air,
eventually being discharged to the atmosphere. In the 7 in. insulated
region, the counter flow of cold fresh air and hot spent air is sufficient
to bring the fresh air up to cell operating temperature. The spent air
is thereby cooled, exiting the system at about 200°F. '

The design of flowing air inside the cell batteries means that
the heated air is only in contact with the ceramic tubes or air electrodes.
Nowhere is the hot #ir in contactwith anoxidizable surface. Similarly the
metal platesenclc. (g the fuel cells, the spoke walls, are only contacted
by the fuel gas on the cell side and the fuel bed on the reactor side. Thus,
the atmosphere surrounding the walls is always reducing, so that the netal
of construction of the walls need not be especially oxidation resistant.
The electrical performance of the cells in the banks is that predicted from
measurements on batteries used in the 100-watt solid-electrolyte fuel-cell
generator(2). The selected operating current for all the cells in both cell

banks is O.44 amperes -- equivalent to a current density of 220 amperes/ft.a.
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The average cell voltage at this loading is 0.75 volts in Cell Bank I and

0.65 volts in Cell Bank II -- equivalent to an overall average of 0.7 volts
per cell. " The calculated power output for 400,000 cells contained in both
banks is, therefore, over 120 kw; and the overall efficiency of the plant --
the electrical output of the-cells divided by the heat of combustion of the
coal -- is 58%. Improvements in solid-electrolyte cell performance have

been achieved since the testing of the 100-watt poﬁer generator and‘it now
seems likely that an overall efficiency greater than 60% might be obtained

from a coal-burning solid-electrolyte fuel-cell power plant.

DISCUSSION
The 100-kw fuel-cell power plant design presented in this paper
illustrates several important points:
1. Solid electrolyte cells can be used as the basis of a system
to convert coal to electric energy at an overall efficiency

. approaching 60%.

2. A 100-kw fuel-cell plant based on current fuel-cell and gasi-
fication technology is technically feasible; it would not

be unreasonable in size or complexity.

3. Sufficient heat is generated in operating the cell banks to
provide heat for the endothermic coal gasification process and

to maintain the system at the desired operating temperatures.

. The requisite heat can be transferred frdm the cells to the
coal with a temperature difference of 100°F_of lgss. Gasifi-
cation can be carried out, therefore, at a reasonably high
temperature without exceeding the upper temperaturé 1limit of
the solid-electrolyte fuel-cells. '

The design utilizes only present day technology as far as battery

construction and installation are concerned. The cdrrent‘state of this art

demands that closed end tubes, fastened in relatively cool base plates.form

the basic design pattern.. This restriction imposes no insurmountable obstacle
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in the 100-kw plant, as the technique of mounting the individual cell batter-
ies horizontally allows the cool reactor shell section to serve as a fuel
cell base plate. The enclosure of tiers of such batteries into individual
chambers allows sufficient heat transfer surface to be built into the unit.
However, this design also allows sections of cell batteries to be inserted
into or removed from the unit, independent of the remaining batteries. Thus,
the assembly can be made up of sections or modules of betteries, each with
specific test functions to perform. The ability to test independently fuel-
cell batteries incorporating the latest laboratory developments is thus a
significant feature of the design.

It should be further pointed out that the volume assigned to the
coal reactor is based upon the gasification of 45 1b/hr of a coke or char
material. The'balance of the 57 1b/hr coal feed is removed from the reactor
as ash and carbon associated with the ash. Since the presence of volatile
materials in cosl will make it considerably more reactive than either coke
or char, the design is thus cohservati#e. However, in a pilot plant unit
such as the 100-kw plant is intended to be, the conservetive design allows
for a maximum range of coals, cokes, or chars to be used. This advantage
far outweigh- any considerations of compact design at this time, and hence
the reactor is somewhat oversized. In eventual installations, when fuel-
cell performance reaches 0.5 - 1.0 watts/cell and a specific coal is selected
as a fuel, it will be possible to produce upwards of 400-kw in a unit the size
of the proposed 100-kw assembly.

Another feature of interest in the fuel cell reactor unit is the
chrome oxide catalyst beds, housed in the individual spokelike chambers.
These beds of catelyst are relatively small, occupying about 9 ft.3 out
of a total volume of 200 ft.3; their function is to insure Hé performance
from the fuel-cells by promoting the water gas reaction. Placed in the
fuel-cell chambers much in the manner of retractable drawers, these catalyst
beds are easily replaceable so that various types and forms of the basic

catalyst can be tested in the unit.
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A final feature. of interest in the unit is the fluidized bed of
coal, which has a common bottom from which individual pie-shaped fingers
extend upward. The use of the central hub of the unit as a recycle pre-
heater solvee effectively the problem of longitudinal temperature gradients
in the fuel-cell chambers.

The pieces of process equipment in the system flow chart other than
the reactor are all standard items, and 1little difficulty is anticipated in
their operation. It might be mentioned however, that the temperature of
operation of the HQS absorber could possibly be raised above TSO°F. This
temperature was selected at Appleby-Frodingham as an effective minimum. )

(It was necessary to heat the input gases.) In the 100-kw plant, the
recycle gases to the HQS absorber are first cooled, the degree of cooling
depending upon the desired operating temperature of the unit. If it were
vossible to raise this operating temperature, then either lower heat losses
in the recycle operation or smaller heat exchanger sizes would result.

' In summary, therefore, a 100-kw coal-burning, solid-electrolyte
fuel-cell, power plant has been designed, scaling up essentially test data
from a.100-watt bench-scale unit. The 100-kw plant incorporates a novel
combination of fuel-cell batteries and fluidized coal beds into a single
fuel cell-reactor unit. This unit together with euitable gas and solids
inlets and outlets and certain auxiliary equipment constitute the complete
coal-burning system.

Overall efficlency in the proposed eystem is estimated to be 58%.
In order to meet these high efficiency figures, it is neceesary to limit the
energy losses from the system to those indicated in Figure 5. Furthermore,
the net unburned carbon loss from the system must be limited to about 10%
of the coal fed. In the design it was assumed that carbon was removed
from the bed only in the ash-withdrawal system.

The plant is simple in constrﬁc@ion, and its operation involves
only the pumping aoout'of various gas streams, the cleaning of these streams,
and heat exchange between various of them. This simplicity, together with the
great flexibility allowed by the reactor design, make the proposed plant appear'
as both reasonable and technically feasible
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The economic feasibility of the coal-burning, solid-electrolyte
fuel-cell power plant depends on the development of cheap electrode materials
and battery fabrication methods. Considerable progress has been made toward
producing effective fuel electrodes from non-noble metals and air electrodes
from electrically conductive oxides as replacements for costly platinum. In-
tensive work is now being devoted to the perfection of suitable procedures
for high-volume, low-cost production of solid-electrolyte batteries. If
these materials and fabrication techniques produce a long-lived battery '
whose performance equals that measured in the 100-watt power generator, a

new mgans’of practical power generation will have been achieved.
REFERENCES .
1) Archer, D.H,, R,L., Zahradnik, E.F. Sverdrup, W.S. English, L. Elikan,

and J.J. Alles ™Solid Electrolyte Batteries" Proceedings of the 18th
Annaul Power Sources Conference, Max 1964, Atlantic City, N.J.

2) Archer, D.H., L. Elikan, and R.L. Zahradnik "The Performance of Solid-
electrolyte Cells and Batteriee on CO—H2 Mixtures; A 100-Watt Solid-
electrolyte Power Supply’, Presented at the 150th'Nationa1 Meeting of

the A.C.S. in Atlantic City, New Jersey, September 12, 1965. ‘ /
To be published in Hydrocarbon Fuel Cell Technology, Academic Press,
New York, 1965. ‘

. f

3) Archer, D.H., E.F. Sverdrup, and R.L. Zahradnik, '"Energy from Coal- 1
Burning Fuel-Cell Power Systems", Chem. Eng Prog., 60, ’

pp. 6L-8, June 1964, }

L) Reeve, L., "Desulfurization of Coke-Oven Gas at Appleby-Frodingham,"
J. Inst. Fuel, p 319, July 1958.

5) Jolley, L.J., A. Poll, and J.E. Stanton, "Fluidized Gasification of
NonQCaking Coals with Steam in a Small Pilot Plant" Gasification
and Liquification of Coal, AIME Publication, New York, 1953. .

6) Levenspiel, 0., and J.S. Walton, "Bed-Wall Heat Transfer in Fluidized
Systems" Chemical Engineering Symposium, Series No. 9, p 1, 1952.



\

223

Co
3 CO2
Cell
Reactor Bar;k 1
2
O2 Co, CO2
(Air)

Cell
Bank 2
co,, Co
2I
0, —
(Air)

Fig. 1—-Simplified coal-burning fuel-cell system
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STANNIC OXIDE AND INDIUM OXIDE FIIMS AS
AIR ELECTRODES FOR HIGH TEMPERATURE

COAL REACTING FUEL CELLS
E. F. Sverdrup, D. H. Archer, A. D. Glassger

Westinghouse Research Laboratories
Pittsburgh, Pa. 15235

Under the Sponsorship of the Office of Coal Research,
U. S. Department of the Interior

I. INTRODUCTION

A high temperature fuel cell using a zirconia ceramic electrolyte is
being developed because of its potential for generating electric power with high
efficiency by reacting conventional hydrocarbon fuels with oxygen from air. Each
cell consists of three layers -- an electronically conducting air electrode =~ the
electrolyte which at 1000°C is a good oxygen ion conductor and the fuel electrode,
another good electronic conductor. Oxygen from the air stream picks up electrons
from the air electrode to form oxygen ions. These are conducted through the elec~
trolyte to react with the fuel gases delivering electrons to the fuel electrode.
Oxidation of the fuel is controlled by the flow of electrons through the external
electrical load connected between the two electrodes.

Electronically conducting oxides are being studied as possible air-elec~-
trodes for these fuel cells. A class of oxides has been identified which: (1)
display high electronic conductivity, (2) are compatible with the ceramic electro-
lyte, (3) are stable in air atmospheres at the fuel cell operating temperatures =--
1000°C, and (4) are relatively inexpensive. Coatings of these materials have been
applied to electrolyte test samples and the voltage losses (polarization) associated
with their operation as air electrodes measured. These tests identify indium oxide,
In203, doped with tin, antimony, or tellurium, and tin dioxide, SnO;, doped with
antimony or tellurium as possible electrode materials. . Indium oxide appears
especlally promising in view of the similarity of its crystal structure and. thermal
expansion properties to those of the electrolyte.

II1. ELECTRICAL CONDUCTIVITY IN TIN AND INDIUM OXIDES

In stannic oxide (Sn0;) the two 55 electrons and the two 5p electrons of
the tin are bonded with the 2p electrons of the oxygen. An energy gap of between
3.5 and 4.2 electron volts exists between the valence and conduction band associated
with this. configuration.(1,2) The intrinsic conductivity of stannic oxide is
enhanced by the addition of antimony donor atoms, Measurements by Imai(3) on anti~
mony-doped tin-oxide films have shown that at, and above, liquid nitrogen tempera-
tures each antimony atom is ionized. At antimony concentrations above 1 x 10”7 mole
percent, Loch's %) conductivity versus temperature measurements indicate that the
number of intrinsic conduction electrons and electrons contributed from lattice
defects can be neglected in comparison to those provided by the antimony donors.

The effects of even larger antimony donor concentrations on electrical conductivity
have been reported by Mochel. (5) His results (Figure 1) indicate that the conduc-
tivity increases with increasing antimony content up to 1 weight percent $bg03 and
then decreases with further antimony additions. Resistivities of 7 x 10~% ohm=cm
were obtained at room temperature with optimum. antimony concentration.

In indium oxide (Inz03), the 5s and 5p valence electrons of two indium

atoms are bonded with the 2p electrons of three oxygen atoms. An ener%z gap of 3.1
to 3.5 electron volts exists between the valence and conduction bands. ) Heiher
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observes room temperature resistivities of 0.2-3 ohm-centimeters in relatively pure,
single crystal samples. Tin, antimony and tellurium will substitute for indium in
the indium oxide crystal lattice, These atoms act as donors, contributing electrons
to a conduction band at room temperature. Figure 2 shows how the room temperature
resistivity depends on the concentration of donor ions in the starting solutions
from which these electrode films were prepared. With optimum doping, resistivities
were reduced to less than 7 x 10™* ohm centimeters at room temperature. As in tin
oxide, the donor atoms in Iny03 are completely ionized at room temperature and the
temperature coefficient of resistivicy 1s determined by the predominant electron
scattering mechanism.(7) At 1000°C, resistivities of about 10~3 ohme-cm were
observed with optimum tin doping.

The oxides of indium and tin (In,03 and SnOz) when appropriately doped
displag electrical resistivities at fuel cell operating temperatures of the order
of 1072 ohm-cm. They can be easily applied in thicknesses up to 102 cm in the case
of indium oxide and 10™3 cm in the case of tin oxide. Resistiv1ty/th1ckness values
below one ohm can be achieved with either of these materials. This is low enough
to make attractive electrodes.

III. APPLICATION OF TIN OXIDE AND INDIUM OXIDE ELECTRODE FILMS
TO ZIRCONIA ELECTROLYTES

These oxide electrode materials are easily applied to zirconia electro-
lytes by a vapor deposition process. Dilute hydrochloric acid solutions of stannic
chloride mixed with appropriate amounts of antimony chloride (or indium trichloride
mixed with stannic chloride) are sprayed into a furnace which supplies sufficient
heat to vaporize the reactant stream. The vapor stream is then carried into a
deposition furnace where, on contacting the heated electrolyte, coatings of tin oxide
or indium oxide are deposited. Either an inert gas or air can be used to transport
the vapor through the deposition system. Control of the concentrations of the
various reactants, of the carrier gas flow rate, and of the heat inputs and tempera-
tures of the various furnaces assures reproducible film characteristics. The follow=
ing considerations apply to the electrode application process: (1) The vaporization
furnace temperature and heat input must be sufficiently high to ensure vaporization
of the reactants, it must be kept below a value which will cause the formation of

significant quantities of the oxide in the gas stream, i.e., the vapor phase reac~
tion of

2 InCl3 + 3 H20 -*In203 + 6 HCl1

or SnCla + 2 H20 -*SnO2 + 4 HC1
must be avoided. For the furnace configuration and reactant concentrations used in
our experiments the optimum vaporization temperature for the deposition of tin oxide
films was between 325 and 430°C. For the deposition of indium oxide films, vaporiza=-
tion furnace temperatures between 850 and 950°C were used. (2) The deposition fur-
nace temperature must be sufficient to promote the oxidation reactions mentioned
above on the substrate but must inhibit appreciable vapor phase reaction, Deposi~
tion furnace temperaturesof 700-750°C were used in our experiments with Sn07 and
1000°C in our experiments with In 0 Figure 3 shows the deposition apparatus and
Figure 4 the appearance of a typicai indium oxide film applied by this process.

IV. STABILITY OF ELECTRODE FILMS IN AIR AT 1000°C

The rmodynamic considerations show that the loss of material from an Sn0,.
electrode film in an air atmosphere would most likely occur through gradual decompo-
sition to the gaseous monoxide=-Sn0.(8) A vapor pressure of 10-8 atmosphere of Sn0

-over Sn0z at 1000°C is indicated. Rough estimates of the rate of material loss

]
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through saturation of the fuel cell air supply with Sn0 indicate that an electrode
life of over five years can be anticipated. Tin oxide appears to be a stable air
electrode material.

Experimental determinations of the equilibrium pressures existing over
indium oxide (In203) at 1000°C indicate that a decomposition to the gaseous sub-
oxide (In20) is the most likely cause for loss of this electrode material. With an
oxygen partial pressure of 2 x 10-8 atmosphere over the Inj,05 the Iny0 vapor pressure
is 4 x" 108 atmospheres.(9)' In the presence of an oxygen partial pressure of 0.2
atmosphere corresponding to one atmosphere of air over the electrode, decomposi-
tion to Iny0 would be inhibited and a vapor pressure of 10-15 atm. of Iny0 would be
expected. 1In203 appears to be even more stable that tin oxide and should be suitable
for the air electrode.

These considerations do not give any indication of the possible loss of
the doping agent from the oxide film. Since loss of the doping agent would cause
increases in the resistivity of the film material, tests have been made in ‘which
(o] /8 was measured as a function of time of electrode operation. In test periods of
one month there were no measurable changes with either electrode material.

V. STABILITY OF THE ELECTRODE FILM IN CONTACT WITH ZIRCONIA ELECTROLYTE

A. Stannic Oxide (Sn0z) Films

: Stannic oxide crystallizes with the tetragonal structure.(10) The material
has a coefficient of thermal expansion of 4.5 x 107® cm/cm - °C which is roughly one
half that of the electrolyte. Films having thicknesses between 10~%4 and 10~
have been successfully applied to the electrolyte by the thermal decomposition of.
tin-chloride solutions. These films have adhered well and have withstood repeated
thermal cycling between room temperature and 1000°C. Films which exceed 3 x 1073 cm
in thickness develop tensile stresses in electrolytes of 0.1 cm thickness which are .
sufficient to crack the electroIYte when the pamples are cooled to room temperature.

Studies of solid state reactions between Sn0y and Zr0, have been made by
stdcker.(11) He finds a solubility of ZrO, in Sn0, of 19 pp 100 moles between 800
and 1300°C and a solubility of Sn03 in monoclinic Zr02 of 9 pp 100 moles at 800°C.
Experiments indicated no observable sintering of one-micron tin~oxide powders to
electrolyte discs after heating for four hours at 1400 C. At 1600°C, however, the
reaction proceeded rapidly and after 20 minutes of exposure the electrolyte material
had become frangible. This observation agrees with Stdcker's conclusions that addi-
tions of Sn0, tend to destabilize cubic zirconia. No evidence of alteration of the
electrolyte could be seen on photomicrographs of tin oxide coated, electrolyte test.
specimens- after 400 hours of electrode operation at 1000°C. It appears that tin
oxide electrodes formed from the chlorides are sufficiently stable. in contact with
the electrolyte to make useful electrode structures.

B. Indium Oxide Films

Indium oxide crystallizes im T1,04 structdre'(lo) a deformed cubic fluorite
crystal in which three-fourths of the fluorine positions are occupied by oxygen, the
remainder remaining vacant. Wyckoff tabulates the lattice parameter as: a, =
10.118 R at 26°C. This matches well with the similar spacing in cubic zirconia:
2a, = 2 x 5.10 £ =10.20 8. The linear thermal expansion of Inzoi single crystal
and polycrystalline samplea have been measured by Weiher and Ley(12) over the tem-
perature range 0-700°C. Over this range the linear thermal expansion matches that
of cubic zirconia.(Figure 5). Adherent oxide layers that withstand thermal cycling
between room temperature and 1000°C, with or without electrode operation at the high
temperature, bave been-applied to the electrolyte by vapor deposition. ‘Only when
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the indium oxide layer exceeded 9 x 10-3 cm in thickness was loosening of the elec-
trode film from the electrolyte substrate noted.

To determine whether the electrolyte and indium oxide would interact when
held for long times at elevated temperatures, a series of experiments were made in
which yttria-stabilized zirconia electrolyte test wafers were imbeded in one micron
indium~oxide powder and heated at various temperatures between 1400°C and 1920°C for
20 minutes in an air atmosphere. Below 1500°C no sintering or other evidence of
interaction could be detected. Above 1500°C considerable reaction took place.
Liquid formation in the vicinity of 1600°C was observed in these tests.

Sintering for twelve hours at 1400°C without detectable interaction make
it appear that In,03 electrode films applied by vapor déposition or similar low
temperature processes will be stable in contact with the electrolyte under fuel cell
operating conditions.

VI. POLARIZATION BEHAVIOR AND ELECTRODE TO ELECTROLYTE CONTACT

RESISTANCE LOSSES OF SnO2 AND OF In203 ELECTRODES

Vapor deposited tin and indium oxide electrode films were operated as
electrodes carrying out the air electrode reaction:
.

0 + be =20

air electrode electrolyte

The voltage losses associated with carrying out this process were measured using the
electrode tester and monitoring the electrode to electrolyte voltage as a function
of electrode current density. The current-interruption technique( 3) was used to
separate the ohmic losses associated with oxygen ion transport in the electrolyte

and the electrode to electrolyte contact resistance from non-ohmic, "polarization",
voltage losses,

The electrical behavior of a typical indium oxide electrode film in its
"as deposited" condition is shown in Figure 6. Polarization voltage drops increase
very rapidly with electrode current, At 100 ma (77 ma/cm?) the polarization compon-
ent of the voltage (50 millivolts) agrees very well with the expected ohmic contri-
bution from the electrolyte ionic resistance -- indicating a negligible electrode=
to-electrolyte contact resistance. The character of the decay of the polarization
voltage drop, as shown by the current-interruption oscillograms, changes when the
polarization voltage exceeds approximately 700 millivolts. The volt-ampere curve
becomes almost parallel to the ohmic resistance displaced by the 700 millivolt
polarization. The time constant of polarization decay is long and depends upon the
length of time the electrode has been operated. A partial electrochemical~-reduction
of the Iny03 electrode is apparently responsible. The long decay of the polarization
results from the reoxidation of the partially reduced film when current flow is inter-
rupted.

Apparently, the "as deposited” indium oxide films are sufficiently imper-
vious to the passage of oxygen that high polarization voltage drops occur at even
low current densities (oxygen demands). The value of the current, at which electro=
chemical breakdown of the indium oxide film occurs is inversely proportional to the
electrode thickness (Figure 7).

Some treatment must be employed to yield electrodes capable of high
current densities with low polarization losses. Fortunately, a simple "reverse
current” treatment of the electrode film results in greatly improved performance.
Reverse current treatment consists simply of applying a voltage across the elec-
trode~electrolyte interface with the indium oxide made positive with respect to the
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electrolyte. Under these conditions oxygen is tramnsported through the electrolyte
toward the electrolyte-electrode interface. It may be theorized that an oxygen
pressure is developed under the electrode film which opens oxygen paths through the
previously tight film. When the electrode is operated in the normal direction,
polarization voltage losses are greatly reduced. Some increase in the electrode to
electrolyte contact resistance may accompany the reverse current treatment.

