JOURNAL OF CATALYSIS 41, 466—481 (1976)

The Effect of Gold on Hydrogenolysis, Isomerization,
and Dehydrocyclization Reactions on Polycrystalline
Platinum and Iridium Foils

D. I. Hagen! AND G. A. SOMORJAI

I'norganic Materials Research Division, Lawrence Berkeley Laboratory, and Department of Chemistry
University of California, Berkeley, California 94720

Received August 21, 1975

The effect of the addition of gold to polyerystalline platinum and iridium foil samples on the
initial reaction rates for the hydrogenolysis of propane, isobutane and n-heptane, the isom-
erization of isobutane, and the dehydrocyclization of n-heptane to toluene has been studied.
These studies were carried out on samples of area ~1 cm? cleaned and maintained under
UHV (ultrahigh vacuum) conditions and in a 5:1 hydrogen to hydrocarbon ambient at a
total pressure in the 10~%-Torr range. Mass spectroscopy was used to monitor the reactions
in a temperature range of 100-500°C. The platinum-~gold and iridium-gold samples were
prepared by evaporating several monolayers of gold on the cleaned surfaces and annealing
under vacuum until the desired surface concentration of gold was obtained as determined
by Auger electron spectroscopy. The nature of the resulting surfaces was further studied
by chemisorption of carbon monoxide.

The rates of hydrogenolysis and isomerization on the pure platinum and iridium surfaces
were found to be within a factor of 5 of the corresponding rates measured by others at higher
pressures (48 Torr-1 atm), suggesting that the hydrogen to hydrocarbon ratio is more im-
portant to the rates than absolute pressure. Absolute pressure was found to play a more im-
portant role in dehydrocyclization where a two-order-of-magnitude difference in the rate
on platinum was observed between the low pressure studies described in this paper and the
high pressure studies carried out by others. Platinum was found in general to be more active
for hydrogenolysis and isomerization while iridium was the more active for dehydrocyecli-
zation. Time-dependent poisoning of the rates, the existence of a rate maximum as a func-
tion of temperature, and the predominance of low molecular weight hydrogenolysis products
are atfributed to the lower hydrogen pressures used in this work.

The addition of gold to the platinum and iridium surface decreases the rates for all re-
actions studied. An approximately linear decrease in isomerization rate as a function of gold
coverage was observed while hydrogenolysis and dehydrocyclization decreased in a similar
fashion with each other and much more rapidly than isomerization. Thus the selectivity
for isomerization as compared to hydrogenolysis is increased with increasing gold coverage
while little change is expected for dehydrocyclization. These results coupled with differences
in the time-dependent poisoning of the various reactions suggest that different surface sites
are responsible for isomerization than for hydrogenolysis and dehydrocyclization.

INTRODUCTION carbon reactions (7). Their outstanding

Alloys and other multicomponent metal
systems are being used with increasing fre-
quency as catalysts for a variety of hydro-

! Present address: Union Carbide Corporation,
South Charleston, W.Va.

features are (1) improved selectivity for
multiple path reactions, (2) improved ac-
tivity, and (3) better resistance to deactiva-
tion (2). It is hoped that by understanding
the surface science of catalysis on these
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systems one may develop new catalysts that
are either less costly or more active and
selective than the single metal component
systems. Finding substitutes for or im-
proving the catalytic behavior of metals
such as platinum and iridium is particu-
larly important due to their cost and
scarcity. The effect of multicomponent
metal systems on ecatalytic reactions has
been extensively studied and several review
articles (2-4) have been written that deal
with this subject.

The addition of a catalytically inactive
metal such as copper, silver, or gold of the
1b group of the periodic table to an active
metal, e.g., a member of the 8 group,
dramatically alters the selectivity of the
active component towards such reactions
as hydrogenolysis, isomerization, dehydro-
cyclization, and hydrogenation/dehydro-
genation, some or all of which can take
place simultaneously (2). In general, it has
been found that on surfaces such as sup-
ported nickel-copper (5) and nickel-copper
powders (6), supported palladium-gold (7),
and platinum-gold (7,8), evaporated films
of iridium-gold (9), and others (2), hydro-
genolysis activity is quenched much more
rapidly than isomerization, hydrogenation/
dehydrogenation, or deuterium exchange,
leading to the conclusion that reactions
involving C-C bond scission are more in-
hibited than those involving C-H bond
scission on the addition of a second, inac-
tive metal to the pure catalyst (2,6). Both
geometrical and electronic factors have
been proposed to explain the observed be-
havior (10). However, quantitative con-
clusions are difficult to make because of
uncertainties (both geometrical and com-
positional) of the nature of the surfaces
studied. The geometrical structure of the
surface and the presence of defects of
various kinds also play an important role in
catalytic selectivity, as has been verified in
this laboratory (17-13) and in others (14).
Thus it is desirable to employ surfaces that
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are as well defined as possible in studies of
this nature.

