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CATALYSIS OF FUEL CELL ELECTRODE REACTIONS
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chemisorb the fuel gas species over the reaction products so as to
limit self vnoisoning.

The cherisorption of hydrogen, narticularly cn metal surfaces,
has been studied more exitensively than other fuel gases. 4t normal tem-
vsraturns, chenmisorntion of the type recuired for kigh catalytic activity

invclves a partially covalent surface bond batween hydrogen atoms and the
d electrons of the metal. Thus, the general reouirement for hign
Catalytic activity of a meial in simple gas reaciions of hydrogen is that
wossesses d band vacancies. This limits the active metal catalysts to

transition °1=ments, although not all of the transition metals are
ts even though they chemisorb hydrozen, The early members

the transition series, which have vacancies in both the first and
econd sub-bands, chemisorb hydrogen strongly and are not particularly
;00c catalysts in hydrogen reactions. The later members of -the three
transition series, which have vacancies only in the second sub-tand,
exhidit the lowest heats of chemisorption at the surface coverages
inveolved in hetercgsnsous reactions, and are recognized as highly active
for hydrogen reactions. Thus, it would avpear that the most
ive metal catalysts for fuel cell zlectrode reactions where hydrogen
iq the fuel gas should he selscted from those transition metals with d-
hand vacancies only in the secand sub-band- =, the group VIIT metals.
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~ Confirmation for the views stated above is given by Figure 1
where the oven circuiti votentials for the hydrogen half-cell are plotted
25 a function of the avrvroximate number of d-band vacancies of the Sd
transition nm “euale and their alloys when used as catalysis at the hydrogen
elecirode Thess data were odbtzined with a low temperature fuel cell
(2702) enflaying an aqueous socium hydroxide electrolyte and porous .
sranhite elacirodes whicn were impregnated with the metal catalysts. In
al the cavalysic activivias of vhe metals avpear to parallel their
onen circuit notentials e.g. a small free energy loss due to chemisorztion
i r\"'ies 2 high catalytic activity. Tungsten and rhenium both
vely low open circuit ootsntizls and high heats of chemisorption.
<d quite vrobadly raenium have vacancies in the first d sub-band.
rcuit half cell potentizl of osmium is intermediate between the
3 LWC ol=tinur and iridiun. ‘1‘hs é.lovs of plavinum-iridium

Vacancy, As tne vacancies in the d banc of nlatlnum are flll°d by the s
elnctrons of gold upon alloying, the fuel cell potential decreases sharply
until the 609 Au - hON Pt alloy after which the potential appears to
remain relatlvely constant.

Table I lists the oven circuivu, hydrogen half-cell potentials
for the zroup VIII transition metals and the neighbering Ib metals. The
same trend in catalytic activity is observed in the three transition
series, the potential reaching a maximum ocetween the last two transition
metals and falling sharply for the following Ib metal. The irreversible
frece energy loss in chemisorption is larger for the group VIII metals of
the first series (Fe, Co, Ni) than for the metals in the second and third
series, #Also, these metals of the first series are more susceptible to
poisoning by impurity gases such as sulfur compounds., Platinum and
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Palladium are probably the test catalysts for hydrogen electrodes in
fuel gas cells. Although, a maximum in activity is obtained with
alloys of certain of these metals the slight increase in potential over
the pure metals would probably not justify the difficulties of alloying
in commercial practice.

Table I

OPEﬁ CIRCUIT HYDRCGEN HALF CELL PCTENTIALS FOR
GRCUP VIII AND Ib FETAL CATALYSTS

Fe Co 'Ni Cu
533 703 693 323
Ru Bh Pd Ag
740 76 7L3 243
Os. Ir Pt i
403 733 753 263

The results given in Table I for low temperature fuel cells,
using aqueous hydroxide electrolyte, in general are parzlieled by high
temperature cells employing molten salt electrolytes, although the
free erergy loss on chemisorption often decreases with increasing tem-
perature and consequently is of less importance., For examvle,
palladium and platinum catalysts give higher oven circuit potentials
with hydrogen as a fuel gas than does nickel, iron, etc, in a variety
of molten salt electrolytes. At relatively high temperatures (Ca 500-
800°C) the nature af the hydrogen chemisorption changes for several of
the groun VIII metals. Quite ocrobably, hydrogen forms d s p hybrid
bonds with the metal, Indeed, in some cases the catalyst can be
poisoned by being heated to a high temperature and then cooled in
hydrogen, Presumably, this lesves a strangly bonded form of chemisorbed
hydrogen on the surface which is not active in the electrode reaction
since the activity of the catalyst can be restored by heating and
cooling in nelium. :

