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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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o~

0 100 200 300 400 500 600
CURRENT DENSITY — mA/cm2

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
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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,
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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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ohm ¢ cm, and electrode activity, mi/cno

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)



N

39

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.
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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.
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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
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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:




97 -

Qef Lt ol 1 - @

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.
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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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during sweep G. (Figure 2a from Ref. 6; Figure 2b from Ref 5).
‘ (a) (b}
A) T, = 0.01 sec.. no O 1) Togg * ©0.010 s€
2o 5 c e 2) Tods : ©.160
y B o 3) Todg = 0.630
] ) e.910 a) To‘. N 1.0
P ~ 18 [ 3) Tage = 100.0;
=
b L - Rh,R.P. = 1,2
S 10 g 4 N H,50,
s s 1.0} 80°C .
- =
.- L4
= "
o.s
e T J— 25 0, VOLTS .
! ! 0.8 1.0 15 Ty, mSEC
’ T T T T . I 1 1 1 1
¢ [X] 10 t5  Tp,msec. 0.2 04 0.8 1.2 POTENTIAL, VOLTS
1. 8v — . — . : i

." A o ‘ ) : 1.8v
. M =1 100 v/ sec.

fArs
! 0.4v 0 900 v/SEC
. c - sos*
» ) oo : . 10s* 25* 10s*  10s* +90S. 10mS. Togg 1OMS.
o A 8 ¢ ° E F 6 w 1

% WITH PAODLE - STIRRING {360 r.p.m.)

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
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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.



S

129

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.

PP L Gr— ‘.*;'\‘

e N

v



135

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-
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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,

¢
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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 th