These considerations have motivated the
present work involving studies of the hy-
drogenolysis of propane, isobutane, and
n-heptane; the isomerization of isobutane
to n-butane; and the dehydrocyclization
of n-heptane to toluene on pure polycrystal-
line foils of platinum and iridium and as a
function of gold concentration on these
samples. The bimetallic surfaces were
formed by depositing gold on the platinum
or iridium substrates from an zn situ source
and annealing in ultrahigh vacuum to
obtain the desired gold concentration as
determined by Auger electron spectroscopy.
Chemical titration of carbon monoxide on
the platinum-gold surface was carried out
to determine its nature further. Following
the determination of reaction rates at a
certain gold concentration, the surfaces
could be rendered gold-free by heating to
high temperatures in preparation for similar
studies at a different concentration. This
technique has the advantage of being able
to explore the catalytic behavior rapidly as
a function of gold concentration because of
the ease of preparation. Several different
platinum and iridium samples were used in
this investigation. Mass spectrometry was
used to monitor the reactivity of these
surfaces as a function of gold concentration
at low reactant pressures (3 X 10~* Torr).
Surface cleanliness was insured by employ-
ing ultrahigh vacuum (UHV) techniques.

It has been shown previously (11-13)
that one may study catalytic reactions of
low reaction probability on surfaces of area
not larger than 1 cm? at low pressures or
at high pressures using mass spectrometry
or gas chromatography, respectively, to de-
tect the reaction products. We have also
used samples of small area in the present
study and were successful in determining
product distributions, turnover numbers,
and their changes with surface gold
concentration.
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EXPERIMENTAL
Apparatus and M aterials

The experiments were carried out in
a modified ion-pumped, Varian, LEED-
Auger, UHV system. Base pressures in the
low 10~%-Torr range were obtained following
bakeout of the system at 250°C. Back-
ground gases consisted mainly of hydrogen,
carbon monoxide, and small amounts of
argon, carbon dioxide, and water. Total
pressures were measured by a Varian nude
ionization gauge and partial pressure by an
EAI quadrupole mass spectrometer. The
mass spectrometer was also used to monitor
the partial pressure of the reactant and
product gases during the experiments and
was calibrated by the ionization gauge.
Both the mass spectrometer ion source and
ionization gauge were equipped with thori-
ated-iridium filaments to minimize interac-
tion with the ambient gases. Auger electron
spectroscopy was employed to monitor sur-
face composition. Auger electrons were
excited by a glancing incidence electron
gun and energy analyzed and collected by
the four-grid LEED optics according to
established techniques (15).

The platinum and iridium samples, each
having total area of about 1 cm?, were cut
from 0.025-cm-thick polycrystal stock sheet
of purity 99.95 and 99.89,, respectively.
The samples were etched in hot aqua regia
and spotwelded to heavy tantalum supports
which were provided for ohmic heating. No
evidence was found for appreciable cata-
lytic activity of the tantalum supports
during the experiments discussed in this
paper. .

The sample and its supports were
mounted on a Varian rotatable manipulator
so that the samples could be positioned ap-
proximately in the center of the vacuum
chamber and rotated to the proper positions
for gold evaporation, Auger spectroscopy,
etc. Sample temperature was monitored by
a thermocouple spotwelded to the sample.
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Platinum vs platinum-109, rhodium and
tungsten vs tungsten-269, rhenium ther-
mocouples were used for the platinum and
iridium samples, respectively.

All gases used in this work were ‘“instru-
ment”’ or “research” grade obtained in
metal cylinders and connected to the com-
mon gas manifold through pressure regu-
lators. The gas manifold was connected to
the system through a Varian leak value.
Normal heptane was admitted to the
manifold, and to the system through the
leak value, from a glass reservoir containing
a small amount of the “reagent’ grade
liquid which had been further purified by
pumping on it.