Figure 8 compares the volt-ampere characteristics of a typical electrode
film before and after reverse current treatment. The resistive component of the
electrode to electrolyte voltage drop has increased from the calculated value of the
electrolyte contribution, 0.48 ohm, to 0.67 ohm while the polarization component has
dropped from 730 mv to 150 mv at a current density of 380 ma/cm2. . At a current den-
sity of 770 ma/cm? the polarization compoment of the voltage loss is 220 mv.

The polarization characteristics in oxygen of five vapor deposited elec-
trodes after reverse current treatment are shown in Figure 9. The electrodes cover
a range of electrode weights from 8 to 37 milligrams per square centimeter of elec-
trolyte coverage. (This corresponds to a range of operating P_/6 from 2.6 ohm
centimeter per cm to 0.4 ohm cm/cm.) Polarizations are seen to increase from a
'value between 30-90 mv at 100 ma/cm® to between 120-230 mv at 1000 ma/cm®. A
limiting-current type of polarization behavior is displayed suggesting that further
efforts to increase the permeability of the electrode film to oxygen may be expected
to yield lower polarizations. Tin oxide films performed less satisfactorily. The
films tested experimentally displayed electrode resistivity/thickness parameters of
three ohms. (Improvements in film application techniques together with optimized
doping of the electrode, should make pe/Ge values less than one ohm attainable.)
High values of pe/B, in electrode coatings results in a non-uniform current density
distribution in the test samples. This complicates the interpretation of polariza-
tion losses. The experiments indicated that polarization losses were comparable with
those reported for In203 films (perhaps even somewhat lower due to the tendency of
the Sn0p films to craze under the differential thermal expanslon stresses) but that
contact resistances between electrode and electrolyte were appreciably higher. It
appears that the electrode performance could be significantly improved through the
use of better application techniques, optimized doping, and the use of a porous
structure. :

VII. CONCLUSIONS

Indium sesquioxide,doped with tin, antimony, and/or tellurium, was found
to be a promising air electrode for solid electrolyte fuel cells operating at 1000°C.
The material is stable in air and in contact with the electrolyte. It can be
easily applied in films having a resistivity/thiékness parameter as low as 0.2
ohm-cm/cm-at the operating temperature. Although polarization voltage losses of the
"as deposited” films are high, a simple reverse current treatment reduces polariza-
tion losses to 150-250 mv at 1000 ma/cmz. Increasing the porosity of the In,0; films
further reduces the air electrode poalrization. Electrodes of the doped indium
oxide have operated for over 1100 hours at a current density of 770 ma/cm2 with
polarization voltage loss of 50 mv, constant electrode resistivity ¥ thickness para-
meter, and with no measurable contact resistance to the electrolyte (Figure 10).

Tin oxide doped with antimony or tellurium can also be applied to zirconia
electrolytes by the thermal decomposition of aqueous solutions of tin and antimony
or tellurium chloride. The films are stable at the 1000°C operating temperature of
the fuel cell. Despite a lower coefficient of thermal expansion, tin oxide films
withstand repeated thermal cycling between room temperature and 1000°C. When
operated as electrodes, a weakening of the electrode to electrolyte bond. occurs and
and the electrode flakes off as it is subsequently cooled through the range 800-600°C.

. 1f tin oxide is to be used as an electrode in practical devices, some method must be

developed to keep the electrode attached to the electrolytg during cooling.
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These materials are suitable as air electrodes. They promise to play an
important role in making practical solid electrolyte fuel cell devices.
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Fig.5—A comparison of the linear thermal expansion characteristics of 1n203 and stabilized cubic Zirconia
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TIr USAMECOM-TRDL FUEL CLLL ELECTRIC
POVER GENERATION PROCRAM

Jemes R. Huff and John C. Orth

Department of the Army
U.S. Army Engineer .
Rescarceh znd Development Leboratories
Fort Belvolr, Virm'nin 22000

ABSTRACT

Electric power generation in both ground power and vehicular propulsion
applications is of major intcrest to the Army. The goal of the ERDL R & D pro-
gram is to devclop a family of silent power sources in the 1.5 to 15 kw range.
The goals for the fuel cell development program have been set on the basis of
two gencrations of developmental models. A systems appraisal of fuel cell
technology on the basis of fuels used demonstrates the comparative complexities.
The rescarch and engineering accomplishments achieved both under contract and
in-house arc indicative of the progress being made. The key to obtaining a
satisfactory fuel cell is still the electrode. Present fuel cell status may be
shown either by considering progress in the oxidation of fuels of increasing
complexity or by a consideration of present levels of performance and improvement
potential. The overall ERDL approach to achieving the desired family of silent
power sources is illustrated by the research program and by tracing the develop-
ment cycles of special fuel cells and hydrocarbons fuel cells. It is felt that
ground power units will provide the enabling technology for many other fuel cell
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LOW TEMPERATURE NATURAL GAS FUEL CELL BATTERY
W. J. Conner, B. M. Greenough, G. B. Adams

Materials Sciences Laboratory
Lockheed Palo Alto Research Laboratory
3251 Hanover Street, Palo Alto, California

INTRODUCTION

The Lockheed fuel cell battery is a model power-generating system of the indirect
type using reformed natural gas and air. This model, with a gross power output of
430 watts, was constructed as part of a program to develop a reliable, low cost fuel
cell system operating on these reactants.

. - Sulfuric acid is used as an electrolyte to provide compatibility with the carbon
dioxide present in both the air and fuel, thus eliminating the need for a carbondioxide
scrubber and a hydrogen purifier. The operating temperature, €0°C, is too low for
hydrogen reduction of the electrolyte, but sufficiently high to provide good electrolyte
conductivity and a means for product water removal from the waste air. This low
operating temperature allows the use of a wider range of construction materials
than with higher temperature systems. .These advantages, however, are partially
offset by the relatively expensive electode materxals requlred for an acxd electrolyte
-\system

A dual- matrxx cu'culatmcr electrolyte design was ‘selected for this battery because
of its reliakility and favorable operating characteristics. Electrolyte is circulated
between two porous matrices which are contiguous to the operating electrodes. Thus.
water balance and temperature control in each cell is simplified, and hazardous cross
leakages of reactant gases is prevented; failure of one matrix does not result ina
catastrophic reaction between fuel and oxidant. - Electrolyte is conditioned thermally
and for water balance externally to each cell in a heat exchanger and water feed sys-
tem to provide a completely controlled cell, regardless of cell load. This condition-
ing is done automatically and reliably with minimal parasitic power loss.

The battery operates at ambient pressure and employs a novel air feed system.
Pressure drops have been minimized with an open manifolding system using low-power
blowers to provide adequate air circulation. Reformate is also fed at low pressure to

. operate the system directly from a three-stage natural gas reformer which draws fuel
from a conventional natural gas supply. Gas-liquid differential pressure regulation is
achieved by maintaining a siphon action in the pumping of the electrolyte.
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System reliability is increased by exclusive use of o-ring seals to eliminate leakage
of corrosive electrolyte and hazardous fuel mixture. Battery control is automatically
maintained by 2 safety sysiem which effects system shutdown when triggered by any one
of a number of sigrals indicating abnormal operation. The urit is completely self-
contained, requiring only fuel, room air, and water for operation, and an inert purge
gas for start-up and emergency shutdowns. A start-up battery is disconnected as soon
as electrolyte, fuel, and air are distributed to the cells.

These and other technical advances resulting from Lockheed's fuel cell research
and development programs are incorporated as design and cperating features. This
model provides an effective test bed for studying operational problems and delineating
arcas for further research and development.

BATTERY CONSTRUCTION AND OPERATION

Cell Reaction. A portion of the free energy of the reaction of hydrogen and oxygen to
form water is converted into elcctrical energy in each cell. Hydrogen for this reaction
is supplied as reformate from a three-stage natural gas reformer* The reformate is
approximaiely %0 percent Lydrogen, 19.7 percent carbon dioxide, G.3 percent methane
and 10 parts per million carben monoxide.: Oxygen is supplied to the cell by blowing
a stream of air over the oxygen electrode.

Cell Design. A cell is made up of two electrodes, fuel, air, and electrolyte spacer
plates. matrix material, and support sereens. The active material used for electrodes i
is designated RA-1 for anodes and-AA-2 for cathodes.** Both types are fabricated on

expanded tantalum mesh. The electrodes, 145 square centimeters in active area, are )
streiched flat by a special technique and are spot welded to a thin (2.5 mm) formed

tantalum rim. Coarse, expandcd-tantalum grids are spot-welded to the rim to provide

2 supporting structure for the thin electrode material. This rin: and scrcen combina- /|
tion provides a means for current take-off. The anode is carbon 1acnoxide resistant, .
and operates efficiently over long periods at 60°C in the presence of trace amounts of '
carbon monoxide. .

Snacer plates are made of a corrosion and heat-resistant epoxy resin cast by a
closed-mold process. All of the spacers contain o-ring sealed peripheral manifolding r
for fuel and electrolyte flow. The air spacer is open on two sides to permit hlower air
to pass vniformly across the cathode surface. Ports for electrolyte and fuel flow are
cast into the appropriate plates. FEach matirix, with support screer, it held in placein
recessed steps cast into the electrolyie spacer. Assembly of the stack is simplified by }
integrai pins on the electroiyte spacer which fit and lock contiguous plates during the K
stacking operation at ass2mbly. Each fuel spacer is designed to accommodate two
anodes and each air spacer, two cathodes. This design feature simplifies gas spacer

_fabrication and saves weight and volume in the assembled bank. Intercell connections /
are made externally to each cell with the exiended electrode rim.
*Institute of Gas Technology, Chicago, 1llinois. I

**American Cyanamid Company, Wayne, New Jersey.
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The electrolyte, 25 weight percent sulfuric acid maintained at 60°C, is circulated
through each cell between two sheets of asbestos matrix material* continguous to each
electrode. These thin, porous matrices, filled with electrolyte, have a low specific
resistance and provide impermeable barricrs to the reactant gases. The gas-liquid
interface is maintained at each electrode over a wide range of gas-liquid differential
pressures. A nominal 10 inches of water gas-over-liquid differential pressure is
maintained to prevent electrode flooding. .

Module Design. The fuel cell battery consists of three 16-cell.modules. One of
these modules is shown in different views in Figures 1, 2, and 3. Figure 1 shows the
inlet-air side of the module. The open edges of the air spacers and the inter-cell
connectors are visible in this view. In Figure 2, the module has been rotated
180 degrees to show the exit-air side of the module. The electrical wiring seen in
these figures is used to read individual cell voltages within the module. Series elec-
trical connections are made by connecting extensions of the electrode rims as shown,

Shown in Figure 3 is one of the transparent end-plates through which the fuel
spacer for the end cell is visible. The vertical strips inside the space are Viton
o-ring stock which serve to direct the fuel flow over the electrode surface and to
apply pressure against the electrode to insure good contact between the electrode and
its matrix. The o-ring material, because of its resiliency, has a spring-like action
which takes up assembly tolerance within the module. Each gas space within the
module contains these strips, but in the air spaces they are placed horizontally so as -
not to obstruct air flow through the module. As the module is shown in Figure 3, elec- -

‘trolyte enters at the bottom of the front end-plate, is manifolded for parallel flow up

from the bottom of each electrolyte spacer; and is again manifolded to leave the
module at the top of the rear end-plate. - With similar manifolding, fuel flows in the
reverse direction, entering at the top of the rear end-plate and leaving the module at
the bottom corner of the front end-plate.

A low-power, low-pressure fan** provides air flow for each module. The pressure
drop which results from blowing air through the module is considerably smaller than
the pressure drop for manifolding. As a result of using this air cross-flow technique,
a low-power. blower is adequate to provide air for the fuel cell reaction and excess air
in sufficient quantity to contribute to the cooling of the cell and to remove product
water. The air is directed through epoxy-fiberglass ducts into.the modules. As it
discharges from the module, it passes into a cold-surface chamber on the exit side
of each module where product water is condensed from the air stream. In Figure 4,
the inlet air duct is shown on the left side of the module; the exit duct with its water—
cooled cold surface and exhaust stack is on the right side.

The air filters are shown in Figure.5. The air blowers are mounted 1n51de the
ducts directly behind these filters.

*Johns Mansville Company, New York City, New York. .
**Rotron Manufacturing Company, Woodstock, New York.
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Battery Design. The three modules are assembled on a polyester-fiberglass rack
measuring 24 x 24 x 40 inches. Total system weight including auxiliaries and controls,
but without reformer, is 223 pounds. The auxiliary system is located within this rack
and is connected as shown in Figure 6. Figures 4, 5, and 7 illustrate the spatial
relationships of the system components.

Materials of Construction. Materials used in the system have been tested for their
resistance to the corrosive environment of hot sulfuric acid. Plastics are employed
extensively; polypropylene plumbing, epoxy cell parts, .polycarbonate reservoirs and
module end-plates, epoxy-fiberglass ducts, and polyester-fiberglass system rack.
Tantalum is used wherever a metal is required in direct contact with the electrolyte,
such as the electrode rims and matrix support screens.

Electrolyte Circulation. The electrolyte circulation system includes a pump, heat
exchanger; flow meters, flow control valves, and a liquid reservoir and water balance
system.

The centrifugal, magnetically driven pump* is constructed with only polypropylene
and Teflon in contact with the hot acid electrolyte. Panel mounted flow meters register
the electrolyte flow, and plastic valving controls the flow distribution to the three

" modules. :

Thermal Control. The heat exchanger ** a shell and tube type, is constructed so
that the only exposed materials are Teflon and polycarbonate. Depending on the heat-
ing or cooling requirements, hot or cold tap water is admitted to the shell side of the
heat exchanger. Hot water brings the system up to temperature, after which the hot
water valve is interlocked in an off position, and control is maintained by supplying
cold water on demand. A thermoswitch in the electrolyte triggers the appropriate
heating or cooling water solenoid valve.

Water Balance. The electrolyte reservoir, as shown schematically in Figure 6,
consists of a series of cylindrical polycarbonate chambers where electrolyte is
returned from the modules and water halance is automatically maintained. Water
condensed from the air ducts returns to holding chamber (A) through a filter. Excess
condensate is discharged to the drain through an overflow tube. If insufficient water
is condensed, a float admits make-up water from an external source by opening the
distilled water solenoid valve. All of the spent fuel, laden with water vapor, passes
through chamber (B) where water condenses on the walls. The liquid level in this
vessel rises until the float valve opens to drop the condensed water into electrolyte }

compartment (C). A water seal maintained by the float prevents mixing of the spent

fuel with air. Electrolyte passes through compartments (C), (D), and (E). The first

of these, (C), is a settling chamber which serves to free entrapped gas from the elec-

trolyte. The electrolyte discharges from compartment (C) into (D) which contains a

float valve. The initial loading of electrolyte lifts this float valve upwards to the 3
sealed position preventing water from flowing from chamber (A) mounted above. Since K

*Micropump Corporation, Concord, California. r
**E. I. DuPont De Nemours & Company, Wilmington, Delaware.
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excess water is-remove_d from the electrolyte by the air stream, the operafidﬁ of the

cell results in a decrease in electrolyte volume as water is evaporated. This volume

change is sensecd by the float valve which drops, unseating the valve, Water then
flows into this compartment from the air condensate chamber A. When sufficient
water has been added to return the float valve and volume to the original level, the
valve seals, cutting off water flow. In actual operation, this valve modulates at a
point where water is continuously added to make up for the excess that is removed.
The reconstituted electrolyte then issues into compartment (E), where a high-low
reservoir level sensor detects electrolyte flow irregularities and signals system
shutdown if an unsafe condition exists. The electrolyte then is withdrawn by the pump
and is circulated through the system. '

" System Startup. Gas service on the fuel side of the system consists of hydrogen,
reformate, and an inert gas, e.g., nitrogen, admitted automatically by solenoid
valves. During start-up, the fuel cell system operates on hydrogen and air while the
electrolyte is being heated. When the temperature reaches 50°C, the system auto-
matically switches to reformate. This procedure is used to prevent carbon monoxide
poisoning of the anode, a reaction which occurs more readily at lower temperatures.

The inert gas is provided as a purge which can be manually operated when the

.system is to be turned off, but which operates automatically in case of a safety shut-
‘down or whenever the auxxhary power is disconnected.

Safety Features. The automatic sa.[ety shut-down is an 1mportant feature of the
system. It consists of complete system shut-down and inert gas purge in response to
a signal from the safety circuit. Low system differential pressure or a significant
change in the electrolyte volume due to water imbalance triggers either the high or
low level safety circuit in the reservoir. Over-heating of any one of the modules is
also sufficient reason for shut-down and is sensed by a thermo-switch in the end fuel
spacer of each module. Latching relays in the safety circuit provide control when
triggered by any of these signals. These relays are latched into the "safe' position
by a manually actuated electrical pulse and then require no electrical power until a
safety signal latches the relay in the ""unsafe' position actuating system shutdown. In
this way, the safety circuit provides control without drawing electrical power.

Parasitic Power Requirements. Except for battery power required for operating
auxiliaries during the first few minutes of start-up, the model system is self-
sustaining. Figure 8 is a back view of the top section of the front panel showing
the location of the electrical control circuits and the auxiliary power inverter. Aux-

. iliary power inversion permits the use of AC motors rather than DC motors with their

life-limiting brushes and hazardous brush sparking. The DC to AC inverter operates
on fuel cell pawer, and provides AC power to the air blowers and electrolyte pump.
To maintain constant output voltage to the.auxiliaries with varying external loads, an
automatic voltage selector switch places the required number of cells across the aux-
iliary power buss to maintain correct voltage within 0.8 volts.
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Low-power relays and indicator lights are used to conserve auxiliary power; the
maximum auxiliary load at any given time is 58 watts including all power for the
blowers, pump, inverter, relays, solenoid valves, and controls. This figure would
increase to approximately 70 watts for a 2 kilowatt battery, The front control panel
is shown in Figure 9. All of the cell voltages may be 'measured from the front panel
to provide for an easy assessment of cell performance. Various temperatures may
be read on the front panel for ready assessment of system operating conditions. The
electrical control system is built as a2 module for easy removal and maintenance.

ELECTROCHEMICAL PERFORMANCE

Initial test work was conducted on cells havmrr an actlve electrode area of
18 square centimeters. A cell with 90 square centimeters active electrode area was
assembled and tested as an intermediate to the final design. Polarization and long-
term performance data from these cells provided the scale-up information necessary
to design a large cell with 145 square centimeters active electrode area. This cell
size was used in the multicell modules.

Long-Term Performance. Long-term performance of the small cells was of
particular interest in determining the mode of cell failure, if any. Anode and cathode
performance with time was measured versus a hydrogen reference, The results of
one 950-hour test are shown in Figure 10. The anode, operating at 60°C on reformate,
is quite stable over this long period of operation; the apparent degradation is 10 mV
per 1000 hours of operation. The cathode, operating on room air, degrades rapidly
in the first 50 hours. This rate then slows and at about 400 hours stabilizes to about
10 mV per 1000 hours. A brief interruption of the lpad (which occurred at 580 hours)
improves the cathode potential (anodic change is negligible). On load again, the
cathode degrades rapidly, and after about 48 hours, the cathode potential is the same
as it was prior to the interruption. This test cell, representative of a large number of
long-term test cells, was operated continuously in an automated test facility.

Figure 11 illustrates'a 300 hour performance test conducted on a single large cell
similar to those used in the multicell bank. A problem encountered in maintaining the
cell temperature in the early portion of this test resulted in unsteady anode performance
during this period. At 115 hours, a polarization run (Figure 12) was made, and the tem-
perature control was modified and improved. The latter portion of this test is
characteristic.

Cell Voltage-Current Characteristics, The polarization diagram for the large cell
is presented in Figure 12. A resistance-free curve is plotted to show the effect of
cell resistance on cell performance. Also included is a plot of total power output from
the cell. The dashed voltage line illustrates an average cell voltage found in an operat-
ing 16-cell module,

- ——
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In a cell with a carbon monoxide resistant anode, the anodic polarization initially
and over long periods of time is low, unless the anode is poisoned by a fuel gas with
a high carbon monoxide content or decomposition products from the electrolyte (hydro-
gen sulfide). This may happen when a cell is operated at too high a temperature or
when certain materials of construction not compatible with hot sulfuric acid are used.

The cathode, on the other hand, is rather severely polarized and controls cell
voltage at low current densities. As the load is increased, the cathode potential
stabilizes and cell resistance then controls cell potential. Even though precautions
were taken in the design, fabrication, and assembly of the large cell and modular
assembly, the unit cell specific resistance is double that of the small cell. Current
development is directed to the definition and further reduction of this increased resist-
ance. : .

Air-Fuel Flow Rates. A series of tests were conducted with the large cell to define
reactant flow rates required to support cell operation at different current densities.
Figure 13 illustrates the performance of the anode with reformate. This electrode
requires a fuel flow rate only slightly in excess of stoichiometric at all current densi-
ties. However, at low current densities with stoichiometric flow, anodic polarization
increases slightly due to poor gas flow distribution. The non-reactants in the fuel tend
to mask off portions of the anode at low flow rates. At higher current densities with
stoichiometric flows, the higher gas flow helps to sweep non-reactants out of the

~ stagnant areas of the anodic gas spacer. Because of this, the anode operates for

extended periods at high current densities at the stoichiometric fuel flow rate because
of the net purging of the fuel spacer with the carbon dioxide and other non-reactants
introduced into the cell as part of the fuel.

The cathode can be operated at stoichiometric rates up to 50 _m.A/cfnz. At higher
current densities, cell performance drops off drastically, but air flow rates three
times st01ch10metr1c or greater will support all current densities through (150 mA/cm”),
These data are presented in Figure 14.