Acetylene and Ethylene

The catalytic activities of the group VIII and Ib metals in
the oxidation of sthylene and acetylene in a fuel cell appear to be
similar to their activities with hydrogen, i.e, a high catalyst activity
is favored by vacancies in the d band of the metal, However, these
reaction systems are fundamentally more complex than those of the
hyérogen cell, The reactions which occur at the anode are complicated
by two factors (i) the nature of the chemisorbed complex, which is in
doubt, since either carbon-carbon or carbon-hydrogen bonds may be broken
in chemisorption ané (ii) the amount of self-hydrogenation at the surface.
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The reaction sor~ies may be alike in scme instances since the fuel cell

‘potentials, for both ethylene and acetylene on certain catalysts, are

very similar.

The fuel cell employed for studies of acetylene and ethylene
was similar to the cell used for hydrogen exceot that the electrolyte
was a LC§ agqueous solution of K2CO . The reactive species in solution
may oe either the carbonate ion, bicarbonate ion, or the hydroxyl ion.
A1l three ions are pressnt in the solution in reasonable,concentrations.
Praeliminary cxveriments, however, anpear to favor the bicarbonate ion.
‘The vroducts of the reaction at the fuel electrode are in doubt, but
first analyses seemed to indicate the presence of aldehydes and carbon
dioxice.

-The most active catalysts among the metals studied are the
group VIII metals of the first transition series along-with palladium
and iridium as illustrated in Table II,

Metal 5 Lcetylane
e 730 : 790
Co 675 715
i 605 595
Cu L!lo . h?S
Ru © 208 L75
Rh : 365 _ 535
Pd 710 705
ig . 055 0%5 -
W ' 105 -L60
Cs Les 570
Ir 610 625
Pt 380 570
Au 190 165

The maxirum in catalytic activity avpears at a different nlace in each
transition series, The zroun Ib metals, although vDossessing some
activity, ars in general voor catalysts for these reactions.

The catalytic activities of these metals in the ethylene and
acetylene oxidation resactions at the anode are quite sensitive to the
state of the catalyst surface as was the case with hydrcgeﬁ. This is
exvecially- true for tne group VIII and Ib metals of the 2nd and 3rd
transition series. If, after reduction, these mevals are exposed to
the atmosvhere only momentarily their catalytic activity is decreased
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considerably, This is illustrated in Figure 2 where the lower curves !
revresent catalysts with surface oxides. Although the members of the i
first transition series are susceptible to oxygen poisoning the effect '\
on catalytic activity is ruch less accentuated.

The most active catalysts are oroduced by ‘*in situ! reductions
where the surface, after reduction, is not exnosed to the atmosnhere but ‘
remains constantly under hvdrogen until the electrode-electrolyte
contact is made.

As in the case for- nvdroven, a low heat of chemisorption in
either ethylene or acetylene will minimize the irreversible free energy
loss at the fuel elecirode and, hence, produce a higher potential in the {
fuel cell, There are two factors which determine the heat of chemi-
sorption of ethylene and acetylene: (i) a geometric factor, i.e., inter- -
atomic distances in the catalyst lattice, and (ii) an electronic factor.

The most favorable interatomic distance, for ethylene hydrogenation,
according to 3eeck (9), is 3,75 R as observed in catalyst activity in
ethylene hydrogenation reactions. Our results can neither support nor
refute this, since the crystal planes exvosed are not known and, thus,
the more active spacings cennot be predicted. Probably the more immortant
factor is the electronic character of the catalyst. Our resulis and the
results of other investizators support this view (10). Onlty transition
rnetals or near transition metals catalyze.these reactiens. Although
surface reactions of acetylene have been investigated only to a limited
extent, the results of this paver indicate they follow a pattern similar
to that of zthylene,

The slight activity shown by the Ib metals in these reacticns
can be attributed to either their small d-s electron promotion energies
(11), which give rise to vacancies in the d band org* bonding by the
metals to these molecules which can be achieved by a rearrangement of
the metallic orbital together with the formation of a bond by overlap
of the filled g-orbitals with the antibonding orbitals of the adsorbate(1l2).