Surface Cleaning

Dominant bulk impurities were found to
be calcium in platinum and oxygen in
iridium and, as they segregated to the
surface, could be removed by ion bombard-
ment and sputtering by argon ions. Surface
carbon could be removed from both sur-
faces by heating the sample at 1000°C for
several minutes in a 5 X 10~7-Torr oxygen
environment. Surface oxygen from this
treatment was removed by heating to
1300°C (platinum) or 1600°C (iridium).
Following this procedure, an estimated
maximum of several percent of the surface
was found to be covered by impurities, as
estimated by Auger electron spectroscopy,
and were primarily calcium on platinum
and oxygen on iridium.,

Formation of the Bimetallic Surfaces

The bimetallic surfaces used in this in-
vestigation were formed by a procedure
somewhat similar to that of Bonzel and
Wynblatt (16). Gold was evaporated onto
both sides of the clean sample from an
tn situ evaporation source consisting of a
tungsten basket loaded with gold and
shielded to reduce unnecessary deposition
of gold on other parts of the system.
Sufficient gold was deposited on the surface
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to eliminate the substrate Auger peaks. The
gold-covered sample was then annealed at
about 1000°C allowing gold to vaporize
from the surface or diffuse into the bulk.
The annealing process was contined for a
period of several minutes until the desired
surface concentration of gold had been
obtained as determined by Auger electron
spectroscopy. The gold-contaminated sur-
face could be rendered gold-free by heating
the sample to 1000-1600°C for periods of
several minutes. Following this treatment
no evidence was seen for the presence of
residual gold on the surface within the
limits of detection of the Auger spectrom-
eter (fractional coverage 6., ~ 0.05). The
presence of a small amount of residual gold
on the surface was evidenced, however, by
an inability to reproduce hydrogenolysis
results that had been obtained on surfaces
uncontaminated by gold.

Auger spectra taken on a clean iridium
surface, the same surface following gold
evaporation, and the resulting surface
following annealing are shown in Fig. 1.
The 141-eV gold Auger peak, corresponding
to the N;N¢N,¢ transition, was used to
determine the fraction of the surface
covered by gold. The interpretation of the
gold peak heights is complicated by a lack
of knowledge concerning the distribution of
gold on the surface resulting from the above
treatment. The Auger peak height (k) is
proportional to (17) Z; N.a;, where N, is
the number of emitting gold atoms in the
¢th layer and a; is an attenuation factor
dependent on the layer depth and on back-
scattering and screening effects (17). If the
gold exists on the surface in amounts of a
monolayer or less with no substantial pene-
tration into the bulk, then only one term
in the above series is needed and the surface
coverage is directly proportional to Auger
peak height. The surface coverage would
also be directly proportional to peak height
if penetration into the lattice (alloying)
oceurs with the same number of gold atoms
in each layer where a; is large. However, if
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Fia. 1. Auger spectra (second derivative of Auger
current vs electron energy) for an iridium poly-
crystalline surface, the same surface following evapo-
ration of gold, and following annealing at 1000°C
yielding a surface having a value of h/H = 0.36. A
small peak is present at 270 eV in the iridium and
iridium—-gold spectra corresponding to the presence
of surface carbon.

alloying occurs with a concentration gradi-
ent into the bulk, the surface coverage need
no longer be simply proportional to peak
height. Furthermore, it is not possible to
determine directly from the Auger peak
heights the point at which exactly one
monolayer of gold exists on the surface in
the event alloying does not occur.

In order to resolve these questions it is
necessary to calibrate the Auger peak
heights in some way, e.g., by some tech-
nique that counts only surface atoms of one
kind. This was carried out for platinum by
exposing the surface to the same exposure
(near saturation) of carbon monoxide,
which adsorbs only on the platinum metal
atoms, and flashing the surface to determine
the amount originally adsorbed. The result
of this titration is shown in Fig. 2 where the
ordinate is proportional to the amount of
carbon monoxide adsorbed and the abscissa
is the Auger peak height (k) of the annealed
bimetallic surface normalized to the Auger
peak height (H) of the surface covered with
sufficient gold so that substrate features are
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Fra. 2. Amount of carbon monoxide adsorbed
(determined by flash desorption) following an ex-
posure of 60 Langmuirs (1 Langmuir = 10~ Torr
sec) as a function of the ratio of gold Auger peak
heights (h/H) for surfaces prepared according to the
method described in the text. The straight line for
h/H < 0.5 is a least-squares fit to the data points.