An analysis was made of the air flow through a 16-cell module with a fan* which
has a free air delivery of 50 cubic feet per minute. The volumetric flow through each
air spacer was calculated from velocity probe measurements made. at the discharge
of each cell spacer. The fan draws air through a polyurethane foam filter and blows
air through the module. No distribution device is used in this configuration, and the
uneven flow pattern across the face of the module. is shown in Figure 15. The lower
flow rate through the center cells is caused by zero air flow through the hub of the fan
which is located directly in front of cells 7-8 and 9-10. Lines of constant 1 and 10
stoichiometric flow rates are shown in Figure 15 to provide a reference. It can be
seen that this fan and distribution configuration is adequate since a minimum three
stoichiometric flow requirement is met. The disadvantages of higher air flow rates
are the extra load impressed on the air condenser and water balance control system
and the lower cell temperature of high-flow-rate. cells. If, with the fan used, air flow
is decreased further (by restricting the air inflow), the edge-tocenter air flow distri-
bution pattern becomes more distorted. It is therefore imperative that air flow through

*Rotron Sentinel Fan with a 745 motor. -
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the cells be high enough for gooa cell performance, but not too high for good water
balance control,

The vent stack height used in the multicell system providés sufficient updraft ina
module without fan and filter to support the bank at 100 mA/cm2 at 60°C.

Total System Performance. The assembled, three module, 48 cell battery
described in this paper exhibits the performance characteristics shown in Figure 16.
The system has been operated under a variety of loads with completely automatic con-
trol. The system operates efficiently on reformate and room air to give the power
output shows in Figure 16. Little excess fuel is required to maintain a steady load.
Sufficient air flow is obtained from 5 watt fans. Work is continuing to define the limit-
ing parameters in the cell performancé in order to increase total output from the
battery.

FUTURE IMPROVEMENTS

One area for improvement in this system is in the design of a larger, and less
costly cell. A larger cell would allow a reduction in the number of cells per module
for the same power output. Improvements would include reduced cell resistance,
increased ratio of active to inactive area in cell cross section, improved structural
integrity, and the development of mass production techniques for cell parts. Elec-
trodes with low catalyst loading would be incorporated in the design to reduce electrode
unit costs further. '

The cell and module design would also be optimized to maximize performance with
respect to minimal weight and volume. This would be achieved with an improved elec-
trode and matrix containment design which would eliminate tantalum at certain points
in the cell where it is now used.

Another area for improvement in this system is in further reduction of parasitic
power requirements. Thermal control can be achieved by cooling with air instead of
water. This can be done with a bypass air cooling system which allows cooling air to v
flow through or around each cell, regulated by a damper under passive control. Use /‘
of a single blower with improved air distribution for larger modules will reduce para-
sitic power requirements further. '

These and additional improvements should establish this system as an efficient,
economical power source for future domestic and ground-based military applications.
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Fig. 4 Fuel Cell System — End View
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Fig. 7 Fuel Cell Sysiem
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INTRODUCTION

Monsanto Research Corporation has constructed portable hydrazine-
air fuel cells in 60, 300, and 500 watt sizes. The 60-watt units are
for the Electronic Command at Fort Monmouth and the 300-watt units for
the Army Corps of Engineers at Fort Belvoir. )

Hydrazine-air is the electro-chemical .energy source chosen for this
power range because. it can be engineered into reliable, quiet, and
simple systems with high watt-hours per pound of over-all weight. This
paper presents a number of design considerations in construction of
these fuel cells. The basic design of all the units is the same.

Two design questions had to be answered at the outset: first,
what is the best combination of components in the single cell to give
the desired electrical performance; and, second, how can this cell be
packaged to give. a battery with optimum characteristics°

THE HYDRAZINE-AIR COUPLE

The single cell that we have chosen operates on 5M KOH 1in which 0.5
to 1.5 M NpH, is dissolved as the fuel, The anode 1is a Pd-catalyzed
nickel plaque. The separator is asbestos, and the proprietary cathode
is a thin, waterproof porous membrane.

The initial performance of a typical cell and its performance after

* 1000 hours of operation are shown in Figure 1,

The initial performance curve 1s fairly flat. dropping about 0.1
volt between 10 and 100 ASF, With aging, the voltage drop-off becomes’
greater, amounting to approximately 0.15 volt between 10 and 100 ASF
at 1000 hours. The design operating point for the 60-watt unit is
0.78 volt at 60 ASF. It may be noted that a considerable safety factor

.. has been included in the design performance, The coulombic efficiency

at the design point 1s better than 90%.

The data shown are for operation with four times the stoichiometric
amount of air.. However, no-adverse affects have been noted on operating
between two times and sixteen times the stoichlometric amount of air.
The cells have been operated on pure air containing no CO, and on un-

_scrubbed laboratory air. There appears to be no difference in perform-
‘ance or life. The air is essentially at atmospheric pressure.
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Hydrazine concentration is not critical. Good performance is ob-
tained between 0.5 and 1.5M.

Increasing the operating temperature to 194°F gives only slight
improvement in performance and shortens the cell 1ife to approximately

200 hours. Decreasing the cell temperature below 140°F leads to some
drop-off in performance with no appreciable increase in cell 1life.

OVERALL DESIGN OF THE UNIT

After a satisfactory hydrazine air couple had been obtained, the
second major task was to incorporate 1t in a functional hardware
system, The system had to (1) maintain heat and mass balance and
(2) furnish a regulated voltage output. The schematic of the system
is shown in Figure 2.

The electrolyte, which, as stated earlier, is.5M KOH containing
from 0,5 to 1.5 M N,H, 1s pumped into the fuel cell module where the
N,H, reacts with hydroxyl ions to give nitrogen, water, and electrons.
The mixture then goes to the separator where the nitrogen is removed
and eventually vented. Although the N;H, concentration is not critical
it is maintained approximately constant by a hydrazine concentration
sensor which actuates a solenoid valve allowing hydrazine to flow

from its tank into the electrolyte,. 4
The chemical air, which is the air used to oxidize the hydrazine, ﬂ

is furnished by a fan. Since the air electrode operates at atmospheric g
|

pressure, only sufficient pressure (several tenths of an inch of water)
is needed to force the air through the module and maintain approximately
even flow distribution zmong the various cells,

MASS BALANCE CONTROL

Optimum life and performance characteristics of MRC hydrazine fuel
cells are realized when they are operated with potassium hydroxide
electrolyte maintained at 3 to 5 molar concentration. A mass balance
control system achieving this degree of control consists of an electronic
level detector geometrically located in the electrolyte tank so as to
be insensitive to the attitude of the tank, a speed-controlled chemical
air blower; and an electronic circuit to drive the blower providing
stoichiometric air flow ratios of approximately 2.5 at no load parasitic
conditions, to 3.5 at rated load output. In all modes of operation and
environment, control of the stoichiometric air flow ratio is such as to
produce an anolyte dilution condition. As the anolyte dilution level
increases in the reservoir tank, the level detector causes a signal to
be produced. This signal is transmitted through a control circuit to )

Sl T S
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the chemical air blower, causing increased blower speed and delivery
rate, regardless of load level, thus affording increased evaporative
capacity and causing a mass removal condition to prevail. The maximum
air blower capacity necessary to provide drying conditions at all
specified environmental air conditions 1s about 10 times stoichiometric.
This blower rate will prevall when the level detector 1is completely
covered. As the liguid 1level in the anolyte reservolr decreases, the ;
level detector will be uncovered and the override signal will be re-
moved, causing the chemical air blower to revert to a normal mode of
delivery, i.e., between 2.5 and 3.5 times stoichiometric from "no load” .
to rated output. :

In actual operation it has been found that such a system will hu?t,
causing anolyte level regulation and thus concentration control to exist
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within a tight band of approximately + 0.25 molar. Mass balance con-
trol- systems employing the above-mentIoned techniques have been quite
successfully operated., Typically, a 300-watt unit was operated under
various loads ranging from zero load to 400 watts .for a period of
approximately 75 hours with an electrolyte molarity variation of only

*+ 0.3 molar. It is anticipated that the incorporation of this type of
mass balance control in conjunction with Monsanto Research Corporation
electrodes will permit operation for 250 to 300 hours on a single charge
of electrolyte, .

HEAT CONTROL

Heat 1s removed from the hydrazine fuel cell system mainly through
(1) the air-cooled heat exchanger, (2) evaporation of water in the stack
at the air cathode, (3) evaporation of water by the nitrogen produced
by oxidation of N,H4, and (4) warming of reaction air in passing through
the stack. The incorporation of a mass balance system dependent on
control reaction air flow rates permits the utilization of a basically
simple single-temperature heat removal system. Such a system having

.adequate heat removal capacity consists of an air-to-anolyte heat ex-

changer with suitable blower and thermostat controls. Positive control
of electrolyte temperature and thus of cell and stack operating tem-
peratures are maintained at approximately 135°F regardless of mass
balance considerations. For operation at low ambient temperatures a
thermostatically controlled immersion heater 1is. incorporated within the
electrolyte tank to permit fast start up.

FUEL CONTROL

Since hydrazine is consumed not only to produce power but also by
a number of parasitic processes, it is desirable to have a means of
directly sensing and controlling hydrazine concentration. 1In our case
this has been accomplished by use of & diffusion controlled sensor.

Concentration determination by hydrazine diffusion limitation
depends upon the difference in voltage levels required for the elec-
trolysis of NyH, and H,O0. It 1is well known that the electro-chemical
dissociation of hydrazine into hydrogen and nitrogen occurs, even at
high current densities, at well below 1 volt, while dissociation of
water occurs at considerable above 1.23 volts., This voltage difference
is put to use in the operation of a fuel feed control and detection
system. It has been found that the shift from hydrazine electrolysis
(hydrogen and nitrogen production) to water electrolysis (hydrogen and
oxygen production) occurs virtually instantaneously at a.current
density corresponding to.the concentration of hydrazine in solution.

A typical curve 1illustrating this fact 1is shown in Figure 3, This
then permits a current density to beée selected that corresponds to a
specific hydrazine concentration. When the concentration-falls below
this value, the voltage will shift upward to support the water elec-
trolysis; as the solution becomes enriched due to fuel addition, the
voltage falls sharply. There is, in effect, a "forbidden" voltage
region that 1s never reached. Thus, a convenlent signal 1s developed
at each current density to trigger the fuel feeding mechanisms.
Mechanization of this system is straightforward. It consists of a
detector element inserted at the discharge side of the anolyte pump;

a controller consisting of a constant current power supply, detector
signal amplification, output signal gate control; and a solenoid valve
employed to control on-off introduction of fuel. Gain control of this
system is conveniently provided by "On" time control of the solenoid,
pulse repetition frequency imposed on the concentration detector, and
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signal level imposed on the concentration detector. Excellent fuel
utilization efficiencies have been obtained employing this system.

As an example, a 60-watt fuel cell operated at 85 ASF yielded 311
watt-hours per pound of fuel while producing 60-watts of useful out-
put when a load-sensing fuel feed control was employed. The identical
unit operated with a concentration detectilon fuel feed system at
approximately 0.7 molar hydrazine for the same load yielded 410 watt-
hours per pound of fuel. Pigure U4 depicts the control of hydrazine
concentration actually achieved on a 300-watt system.

VOLTAGE CONTROL

Four types of voltage regulators were considered: (1) the cell
tapping relay, (2) the shunt type, (3) the dc-ac-dc type, and the series
type. At the present state of the art, the optimum choice appeared to
be the seriles type.

A functional diagram of the regulator is shown in Figure 5.

The output voltage of the serieés transistor switches are monitored
with the voltage detector. When this voltage exceeds a pre-set limit,
the detector, through a converter circuit, will in effect cause the
series transistor to operate at a higher resistance.

PHYSICAL AND OPERATING CHARACTERISTICS

A picture of the present 60-watt unit is shown in Figure 6. Its
specifications are given in Table I,

CONCLUSIONS

Utilizing the hydrazine-air electrochemical couple and employing
system design techniques as enumerated above, rugged, reliable, high
watt-hour-per-pound fuel cell power supbplies can be produced for
military applications.
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Table I

CHARACTERISTICS OF 60 WATT
EXPLORATORY MODEL

Weight ( + fuel + electrolyte) 14.5 1bs.

Volume ' 0.35 ft3

Power Output 60 watts .
 Operating Life | 450 hrs.

-Voltage Regulation (28v, 14y, 7V) + 10%

Watt-hr/Fuel .Charge . 390

Fuel Charge 1.15 1bs

Low Temp. Start ’ A+14°F

High Temp. Run S i + 115°F
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A LIQUID HYDROCARBON FUEL CELL BATTERY
éQiﬂ, Okrent and C.;El Heath

Esso(Reséafch‘and Enéinéering Company
Linden, New Jersey

Introduction

Several types of fuel cell systems are currently under study-to meet the
wide range of anticipated power, weight and-duty cycle requirements. However, com-
mercial (non-military) fuel cell power systems will ultimately have to consume the
more economical hydrocarbon fuels in -order to compete with ‘existing. power systems.
This can be accomplished in a number of'ways. The hydrocarbon fuel can be fed
directly to the fuel cell or it can be converted by reforming or.partial oxidation
to hydrogen for subsequent electrochemical oxidation. Direct hydrocarbon-air systems
are generally simpler but they require acidic carbon.dioxide rejecting electrolytes,
thus necessitating acid resistant (noble metal) catalysts. Indirect systems can in
principle use non-noble catalysts at the expense of system complexity, and in. the
casc of the reformer-air system an expensive palladium diffusor is required.

The development of ‘a direct liquid hydrocarbon-air fuel cell battery is
being actively pursued in our laboratory. Liquid hydrocarbon fuels are particularly
suitable because they are ‘inexpensive, readily .available materials with no trans--
portation.or handling problems. Furthermore, operation with .liquid fuels results in
a simplified carbon dioxide separation problem with no heat duty for hydrocarbon
vaporization. Unfortunately, 'the.electrochemical reactivity is inherently lower for
liquid hydrocarbons 'relative to.that of propane''’ or butane(2 . As a result,
hlghly active electrode structures. are requlred. c (N

' . -

The development of h1gh performance‘anodes (1964 65) and active cathodes

- has provided a. tool. for. the evaluation of the engineering feasibility of direct

hydrocarbon-air: fuel: cell batteries. .This is particularly important since these
active anodes- all exhibit: fuel transport - into the interelectrode space. Fuel trans-
port and carbon dioxide rejection in the interelectrode space could dictate system
desxgn and operatlon crlterla. .

. o A : .

Consequently, a 11qu1d hydrocarbon (decane) ‘air fuel cell system was de-
veloped to assess program assumptions (interface maintaining electrodes, thermal
cycling damage,: 150°C operation, etc) and illustrate potential obstacles to the use
of- these novel electrodes 'in high power density batteries'. - Liquid decane was
selected as the representative -fuel: because it is typical of a commercial saturated
hydrocarbon fuel. Major- emphasis was placed on examining the electrolyte space,
flow. and venting required .to prevent:decane .transport to the cathode. This.fuel
transport presents a potential 'explosion hazard .and can.result in cathode poisoning.
In addition, a fuel recovery scheme is required to maintain coulombic efficiency.
The five cell assembly to be discussed was intended as a research tool. Therefore,
no attempt was made to size or package the system into a compact low weight-assembly.
Rather ease of control and mod1f1cat10n were the key con51derat10n.
Influence of Electrode .
Structure on Cell-Design - S - et T
. t R o . R v e s . ¢

-Electrode preparation variables can. have.a profound affect on cell design,
Aside from their obvious role in cell output, the extent to which the control and
maintain the interface between reactant :streams (fuel-electrolyte, electrolyte-air)



is especially important to cell design since at the temperatures (150 to 250°C) re-
quired for effective hydrocarbon oxidation auxiliary interface control materials
(membranes, matrxces**etc)xarelalmost non- ex15tant Thus, an effective hydrocarbon

or‘air éleéctfode!for thilscsystem must. perform a disl fﬂ?ctfrﬂre°1t1:”st establish .

m

l1ar
and control the reactant<catalysts elec rolxgesthree phase r{gficagenttisidenthe ielec-
~ )
trode whlle malntarnlng\bulkvseparatlon ofatlhle,resgtat uandaelectrolyte phdsesatonn
nha
pr 'ent gross"leakage -zatalvst-clectrolyte e u??tlon 1t must establish
i T e N Ccaiion o b < pna‘ ¢ contact inside ths el
Vo L e o o * A Lt ne. veactap r N <. = s
Anode' Structure. . t and electroiyte pu.ses to

.. ' .WHhen_porous sintered platinum-Teflon gas electrodes are used in liquid
hydrocarbon cells their performance is quite poor, despite the fact that they give
51gn1f1cant dctivity  on.tvaporized,fuel, of ithe, same carbon number. Research with

‘l'iquid decdane -inditcated thatvprogreSSLVe fuel)floodfﬁé‘%aéiresponSLble'fof‘thfa
poor ‘liquid hydrocarben performancetdy) »f Furthernore e, heféuﬁd tifat this pnoblem

could bé elimidated ‘by altering thetplatlnum-Teflon dlspersionftechniques-and h
changlng sintering conditionsito. re- establlsh the deSLred wetprooflng feThis iis
illustrated in Figure 1. U51nthheseJtechn1ques excellent llquﬂd Hydto¢atbonrelecs

_trodes ‘can be’prepared: LnEarlyostructure;;f t?hﬁoéréé:aﬁ lf“mitlnglcurrents in ex-
cell of 140 ma/cm?'with 150%€;liquid decane.,glnaaadltlov’ef"'thernperformance im-
provemehts could be- obtained- by~1ncorporat1ngk L%r%uéel'flbﬁ““ba ier’ioncithe] fuel
side of the electrodel This improved, performancevgguid\P

no tIBe"TtrLbuted*tola £low
restriction phenomena,-since it:was- found to be 1hd%p 0 ent”h?‘b%r”rer”thickness
between 3 and 350'mils. 1However, it doesmappeg 1 ojpe*%l&Pio‘Qﬂca il'lary €fifect.l
which controls the rate of release of, the lxqurdﬂfue 'fog%he-adﬂfve”electrode surface.
This effect is not fully understood.,nUnfortunatelf?'fhey' e Cive ‘gtrudtutes: sshow a
slgnlflcant ‘amount of fuel . tnansport through the pores of the hydrophbblc €lectrode.
This phenomenad was ‘first repor'téd by. Shropshlre, et al(3) i “1965 %drid ‘attributed cto
either internal gasification(boiling) the hydrophobic At xS orLdefu91vecﬁlow
(atmolysrs) akin to ‘that observed with' gaseousfreactants. €Thfsrdlffusivelflow was
discussed by Katan and* Allen(4)- - Tt appears ‘that®ar combinatlon:of “Both ' thieseceffects
are responsxble for the liquid fuel! transport observed ~Recent “studies’ indicate

that fuel transport rate is Lndepende‘. of“electrode act1v1ty'(foruthe active:systems)
thus suggesting ‘that ‘the ‘transport rates ¢an be reduced wh e stlrl’retalnlng good,

activity. 'Houeyer, efforts to reduce the atmolysis rate have not ‘met with-.success

as yet. Covites e Jecucnd PO atene
i oo ST A"'» : v ! oot R
Ponllcee s
Tests in small (10 cm2) total cells indicated that electrode checking and -
cracking occurred after repeated thermal cyc11ng of the electr . In addition’y

anode barrier separation was found’ to reduce ‘electtode aCthLC%“by a factorrof two.
Both these def1c1enc1es were corrected by”lamrnatlng ‘a 3E '11 fuey“barrierumo the
preformed anode structure to produce dn 1nteér ﬁt‘q ctrode
in Frgure 1, the 1am1nated electrode gave‘“

5

structure was selected as the ‘'standard for the [ 1ttc 11 s sembly. Current struc-

tures attaln 200 ma/cm2 at 0. &5 volt 'bolari¥ed With' Iimiting’ ‘currents of up toL ateo
300 ma/cm : " Loy toe mul

itedrdi dssembiv. durre

ot Lt } Voo poeroaed wd ot Timitiag \""“"vs af up to

Cathode Structure

s

Oreratlon in intermediate (150-250°C) temperature electrolytes imposes
more strlngent cathode structure requrrements than normally encountered in low
temperature fuel cells. Cathodes desrgned for ‘Cht's serv1ce must malntaln p051t1ve
Lnterface control after repeated temperature cycl‘“g'due to Start- up and shut down
sequences. ThlS is especrally 1mportant 1n "the' 11 uid hydrocarbon a1r fuel cell

s ove 1 UL O
systems slnce oxygen transport into the electrolyte épace cannpt1be tolerated in view
fe] O ALe -
of the 51gn1f1cant decane transport prev10usly didﬁﬂsé ghroedrponnat. E A
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Preliminary experiments indicated that a thin porous Teflon film (10
micron pores) applied to the air side of the cathode could provide the required
interface control without loss in electrode performance. However, oxygen trans-
port was observed with a commercial porous ‘Teflon laminated electrode structure.
Consequently, tests were conducted to determine thé effect of cladding pore di-
ameter on cathode performance and oxygen transport using Teflon films with pores
ranging from 5 to 100 microns. This study indicated that pore diameter is an im-
portant parameter. Optimum oxygen and air performance was obtained when ten micron
pore’ Teflon films were laminated to the cathode, and no oxygen transport was ob-
served at this pore diameter.

As 'a result of these studies, three potential cathode systems have been
developed for the hydrocarbon-air total cell system. These include a (1) 50 mg Pt/cm
sintered platinum Teflon electrode laminated to a 3.5 mil (10 micron pore) porous
Teflon film, (similar to the anode structure) (2) a 10 mg Pt/cm2 Cyanamid AA-1 elec-
trode bonded to a porous Teflon film and (3) a 2.5 mg Pt/cm? sintered carbon Teflon
structure. The air performance of these potential candidate systems are summarized
in Figure 2. As expected, the cathode with the highest platinum loading gave the
‘best performance. However, a five-fold reduction in catalyst loading was obtained
with the bonded Cyanamid AA-1 electrode at the expense of only 70 mv debit. The
carbon cathode was rejected because of its rather poor open circuit and load reponse
and its high decane sensitivity.