Carbon lMonoxi.de

The same type of fuel cell was used for studies on carbon -
monoxide as with ethylene and acetylene, the electrolyte being a L0%
agueous K2003 solution.

The catalytic activities of the transition metals investigated #
in this cell for the anodic oxidation of carbon monoxide are shown in N
Table III. The variation in the half cell potential among the transition
rnetal catalysts are small with the exceotion of Palladium which appears
to be the most active catalyst for the reaction, The activities of the
Ib metals are low as for the fuel gases previously mentioned. This would
indicate the necessity of vacancies in the d band of r,he metal catalysts - -
for a high activity. !

The chemisorption of carbon ménoxide may take nlace by a numoer
of different mechanisms. On certain metals, such as palladium and platinum,
it chemisorbs with a one site attachment forming a surface layer similar : ’
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FOR
Fe Co Ni Cu
- LLO Los 150
Ru Rh Pd ig
L75 ) 5L0 825 .225
Os Ir Ft Au
520 ci2 Sh 150
in structure to the metal carbonyls, i.e., I = C = 0 (13)., The second

mode of chemisorotion is a two sitz sorpiion  the carbon monoxide
comnlexes covering two surface sitss as indicated in the following
diagrans (ih).
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Two site chemisorotion nrobahly takes place on rhodium (13) in this
manner, The two tyces of two site mechanisms cannot be differentiated
since tne lattice geometry required in the metals for chemisorvtion
falls in aqiite narrow limits, otherwiss, the valence angles would be
prohinitive, AL of the transition metals studied orodebly exnose
crystal nlanes suwitable for both is

Lgain the activities of the Ib metals may be due to the small
raguired for d-s electron vromotion.
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eneral requirsments of a catalyst at the oxvgen electrode
of a fuel gas cell ares essentially the same as for the fuel =lectrode
catalyst exceot that negative ion formation is the process under con-
sideration. In cells employing agueous hydroxide electrolytes, the
oxyzen rust be chemisorbed in such a manner as to lead to the rapid
formation of veroxide and hydroxide ions in ithe oresence of water, A
further role of the catalyst in this case is to aid in the cecompmosition
of the peroxide,

The most active catalysts, among those investigaied, for the
electrode reaction of the oxygen nalf-cell in aqueous hydroxide
electrolytes are the oxides of the group Ib metals: copper, silver,
and gold, Copver and silver oxides are known %o be active oxidation
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catalysts (e.g. they must chemisorb oxygsn in a state that will readily
take part in oxidation reactions) and their oresence presumably also
oromotes decomposition of peroxide ions formed uncder current drain,
Gold films, however, have been reported to be inert toward the chemi-
sorotion of oxygen up to 0°C (15). Possibly 05 ions are formed on the
gold surface as an intermediate step in the recuction of oxygen. 3Such
a svecies, if oresent in small amounts, might not be detected in chemi-
sorption exveriments since it would be readily removed frem the surface
on outgassing., The activities of the Ib metal oxides are in the order:
copper silver gold.

Cobalt and nickel oxides possess an activity only slightly
greater than unactivated graohite which may indicate thal these metals
are essentially inactive; while ircen oxide has a reascnable activiiy.
The open circuit half-cell pctentials for the 3d transition oxices zné
oxides of cobalt-nickel and nickel-copoer alloys are shown in Figure 3,
As copoer is added to nickel, a slight increase in potsntial starts after
the 603 copver~ h0% nickel alloy (oxide) is reached and then a rapid
increase is observed as pure copper oxide is approached. A& similar
behavior is found for palladium~silver alloys (oxides) in the Ld
transition series, '

The activity of oxides as catalysts at the oxygen electrode
may be varied considerably by the introduction of a defect structure.
It is well known that heterogeneous reactions proceeding by negative

ion formation can be profoundly altered by the defect state of the
catalyst surface.
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ETHYLENE HALF-CELL POTENTIAL (millivolts)
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Figure II  Ztaylene Half Cell Potentials for the 3d and 5d Transition
Metals
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