not seen. This ratio is
h/H = Z Niai/N“") Z ai,

where N is the number of gold atoms in
a monolayer and it is assumed that the a,'s
are the same regardless of whether the
emitting gold atom is in a pure gold matrix
or in a gold-platinum matrix, ie., back-
scattering and screening effects are matrix
independent. It is seen in Fig. 2 that the
amount of carbon monoxide adsorbed de-
creases approximately linearly with in-
creasing h/H until a value of h/H ~ 0.5 is
reached. For larger values of h/H the
amount adsorbed does not change to a
maximum value of h/H = 1.0. The small
amount of carbon monoxide adsorbed for
h/H > 0.5 is probably due to adsorption on
edges and supports not covered by gold.
These results indicate that the surface be-
comes covered by a monolayer of gold at
h/H ~ 0.5 and that for values of h/H < 0.5,
h/H is directly proportional to 8y It is
possible to calculate approximately the
value of h/H corresponding to one mono-
layer of gold lying on top of a pure platinum
substrate. Converting the sums in the
previous equation to integrals and assuming
a; is due only to the attenuation of Auger
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electrons, because of the finite mean free
path, A, of the hot electrons, we obtain

d ©
WH = / ez / f ez = 0.4,
0 0

using a value of A = 5 A, estimated from
the behavior (18) of electron mean free
path vs energy at the Auger peak position
of 141 eV, and a value of d = 2.92 A, cor-
responding to the diameter of a gold atom.
The calculated value of h/H is in good
agreement with the experimental value of
0.47 obtained by carbon monoxide titration.
It will be assumed that the iridium-gold
surface behaves in a manner similar to
platinum-gold.

The surface gold concentration did not
appear to change substantially during the
course of a reaction run. Heating a partially
gold-covered surface under vacuum at
400°C for periods up to 30 min resulted in
no observable changes in h/H.

Procedure

The procedure employed during the re-
action experiments was as follows. The
freshly cleaned or alloyed samples were
allowed to cool to within a few degrees of
room temperature. The vacuum chamber
was then isolated from the ion pump by
closing the gate valve. The hydrocarbon
reactant gas was admitted to the vacuum
chamber to a pressure of 5 X 10=% Torr
followed by hydrogen to a total pressure of
3 X 10* Torr. The hydrogen to hydro-
carbon ratio of 5:1 was chosen for experi-
mental convenience but other ratios were
occasionally used to determine the effect of
its variation on reaction rate. Repetitive
mass scans every 30 sec were then begun
and recorded, covering both the reactant
and expected product mass peaks, and were
continued throughout the experiment. After
several minutes had elapsed the sample was
heated within a few seconds to the desired
reaction temperature and held at this value
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for 5~10 min at which time the experiment
was ended. After the gases were pumped
out, an Auger spectrum was taken to check
for changes in alloy composition and the
presence of surface carbon.

Data Analysts

The mass spectra were analyzed by at-
tributing any change in mass peaks on
heating the sample to the reaction temper-
ature to reactions taking place on the
sample.

For hydrogenolysis reactions, the differ-
ence in the slopes (rate of increase) of the
m/e = 16 and 30 peaks before and initially
after heating was taken as proportional to
the rate of hydrogenolysis to methane and
ethane, respectively. The slopes were ob-
tained from the data by least-squares fits.

Maximum sensitivity for the detection
of n-butane as an isomerization product of
isobutane is obtained by looking for changes
in the ratio of two suitably chosen mass
peaks in the isobutane cracking pattern
such as m/e = 58 and 42. These masses
were chosen because the m/e = 58 peak
increases and the m/e = 42 peak decreases
as isomerization proceeds. Due to the dif-
ficulty of observing small changes in the
ratio of two relatively large numbers, the
sensitivity for observing isomerization was
found to be low. The changes were of the
order of or slightly greater than the noise
and short-term drift of the mass spectrom-
eter (several tenths of a percent). Because
of this, a consistent statistical analysis was
applied to each isomerization run at a
different gold coverage. A least-squares fit
to the ratios for periods of 5 min before and
5 min after heating the sample to the reac-
tion temperature gave two slopes of which
the difference was taken as proportional to
the average initial reaction rate for
isomerization.