Maintenance of cathode integrity has found to be the key to successful
total cell operation. Therefore, a series of single and niulticell tests were con-
ducted varying cathode configuration while holding the anode configuration fixed.
These tests used a 10 cm? (1.5 inch diameter) cell to eliminate scale-up problems
and minimize hydrocarbon hold-up in the event of cathode failures. Analysis of
t these data indicates that the initial performance of both the clad Cyanamid AA-1
\

=

electrode and the laminated sintered platinum-Teflon studies are quite comparable
despite the five-fold variation in platinum content. The average cell performance

A obtained in these single and multicell tests are shown in Figure 3. The five

/ assemblies tested fell essentially on a single curve with an average peak power

| capability of 17 mw/cm? on oxygen and 14 mw/cm? on air. However, the best three cell
l stack gave 21 mw/cm? on oxygen and 17 mw/cm® on air. This compares quite well with

1

performance projections based on half cell measurements (22 and 19 mw/cm? on oxygen
and air respectively including cell resistance loss). Thus, both these electrodes
\ would be suitable for total cell systems. However, the Cyanamid AA-1 structure was
! found to be quite sensitive to decane ''poisoning' which could occur in the event of
system upsets. The 10 cmZ cell was particularly sensitive to this because of in-
adequate venting and decane residence space. In fact, this decane sensitivity in-
creased with decreasing platinum loading; the 2.5 mg Pt/cmZ carbon electrode was the
most sensitive and the 50 mg Pt/cm? laminated cathode least sensitive. Consequently,
the 50 mg/cm2 laminated cathode was selected for use in the final 4" x 4" five.cell
assembly to minimize performance losses resulting from control system upsets.

P

Liquid Decane-Air System Description

Liquid hydrocarbon (decane) transport through the cathode cannot be ignored
in cell design especially when oxygen or air transport through the cathode structure
is even a remote possibility. Impingement of 1iquid hydrocarbon on the active cathode
could result in a severe performance debit and if oxygen atmolysis occurs, and deto-
nation is possible. 1In addition, the combined effect of fuel transport and carbon
dioxide rejection in the interelectrode space can result in excessive cell internal
; resistance losses if adequate residence and venting space is not provided. The liquid
' decane-air five cell battery was expressly designed to mitigate some of these problems
N even at the expense of some stack power output.

. _j,/‘fv\ﬁi“—ulx
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A schematic of the 4" x 4" unit cell (80 cm? effective area) used in this
battery is shown in Figure 4. It consists of three chambers, a central electrolyte
chamber inserted between the fuel C) and the air C) chambers. The cell
separator (5 also serves as an electrode support partition to maintain a small inter-
ference fit to insure good electrical contact between the electrode and the current
collector, Air is fed to the top of the cathode chamber and exhausted at the bottom,
removing product water. Liquid decane is pumped in at the bottom of the fuel chamber--
it then percolates through the porous Teflon barrier to the anode where part of the
fuel is consumed electrochemically and the remainder is transported into the elec-
trolyte space. Phosphoric acid (14.7 M) electrolyte is also fed from entry ports at
the bottom of the cell. The electrolyte level is controlled by an exit weir located
well above the active electrode zone. This provides a -decane residence space above
the electrodes to prevent cathode contact. The electrolyte flow rate and chamber
thickness were selected to sweep the transported fuel from the cell without cathode
contact. The fuel and electrolyte are separated in the electrolyte tank (using over-
flow weirs) and the recovered fuel is percolated through a silica gel celumn prior to
its return to the fuel tank for re-use. This is illustrated in a simplified system
flow diagram, Figure 5. In addition, both fuel and electrolyte chambers are fitted
with gas vent chambers to facilitate carbon dioxide rejection. As a safety precaution
a nitrogen purge is supplied to these vents when operating with oxygen at the cathode.

Figure 6 shows the individual components of the unit cell. The plastic
frame sections were fabricated from a low distortioun silica filled Teflon due to
creep and thermal stress problems encountered with urifilled Teflon in small cell
tests. The individual cell frames serve to form the various inlet, vent and ex-
haust manifolds for all the reactant streams. The electrolyte chamber thickness
was set at 110 mils to insure that the 3 cm3/min/cell electrolyte flow could sweep
the transported decane into the decane residence spacé before it contacted the cathode.
The decane residence-vent space and exit weir (shown in the back view of the elec-
trolyte chamber) was also provided to help control the decane inventory. The result-
ing unit cell requires 0.45 inches. However, a 0.25 inch cell could be developed for
use in high power systems. The assembled five cell battery illustrated in Figure 7
is series connected using external current collection bus bars on both sides of the
collector to reduce ''bus bar" resistance losses in the cell current collector. This
series arrangement minimizes the effect of short time voltage oscillations encountered
with liquid hydrocarbon fuels at high current densities. These oscillations can be
quite large (up to 0.4 volts/cell) depending on electrode structure, start-up
history and current density. The overall dimensions of the stack are 6-1/4" x
6~3/4" x 4-1/2" including end plates and Belville spring closure (five cells require
only 2-1/4 inches) required as a result of differential expansion on start-up and
shut-down. Older closures failed to maintain stack integrity for more than one start-
up shut-down cycle. )

Fuel Cell System Evaluation

The liquid decane-air fuel cell battery described in the preceding section
was used to determine if there is any engineering obstacle to the development of a
direct liquid decane-air fuel cell battery. Towards this end, tests were conducted
to study the effects of system scale-up on cell operation and electrode life. Three
individual assemblies were prepared, two were used in our laboratory for systems
studies, while the third was delivered to U.S.A. Electronics Command (Fort Monmouth)
as a battery demonstrator.

The initial performance obtained with assemblies 1 and 3 are summarized in
Figure 8. Average values were used since only three assemblies were prepared and
fabricated repeatability could not be established. The oxygen performance was in
fairly good agreement with the results obtained in the 1.5 inch diameter cell,
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although a 200 mv (40 mv/cell) debit was observed at 5 amps. A similar response was
noted on air, however, 3.5 amps was the maximum current possible without .dropping
below 0.2 volts/cell (a safety cut-off point). This poor air performance is probably
due to some decane transport across the electrolyte chamber to the cathode since in
the initial tests (Assembly 1) the performance of the individual cells proved to be
sensitive to electrolyte flow distribution. This was subsequently corrected by open-
ing an electrolyte balance pressure line to both end plate electrolyte distribution
manifolds. Despite this loss the second (#3) five cell assembly produced 6 watts on
oxygen and 3.5 to 3.7 watts on air.

Next the use of wide boiling range fuels was briefly examined to assess
problems introduced by a realistic fuel . A special low sulfur isoparaffinic turbo-
fuel (OTF-90, boiling range 195-290°C) was silica gel percolated and fed to the cell
through the normal fuel feed system. The results shown in Figure 9 indicate a three-
fold reduction in power capability with this isoparafinic fuel. 1Inspection of the
operating system indicated that this was due to increased fuel transport'through the
anode with a resultant increased cathode debit. 1Indeed, significant quantities of
fuel were recovered from the exit air stream. However, no performance loss-was noted
upon returning to the n-decane fuel. Therefore, it appears that a reduction in fuel
transport should also improve performance on wide boiling range isoparaffinic fuels.

The decane-air performance history of assembly 3 is summarized in Figure 10,
which is a plot of stack power (at 1-1.5 amps) versus time at 150°C (~v 40% of this
under load). Notice that stack power drops markedly during the first 100 hours and
then tends to stabilize at about 50% of its original value. As indicated in the
figure, the battery was shut down three times during this program to assess the
affect of thermal expansion damage on cathode performance. After the second shut-
down, cathode leakage was noted which became worse after the 400 hour shut down. Thus,
it appears that hydrocarbon-air batteries will have to remain at their operating
temperature during their service life. :

At 400 hours, some petroleum derived decane (containing alkyl aromatics)
was inadvertently fed to the stack. Operation on this contaminated fuel resulted in
an immediate performance loss which was not fully recovered at 560 hours when the
test was terminated. This is in direct contrast to the reversible response observed
with the OTF-90 fuel. A further indication that the poor performance of the wide
boiling range fuel was not due to anode poisoning. From the foregoing, it appears
that operation with commercial fuels is not a significant problem per se. However,
some fuel purification will be requlred to remove sulfur, surfactants, and alkyl
aromatics.

Conclusions

The development of this five cell direct liquid decane-air battery has
demonstrated that operation with fuel transport is feasible. However, decane trans-
port to the cathode can impair cell performance if the electrolyte chamber does not
contain adequate decane résidence and vent space. In addition, a fuel recovery
system is required to maintain coulombic efficiency. Despite these problems, the five
cell stack was capable of delivering 6 watts on decane-oxygen and 3.7 watts on decane
air feeds. However, improved electrode structures are required since significant
performance losses were noted in extended tests. These can amount to up to 507% ‘of
the initial performance especially if numerous cold shut downs are required.

Tests with a wide boiling commercial fuel (OTF-90) indicates that these
fuels would present nc new engineering problems, but performance is impaired due to
increased fuel transport which results in an increased cathode debit. In additionm,
some fuel purification will be required to remove potential catalyst poisons; this

“problem is currently under study.
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Thus, this study has established that there do. not appear to be any
engineering obstacles to the development of a high power’density driect liquid- hydro--
carbon-air fuel cell battery. Unfortunately, only platinum electrodes have shown '
suitable electrochemical activity .and the quantities required preclude any extensive '
commercial applications. Thus, a direct liquid hydrocarbon-air fuel cell battefy i
feasible provided that the noble metal catalyst requirements can be substantially re-
duced through improved utilization or replacement with non-noble systems. Work in
both these areas appears quite promising and ten-fold improvemerits: in platinum utiliza-
tion have already been demonstrated with experimental electrodes 1nd1cat1ng that
further improvements may be possible.
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-Figure 1
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Figure 3
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Figure 5

Simplified Decane Air Fuel Cell Battery Schematic
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Figure 7
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Figure 9.

Effect of Wide Boiling Range Fuel
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SMALL SIZE LIQUID FUEL AIR AND ZINC AIR PRIMARY CELLS
W, Vielstich and U. Vogel

Institut fUr Physikalische Chemie der Universitédt Bonn

Introduction

A special feature of iiquid fuels is the hign A-h-capacity per
unit volume and per unit weight. As an exemple one has 5,000 A~h
per liter methanol and a capacity as high as 1,000 A~h per liter
in a 6.2 & methanol solution, This compact form of stored energy
offers the possibility to use such liquid.fuels not oniy in con-
tinuouly operating fuel cells but in primary type cells also., Con-
venient 1s the practice to combine a fuel electrode with a hydro-~
phobic air electrode operating at ambient temperature and pressu-~
re, The A-h-capacity of such a cell is given by the volume of the
added fuel electrolyte mixture. In opposite to commercial primary
cells liquid fuel air cells can be reactivated after discharge by
renewing the fuel electrolyvte mixture (1, 2).

Cells of this type have already been constructed and field tested
for several practical applications. 60 i methanol air batteries

have been used to pover flashing bouys. ¥ith 400 liters fuel elec=-

trolyte mixture a signal device was sucessfully operated for more
than one year (2). Another 40 W battery has been used in actual
service to power a TV relay station in Switzerland. This station
was positioned in 7.00C ft. altitude where the outside temperatu-
re dropped below ~ 22°F during winter time. At these extreme wor-
king conditions also the rated 40 W could be obtained because of
the selected methanol/formate fuel mixture (3, 4, 5).

For the above mentioned applications current densities of several
mA/cm2 are feasable. In the meantime, the performance of the hy-
drophobiec carbon diffusion electrode used so far has been in- '
creased by more than one order of magnitude in current density.
With this new air electrode an extended field of application was
discovered. Small cells, e.g. in form of a D-size cell, can now
be constructed on the basis of methanol/air or formate/air. In
comparison to commercial cells these new electrical power sources
have a higher A-h-rate and can be recharged several times. In the
following a description of these cells and experimental data are
given., Possible low power applications, especially for transisto-
rized equipment are discussed.

Cell Construction

The basic construction scheme of a liquid fuel air cell is shown
in fig. 1. The D-size cell has a metal housing (stainless steel).
The fuel electrode is pressed against the wall of the housing by
a perforated nickel screen. The fuel electrode consists of a_sin-
tered nickel foil with a platinum metal catalysts. 1-5 mg/cm

are electro-plated from a standard commercial solution of pla-
tinum/palladium. The noble metals are deposited in a ratio tof
Pd:Pt = 4:1 up to 9:1 (compare ref. 5). The carbon oxygen elec-—
trode is fixed in the cap of the cell. The carbon rod has a
channel in the center to favour the oxygen diffusion to and the
nitrogen transfer from the reaction zone. The active carbon
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material is bounded by polyethylen which serves as hydrophobic
agent also. The content of polyethylen ranges from 10 to 20 %,
depending on the character of the solution, e.g. content of
methanol. A silver plated nickel grid around the carbon rod
serves as current collector. The electrical connections are
given by the spring contact on the plastic cap (positive pole)
and the metal housing (negative pole).

The cell can be filled with 20 - 24 cm3 fuel electrolyte mix~
ture through two openings in the cap. The A-h-capacity of the
cell depends on the fuel concentration and on the fuel mixture
useds: 7.5 M KOH + 5 M formate .e.e.0 5.5 = 645 A=h

9 MKOH + 4 M methanol ..... 13 - 15,5 A-h

- In the alkaline electrolyte, methanol and formate are both con-

verted completely to carbonate ions. In the reaction with metha-
nol 2 OH" ions are consumed and 6 electrons are delivered per
molecule. In the case of formate only one OH  ion is used for

the conversion and two electrons are delivered,

Por a D-size dry cell ampere-hour values of about 3 are obtained
at low current densities. We have also built cells with a
plastic housing. In this construction the negative pole is
situated at the bottom of the housing. Fig. 2 shows two types-
of the D-size alcohol/air element and a plastic spare tube for
refill, ' ‘

The principle of a free liquid-electrolyte and a carbon air
ditffusion electrode can be used in combination with a consumable
metal electrode as negative pole also. The liquid fuel and the
fuel ‘electrode than are replaced by a zinc or cadmium anode

(in form of a foil or a powder). Such a metal air cell has the’
advantage of a higher operating voltage (1.0 to 1.2 volts). '
Current loads of 100 - 300 mA easily can be obtained. The A-h-
capacity depends to a large extent on the -concentration and on
the volume of the electrolyte. To avoid heavy corrosion effects
at the anode Zn0 has to be added to the electrolyte of the zinc
air cells. In opposite to commercial dry cells such a zinc air
cell can be reused. This can be done by renewing the electrolyte.
The number of cycles is determined by the weight of the zinc
electrode and the current efficiency. o ‘ :

Experimental Results. ‘ o :
In fig. 3 the discharge curves of formate and zinc/air cells

are compared with that of a commercial dry cell. In the first
part of the curve the dry cell shows a relatively high operating
voltage. But the output is decreasing almost linearly with time.
By the use of zinc and formate eir cells very constant terminal
voltages are obtained over the whole discharge period. Forther-
more the A-h-capacity of the new air cells obviously exceeds that
of the dry cell,weight and volume being almoast the same. '

At low temperatures (=~ 15°C) a emall decrease 1n performance
only is observed for all cells investigated (fig. 4). The cells
with liquid electrolyte again show a much better voltage time
pehaviour. Current efficiencies of 90 - 97 % for formate and -
80 - 90 % for methanol have been obtained. The A-h-efficiency
depends of course on the load and on the temperature, - -
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Por some applications it is advisable to use methanol/formate
mixtures as it has been done in a battery set for signal
devices (3, 4, 5). Such a mixture offers a heavy load perfor-
mance (due to the added formate) combined with a big A-h-~
capacity (depending on the methanol content).

Discussion of Applications

The simple construction and the maintenance-free operation of
Jiquid fuel air cells clearly suggest a similar field of
application as in the case of dry cells., The features of the
new battery are: easy reactivation, constant discharge voltage,
unlimited storage, and high A-h-capacity. Therefore, many
applications are possible in spite of the relatively low ter-
minal voltage.

The operating voltage can be increased by use of an DC-DC-
converter. By suitable adjustment of the converter elements it
is possible to operate even with input voltages of 0.5 -

0.7 volts. YWe have built DC-DC-converters of 0.6 to 6 volts
with current outputs of 10 - 30 mA which have more than 60 %
efficiency. The converter can be placed in the battery housing,
e.g. in the cap. Weight and volume of a power set are dimini-
shed by such a combination of primary cell and converter. In
some cases it will be advantageous 1o connect two cells in
series in order to obtain better converter efficiencies.

According to the specific qualities described the new power
source can find the following applications:

(1) portable transistor radios, tape recorders, walkie-
talkie-sets
(ii) equipments which require a constant discharge voltage,

e.g. electric clocks
(iii) everywhere, if an unlimited storage is required..
: In this case the cell could be stored without electro-
lyte.
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Fig, 1 Liquid fuel air cell cross section
(1) metal housing
(2) fuel electrode
perforated nickel screen
carbon air electrode
silver plated nickel grid
electrolyte
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Fig. 2 View of two liquid fuel air cells and of a D-size

dry cell
left: plastic housing,
right: metal housing 3

in front: plastic spare tube with 20 cm
fuel/electrolyte mixture
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REFORMED NATURAL GAS, ACID MATRIX
FUEL.CELL BATTERIES

D.Y.C. Ng and D. K. Fleming
Institute of Gas Technology

3424 South State Street
Chicago, Illinois 60616

INTRODUCTION

This paper is a condensed report on the first 4 years of the low-temperature
acid electrolyte fuel cell program sponsored at the Institute of Gas Technology by a
group of gas utilities. The purpose of the program is to develop an economical,
air-breathing fuel cell powered by natural gas.

Because methane is relatively unreactive electrochemically, this program
emphasized steam reforming of the natural gas to a hydrogen-rich fuel for the cell.
The fuel cell was adapted from the hydrogen-oxygen cell to make it operate on dilute
(and poisoning) reformed natural gas and air. Acid electrolyte was required because
it is compatible with the carbon dioxide that is present in the fuel.

The program was subdivided into three related technical categories:
1. Conditioning of the natural gas fuel
2. Electrode catalyst reduction and life evaluation

3. Fuel cell stack design and engineering

These technical areas are discussed below, along with another major point — overall
fuel cell cost.

HYDROGEN GENERATOR DEVELOPMENT

A novel three-stage process was developed for conversion of low-pressure
natural gas into a hydrogen-rich fuel suitable for use in acid fuel cells. The process
was translated into efficient, integrated, prototype hydrogen generators which pro-
duced a fuel containing less than 20 ppm of carbon monoxide. The process and
equipment has been described in detail in earlier papers.5’ 6

Development of the hydrogen generator has been temporarily suspended. Using
better anode catalysts, other investigators have successfully operated acid fuél cells
with feeds containing as much as 10% carbon momnoxide at 300°F with little poisoning
effect.? However, the hydrogen generation process will probably still be desirable
for the operation of fuel cells at the more moderate temperatures that minimize
corrosion and with electrodes that have a lower platinum content.

ELECTRODE EVALUATION

The primary goal of the program was the development of economical fuel cells
operating on reformed natural gas and air. The noble metal content of the electrode
was the primary cost in the acid fuel cell at the beginning of the program. Figure
1 presents the reduction of the noble metal content during the 4 years. At the
start of the program, available electrodes contained 80 mg Pt/sq cm — a catalyst
utilization of 250 troy oz/kw at obtainable power levels on hydrogen and oxygen. .
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At the end of 1966, utilization had improved to less than 1 troy oz/kw while
operating on reformed natural gas and air.

Amecrican Cyanamid Company's introduction of thin-screen electrodes at this
meeting in 19633 and its recent work on lower loading electrodes are apparent in
Figure 1. The intermediate performance improvements reflect better test cell
design, improved operating conditions, and higher power densities.

These electrodes have been long-lived. Figure 2 shows the lifetime of one of
our first immobilized phosphoric acid, capillary matrix cells operating at 90°C,
The performance of this cell was relatively constant if matrix deterioration is dis-
counted. Both electrodes in this test were American Cyanamid Type AA-1 contain-
ing 9 mg Pt/sq cm and operating at a 40 ma/sq cm current density.

Table 1 lists the lifetimes and performances of representative small-cell tests.
Reduced anode loadings do not cause appreciable power loss with 20-ppm carbon
monoxide in the dilute fuel, but the tolerance to higher carbon monoxide dosages is
not yet known. The reduced catalyst content at the cathode, however, does cause
a noticeable power reduction.

Some of the tests listed in Table 1 were short-term (3 months or less) because
the electrodes could not be recovered after dismantling the cell. Some of the low-
loading electrodes do not separate readily from deteriorated matrices.

Moisture management and matrix degradation were the two major problems
with the small-cell tests. The most common mode of failure for these small tests
was electrolyte leaching caused by insufficient moisture removal. With a good cell
design and temperature control, the moisture balance is more easily maintained.

The glass-fiber matrix is slowly attacked by phosphoric acid, changing to a
gel and losing its wet strength. The effect of replacing a deteriorated matrix is
evident in Figure 2. Several other matrix materials have been tested without sig-
nificant success. We see no clear solution to the matrix problem at the present
time.

BATTERY ENGINEERING

The third phase of the low-temperature fuel cell program was the engineering
and operation of multicell battery stacks. This section of the program involved the
study of heat and moisture management, proper distribution of dilute fuel and
oxidant, and other problems of battery operation. Studies with dual ion-exchange
membrane batteries were presented earlier.* These efforts were abandoned in
favor of immobilized electrolyte, capillary matrix batteries, which appear to hold
greater promise for ultimate cost reduction. However, the heat and moisture
balances are more critical with the matrix battery because of the reduced electrolyte
inventory.