The detection of toluene as a dehydro-
cyclization product was made possible by
observing changes in its parent m/e = 91
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Fiq. 3. Observed changes in the mass spectrometer
ion current (I) for hydrogenolysis, isomerization
(composite of two runs), and dehydrocyclization
products as a function of time at the reaction tem-
perature (sample heated to the reaction temperature
at t = 0). The dehydrocyclization data have been
corrected for toluene pumping and an m/e = 91
component present in the n-heptane ecracking
pattern.

peak, corrected for a component present in
the n-heptane cracking pattern. The rate
at which the m/e = 91 peak increased,
following heating, was found to assume a
steady-state value after a period of several
minutes had elapsed. The rate of toluene
formation was taken as proportional to this
steady-state slope. In some cases the slope
was found to decrease slowly with time and
an average slope, obtained over a period of
several minutes, was taken as proportional
to the reaction rate.

Typical behavior of the m/e = 16 peak
(hydrogenolysis of isobutane on platinum
at 300°C), the ratio of the m/e = 58 and
42 peaks (isomerization of isobutane on
platinum at 300°C), and the m/e = 91 peak
(dehydrocyclization of n-heptane to toluene
on iridium at 400°C) before and after heat-
ing the sample to the reaction temperature
are shown in Fig. 3.
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The reaction rates are expressed either as
a reaction probability, R, defined as the
probability that an incident hydrocarbon
molecule will yield the specified product
molecule or as a turnover number, N, de-
fined as the number of the product molecule
desorbed per second per surface metal atom.

Effect of Background Gases

Although the ease of observing the reac-
tion products is greater under no-pumping
conditions than for flow conditions, a po-
tential problem exists due to the buildup of
possible catalytic poisons such as carbon
monoxide by, for example, displacement
from the chamber walls by hydrocarbon
gas adsorption. Although in some cases, as
with the n-heptane studies, carbon monox-
ide pressures could build up to as high as
105 Torr, no evidence was found that this
high carbon monoxide partial pressure
caused adsorption and consequent poison-
ing of the surface during the course of the
experiment. Heating the sample to tem-
peratures as high as 1000°C caused little or
no change in the m/e = 28 peak. Although
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carbon monoxide normally adsorbs on both
platinum and iridium, the presence of the
reactant gases evidently prevented ad-
sorption of carbon monoxide from taking
place at the elevated temperatures used in
these studies (100-500°C).

RESULTS

The rates of the wvarious reactions
(hydrogenolysis, isomerization, and dehy-
drocyclization) were studied as a function of
temperature. It was found that there is an
optimum temperature that yields a maxi-
mum rate for these reactions. These tem-
peratures are listed in Table 1 along with
the corresponding reaction rates observed
for the various reactions on the platinum
and iridium surfaces in the absence of gold.
Figure 4 shows the temperature dependence
of the reaction probabilities for the hydro-
genolysis of propane to methane on plati-
num foils, the isomerization of isobutane to
n-butane on platinum, and the dehydro-
cyclization of n-heptane to toluene on
iridium. The hydrogenolysis of propane,
isobutane, and the isomerization of isobu-

TABLE 1

Reactions on Pure Platinum and Iridium Surfaces®

Surface C:Hs

iSO-C4H10

n-C7Hys

Hydrogenolysis to CHy (Rmin aet ~ 1 X 1077)

Platinum N 2.3 X 107 (300°C) 1.1 X 107 (300°C) 7.4 X 10™ (270°C)
R 1.5 X 10 8.2 X 107 7.2 X 1075

Iridium N 8 X 107 (320°C) 2.1 X 10~ (320°C) 1.8 X 10™ (~100°C)
Rk 5.2 X 1078 1.6 X 1078 1.7 X 107%

Isomerization of is0-CHjg to n-CiHie (Bmin det ~ 2 X 1075)

Platinum N 3 X 1072 (300°C)
R 2.0 X 10

Iridium N 8.8 X 107 (320°C)
R 6.5 X 107

Dehydrocyelization of n-C7His to toluene (Rmin gor ~ 2 X 1079)

Platinum N 1.7 X 107¢ (400°C)
R 1.7 X 1077

Iridium N 1.1 X 1078 (400°C)
R 1.1 X 10~¢

s Pac = 5 X 1078 Torr; P, = 2.5 X 107 Torr. R, Reaction probability N, turnover number,
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tane to m-butane had maximum rates at
about 300 and 320°C on the platinum and
iridium foils, respectively. For hydrogenoly-
sis of n-heptane the optimum temperature
is 270°C for platinum and as low as 100°C
for iridium. For dehydrocyclization of
n-heptane, the optimum temperature is
400°C for both platinum and iridium. The
reaction rates that are listed in Table 1 and
are compared in the discussion that follows
are the maximum rates obtained at these
optimum temperatures. The uncertainties
or probable errors in the turnover numbers
are also given in Table 1 as minimum de-
tectable rates.

Our studies may be divided into four
parts. Low pressure studies of hydrogen-
olysis, isomerization, and dehydroecycliza-
tion on pure platinum and iridium poly-
crystalline foils and the effect of gold on
the reaction rates.

Hydrogenolysis on Pure Platinum and Irid-
tum Foils

The rate of hydrogenolysis was found to
increase nearly linearly with hydrogen pres-
sure over a range of hydrogen: hydrocarbon
ratios of 0:1-20:1 at a reactant hydrocar-
bon pressure of 5 X 10~° Torr. As expected,
no hydrogenolysis occurred in the complete
absence of hydrogen. Changing the hydro-
gen pressure also affected the temperature
dependence of the reaction rates. When the
hydrogen pressure was increased, the peak
in the hydrogenolysis rate was observed to
shift to higher temperatures. In the follow-
ing, unless otherwise specified, the hydro-
gen:hydrocarbon ratio was 5:1 with the
hydrocarbon pressure at 5 X 10=> Torr.

In general, methane was the only hydro-
genolysis product observed in this study.
The only exception was the observation of
a small amount of ethane production from
propane hydrogenolysis at 350°C on pure
platinum. Ethane was also observed from
this reaction on a 209, gold-809; platinum
surface. Ethane was not observed from pure
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platinum for temperatures higher or lower
than 350°C. At 350°C the turnover number
was 2.2 X 10~° on the pure surface. In the
following discussion the hydrogenolysis
rates are those for methane as the product.

As shown in Table 1, the maximum
hydrogenolysis rates for propane and iso-
butane on platinum are N = 2.3 X 1073
and 1.1 X 103, respectively, and they oc-
cure at the same temperature (300°C).
These rates are larger than the correspond-
ing ones on iridium which are N = 8 X 107°
and 2.1 X 10~* for propane and isobutane,
respectively. Maximum hydrogenolysis oc-
curs at the slightly higher temperature of
320°C on iridium. The maximum rate of
n-heptane hydrogenolysis on platinum was
found to oceur at 270°C with a turnover
number of 7.4 X 1074, while on iridium the
maximum was found to occur at the lower
temperature of ~100°C with a turnover
number of 1.8 X 1074 At 100°C, the turn-
over number for n-heptane on platinum
was 8.2 X 1075, Thus, at the same temper-
ature hydrogenolysis of n-heptane occurs
more readily on iridium while hydrogenoly-
sis of propane and isobutane oceur more
readily on platinum,

As shown in Fig. 3, the rate of hydro-
genolysis of isobutane on platinum de-
creases in a continuous fashion with time
with no evidence of the onset of steady-
state behavior during the time the reaction
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was observed (~10 min). This behavior
also characterized propane and n-heptane
hydrogenolysis on platinum. For iridium,
on the other hand, the rate of hydrogenoly-
sis for all the hydrocarbons studied had a
constant or steady-state value for a similar
time period. This behavior was independent
of whether gold was present on the surfaces
or not. Carbon Auger peaks corresponding
to several tenths of a monolayer of carbon
were always observed at the conclusion of
these reactions.

It is interesting to compare the present
results with similar studies carried out by
other investigators. Anderson and Avery
(19) have studied the rate of hydrogenolysis
and isomerization of isobutane on deposited
oriented and random orientation platinum
films in a 12:1 H.:HC mixture at a
total pressure of 48.2 Torr. A caleulation
based on their data yields a turnover num-
ber of 5.5 X 10~® for isobutane hydro-
genolysis to methane at 300°C on a poly-
crystalline deposited platinum film, as
compared to 1.1 X 10~* obtained in the
present work at 300°C. No evidence for a
temperature maximum in hydrogenolysis
rate was observed in their work. Methane,
ethane, and propane hydrogenolysis pro-
ducts were found to occur in the ratios