Figure 1 includes a line for the catalyst reduction achieved with battery opera- '
tion. Because all stacks operated since 1964 contained American Cyanamid Type J
AA-1 electrodes (18 mg Pt/sq cm total), the improved catalyst utilization reflects :
improvements in power density only. The power densities cbtained were 48 w/sq ft /
with the membrane batteries, 73.2 w/sq ft with 0. 25-sq-ft matrix batteries, and
82.5 w/sq ft with larger matrix batteries, The electrode cost of the batteries lags
behind that of the test cells by approximately 1 to 1-1/2 years because of electrode
availability and the need for preliminary evaluation. The battery electrode costs /
will probably be similar to those of the present small-cell electrode costs when the
low-noble-metal-content electrodes are operated in multicell stacks.
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The basic matrix fuel cell unit is similar in all of the sizes tested in this
program. Figure 3 shows an exploded view of the cell design. The electrolyte is
absorbed in Whatman GF-82 glass-fiber paper that is 25 mils thick. The edges of |
this glass-fiber matrix are impregnated with Kel-F to minimize electrolyte leakage
through the exposed edges of the cell. The fuel compartment is enclosed by an
ethylene-propylene-terpolymer gasket and has interfaces at the anode, which is
adjacent tothe matrix, andat the bipolar plate, which it shares with the next cell,
Fuel flows into the cell firom manifold ports in the top edge and over the face of the
cell. Spent fuel is exhausted through a single outlet at the bottom. The cathode
compartment is' similar. {

Matrix cells of this construction are stacked into a battery. The bipolar plate
acts as a gas separator and an electrical connector between the adjacent cells. The
resulting battery is electrically connected in series. The overall size of a 0. 25-sq-
ft cell is 5.5x 9.6 x 0. 100 in. with a 4.7 x 7.7 in. active area. The larger cell
size is 12 x 13 x 0, 100 in. with a 9. 5-in. -square active area, Based on the maximum .
power obtained from the larger cells, exclusive of end platesand fittings, the unit
weight of the stack is about 15 lb/kw and the unit volume is about 0.18 cu ft/kw. At
design power levels of 55 w/sq ft, the specific weight and volume increase to 22 1b/kw
and 0.26 cu ft/kw. Figure 4 is a photograph of the components of a single cell.

The heat and moisture balances within the cell were studied by computer analysis.
Partial differential equations modeling the heat and mass flows were solved by the
finite difference technique. For the geometry and operating conditions used, the
calculations indicated that the gas flow required to remove the heat generated in the
cell was an order of magnitude greater than that required to remove the product
water, Therefore, the excess heat must be removed by a separate mechanism.

Ethylene glycol circulating through the hollow end plates of five-cell modules
cools the stack, as illustrated schematically in Figure 5. At 100 amp/sq ft current
density, the temperature variation from the center cell to the end cell of a module is
45°F. Based on published correlations for heat transfer in a fuel cell battery,! the
effective thermal conductivity in the direction of current flow is only about 0. 11 Btu/ ,
hr-ft-°F for this geometry. The tortuous path for heat removal probably causes the
low conductivity., Each cell in the module operates at the acid concentration which is i
equilibrium, at the individual cell temperature, with the gas flows.

u

i

Cell modules are connected electrically in series to produce the desired output.
Figure 6 illustrates a three-module 500-watt battery which was successfully operated ‘
near the end of the reporting period. The output of this battery was 7. 6 volts at 70
amp of gross current.

A typical polarization curve for a five-cell module is shown in Figure 7. The H
stack voltage at 100 amp/sq ft current density was 3, 3 volts or 0. 66 volt per cell.
The maximum power output of this stack was 243 watts at 90 amp (144 amp/sq ft). At
70-amp current, the maximum cell-to-cell deviation was 2. 5%, although the devia-
tion was greater at higher current densities. Maldistribution was evident at these 4
conditions, as indicated by the nonlinearity of Figure 7.

The flow distribution across the face of the cell was checked by assemblying a
dummy cell without electrodes. The matrix was soaked with lead acetate, the desired
flow rate was established, and a small quantity of hydrogen sulfide was injected into
the inlet line. The hydrogen sulfide reacts with the lead acetate until the hydrogen
sulfide is consumed, leaving a dark pattern which indicates the flow regime over the
face of the cell, . /

,

Gas distribution can also be determined by fuel utilization efficiency curves such .
as those shown in Figure 8. In this graph, the flow rate is expressed in multiples of
the stoichiometric fuel requirements. Figure 8 indicates that fuel utilizations greater
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than 50% may be expected from this cell design at higher current densities without
excessive penalty, However, the design should be improved to displace the knee
of these utilization curves closer to the stoichiometric fuel requirements.

FUEL CELL COSTS

The basic raw material costs of fuel cell batteries and test cells operated in
this program are tabulated below as a function of date. '

_ Table 2. BASIC MATERIAL COSTS OF IGT
LOW-TEMPERATURE FUEL CELLS AND BATTERIES

Jan. 1963*  March 1964 April 1965 March 19667  Dec. 1966°

Componﬁent ) ‘ — : 5 Tkw
Precious '
Metal : : R
(catalyst) 23, 000 2, 800 _ 1,520 775 80
‘Electrode ‘ . .
Screen 23,000 141 79 40 57
Bipolar o C v
Plates : 1, 140 ' 230 .28 - 65 - 93
Membranes 385 360 220 -- --
Gaskets, etc. . 53 - 50 28 10 14

%Original IEM battery, 18.7 w/sq ft with 72 g/sq ft electrodes on Pt gauze.
bImprdved IEM ba.ttery,', 20 w/sq ft with American Cyanamid AA-1 electrodes.

C13-ce:11, 0. 25-§q-ft IEM Bittéry' with American Cyanamid AA-1 electrodes at
35.5 w/sq ft. '

d5-ce11,_ 0. 25-sq-ft matrix battei‘y with American Cyanamid AA-1 electrodes at.
72 w/sq ft. ' L C .

e4-sq-in. matrix cell using an American Cyanamid BA-1/4 anode and BA-2C
cathode at 50 w/sq ft{estimated). ‘ :

Table 2 lists basic material costs only and does not include the value added by manu-
facture., The reduction in catalyst cost, in line with Figure 1, has been significant.
At the present state of development, the value of the other metallic components of
this cell is greater than that of the catalyst. If these subsidiary costs can be
reduced, the fuel cell should soon become an economic reality.

The fuel cell catalyst costs do not require further reduction. The range of
$100/kw is probably less than required for an economic fuel cell because .the
platinum catalyst is not destroyed in the cell operation. Since the catalyst values
may be recovered for a nominal charge (similar to current practice with petroleum
refinery catalysts), the platinum is essentially nondepreciable. In addition, the
platinum is a highly fluid asset and may be used as collateral for low-interest bonds.
Under gas industry economics, the annual costs for this catalyst should be about
7%. Figure 9 presents the annual charge, including platinum recovery, for several
electrode combinations. The assumption has been made that the peak power density
currently obtainable with these platinum loadings will be the future design basis.
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Figure 9 illustrates that the true annual cost of the catalyst is low and that
higher catalyst loadlngs may be poss1ble, depending on the overall economics of
the system.
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Figure 6. TEST STATION WITH 500-WATT MATRIX FUEL CELL BATTERY
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SIMPLIFIED FUEL CELL SYSTEMS FOR ARMY APPLICATIONS
G. R. Frysinger S

Power Sources Division
Electronic Components Laboratory
U.S. Army Electronics Command
Fort Monmouth, New Jersey 07703

ABSTRACT

Fuel cells using a variety of fuels and air as oxident have been built in techni-
cally feasible prototypes. Before they can gain acceptance for commercial or military
markets many refinements must be made to provide extended, low maintenance, customer
operation and to greatly reduce fabrication and materials costs. System redesign and
simplification to use a minimum of components to perform the minimum required functions
is the key to this objective. The Army has found use for those fuel cells which use
air and solid or liquid chemical forms of the active hydrogen fuel. Highly simplified
configurations of lithium hydride, hydrazine and hydrocarbon fueled fuel cells are
being developed. Use of batteries in hybrid battery-fuel cell systems and sensitive
fuel feed controllers have eliminated the need for costly and heavy electronic power
conditioning, has reduced the number of moving parts, and greatly reduced the size and
power required for special startup systems. The system "simplicity" of a 30 watt metal-
hydride-air, a 60 watt hydrazine-air and a 500 watt hydrocarbon-air system will be.
examined in detail.
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SOME PROBLEMS IN THE USE OF HYDROCARBONS
IN FUEL CELL POWER SYSTEMS

K.R. Williams and A.G. Dixon

"Shell" Research Ltd., Thornton Research Centre, P.0. Box 1, Chester, England

INTRODUCTION

Because of the difficulty of meking hydrocarbons react directly in low
temperature fuel cell systems, there is considerable interest in hydrocarbon-
reforming systems that produce hydrogen for fuel cell power plants. However, most
of the technology for the steam-reforming of hydrocarbons has been concerned with
large plants. for which the throughput of hydrogen has been measured in millions of
cubic feet per hour rather than.in the hundreds of cubic feet per hour which are of
more concern to the fuel cell power system designer  concerned with the production of
a few kilowatts of electrical power. This means that complexities in plant that
can be tolerated in & hydrogen-production plant intended for the chemical industry
are often quite unacceptable in a simple power unit that must be operated by
unskilled personnel. In constructing a fuel cell power system one has the
opportunity to modify the design of both the hydrocarbon-reformlng system and also
the fuel cell itself in order to achieve a satisfactory compromise between cost,
simplicity and reliability. The particular compromise arrived &t in any given
circumstance will depend considerably on the conditions under which the power system

"is called upon to operate. In this paper some of the variables at the disposal of
the designer will be considered and suggestlons made regardlng the most fruitful -
approaches to certain of the problems.

As far as the hydrocarbon-reforming unit is concerned, the most importent
factors facing the designer are the degree of purity of fuel that is acceptable to
the reforming unit and the degree of purity of hydrogen that is acceptable to the
fuel cell. Whereas most low temperature fuel cells made to date have used alkaline
electrolytes, those with acid electrolytes have received attention recently, and this
trend obviously has a strong influence on the purity of the gas required by the fuel
cell. Initially, low temperature fuel cells with alkaline electrolytes were -the
easier to develop and they reqplred pure hydrogen.. The advent of the palladlum/
silver diffuser capable of giving ultra-pure hydrogen from a source supplying impure
hydrogen encouraged the development of hydrogen generators suited to the limitations
of the alkaline fuel cell. However, it is now possible to contemplate the operatlon
of fuel cells vith acid electrolytes and a number of examples have been given in
recent years of electrodes that will ‘tolerate various impurities in the feed gas.
Use of this type of electrode is considered in this paper and the generation of
hydrogen is considered from both aspects, viz. that of producing an ultra-pure
product and that of producing a less pure one for use with the electrodes developed
more recently.

The first Section of this' paper will be concerned with some of the problems
encountered in the design of the hydrocarbon-reforming system ‘end the second section
will deal with electrodes for use on impure hydrogen.
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HYDROCARBON REFORMING SYSTEMS

In obtaining hydrogen from hydrocarbons one has the choice of using a
steam hydrocarbon-reforming reaction,

CoHoy 4 o+ 2,H,0 —> (30 + 1)H, + nCo, PO € D

an oxidative reaction,

(3n + 1)
Collog 4 o + == 0y —> nC0, + (n + 1DH,0 ceeea(2)

which is highly exothermic and is followed by

Cylloy, 4 o + 1H,0 —> 1nCO + (2n + 1)H2 eeeee(3)

CoHlop 4 o * 0CO, —> 2nCO + (n + 1)1{2 cenaa(l)

or a cracking reaction,

Ciy o —>C + (n + 1)}{2 ‘ eeeeo(5)

Generally speaking, a fuel cell power system will be developed because of
its attractively high efficiency compared with that of the alternatives. Therefore:
it would seem desirable to make hydrogen generation as highly efficient as possible.
Thus, while there may be special occasions when the simple cracking reaction is
attractive, generally this will not be so because the resultant hydrogen contains
only a small proportion of the total energy of the fuel entering.the system.
Although oxidative reactions, such as the Shell gasification processes for heavy oil,
can be used successfully on a large scale, their success requires the availability
of pure oxygen and for this reason such processes are not normally attractive for
use in small power sources. It is possible to operate this type of reaction on air
with added steam, to give a gas which contains about 40% hydrogen. This is rather

“dilute for application in fuel.cell systems. - However, a major disadvantage of the

oxidative process is that, since it involves combustion, particles of elementary

.carbon are produced which are almost impossible to eliminate from the system without

extensive treatment. Such particles vary in size from several microns down to a few
gstroms in diameter, and are extremely difficult to filter from the gas stream.
Fine carbon particles would be expected to give trouble over long periods as they
would accummulate at points where the gas flow is subjected to a sharp change in
direction such as one can expect to find in the passages that occur in fuel
batteries. On the other hand, the steam-reforming reaction can give hydrogen
concentrations of the order of 70% on a dry.basis, the gas belng free from
particulate contamination. If a hydrocarbon which is-low in sulphur content is
available and acceptable to the user, then this process is extremely attractive.
In normal commercial practice, when customers wish to purchase a fuel for the
generation of hydrogen by the sSteam-reforming process, fuel of extremely low sulphur
content is usually specified since its use simplifies the overall process.
Correspondingly, it seems reasonable to adopt this practice for small fuel cells
where the small scale of the system reinforces the need for simplicity.

It is useful, in the first instance, to consider the equilibria involved
in the generation of hydrogen-rich gases from the hydrocarbon, via the stra1ght-
forvard ‘steam reforming reactlon,



296

CnH + nH 0 —> (2n + 1)H

on + 2 2 *+ nCO

2

followed by the water gas reaction

H20 + 00 = 002 + H2

and the methanation reaction

—
Cco + 2H2 == CHh + HEO

With the availability of computer programs the overall effect of these
equilibria in given circumstances can readily be calculated. In Table 1 are given
typical equilibria for a mixture of a hydrocarbon and water. The ratio chosen of
three molecules of water to each molecule of carbon in the feed stock can with
modern catalysts give reliable operation on a variety of hydrocarbons up to and
including kerosines with a significant aromatic content. Covered by Table 1 are
the effects of pressure and of the removal of water from the feed after it has been
through the catalyst stage. Results are given for two operating temperatures,
527°C and 827°C.

Inspection of these columns immediately indicates the embarrassment of
c101ces facing designers. The lower operating temperature is attractive because ,
the possibility of carbon deposition on the catalyst and the consequent
n ¢ catalyst life. Additionally the efficiency of the system is likely
reater since less heat exchange will be necessary. Finally, if operation
e is contemplated, then the selection of alloys suitable for use under (
00°C 'is much easier than for use at 750°C. A lower operating temper-
the possibility of a more rapid start-up of the power system, and this
is sometimes of imgortance. If one wishes to purify the hydrogen by means of a
> 7°d'ur/silver diffuser, operation under gressure is necessary in order to limjt the
7 Ggiflfuser required. Whereas at 500°C and 20 atmospheres a considerable
ion of methane 1s generated, at 750°C the gas has a high carbon monoxide
1t. iiowever, this carbon monoxide content can be reduced by the injection of .
f‘rther water and use of a low temperature shift catalyst; under suitable conditions
this will reduce the carbon monoxide content to a few tenths of a percent and increase

tho hydrogen concentration accordingly. Without the additional injection of water /
for this purpose, the nydrogen content of the gas from the reformer before water has
been "xnocked-out" is only about L42%. This means that either one must use a large

arez of diffuser to obtain a satisfactory yield of hydrogen, and this brings with it ’
»roolems of weight, volume and expense, or, alternatively, some arrangement must be
mace to remove water from the system. This latter involves reducing the temperature
to the point at which condensation occurs (at 20 atmospheres this is about 180°C)

and then reheating®the gas to 350°C, a temperature suitable for operation of the /
palladium/silver diffuser. In the two systems so far developed of which the
authors are aware, namely that developed by Engelhardt Industries for the U.S. Army
Signal Corps and that developed by the Pratt and Whitney Company for the U.S. Army
Electronics Command, water knock-out does not appear to have been used and the
disadvantages of a large area of diffuser appear to have been accepted. Because
of the cost and complexity of high pressure operation it is clear that operation at
low pressure is preferable in the interests of simplicity and the low cost of the
reformer unit.

If an impure gas is fed to the fuel cell there are certain attractions in /
passing all the gas through to the fuel cell and then burning the effluent from the
fuel cell to supply process heat. In this case it is, of course, essential to
ensure that the effluent from the fuel cell is a combustible gas. When the course
of using an impure gas is adopted, then the advantages of operating at the lower
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feed temperature of 500°C for the steam-reforming catalyst become evident. Whereas
for operation at 750°C it is often necessary to specify a fuel which 'is not far
removed from a mixture of straight hydrocarbons, fuels containing up to at least
15%w of aromatic compound are acceptable with suitable reforming catalysts operating
at 500°C or below. o : : ' ' :

Since nickel-conteining catalysts are normally used for steam-reforming
of hydrocarbons and these catalysts are sensitive to sulphur, the sulphur-content of
the fuel has a domifant role in performance. In Figure 1 is shown the time to
"kerosine breakthrough" for a typical steam-reforming catalyst when fuels of similar
composition but verying sulphur content were used. These were in fact made by
blending a fuel of low sulphur content with one of high sulphur content, so that the
sulphur compounds are representative of those likely to be encountered in practical
fuels. Whereas with a fuel sulphur content of 20 parts per million the life of a
catalyst was in excess of 1200 hours, at 1500 parts per million sulphur life had
fallen to a mere eight hours. VWhile it is possible to use additional catalyst as
a "sulphur guard" this is a very expensive way of desulphurizing fuel and
normally one would prefer to specify a fuel of low sulphur content to simplify the
operation of the fuel cell. This seems a small price to pay for the high efficiency
of the fuel cell. )

ELECTRODES FOR USE WITH IMPURE HYDROGEN

Whereas operation qn pure hydrogen is a relatively straightforward matter
and electrodes are available that operate satisfactorily for thousands of hours, the’
situation is more  complicated when one wishes to operate on gas taken directly from
the reformer. Even if the carbon monoxide is reduced to a very low concentration
by a suitable catalyst for the methanation reaction (3) as was done by Meek & Baker
problems can still arise from the presence of carbon dioxide. In Figure 2 are
shown results indicating that at 25°C slow poisoning of a platinum electrode occurs
with the mixture of 80%v hydrogen/20%v carbon dioxide. This presumably occurs by
the "reduced carbon dioxide" mechanism of Giner<. However, this can be overcome
by the use of alloy catalysts, as is also shown in Figure 2 by the example of the
platinum/ruthenium catalyst. If on the other hand the feed contains appreciable
amounts of carbon dioxide together with carbon monoxide, then extremely rapid
poisoning of platinum occurs and it becomes essential to use an alloy catalyst.

It is also advantageous to operate at as high an electrolyte temperature as possible.
The effect of gas composition in terms of hydrogen and carbon monoxide contents is
shown in Figure 3 and it will be noted that there are marked advanteges in operating
with es low a carbon monoxide content as possible. If it is borne in mind that it
is the effluent from the last fuel cell of a battery that will determine the operating
conditions of the battery itself there would seem to be a strong argument in favour
of reducing the carbon monoxide content as much as possible by use of a suitable
shift catalyst. In Table 2 are examples that illustrate the advantage which can

be obtained from a shift catalyst without any further addition of steam to the feed.
If one were aiming at & reformer efficiency of about 60% then the effluent from the
fuel cell would contain about LO% of the total input heat necessary for use as -
process heat. This would imply that if the inlet hydrocarbon contained about

0.6% carbon monoxide the outlet from the cell would contain 1.4% carbon mondxide end
the electrode characteristics would be better.than those shown for 2% carbon monoxide
in the diagram. It should be emphasized that these characteristics are not the
optimum that can be achieved but are representative of the advantages of using alloy
catalysts in these circumstances to obtain a higher performance. The catalyst
\loading could be increased by a factor of three, from the twelve milligrams per
'square centimeter used to 36 milligrams per square centimeter, but whether the
increase in performance obtained would be worthwhile would depend upon individual
circumstances. It may be noted in passing that whereas hydrogen containing carbon
monoxide fed to an electrode with a simple platinum catalyst causes a steady drift
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in potential towards that of the oxXygen electrode, a completely steady output is .
obtained with alloy catalysts. This difference would appear to exist as direct
oxidation of carbon monoxide takes place on the alloy catalyst electrode leaving il
vacant sites for the further oxidation of hydrogen. An alternative is to use a

pure platinum catalyst and operate at 150°C where oxidation of carbon monoxide on

the platinum occurs at a satisfactory rate. However, operation at this higher
temperature involves the use of a phosphoric acid electrolyte giving higher internal
resistance, slower starting of the cell and additional corrosion problems.

SUMMARY AND CONCLUSIONS

Since low temperature .fuel cell power systems that utilize hydrocarbon
fuels are likely to be expensive, most applications for which they are chosen will
demand long unattended periods of operation because it is only under these conditions
that fuel cells are likely to show to economic advantage. In order to achieve the
necessary reliability for this type of operation, it is essential to keep the number
of moving parts in the system to a minimum and to:use electrodes with as long a life
as possible. All the evidence suggests that the lower the operating temperature of
electrodes, the longer the life. For example, "Shell" Research electrodes have
operated unchanged at 30°C for periods of 15,000 hours on hydrogen and oxygen, and
this figure relates to a 17-cell battery and so is not a freak performance of an
individual electrode. On the other hand, if one goes to temperatures of 150°C or L
more, then electrode. life can be something of a problem. As has been shown, .
operation at pressure involves complications in addition to the expense of the
diffuser required for the production of ultra-pure hydrogen and therefore the impure ,
hydrogen system has much to commend its use. The data presented in the preceeding
section of this paper suggest that it is well worthwhile to use an alloy catalyst
on the electrode, and to "shift" the carbon monoxide content to as low a level as
convenient. To some extent this will be determined by the power level required
and the cost of the electrode system.

el

Bearing in mind the necessity to operate efficiently under part-load
conditions when losses in the battery will be at & minimum it will probably be '
desirable for the battery to be fairly compact in order to minimize heat loss and
maintain a reasonably high equilibrium temperature. Consequently the narrow
passages of the cell are likely to reguire a pump or blower to move air through the /
battery. From the point of view of silence and reliability there is much to
commend the use of a centrifugal blower and, for the small quantities of air likely
to be involved with most power systems, the arguments in favour of the electrodes /S
which will operate at a minimum pressure are strong.