24:6:20, respectively. Carter et al. (20)

have studied hydrogenolysis and dehydro-
cyclization of n-heptane on platinum, irid-
ium, and other noble metal powders in a
5:1 H,: HC environment at a total pressure
of 1 atm. A calculation based on their data
yields a turnover number of 1.4 X 1072 for
n-heptane hydrogenolysis to methane on
platinum at a temperature of 270°C and a
value of 3.6 X 10~% at 100°C on iridium as
compared to 7.4 X 10~* at 270°C and
1.8 X 10~% at 100°C obtained in the present
work, respectively. Here, as with Anderson
and Avery, no evidence was seen for a
temperature maximum in the hydrogenoly-
sis rate. The hydrogenolysis product
distribution from methane to hexane
(C1:Ce:Cs...) was 31:13:17:16:9:14 on
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platinum and 21:21:15:14:14:15 on irid-
ium. Furthermore, at the same temperature,
Carter et al. (20) found that hydrogenolysis
of n-heptane occurred more readily on
iridium than on platinum as was observed
in the present study at 100°C. This has also
been found to be the case for other gases on
these metals (21).

For platinum and iridium the turnover
numbers for isobutane and n-heptane hy-
drogenolysis to methane observed by
Anderson and Avery (19) and by Carter
et al. (20) are within a factor of 5 of the
corresponding values observed in this work.
This agreement is surprising considering the
seven-orders-of-magnitude pressure range
encompassed by these results.

Isomerization on Platinum and Iridium Foils

Platinum is generally found to be one of
the best catalysts for isomerization reac-
tions (21). This was also found to be true
in the present work in comparison with
iridium, as seen in Table 1 for the isomeri-
zation of isobutane to n-butane. The maxi-
mum turnover number of platinum oc-
curred at 300°C and had the value 3 X 1073,
while a maximum value of 8.8 X 10~ was
obtained on iridium at 320°C. The temper-
atures for which isomerization is at a
maximum are the same as those for hydro-
genolysis on each surface. However, turn-
over numbers for isomerization were found
to be greater than those for hydrogenolysis
by a factor of about 3 on platinum and
about 4 on iridium.

Isomerization of isobutane on platinum
as a function of hydrogen pressure was
found to display a maximum in rate at a
hydrogen:hydrocarbon ratio of about 5:1.
No isomerization was observed in the ab-
sence of hydrogen. However, too much
hydrogen was found to quench the reaction.

As seen in Fig. 3, isomerization of iso-
butane on platinum was found to cease
completely within minutes after beginning
the reaction, possibly due to poisoning by
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carbon buildup on the surface. The extent
of poisoning of isomerization on iridium
also appeared to be rapid but could not
definitely be determined due to the large
uncertainty in the data as was also the case
for the platinum—gold surfaces.

Anderson and Avery (19), in the study
mentioned earlier, investigated the isomer-
ization of isobutane on polyecrystalline
platinum films at a total pressure of 48.2
Torr. The turnover number calculated from
their data at 300°C yields a value of
5.5 X 1073, in close agreement with the
number obtained in the present work
(3 X 107%). Carter et al. (20) found that
hydrogenolysis and isomerization occurred
to roughly the same degree for n-heptane
reactions on platinum powders at 1 atm
pressure in agreement with Anderson and
Avery (19) and the present work for
isobutane,

Dehydrocyclization of n-Heptane on Plati-
num and Iridium Foils

The maximum turnover numbers for
dehydrocyclization of n-heptane to toluene
on pure platinum and iridium are shown in
Table 1 and are 1.7 X 10~% and 1.1 X 1073,
respectively, at the same maximum tem-
perature (400°C) for both metals. Dehy-
drocyclization was found to occur at a
higher temperature and with lower turnover
numbers on both metals as compared to
isomerization and hydrogenolysis. An inter-
esting result is that this reaction takes place
about a factor of 10 times more readily on
iridium than on platinum under the experi-
mental conditions used in this study.

As shown in Fig. 3, dehydrocyclization of
n-heptanc on iridium proceeds at a constant
rate after an initial period of several min-
utes despite the buildup of carbon on the
surface. Similar behavior was observed on
platinum. A large graphitic carbon Auger
peak corresponding to about a half of a
monolayer was observed at the conclusion
of the dehydrocyeclization run depicted in
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F1a. 5. Reaction probability (&) of hydrogenolysis
reactions as a function of the Auger peak height
ratio, h/H, and the fraction of the surface covered
by gold, 8ay. Probable errors in the data points are
shown.

Fig. 3. On the other hand, on platinum-gold
and iridium-gold surfaces, the reaction ap-
peared to poison in that the rate would
slowly decrease throughout the remainder
of the experiment. At a pressure of 1 atm,
Carter et al. (20) observed no dehydro-
cyclization of n-heptane to toluene on
iridium powders. A turnover number of
1.3 X 10~ at 275°C, the only temperature
employed, calculated from their data on
platinum powders, is two orders of magni-
tude larger than found in the present work
on platinum at 400°C (1.7 X 10-%).