With the electrodes and reforming catalysts now available there seems to
be no problem in assembling reliable fuel cell power generators to use impure /
hydrogen. As will have become clear from the previous section of the paper the
authors are strongly in favour of using fuels of minimum sulphur content. A4s in all
work with low temperature fuel cells, the outstanding problem is of course the cost .
and availability of platinum catalysts and it will be most interesting to see how
. successfully they can be eliminated or at least reduced in quantity in practical J

power systems. : :

A substantial amount of the work discussed in this paper has been carried
out under Ministry of Defence contracts and acknowledgement is accordingly made for /f
permission to publish the information so obtained.
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Table 1

Steam-hydrocarbon reaction equilibria

Feed composition, %v .

Cnlln 4 2 + 3nHz0°

ChHion + 2 + 3nHp0

after water "knockout!

1 atmosphere

20 atmospheres 1 atmosphere | 20 atmospheres

Effect of shift catalyst on gas composition

_from reformed kerosine
Feed an2n +2* 3§320
Composition, %v, wet basis
From reformer " After shift
at 527°C - at 227°C
H, 3h.7 - 37.02 -
CH), 8.2 8.2
CO2 12.6 - 14,92
co 2s5 -« | . 0.18
H,0 . h2.0 . ' 39.68

527% | 827% | s27°c | 827% | 527°% | 827°% | s27°% | 827°
Hy | 3b.7 47,9 | 120 w2k | 59.8 [70:5 | 31.1 66.8
o 2.5 | 12.0 0.4 9.9 5.3 | 17.7 1.0 15.6
co, | 12.6 | 8.0 9.4 8.4 | 21.7 {11.8 |2u.2 13.2
cHy, 8.2 | 0.01 | 17.0 | .2.8 | 14.2 | 0.015{ 43.7 bk
H0 | b2 1321 1611 | 365 - - - -
Table 2 _
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THE TARGET* PROJECT
M. V. Burlingame

Netural Gas Pireline Company of America

The TARGET project is a cooperative undertaking of almost
thirty gas companies who are financing massive research to try to
develop an economical natural gas fuel cell to provide a competitive
answer to the all-electric home. The objective is a power plant of a
size and capability that will service not only a single family dwelling
but also multi-family units, "such as apartments and town house group-
ings, shopping centers, commercial establishments, and light industry
facilities,

The sponsoring gas companies are providing up to $5 million
annually in this venture with Pratt & Whitney Aircraft Division of United
Aircraft Corporatiqn,' which in turn is using,' as a subcontractor, the
Institute of Gas Technology, the gas industry's research facility in Chicago.
Pratt & Whitney is contributing another $2 millior annually to the effort.
With three years of study involved in Phase I of the program, a $21 million .
effort is scheduled, without question the largest single research effort ever
undertaken by the gas industry.

While the fuel cell principle has been known for,more than a
century--Sir William Grove probably invented the first true fuel cell about
1840--it was confined to the laboratory until The Space Age. The fuel cell
became a household word with the successful Gemini space probes which
depended for electrical energy on a highly improved Grove-type fuel cell,
In this cell, pure hvdrogen is the fuel and pure oxygen the oxidant using an
electrode catalyzed with platinum. )

Natural gas is a good source of hydrogen, and air is & good
source of oxygen. The problem and challenge is the right combination of
these source materials to produce an economic unit not requiring an
expensive catalyst. - This, then, together with a detailed market analys1s,
constitutes the substance of the TARGET project.

In addition to the cell itself, complete systems will have to be
investigated. Reformers to produce hydrogen from natural gas, methods
of conditioning the air, or means of using.either as is--or either substance
only slightly modified--must be researched. Inverters are also being
studied to determine the most efficient, the most economical, and the most
long-lived type or types. Progress has been made on these approaches,
but much more is necessary. This is a major part of the research program.,

#» Team to Advance Research for Gas Energy Transformation, Inc.




Our research program is looking at three general groups of cells,
fueled with natural gas and air, to determine which may have the best capa-
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bility for success. These types may be referred to as:

L.

Low temperature cells - 140°-300° F.

a. Acid electrolytes, i.e., sulphuric or phosphoric
b. Alkali electrolytes, i.e., sodium or potassium
hydroxide ’

Each of these has pros and cons. The acid cell seems
unaffected by the CO; in the air and it appears that there
is less chance of electrode pollution with insoluble car-
bonates. The alkaline cell appears a more efficient air
electrode with less corrosion complications than the
acid cell.

Both now use rather expensive catalysts, such as
platinum or silver palladium, and poison sensitivity
(CO,-H}S) of the catalyst may be a problem.

Here research will be directed towards the development
of inexpensive catalysts with tolerance for impurities in
the gases.

Molten-electrolyte cells

a. Hydrate of potassium hydroxide
(medium temperature - 400° F.)

Requires reformers to provide hydrogen from
the natural gas and equipment to remove CO,
from the air.

b. Moiten carbonate )
(high temperature - 900°-1400° F. range)

(1) - Does not require noble metal electrode
catalysts :

(2) Provides useful heat, but is sluggish in
performance and has corrosion problems.

Solid electrolyte cells, using stabilized zirconia as the
electrolyte, is the last type of cell under investigation.
This is a high temperature cell operating in the 1600°-
1900° F. range. Because the solid electrolyte must be
thin (0. 016 in.), structural pfoblems present themselves.
Plusses, however, include (1) usable waste heat, and

(2) large tolerance to impurities in the reactant gases.

fi
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In our efforts, whole systems, not just the cells, must be
considered--such as reformers for fuels and oxidant purification, where
necessary, means of overcoming sluggishness to load demands, etc.
Solution of these problems-is the major ‘effort of the TARGET research
program. CoeEe

. Additional aépects;of the research will deal with:

1. Market analysis (types ‘of customers to be served)

‘2. - - Load characteristics

3. Methgds of plaéing the fuel cell in the hands of the public
4, - Other sp’e:c'iall intei-g'sts‘.

AThig is ’t‘he TARGET stor‘y. '

I wish I could promise its resounding success, but in any
research venture the possibility of failure always exists, of course.
However, we think TARGET is not only a'worthwhile business venture
but one that must be undertaken if the gas industry is to continue as a
leader in the primary energy business. As I said at the start, almost
thirty major gas companies have laid their money on the line--not only
in hope of success but to express their faith in the future.

£
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Figure 5
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Figure 7
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FUEL CELL EXPERIENCES AND IMPRESSIONS
S. Orlofsky .

Columbia Gas System Service Cofporation

In July, 1961, Columﬁia éntered into an agreement
with tﬁe'Pratt énd Whitne§ Aircraft Divisioh of United Aircraft
Corpqrafion for the Jéint developmént-agd'field testing of a
500 watt prototype hydrox fué1 cell powerplant. So promising
was this initial venture that a second agreement for the develop-
ment of a 3.75§gatural gas—air fuel cell powerplant was negotiated
in September, 1963. In February, 1967, a group of 27 natural gas
industry coﬁpanies formed TARGET, "Téam to Advance Research for
Gaé Enérgy Transformation, Inc.", to .sponsor and gulde a multi-
million dollar research prograﬁ for the development of a markéte
able fuel cell powerplant operating on natural gas.- Pratt and
Whitney Alrcraft is prime contractor for the TARGET program'wlth
the Institute of Gas Technology as subcontractor. '

* Columbla has one primary reasdn fér participating in
fuel cell R & D programs: to sell more_natural,gas! We know
that a fuel cell consuming meﬁhanol, or hydrazine, or héxamethyl
chickenfat is basicaily unsuited for our'requifements. Since
natural gas, which is predominantly methane with lesser amounts
of the heavlér paraffin hydrocarbons, 1s quite'unreaétive elec-
tPOChemiCaiiy,fﬁe:had folloﬁeq some deQious routes in building
prototype demonstration hardwafé; We are interested in any fuel
cell type, acid, alkaline, high temperature, or what-have-you that

economically utilizes natural gas to produce electricity.
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Economical Energy Transmisslon

It 1s the high effliclency with which the.chemical
energy of a fuel 1s converted to more valuable electrical energy
that attracts our interest. The most modern multli-megawatt central
generating statlions operate at about Lo percent efficiency. And,
transmission of energy as electricity Introduces -other 1nefficilency.
Line losses represent a significant portion of the power produced
as it 1s wired from the central plaﬁt to the ultimate consumer.

Fortunately for the gas 1ndustry, 1t 1s a simple
engineering and economic fact that the electrical industry
cannot supply energy unlts as lnexpenslvely as the gas 1ndustry.
The electric industry has to convert chemical energy to electrical
energy 1n central power stationé and then transport the energy
through wires to the polnt of consumptlon. The cost of doing this
is far greater than the cost o{ transporting natural gas energy
to the consumer. The result is that throughoht the Unlted States,
regardless of the class of customer, electricity.costs 3 -10 |
times more than natural gas at the meter for an equilvalent
amount of energy. Although a utilization efficlency correction
factor must be applled to gas costs, it does not significantly
affect the baslc cost relationship.

Conventlonal central .power statlons are very well
known contributors to air pollution. A typlcal coal consuming
central statlon will produce 7.7 pounds of solld exhaust emlssions
per million Btu. Very substantial quantitles of sulfur dloxilde
are also released to the atmosphere. The natural gas fuel cell

produces none of these,.
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500 Watt Hydrox Powercel

Columbia 8 first, and the free world's first industrial
fuel cell engine, was developed by Pratt and Whitney Alrcraft
Division of'United Aircraft_Corporation, This 500 watt, hydrogen-
oxygen Bacon-type.unit was delivered to us 1n December, 1962,
where it'was Installed at onr Stanton, Kentucky, transmission
compressor station——located in the hills of southeastern Kentucky.

| The 28 cu. ft, engine package consisted of 17 cells
arranged electrically in serles, chemically in parallel. Each
folded can cell contained four dual-porosity nilckel electrodes,
each 5 inches in dlameter, and fuel and oxldant chambers separated
by a space for the 85 percent potasslum hydroxlde electrolyte.
The Powercel PCS5A1 operated at 450°F cell-electrolyte temperature
and atmosphertc pressure. The‘correct‘operating temperature and
electrolyte water concentration were‘maintained by circulating an
excess quantlty of fuel through the cells. This fuel, carrying
the heat and water; was pumped out of the. cells and circulated
through a heat exchanger-condenser system.

| Open circult voltage of the powerplant was 20 VDC cor-

responding to 1.2 VDC per. cell. At full load, the cutput voltage
dropped to 15 VD¢ of 0.88 VDC per cell,, Actual'hydrogen consump-

tion rate was 0.056 1b/hr, at maximum power.corresponding to an

-overall fuel to DC buss efficlency of 49 percent, Parasitic power

reqnirement was 60 watts to operate the hydrogen circulating pumps.
Predictably, there were some unlque problems associated

with startup and operatlon of the prototypelpowerplant. One of

our first probdlems was holding.a small posltive pressure on the

cells anytime the unit was hot to prevent flooding. Flooding
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~can occur as a result of loss of reactant pressure within the
cells at operating temperature; or inadequate rémoval of:the‘“ i
excess water. Ultimately, thesé’problemsiwere tfaéed to
pluggling at the hydrogen ihlet lines.

.The‘fuel cell was operated atjpartial load first
on P&WA hydrogen coﬁtaining 8 ppm CO, and then on Stanton
hydrogen contalning 195 ppm coé. A:water column manometer was
connected across the modulnhydfogen syStem; 'During the test
with P&WA hydrogen, no increase in pressure drop was observed
during the course of the 1l2-hour fun, but perfdrmancé gradually
decayed; Water content of some cells 1ncreéséd from the normal
" 15 percent to 27 percent at the conclusion of this test. A
Subsequent test using the Stanton hydrogen terminated after 30
minutes due to cell plugging.

One celltwas split open to recover a plug déposit

sample for analysis., The plugs occur at the point of maximum

hydrogen veloclty where the 1n1et'hydrogen Impinges on the coarse

por sinter, The analysis by X-ray diffraction ‘indicated
potassium carbonate. ' . S
Clearances on the hydrogen inlets to the cells cén be
extremely close. Cell X-ray photos indicate clearance ranging
from 0.067 inches maximum to less than 0,020 inches between the
hydrogen line in the outer shell and the sinter. Tﬁrrets were
installed at a lower position on the cells where clearance 1is
greatest. The turrets also serve to lower ‘the 1nlet hydrogen
velocity. Use of the‘turretsvnecessitates redesign of the

internal module heaters.
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In view of the definite existenée-of carbonate plugs

and the apparent relation to fuel carbon dioxide level but the

complete absence of potassium hydro#ide or.carbonate in the cir--
culating contfoi system,-visualizing the source of KOHlfor the
plug builldup caused a problem. Howevér, P&WA's physical chemists
ha&e experihehtally‘eétablished that at ;east a monomolecular
layer of KOH exists at the coafse pore-fuel interface. The kOH
migrates from the electrolyte through the adjaéent fine pore and
through the coarse pore fo the external coarse pore surface which
forms one face of the hydrogen inlet chamber.' This KOH acts as a
natural CO, scrubber, | - |

The experience to date is vefy.typicai of the difficulties
that occur in trying to get an instrument or process from the .

laboratory into the field. Though there had been many problems

found in the shakedown of this system, they have been of a simple

and troublesome nature rather than deep—rooted{

3.75 KW Natural Gas-Alr Powercel

Qur sécdnd working prototype powerp;ant was dellvered 1in
July, 1966. This unit was also built by‘P&WA. It is inétalled at
Colﬁmbia's Marble Cliff, bhio,'research laboratories where it pro-
Qides the poﬁer requirements for a simulated homw,

Thé,43 cu, ft. engine ‘package is a completely self-
contained demand-responsive powerplant, providing 3.75 KW at the buss -
bar, Parasitic béwer éonsumption is 300 watts to_supply.an'air pump,
a cooling oil pump, water pump and electronic controls. The Powercel
generates eleétriélty atia néminal é8 VDC at full load consuming

0.645 SCFM of natural gas for an errall_efflciency of 38 .percent.
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Desulfurized natupal gas and demineralized‘water are 4
fed through a boiler iInto the reformer. To acﬁieve maximum hydro-
gen production,Athe primary reactor product gas stream is cooled
somevhat and passed to a secondary carbon monoxide shift reactor.
In this process, the carbon monoxide formed during the previous
processes reacts chemically with water to form additional hydrpgen
and carbon dloxide. Hydrogen is removed from the reformate by dif-
fusion through palladium--silver diffusers;

This ultra-pure hydrogen is piped tb the cell stacks.
Separator waste gases are burned external to the reformer to pro-
vide heat for the endothermic gas steam reaction. Excess steam
1s provided in the reactor to prevent carbon deposition,

The hydrogen generator 1s designed to operate over a wide

‘range of hydrogen production flbws, depending on the fuel cell re-

quirements. A surge tank located downstream of the hydrogen puri- &f
fier unit suppiiés hydrogen to the fuel cells on demand apd allows

the generator to adjust to a new éteady state lcad level. i

Process air supply serves the dual purpose of providing {!

oxygen for the fuel cell reaction and removing water. produced by ]

. . [

the electrochemiéal reaction. Since this 1s an alkaline electrolyte

system, process air is conditioned to remove carbon dioxide._ Elec- /|

trolyte water concentration is maintained by recycling a portion of

the oxygén-depleted moist air. ' ’ /]
Two stacks of 36 cells each, arrangéd electricaily‘in Ji

parailél provide the net 3.75 KW output. The compact hydrogen-gir ) 7,

fuel cells used in this system have an active area of 7.5 Inches ‘\j

by 7.5 inches. Each cell contains two catalyzed porous electrodes

TN
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separated by an asbestos matrix qontaining an aqueous solution

‘of potassium hydrdxide. The individual cells are separated by .

metal cooling plates with integral cooling flow passages. The
cooling plates élso serve as gas distributlon housing, current
collector, and cell mechanical structure. The entire cell includ-
ing electfodes, electrolytg, gas. housing and cooling plate is about
0.17 ;nches,wide, or a pitch of about six cells»pef inch. ’

The PC-10 operates at a gross power density of 150 watt/

sq. ft.-

Extensive monltoring instrumentation was provided at
this Powercel installation so that we could obsérve fuel cell sys-
tem performance under conditions of‘rapidinEhanging load. The fuel
cell would sustain transiert overléads of 100 per cent, limited more
by prdtéction'devices within the4Unit than by proceés considerations.
However, the solid state staticlihvefter‘used to cpnvert the 28 vbe
fuel,céllioutpﬁt to 120 VAC wéuld not sustain an overload, even
1nsfantaneously.

Why is this shoft term ovérioad capability important?
In an effort to simulate a nofmal domestic powef~reQuinemént,

we have loaded the fuel cell with some.standard AC home appli-

’ ances—-¢lothes washer, gas clothes dryer, refrigerator; toaster,

electric 1ron,.coffee maker, vacuum sveeper, and -some not-so-
standard DC appiiancesf—a bC air conditioner. Electric motors
characteristically require a tremendous current surge to start:
the starting current can be five times the normal run current,
but laéts for less than one second, As an exémple, a popular-

brand washer comes equipped with a % horsepower split-phase
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motor--this unit draws almest 50 amps to start but'runs at 8 amps.,
Fdr this program, a capacitance start'moth was substituted which
drew 22 amps to start and 7 amps run current.

The homeowner just doesn't concern himself with fhese
problems bgqausé4he does not pay a demand charge on his domesﬁic
elecﬁric bill. And, the eléctric company Is not concerned be-
cause the transformer on the pole in the backyard serves eight
to ten houses: the odds on two housewlves creating a simultaneous
sufge is sméll. But, starting surges are important considerations

- in deslgnlng a system to provide all domestic energy requirements.

Réason fof Columbia'é Iﬁterest in Fuei Cells

Columbia is chartered to sell energy--energy ;n thg form
of the premium fuel natural gas.  We haQe'captured 92 per cent of
the residential and commercial heatling markets within our operating
areas, Direct industrial sales aécount for about a quarter of
Columbia's total annual natural gas sales, which a?e in. excess of
a trillion cubic feet--and this market is growlng. polumbia is

actlvely seekling new markets.

A vast market potential exists for natufal gas In on-
site power generation. ' Columbla already has installatlons where
gas provides all of the energy requifements, including electricity,
of induétrial plants, shopping centérs; high-rise apartments,
hospitals, and hotels. These installations use gas ehgines_or
gas turbilnes énd loads are above 50 KW. For small commercial
establishments, apartments, and hpmgs where the total power re-
quiremgnt is less than 50 KW, gas engines and gas turbines are not

economical.
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However, the fuel cell does appear economica11J feas;ble

for these applications. ProJections indicate that by the year 1980

nearly 200,000 new homes will be bulit each year in Columbia's serv-
ice area. _Assuming that only half of these are truly all ~gas homes,
they would generate approximately $24 million in new gas sales
annually. , ' I

With the fuel cell, we will introduce an entirely new
concept in home comforf conditioning. The homeowher ﬁili be able.
to purchase or iease_one package which will heat and air coﬁditioh
the home, clean and humidify the air in the home, cook the food,
heat the water, and supply all elecfricity using one economicai
dependable source of fuel nafural gas » o

Surprisingly little 15 known atout pauterns of electrical
edérgy requiremznts for the American tomeowner. The 1965 averaov
residential power consumption was 4,933 KWH according to Electrical
World. Now this consumption figure works out to a steady'require—
ment of less than 500 vatts over the year, yet the electrical service
connected to the home 1is commonly 100 amperes.at 240 VAC with powar
companies constahtly.pushing fér 200 ampere 1nspa11ationé. The
mismatch is apparent when one cohsideps that the transformerkon
the pole in the backyard has 25 KVA'éapécity and ser&é5'8 to 10
homes. It 1s‘apparent thaﬁ the'pqwer éohpéﬁ} has sized the trans-
former on the-generally;valid aSSumﬁtion that all bbmeqwngrs.served.
will nét require maximum demand simultangously.~ Hdwever, 1@ the
single home‘on-site fuel cell system, no such diversity exists:

‘the system must be capable of handling any power requiremént on

demand.
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Design of the fuel cell system necessitateé information
Qn-exact power requirements with an accuracy that is not available,
To this end, Columbia has instrumen@ed several homes Qith rapid'
response wattmeters and fast response recorders to define and

document present consumer power consumption patters.

TARGET--wny an Industry-Wide Jolnt Venture

Fuel cell technology has advanced to the point ﬁhere anA
‘aggressive, greatly expanded progfam which has as 1ts goél the pro-
duction and sale of competlitive natural gas fuel cell systems is
Justirfied. The .Institute of Gas Technology has operated high tem-
perature molten carbonate single cells contlnuously for over a
&ear. Pratt and Whitnéy has engineered a self-contained demand-
responsive protofype.natural gaé—air fuel cell system. But, tech-
nology has reached that stage of sophistication where little more
can be accomplished through continued low cost laboratory type ex-.

perimentation. Through the American Gas Asséciation and industry,

the éas 1ndu$try has put significant funds into fuel cell research !
at IGT. The transition to high expenditure, semi-manufacturing , }
scale, prototype hardware 1s the essentlial next step in the de-

velopmenf of natural gas consuming fuel cell power systems.

Appraisal of the state of fuel cell technology indicates
that a properly supported and staffed program could force the entry‘
of the fuel céll 1hto the market by 1975. However, our cost studles
project a need for $20 million to finance the first three;year :

phase of the program. For an ;ndividual company to undertake a
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major program of such sweeplng.significance to an 1ndﬁstry would
not be practical. So, 27 natural. gas'qtilities have Joined'in
the formation of TARGET, Inc.--Team to Advance Research for Gas
Energy Transformation. ' ‘ ,

The benefits to the gas industry from the development of

competitive natural gaé fuel cell systems for resldential, commer-

clal, and industrial application are thréefold. These benefits

are that:
1. »New loads will be obtained. .
2. Base ioad,sendoutiﬁill be increased.
3. The gas industry will gain a competitive answver

to the all-electric concept.

The goal of TARGET 1s tﬁe development of a complete-comfort
vackage for homes, épartments,‘and businesses whichvwill be bet;
ter than any of the methods preéenply used for epvironmental cdn—
ditioning. This package.will provide for complete control of
temperatufe and humidity year-around along with generation'of
electricityffor all needs on-slte, using safe, dependable natural
gas. Reductlon of air poliution is a cérollary bénefif;

‘ The exact target atAwhich our.industry effort 1s aiming
1s the development and marketing of fuel cells specifically de- i

signed to operate on natural gas and ailr. Presenf plans call for

- development of marketing, economic; and technological information

necessary to establish the competitive position and usefulhess of
fuel cé114tota1 energy and environmental conditioning packages of
various sizes by Pratt and Whitney Alrcraft under the supervision

of TARGET.

The first phase of the development program 1s an exten-

"sive market evaluation.
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FUEL CEILS FOR CENTRAL STATION POWER

N. P. Cochran

U.S. Department of the Interior
Office of Coal Research
washington, D.C. 20240

ABSTRACT

Fuel Cells can be englneered for use of hydrocarbon fuels. High
efficiency and low capital cost of such cells in the range of 100,000
and 2 million kilowatts is described. How such cell systems can be
used to generate power from fossil fuels is included. The paper
includes a judgment on near term commercial applications of such’
cells and projects future power-plant costs.
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RECENT ADVANCES 1IN FUEL CELLS AND THEIR APPLICATION
TO NEW HYBRLD SYSTEMS

E. J. Cairns and H. Shimotake
Argonne National Laboratory

9700 S. Cass Avenue '
Argonne, lllinois

INTRODUCTION

In our rapidly- advanclng technological soc1ety, there 1s an 1ncreaslng need for
versatile sources of electrical energy. Some of the desired characteristics of these
power sources are: )

1. High specific energy (watt-hours/1lb)
2, High specific power (watts/lb)

3. Fast refuel (or recharge) -

4, Fast response'to load changes

5. Cleanliness (no pollution)

6. Low cost

7. Silence : :

Some fuel cells have some of the deslred characteristics, and some secondary
cells have others; no known power source possesses all of them. One possible solu-
tion is to take advantage of the desirable characteristics of both fuel cells and
secondary cells by using a composite power source containing both of .these devices.
In considering the characteristics of fuel cells, 1t becomes clear that some fuel
cell systems can provide high specific energy (greater than 500 watt-hours/lb for
cells operating on air), none can provide very high specific power (all fuel cell
systems are below 30 watts/lb), most can be refueled quickly, some will respond
quickly to load changes (systems using reformers respond slowly), most can be made
to operate at a very low level of emission of pollutants, none are low-cost yet,
and many are quiet. Some of the shortcomings of fuel cells can be compensated for
by an appropriate secondary cell having a reasonable specific energy (greater than
40 watt-hours/1b), a high specific power (greater than 150 watts/1lb), and fast charge
acceptance (15 minutes for full charge). In their present state of development, ~
neither fuel .cells nor high specific power, fast-recharge secondary cells are low-
cost devices. In applications where the other characteristics are essential, how-
ever, a prite-premium is justified as for remote power and milltary and space appli-
cations.

The recent advances in fuel-cell development will be summarized below, in order
to include the best performance, endurance, and cost estimates in considering some
applications. Because fused-salt secondary cells show the most promise for high
specific power and high specific energy applications requiring fast tharge accep-
tance, the secohdary cells considered will be of this type. Specifically, the Li=Te"
and Li-Se cells, with which the authors have the most experlence, wlll serve as the
basis for the calculations. .

RECENT ADVANCES IN FUEL CELLS , Co o
In considering the areas where improvement in fuel cells is needed, the three

most prominent are: a) Electrocatalysts, primarily as they affect cost and perfor-

mance, b) Electrode structure, as it affects cost, endurance and weight, and c) En-
glneering, as it affects endurance, weight, and volume. Of course, improvements in
these three areas are desired whlle maintaining at least the present level of per—

formance.

The fuel cells which are expected'to find.the most widespread .application are
those operating on air. For this reason, only cells with air cathodes will be dis-
cussed here. In addition, because of the trouble and expense involved in storing
hydrogen, either as a liquid or as a gas, only fuel 'cell systems using fuels normally
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stored as liquids will be considered. These fuel cell systems can be classified as
indirect (those using a reactor to produce hydrogen which is then consumed in the
fuel cell), and direct (those in which the unaltered fuel is fed directly to the
cell). :

Indirect Fuel Cells

Indirect fuel cell systems can be arranged sc that: a) only very pure
hydrogen is fed to the anode (most expensive), or, b) hydrogen of almost any degree
of purity (including the untreated reformer exit gas) is fed to the anode. Some of
the indirect fuel cell systems which have been investigated are diagramed in Figure
1. The indirect systems which use very pure hydrogen at the anode (parts a and b
of Figure 1) are the most well-developed and make use of high-performance fuel cells.
Furthermore, because of the high reactivity of hydrogen and the absence of chemical
and electrochemical complications due to impurities, a great deal of progress toward
the elimination of expensive platinoid-element electrocatalysts has been made for

T2

these cells.

The amount of platinoid element e}ectrocatalysts ngcgsgary in hydrogen
fuel cells has b eg reduced from 35-50 mg/em” a few years ago='='+~ through inter-
mediate loadings—’* to values as low as 0.5-2 mg/cm“(on each electrode) in low- tem-
perature alkaline systems®< and 0,5-4 mg/cm* (on each electrode) in low-temperature
acid systems.ﬁ-gglg This decrease in the amount of platinum required has been made
gossible largely by the use of electrocatalyst supports such as high-area carbon,
5,7,8,9, resulting in very small platinum crystallites having a high specific area.

It is not only possible to minimize the amount of platinum in hydrogen
anodes, but for alkaline-electrolyte cells, the platinum can be eliminated by using
nickel (high—area,llJ——-or Raney formli’lﬁb or nickel boride‘r]ai’-‘]-g High area nickel
has disadvantages, however, such as the irreversible loss of activity after being
used at too high a potenti (oxidation of the nickel occurs). Nickel boride,
formed in various ways, seems to be less sensitive to overvoltage excursions
than nickel, and may be an acceptable hydrogen anode electrocatalyst for operation
near 80°C at a modest performance penalty.l2

It is also possible to eliminate platinoid elements from air cathodes
for alkaline electrolyte systems. Some of these cathodes use silver/,17,18 o spinels
such as C00A1203, Zor phthalocyanines such as cobalt phthalocyaninel2 instead of
platinum, providing an additional saving. It should be noted, however, that the
advantage of- the more flexible electrocatalyst requirement for the-alkaline electro-
lyte cell is at least partially offset by the need for €Oy removal from the air (or
periodic electrolyte replacement). ’ i T

Almost as important as the advances in electrocatalyst use are the im-
provements in electrode structure, particularly at the air cathode. 1In the lgs
few years, the trend has been'tgﬁards very thin electrodes (0.006 to 0.03" 202
with relatively high porosit 4, providing for limiting current densities of several
hundred ma/cm? on air at only moderate air flow rates —J§J2-(l.5—3 times stoichio~
metric). Thin, highly porous electrodes are also essential in those systems which
remove product water by evaporation through the porous electrodes.

The requirement of minimum cell internal resistance has led to.the use
of thin, porous, absorbent matrices to hold the electrolyte, resulting in inter-
electrode distances of 0.010" to 0.030". The use of thin electrodes (about 0.020"
each) and thin absorbent electrolyte matrices (0.020") allows the construction of
relatively compact fuel batteries, with cell stacks of about seven cells per inch.~
This stacking factor corresponds to stack power densities in the range 7-8 kw/ft3 for
160 w/ft2 cells. The density of the stacks is estimated to be about 140 lb/ft3,
corresponding to 18 1b/kw for future fuel cell stacks. The weights and volumes
should be increased by 10 to 20 percent for cells with liquid electrolytes.

The present state of fuel cell engineering can be appreciated by consult-

ing thizpapers describing the design, development and operation of the GM Electro-

vansli 22 which is powered by Union Carbide hydrogen-oxygen cells.23 This is a
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remarkable achjevement, especially when one considers the relatively sophisticated
control system“ and the high performance of the vehicle. The most notable disad-
vantage of this fuel-cell powered vehicle is the excessive weight of the fuel

cells (3,380 1b!) made necessary by the peak power requirement (160 kw) of five
times the nominal rating (32 kw). This weight penalty could be minimized by use

of a fast charge, high specific power secondary cell. This point will be discussed
in more detail below. -Despite the disadvantages, the Electrovan proves that fuel
cell engineering has progressed to the point that vehicles can be powered by hydrogen
fuel cells and can retain reasonable performance and range.

The combined ‘effect of improved use of electrocatalysts, thinner, hlgh—
porosity "electrode structures, and small interelectrode distances yields the perfor-
mances shown in Figure 2, The upper curves correspond to alkallns electrolyte cells,
using thin matrices and moderate catalyst loadings (9-10 mg Pt/cm®) Onlgﬁln, PTFE-
bonded electrodes.3,3,20 Replacement of the Pt at the anode with Ni_B yields
slightly lower voltages as shown. The next lower curve corresponds fo the substi-
tution of H S0, for KOH as the electrolyte. The poorer performance of oxygen cath-
odes in aci iectrolytes is responsible for this decrease in cell voltage. The
next lower set of curves with the somewhat higher slopes corresponds to the use of
liquid-electrolytes, with larger interelectrode distances and consequently a higher
internal resistance.ls2:1Y The lowest curve of Figure 2 corresponds to the use of
dual 1on exchange membranes.z_ The higher internal resistance of this arrangement
is evident. :

Based on the results shown in Figure 2, it seems reasonable to adopt the
uppermost curves for design purposes, assuming a catalyst loading of 1 mg Pt/cm? (or
its cost equivalent of Ni,B and Ag or CoOA120 ) on each electrode. Only a small per-
formance penalty would be paid 1f the platinuf in the cathode were replaced by silver
or Co0Al,0 and the platinum in the anode by nickel boride. 15,16 This performance -
is what would be expected from the cell in any indirect system supplying Eure hydro- ’
gen (or hydrogen with non-adsorbing inerts, such as N ) to the anode.

- A five-kilowatt indirect system using a KOH electrolyte and an air scrub-
ber has been constructed by Englehard (Eeformer) and Allis-Chalmers (fuel battery)
and has been tested at Fort Belv01r *£L. This system operates on a sulfur-free
hydrocarbon fuel (JP 150, a Udex raffinate), 27 and uses a silver-palladium alloy
diffuser to purify the hydrogen (an expensive method). The operating point was
0.83 V at 135 ma/cm?. A second 5 kw indirect system using 4 silver-palladium
diffuser, but methanol as the fuel to the reformer, was constructed by Shell Re-
search, Ltd. 28 :

For indirect systems involving the use of unpurified-gases (H CO co

Ah CHA‘ H20), as in case c of Figure 1, acid electrolytes must be used if L%e anode

is porous, in order to reject the CO and CO,. The strong adsorption of CO on plat-
inum, and the low rate of electrochemical oxidation of the .CO make platinum an un-
suitable anode electrocatalyst at temperatures below about 130°C, as shown by the
lowest curve in Figure 3. At higher temperatures, with H,PO, as the electrolyte,
Pt will provide adequate performance as shown by the uppet curve of Figure 3. At
150°C, about 110 ma/cm? can be obtained at 0.75 V using 90% H, and 10% CO with an
anode containing 2.8 mg Pt/cmz. supported on boron carbide.Z2 “At 85°C, Pt-Ru alloys
show mnderate activity with CO-containing reformer gases and H,SO, as the electro-
lyte,as 1nd1cated in Figure 3, but the electrocatalyst loadings used (34 mg

Pt- Ru/cm2) must be considered to be about an order of magnitude too high.to be
practical. - For the present, 1t appears that the oxidation of reformer gases con-
taining more than a few ppm of CO requires the use of acid electrolytes at tempera-
tures near 150°C. The improvements in -CO tolerance shown by Pt~Ru alloys are en-
couraging, however, and it is expected that alloy catalysts will be improved further,
making the use of unpurified reformer gases practical at temperatures below 100°C.

The same thin, highly porous electrode structures found to be useful with
hydrogen/air cells arée also useful in reformer gas/air cells. The lower performance
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obtained from the latter cells is priﬁarily related to electrocatalytic problemé
at both electrodes, and not electrode structure problems.

. Engineering work resulting in the construction of fuel batteries or
complete fuel cell systems operating on reformer gas is just beginning. Several
systems are probably being built, and only one low~temperature battery has been
reported.gi Significant performance losses were observed, with only 20 ppm of
CO in the feed to the fuel battery, which used 9 mg Pt/em? electrodes and HZSO
electrolyte at 65°C (see Figure 3). It is likely that the indirect systems built
in the near future will use fuel cells which operate at temperatures above 100°C,
and will have performances like that shown by the uppermost curve in Figure 3.

The molten carbonate cell, operating at temperatures in the range 600 -
750°C 1s capable of consuming reformer gases containing relatively large amounts’
of CO (10-20%) with excellent performance. At an operating temperature of 750°C,
it is conceivable that the cell and reformer might be integrated in such a manner
that the reject fuel cell heat is used by the endothermic reforming reaction, in-
creasing the overall system efficiency. Furthermore, the carbonate cell employs
relatively inexpensive electrocatalvsts such as nickel at the anode and copper
oxide (or silver) at the cathode,=2"21 making this an economically attractive
system, During the last few years, considerable improvements in performance=2
and operating life have been made, bringing this system to the point where
it is ready for an increased engineering effort. . A reasonable design point for
a molten carbonate system would be 200 ma/cm® at 0.75 V, as shown in Figure 4.
The life expectancy for a single cell gs now more than six months,22 and 36-cell
modules operate for about 1000 hours.32

An interesting recent approach to the indirect fuel cell is the integra-
tion of the fuel cell and the reformer, placing the reforming catalyst in the fuel
compartment of the cellZ2 (case d of Figure 1). This is best done when the anode
is a non-porous hydrogen diffusion electrode (Ag-Pd activated with Pd black on both
sides) .36=38 These electrodes are expensive, their materials costs being equiva-
lent to that of about 20 mg Pt/cm? for a 0.001" thick electrode activated on both

at the same temperature (200-250°C, 85% KOH electrolyte), the reject heat from the

fuel battery can supply the endothermic heat for the reforming reaction. In addi-

tion, since the fuel cell reaction extracts hydrogen directly from the reforming

zone, the response of the reformer to the demands of the fuel cell is relatively I
rapid. Start-up is not very fast, however, and external heating energy must be !
supplied. )

{
sides. !
Because of the fact that the fuel battery and integrated reformer operate 1

The best-performing integrated system is that operating on methanol,gg”lg J
the performance of which is given in Figure 5. The corresponding indirect hydro~ ;
carbon cells show poorer perfgrgance and short catalyst lifetimes, even at the
higher temperature of 250°C.§—'—— as shown in Figure 5. These systems, especially
the methanol system, could gain popularity during the interim period before direct
methanol or hydrocarbon cells show high performances at capital costs comparable /t
to those for present hydrogen-air cells. : ‘

In choosing among the various indirect systems, the operating require- 4

ments of the application will probably dictate the optimum combination of reformer,
hydrogen purifier (if any) and fuel battery. For fast start-up, a low-temperature ‘
fuel battery is desirable. This may require the use of pure hydrogen (as from a J
silver-palladium diffuser), but it is possible that a cell using a Pt-Ru anode
electrocatalyst could be started quickly from room temperature on unpurified re-
former gases. Where steady operation without shut-down is needed, the molten car-
bonate system probably offers the lowest capital cost and highest efficiency. A /
reasonable compromise system with medium start-up time and medium cost, using no ,
scrubbers or purifiers would be a cell with 2-3 mg Pt/cmZ at the anode, H,P0,
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electrolyte, and 3-4 mg Pt/cm at the cathode.3 This seems .to be the simplest system
in concept, and could be the simplest in practice. -

Direct Fuel Cells

The direct -fuel.cell which shows the highest performance on a liquid fuel
is the hydrazine cell. This cell has received more engineering attention than any
other except for hydrogen-oxygen.40,41 Typical performance curves for hydrazine-air
cells are shown in Figure 6. Both platinoid element electrocatalystsﬁ—’—— (Pt and Pd)
and nickel- based electrocatalysts3~ (high—-area nickel and nickel boride) have been
used successfully with hydrazine hydrate as the fuel. Because hydrazine reacts with
acids, an alkdline electrolyte is necessary. This means that the CO, must be removed
from the air fed to the cathode. As in the hydrogen cells, thln, porous electrodes
are used, and the electrolyte is usually held in a matrix.

Several’ complete hydrazine fuel cell systems have been built for vehicle
applications, including a 20 kw system for an Army M-37 truck. 4l Because nickel
boride can be used at the anode and silver or a spinel at the cathode, the hydra-
zine cell looks promising from a capital cost viewpoint, but the high cost of hy-
drazine will probably restrict this cell to special applications. Strong points are
the admirable performance obtained with relatively simple systems and the use of non-
platinoid electrocatalysts.

) All other non-hydrogen direct fuel cells show poorer performance than
hydrazine cells, and require unreasonably large amounts of precious-metal electro-
catalysts. These other systems must still be considered to be in the research stage
and should not be.included in any de51gns 1nVOIV1ng cost as an important criterion
for the near-term future.

] Several ddvances in the direct use of carbonaceous fsels are notable,
however. A few years ago, large amounts of platinum (* 50 mg/cm®) were necessary
in order to obtain current densities near 100 ma/cm“ from propane at cell potentials

of 0.2 to 0.3 vqlt.ééf It has been reported recently that electrocatalyst loadings
as low as 5 to 10 mg Pt/cm? can be used with propane, while still obtaining current
densities of lOOVma/cm2 at cell potentials of 0.4 volt.}%»=='== Some of the recent

data are summarized in Figure 7. The liquid hydrocarbons which yield the ‘highest
performance are propane and butane; the higher molecular weight fuels give decreas-
ing performance with increasing molecular weight. 44,47-49,54 some of the problems
which Temain to be solved are the cycling behavior of the anode reaction rate when
phosphoric acid is used as the electrolyte,55 and the conservation of water, in
addition to the obvious problems of electrocatalysis and corrosion.

No presently-known hydrocarbon cells will start up from room temperature,
so external heat for start-up must be provided. No appreciable amount of fuel bat-
tery or systems work has been done yet, but the time is approaching when this’ will
be appropriate.

The direct methanol cell has not shown the progress that might have been
expected of it a few years ago. This cell still requires electrocatalyst loadings

of 20 to 40 mg/cm? of platinoid electrocatalyst556 57 at the anode. Even with these
loadings, the performance is still relatively modest, as shown in Figure 8. 1In spite -
of this disadvantage. some engineering work has been completed, resulting in-a battevy
delivering300watts?2» and a compact system delivering about 100 watts at a regulated

voltage.2X

Summary of Fuel Cell Performance

The present state of affairs, with respect to cell ch01ces, reflecting all
of the recent advances discussed above incorporating new, low electrocatalyst loadings,
and improved performances on air (in some cases estimated by the authors)

* All asterisks in thé figures identify those current density-voltage curves which have
been converted from oxygen performance to air performance by the authors, based on pub-

lished data.
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summarized in Table I. The performance values for the indicated electrocatalyst load-
ings may be slightly optimistic. The systems which are expected to have the lowest
capital cost are the molten carbonate (indirect) and the hydrazine (direct), followed

by the reformer gas (indirect) and.the integrated methanol reformer-fuel cell. The
hHydrazine system is the most well-developed, followed by reformer gas (indirect), the
other direct cells being farther behind. Direct hydrocarbon and direct methanol cells
still contain too much expensive electrocatalyst and require a great deal more engineer-
ing work before they can compete with the other systems.

The current status of .the systems just discussed is also presented in
Table I, together with the authors' estimates of the specific power of the fuel cell
stacks and systems (including reformers and plumbing but not fuel and tank) which could
be constructed using the present research and engineering results. The specific power
values for some of the systems of Table I, together with the specific energy values
(watt-hr/1b) of the fuel plus tank allow the direct calculation of specific power
(watts/1b) versus specific energy (watt-hr/lb) curves for fuel celd systems contain-
ing various weight fractions of fuel cell and fuel. These results are summarized in
Figure 9. This figure is particularly useful in selecting fuel cell systems which must
meet specific power and energy requirements. This will be discussed in more detail
below.

SECONDARY CELLS WITH FUSED-SALT ELECTROLYTES

In order to augment the characteristics of fuel cells to form a high~performance
hybrid system, it 1is necessary that the secondary cell have the ability to deliver
large amounts of power per unit weight, on a repeated basis, with no damage to the
cell. Specific power values above 100 watts per pound are necessary for many appli-
cations, and values as high as 500 watts per pound are desirable. Furthermore, it
is necessary that the secondary cell have ‘the ability to accept charge very rapidly
without detrimental effects. This feature is important in vehicle propulsion and
other applications where fast recharge is essential. A full charge should be achiev-
able in 15 minutes or less for some applications.

The lithium-tellurium and lithium~-selenium cells possess both of the character-
istics discussed above.86,87 These cells are still in the early stages of develop-
ment, but laboratory-model cells have indicated that these systems have the required
fast charge-discharge characteristics and high specific powe:s.éi-ég

The lithium-tellurium cell makes use of molten lithium as the‘anode (negative
electrode), fused lithium halides as the electrolyte, and molten tellurium as the
cathode (positive electrode)., The minimum operating temperature is set by the melt-
ing point of the tellurium (449.8° C),_§ hence thermal insulation must be provided
to prevent excessive heat loss. Under normal operating conditions, the internal
heat generation will be sufficient to maintain operating temperature, while on

stand-by, the cell temperature may be maintained by means of a small heater. /,
[
7

The overall cell reaction is the electrochemical transfer of lithium through
the electrolyte into the tellurium, resulting in the formation of a lithium-tellurium
alloy at the cathode., On recharge, the lithium is electrochemically extracted from
the cathode alloy and returned to the anode compartment. The electrode reactions
on discharge are:

Li» Lit + e o5
Lit + e + Te (excess) » Li (in Te) (2)

Typical steady-state current density-voltage curves for two Li-Te cells opera-
ting at 470°C are shown in Figure 10. The open circuit volta%e of 1.7-1.8 volts 1s
in good agreement with the values reported by Foster and Liu.88 Current densities
in excess of 7 amp/cm2 were obtained on both charge and discharge. Because of the
fact that the open circuit voltages of the cell are in good agreement with the
published reversible emf values, and because the voltage-current density data lie .

5
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on straight lines, it is concluded that there are no significant activation or
concentration overvoltages present. Furthermore, since the slopes of the voltage-
current density curves agree with the measured cell resistance, the only appreciable
irreversibilities in the operation of the Li-Te cell at current densities up to

8 amps/cm are those associated with ohmic losses. The ohmic losses arise from the
electrolyte resistance and the resistances associated with current collection from
the electrodes, primarily the tellurium electrode.

) .The maximum power density obtained from the cells, whose results are shown
in Figure 10, was 3.5 watts/cmz, indicating that high power densities can be ob-
tained. The use of charging current densities up to 7 amp/cm? shows that fast re-

‘charge rates can be used. In addition, operation at even higher power densities

can be achieved for short periods of time. Figure 11 shows the cell performarce
for short discharge times (within one minute after start of discharge from the
fully-charged condition), corresponding to a cathode composition of about 5 a/o

*Li in Te. The geak power here was 5 watts/cmz; the short-circuit current density
-was 12.7 amp/cm

The Li-Te cglls were charged and discharged repeatedly over periods of up to
300 hours at temperatures of 450 to 500°C with no signs of degradation. The charge-
discharge coulombic efficiencies at the l-hour and 45-minute rates were 85 to 91 per-
cent,

A lithium-selenium cell was also operated using the same cell parts as for the
lithium~tellurium cell, The operating temperature was reduced to 350°C, since the
melting point of Se is only 217°C. The current demsity-voltage curve for this cell
is shown in Figure 12.

Based on the voltage-current density curves of Figure 10, secondary batteries
can be designed. The designs include bipolar current collectors and rigid paste
electrolyte_g of minimal thickness (~ 1 mm). A realistic design, allowing for 5
cells per inch corresponds to a specific energy of 80~100 watt-hr/lb for the Li-Te
battery at a 1.5-hr discharge rate, and a specific power of 300 watts/lb at the 1/5
hour rate. The curve of specific power vs specific energy on which these points lie.
is shown in Figure 9, together with several other curves corresponding to various
cell spacings. The method used for calculating the Li-Te battery curves in Figure
9 is explained in detail elsewhere.88 These curves and those for the fuel cell
systems are used in preliminary design calculations. The important features of
Figure 9 are the high specific power values obtainable at reasonably high specific
energies, since high-performance hybrid systems depend upon the secondary cell for
high peak-power capability.

FUEL CELL-SECONDARY CELL HYBRID SYSTEMS®

As can be seen by inspection of Figure 9, fuel cell systems have the ability

to deliver low to moderate specific powers for long periods of time, but are not
able to provide specific powers in the range of 100 watts/lb or higher. - In fact,
sustained power densities in excess of 30-35 watts/1lb are not possible with pre-

sent-day air-breathing fuel cell systems. Furthermore, air electrodes in general
cannot support heavy overloads for even a few minutes because of oxygen diffusion )
limitations. This situation results in the necessity of designing fuel cell systems
around the peak power requirements of the anticipated application. The disadvantage
of this practice is that the fuel cell system then is very heavy and bulky, and has

a significantly higher capital cost than would be required 1f the design were for

the average power demand.

By combining a fuel cell system with a high specific power secondary cell, a
hybrid system is obtained. The hybrid system is designed to take advantage of the
high specific power secondary cell to supply the peak load requirements, while the
fuel cell system is designed to meet only the time-average power requirements.
This results in a total system which is lighter than either a fuel cell system or
a secondary battery designed to do the job alone. In vehicle applications of the
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hybrid system, it is possible to take advantage of the fast-recharge characteristics
of the secondary cell by using regenerative braking. This practice can recover a

large fraction of the energy expended in acceleration, providing an extended vehicle
range. Thus, fuel cell-secondary cell hybrid systems provide the following features:

1) The high energy:weight ratio of fuel cells.
2) The high power:weight ratio of bimetallic cells.
3) The high charge-discharge rate of bimetallic cells.

These features permit the design of compact portable power sources, particularly
well-suited for applications where power profiles having high peak to average power
ratios are encountered. These points will be illustrated in the following section -
by means of practical designs relating to applications in automobiles, homes, and
submarines.

Automobile Power Sources

The electric propulsion of automobiles has been viewed as a potential means
for reducing air pollution and other urban irritants.f= However, because of range
limitations due to the low specific energy of present batteriesﬁé, it is unlikely
that an economically competitive electric automobile with a range of more than 40
miles powered by presently-available secondary cells will be available in the near
future.

Fuel cells have also been proposed for automobile propuision, but the
severe limitation of a low overload capability requires that the fuel cell system
be sized according to peak power requirements, resulting in a heavy, bulky system,

The hybrid design provides a combination of the high specific power
capability of secondary cells and the high specific energy of fuel cells. This will
be illustrated by the following calculations for an automobile suited for urban driv- 14
ing where an air pollution problem exists and where the fuel cell fails to meet the
requirements of the frequent stops and starts in the driving pattern which require a
high specific power. For this driving pattern, a light automobile, like the Volks-
wagen (1960) was chosen. Pertinent data for the Volkswagen (1960)12 are listed be-
low:

Unladen car weight 1,600 1lb

Laden car weight (passengers inclusive) 2,000 1b

Engine brake horsepower 36 hp at 3, 700 rpm
Engine weight* (transmission inclusive) 250.1b

*
Numbers have been rounded off.

As a design specification for the electrically-powered automobile, the
weight of the power source was set at 400 1b or 25% of the unladen car weight, in- J
cluding fuel and tank. . /

The traction required to drive the automobile consists of tire resistance
f' air resistance F_, gravity resistance Mg sin a, where M is the mass of the car
and sin a is grade, and acceleration dv , where v is the car velocity and t ig time.
The total traction required is therefore:

[

= dv » 3}
F = Fg + F, + Mg sina +M T _ (3

The power requirement is obtained by multiplying each term by the car
velocity: .

P, =P, +P_ +Mgvsina + My g: )
The tire resistance for passenger-car tires, with various percentages of synthetic
rubbers lie in the range 1.2 to 1.4% of the load carried, and increases to 1.6-2. 0% ,

at 70 mph.Ld The air resistance varies with the square of the car velocity and may
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be expressed by

: 2
F =C_.A

v
a D £F 2g (3)

where C_ is the drag coefficient of the car (0.6 for a Volkswagen), Af is the
frontal“area of the car (20 ft< for a Volkswagen) and p is the air density

(2.38 x 10-3 1bs—sec2/ft ). From the above equations, it follows that for a
Volkswagen at 30 mph on a 1% grade, having a typical acceleration of 15 to 30 mph
in 4 seconds requires 26.6 hp, 20.9 hp of which is required for acceleration.

The traction requirements at various speeds calculated from Equation
3 are plotted together with the performance of the Volkswagen (1960) using four
standard gear ratios in Figure 14, illustrating the power requirements for this
automobile.

The 51mp11f1ed urban driving proflle presented in Figure 13a has been
adopted for the present design purposes.

] ‘The power profile calculated from fhis figure and Equation 4 1is shown
in Figure 13b. This power profile shows that in typical urban driving, the power
requirement at the wheels consists of

continuous power: 5 hp (3.75 kw)
pulse power: 25 hp (18.8 kw)

By providing a 25 hp electric motor, the design will essentially produce the per-
formance -of the Volkswagen as.can be seen from.the curve labeled as 25 hp-in Figure
1&. Table .I1 summarizes the design specifications for the urban auto which will
perform according to the driving profile of Figure 13a.

The design calculations for the urban automobile powered by the hydra-
zine/air fuel cell - Li-Te secondary cell hybrid system are summarized in Table III.-
The weight, energy, and power capabilities of this hybrid system are compared to
those for other power sources in Table IV. Note that no fuel cell system used alone
could meet the specific power requirement of \58 watt/lb. However, if the car is re-
designed to allow more weight for the fuel cell, it is possible to build an auto-
mobile powered solely by fuel cells as shown in column 3 of Table IV and demonstra-
ted by the Electrovan. The lead-acid battery may be the least expensive power source
at present, however, no lead-acid batteries can meet the specific energy required for
a practical range (column 4, Table IV)., The silver-zinc and lithium~tellurium systems
are both very attractive with respect to the power-to-weight ratio. In particular,
the fast charge-acceptance capability of the lithium-tellurium cell presents inter-
esting possibilities including regenerative braking,/4 which is not practical for
cells unable to accept charge very rapidly. In the present analysis Ag-Zn batteries
show only a marginal range. In summary, Table IV clearly illustrates the superior
features of the hybrid system over the other systems.

Power Source for the Home

In many areas, the largest component of the consumer's cost of electri-
city is the cost of transmission from the power generating station. For the home
owner purchasing power from a large utility, this cost is approximately 50% of the
consumer price for the electricity. While this cost seems to be a large fraction of
the total, it is still acceptable when the ‘economics of central power generation are
considered. At present, or in the near future, it is unlikely that any type of fuel
cell will be economical enough to be used for supplying electrical power to homes,
replacing available power lines. However, because of the very rapid progress made
in the last few years, some fuel cells, particularly molten carbonate cells, are be-
coming attractive in special situations such as areas which are not already serviced

by power lines. Under these conditions, fuel cells and hybrid systems may be suitable

and economically attract;ve, with the advantage that the transmission of a fuel such
as natural gas is much more economical than transmission of electricity!
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The energy and power requirements for a home exhibit a cyclic profile,
as shown in Figure 15. Four peaks appear, corresponding to breakfast time, lunch
time, afternoon work, and the evening hours. A detailed listing of the power and
energy demands,Z2 i1s shown in Table V. Because of the high ratio of peak power to
average power shown in Figure 15, it is to be expected that a hybrid system will have
an advantage over a fuel cell system. It is seen from Table VI that the hybrid system
weighs less than half that of the fuel cell system. A lower system weight means in
general a lower initial investment and a lower maintenance expense. In addition, one
may take advantage of the high flue temperature of the molten carbonate cell in the )
hybrid system by using it to maintain the operating temperature of the Li-Te cell, The]
heat balance shown in Figure 16 indicates that under the given conditions assuming 30%
fuel cell efficiency,2+ and using an after-burner to combust the residual hydrogen in
the flue, the flue gas from the after-burner will have a thermal energy of approximatel
12,000 BTU/hr. This energy can be used to operate an ammonia absorption refrigeration
unit to produce approximately 6000 BTU/hr refrigeration, which is more than enough to
run several refrigerators and dehumidifiers but not sufficient to provide central
air conditioning (which requires 36,000 BTU/hr refrigeration for an average home).
The additional energy for central air conditioning and heating would be supplied by
direct combustion of natural gas, and would be independent of the hybrid system.

Submarine Power Source 1

The use of fuel cells for propulsion of combat submarines is rather un-
likely in view of the almost unlimited submergence capability of nuclear-powered sub- 1
marines. However, many unique features of fuel cells make them attractive for special-
purpose submarines. Some of the attractive features are: 1low fuel and oxidant weight
requirements resulting in smaller displacement vehicles with greater depth capability,
quiet operation, and simplicity. From the point of view of buoyancy and weight-dis-
placement ratio, the high energy density of fuel-cell systems makes them very attrac-
tive in applications where weight-to-energy and volume-to-energy ratios are critical.
Although secondary cells are superior from the standpoint of power-to-weight ratio, i
they are only suited for missions of a few hours' duration. As the mission length
increases to days or weeks, the weight of the battery pack increases much more rapidly
than that of fuel cell systems.

gower source for a small submarine requiring 103 kw of power for pro- }

pulsion and 10” kw as pulse power for sonar can make good use of the fast-charge

fast-discharge capabilities of the Li-Te cell, as shown by the results in Table VII.
Other Applications p
As 1llustrated in the preceding three examples, the hybrid system sur-

passes the other energy and power sources, including the system with a fuel cell

alone or storage batteries alone in applications where periodic high peak energy

demands exist. Since the bimetallic battery is capable of being charged and dis- //

charged at high rates, it can be combined with a regenerative braking system which 7

recovers a part of the energy which would otherwise be wasted. These unique features

of the hybrid system make many possible applications for the fuel cell much more

attractive. For example, industrial trucks, commuter buses, commuter trains, passen- #

ger boats, speed boats, submarines, hydrofoil boats, portable communication units, .

and electrolytic machining equipment are all potential applications of fuel cell-

high rate secondary cell hybrid systems. ’
CONCLUSIONS
The recent advances in fuel cells have placed them in a much more competitive /J

position than they were just a few years ago. The previous requirements for large
amounts of platinoid metal electrocatalyst have been drastically reduced to the
point where platinoid elements can be eliminated from hydrogen-air cells using
alkaline electrolytes, and only l-4 mg/cm® of platinoid elements are required .
when acid electrolytes are used in hydrogen-air cells. The direct use of unpuri- 4
fied reformer gases (containing more than about 20 ppm CO) is presently only
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feasible with low-loading (< 5 mg platinoid,metal/cmz) electrodes at temperatures
above 130°C. The direct use of hydrocarbon fuels is not yet practical, although
very encouraging progress has been made, reducing the electrocatalyst loadings by
a factor of about 10 from the 6riginal requirements of a few years ago. Molten
carbonate. cells have improved significantly in both performance and endurance, to
the point where they can compete with other fuel cells on a performance basis, and
are most attractive from an economic viewpoint.

The choices’among the most advanced fiuel célls are governed by the specific
requirements of each application. For simplicity and high power density, direct
hydrazine cells are attractive; for use with conventional carbonaceous fuels, in-
direct systems operating either on pure or impure hydrogen appear to be-the best
at present. In choosing between acid and alkaline electrolytes, the gain in system
weight due to the necessary air scrubber for the alkaline electrolyte is counter-
balanced by the lower performance of the air electrodé in the acid system, so that
the choice should be based on system simplicity (acid) or system cost (alkaline).

Since fuel cells are still relatively low specific power devices (maximum of
30 watt/1b for a system), the specific power requirements of many applications cannot
be satisfied by fuel cell systems, unless a method is available for providing the
peak power. Design calculations indicate that a fuel cell-high rate secondary cell
hybrid system should provide the ability to meet the demands of high peak-to-average
power profile with a system weight lower than that available using either fuel cells
or ‘secondary cells alone. -These hybrid systems provide an attractive opportunity
for the early use of fuel cells in high specific power applicatioms.

Work performed under the auspices of the U. S. Atomic Energy Commission,
operated by the University of Chicago under Contract No. W-31-109-eng-38.
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TABLE II

Design Specifications for Power Sources

For a Light Urban Automobile.

Design Requirement

Unladen car weight

Laden car weight

Maximum speed on level road
Acceleration O to 30 mph

Brake horsepower (pulse)

Power source (pulse)

Brake horsepower (continuous)
Power source (continuous)

Weight allowance for power source*

System specific power (peak)

4

Exclusive of motor, controls and gear train.
24

controls will weigh 90 1b.=—

1600
.2000
60

25
23.2

4,65

400
58

The motor

1b
1b
mph
sec

hp

hp
kw
1b
watt/1b

and



328

TABLE III

<A

Hybrid System for the Urban Automobile

Fuel Cell

System N2H4-H20/Air
Continuous power required
Specific power of fuel cell
Weight for 4.65 kw

Baftegx
System Li-Te
Power Requirement

Design specific power (with
3.6 cell per inch from Fig. 9)

Specific energy
Weight for 18.55 kw
Energy stored

Fuel and Tank
Weight allowance

Energy available
Total energy availabe

System specific energy
System speclfic power (peak)

Range in the typical urban driving
(from Figure 13a)

*
Specific energy of fuel and tank for the NZHA'HZO/Air fuel cell is

taken as 680.2 watt-hr/1lb.

4.65 kw

30 watt/1b (From Table I)
155 1bs

23.2 kw - 4.65 kw = 18.55 kw
300 watt/1b

58 watt-hr/1b
62 1b

(58) (62) = 3.6 kw-hr

400 - 155 - 62 = 183 1b
ok
(183) (680.2) = 125 kw-hr

3.6 + 125 = 128.6 kw-hr

(128.6) 10)3 _ -
oo = 322 watt-hr/lb
3
(23.2Q0° - _
00 58 watt/1b

(128.6 kw-hr)(3.75 miles/kw hr)
= 48] miles
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TABLE 1V

Comparison of Various Electric Power Sources for an Urban Automobile

i __Hybrid Fuel Cell . Lead-Acid
Svstem z%gaigggéAir NZHA'HZO/Air
Weight
Fuel cell and

fuel, 1b 338 970 -

Battery, 1b 62 - 400
Total, 1b 400 970 © 400
System Power, kw 23.2 23.2 23.2
System Energy, kw-hr 128,6 66 0.96
Range, miles 481 246 3.6
Recharging time <15 min <15 min > 8 hr

=Zn

400
400
23.2
28
105
>8 hr

Based on a typical urban driving profile shown in Figure 13 a,

3.75 miles/kw-hr is gbtained.

TABLE.V

Power Requirements for a Home

Continuous Loads

Thermal BTU/Hr

76
Heating—

80,000
Home appliances -
Pulse Loads
Cooking 10,000
Household.chores -
Clothing dryer 15,000

Home appliances -
TV and Radio -
Lights ' -

Electric, Watts

1,000

2,000

3,000
600
1,000

Duration, Hr

Li-Te

400
400
23.2
56

210

<15 min

24
24

0.5
0.5
0.5
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TABLE VI

Designs of Power Sources for a Home

Design Requirements

Electric power and energy requirements:

Continuous power 1 kw
Pulses integrated over 24 hr period . 22.5 kwh
Energy of largest pulse 16 kwh
Peak pulse power 6.6 kw

Calculations are made for both hybrid system and
fuel cell system.

Hybrid System

Fuel cell system: Molten carbonate cell with a reformer.
Cell operating temperature 650°C
Fuel: Natural gas (methane) from gas supply line

24 + 22.5

Average power requirement: ——32————— = 1.95 kw
Specific power of the fuel cell system (Table I) 10 watt/1b

~ (reformer inclusive)
Weight:

Battery system: Li-Te
Peak power requirement

Energy storage requirement (from Figure 15) 8 kwh

From the definition of specific energy, ¢

4.65 _

o
P

By finding the intersection of the above equation and the Li-Te line in
Figure 9, we have the following points for the Li-Te battery with 2.1

cells per inch.

specific energy 136 watt-hr/1lb
specific power
welght required )
combined weight 195 + 59 = 254 1b

Fuel Cell System
Fuel cell:
" Fuel:
Power requirements:
Specific power:
Weight:

g

is watt-hr/lb and cp is watt/lb.

(1.95)(10)3/(10) = 195 1b
4,65 kw

*
E and specific power, op

or cp = 0.58 °g

68 watt/1b
(8) (10)3/(136) = 59 1b

molten carbonate cell with a reformer
natural gas (methane)

6.6 kw

= 10 watt/lb (reformer inclusive)
(6.6) (10) /(10) = 660 1b.
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TABLE VII

Designs of Power Sources for Small Submarines

Design Requirements

Search, rescue, salvage or research missions with sonars

Continuous power requirement:
Total propulsion energy:
Pulse .power requirement:

Total pulse energy:
Total mission energy requirement:

Hybrid System
Battery

System

Power requirement

Energy requirement for a sonar pulse

Specific power (for the Li-Te battery
with 8.5 cells per inch)

Weight for 10,000 kw

Specific energy (from Figure 9)

Energy stored

1,000 kw, 48 hours

4.8 x 10 kw-hr

10,000 kw for 10 seconds :
1,000 pulses at 100 second intervals
2.78 x 10% kw-hr

7.58 x 10% kw-hr

Li-Te
10,000 kw ,
27 .8 kw-hr

500 watt/1b
20,000 1b
20 watt-hr/1lb

(20,000) (20) = 400 kw-hr

The stored energy is more than sufficient
to produce several pulses without recharge.

Fuel Cell

System
Energy requirement
Power requirement

Ammonia (Rlssociator)/Air

From the definition of specific energy and power

7.58 x 10 _ 0.158 x 10
OE GP

7.58 x 107 kw-hr
7.58 x 10° _
%8 = 1,580 kw
or op = 0.0208 Op

By drawing the above relation on the coordinates of Figure 9,
we find the line intersects with the ammonia (dlssoc1ator)/alr

line at the following points

Specific energy
Specific power

605 watt-hr/lb
12.5 watt/1b

These numbers correspond to the fuel cell system consisting of
43 w/o fuel cell and 57 w/o tank plus fuel

Weight required

Power available

7
7.58 x 107 _ 5
Toe 1.25 x 10° 1b

1.25 x 10° x 12.5 x 1070 =

1.56 x 10° kw

This power is sufficient to meet the mission requirement.

Total system weight

=(0.2 + 1.25)10° = 145,000 1b




System

Weight
Fuel cell, 1b

Battery, 1lb
Total, 1b

System Powér, Mw
System Energy, Mw-hr

342

TABLE VIII

Submarine Power Source Designs

'beria ) 'Fhei Ceil Ag-Zn

Li-Te
NH,/Air and NH./Air Ag-Zn Li-Te
3/al 3
Li-Te
125,000 398,000 - -
20,000 - 1,080,000 525,000
145,000 398,000 1,080,000 525,000
10 10 10 10
75.8 75.8 75.8 75.8
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Fig. 7 Voltage-current density curves for direct hvdrocarbon/air fuel cells with 1

acid electrolytes. '
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8 Voltage-current density curves for direct methanal/air fuel cells.
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Fig. 15 Flectric power requirements for a home.
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Fig. 16 Schematic diagram of a home hybrid power source.