The Effect of Gold on the Reaction Rates

The effect of gold on the platinum and
indium surfaces for hydrogenolysis, iso-
merization, and dehydrocyclization is
shown in Figs. 5-7. The value of 6,, =1
corresponds to a monolayer of gold deter-
mined earlier, i.e., to a value of h/H = 0.5.

Hydrogenolysis of propane and isobutane
on the bimetallic surfaces is shown in Fig. 5.
The rate of hydrogenolysis of both propane
and isobutane on platinum and iridium de-
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F16. 6. Isomerization reaction probability (R) on
a linear scale on platinum as a function of the Auger
peak height ratio, h/H, and the fraction of the sur-
face covered by gold, 8a,. Probable errors in the
data points are shown.

creases uniformly and rapidly with increas-
ing surface gold coverage. The residual
hydrogenolysis activity for a completely
gold-covered surface is likely due to the
presence of active surface areas (edges,
corners, etc.) not covered by gold or by
small contributions from the supports.

The formation of ethane as a hydrogen-
olysis product of propane was observed on
a 209, gold-809, platinum surface. On this
surface, both ethane and methane have
maximum rates of formation at 320°C, and
the turnover number for ethane was 209,
of that for methane. The dependence of gold
coverage on hydrogenolysis rate of propane
to ethane at 350°C is shown in Fig. 5.

Isomerization of isobutane to n-butane
on platinum decreases approximately line-
arly with gold coverage as shown in Fig. 6.
A similar curve for iridium could not be
obtained because the turnover numbers
were too small. Since hydrogenolysis de-
creases much more rapidly with increasing
gold coverage than isomerization, the selec-
tivity for isomerization over hydrogenolysis
is greatly enhanced by alloying.
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The effect of gold on the dehydrocycliza-
tion of n-heptane to toluene on iridium is
shown in Fig. 7. As with hydrogenolysis,
the rate decreased very rapidly with in-
creasing gold coverage. In this case a sig-
nificant enhancement in selectivity for
dehydrocyclization over hydrogenolysis
would not be expected, because of their
similar behavior as a function of gold
coverage.

However, Plunkett and Clark (9), in a
study of n-hexane reactions on evaporated
iridium and iridium-gold films in a 10:1
hydrogen:hydrocarbon ambient at a hydro-
carbon gas pressure ~1 Torr, found an
enhancement in dehydrocyeclization to ben-
zene over hydrogenolysis on the alloy
surface compared to pure iridium surfaces
for temperatures greater than 290°C. Auger
electron spectroscopy was not used in this
investigation so dependence on gold cover-
age could not be determined.

DISCUSSION

We have been able to study the rates of
various hydrocarbon reactions, some of low
reaction probability, on polyerystalline
foils of platinum and iridium of area of the
order of 1 em? In addition, using a simple
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Fie. 7. Dehydrocyclization reaction probability
(R) on iridium as a function of the Auger peak height
ratio, h/H, and the fraction of the surface covered
by gold, 8a.. Probable errors in the data points are
shown.
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evaporation technique, we could monitor
changes in rates and product distributions
at low pressures (3 X 10~¢* Torr total
pressure) as a function of surface gold con-
centration. This technique holds great
promise to test the catalytic behavior of a
large number of alloy systems rapidly and
reliably. It will be convenient to discuss
separately the results obtained on the pure
foils, the nature of the bimetallic surfaces,
and the effect of gold on the reactions.

Reactions on the Pure Polycrystalline Plati-
num and Iridium Surfaces

The reaction rates observed in the pres-
ent work exhibit a maximum as a function
of temperature which is not found in the
work of Anderson and Avery (19) and
Carter et al. (20) carried out at much higher
pressures (48.2 Torr and 1 atm, respec-
tively). The appearance of an optimum
temperature is most likely the result of our
low pressure experimental conditions. This
is supported by the observation that the
maximum hydrogenolysis rate would shift
to higher temperatures when hydrogen
pressure was increased.

Despite the seven-orders-of-magnitude
pressure range covered by our studies and
those of Anderson and Avery (19) and
Carter et al. (20), there is less than an order
of magnitude difference in the reaction rates
observed for comparable hydrogenolysis
and isomerization reactions at the same
temperatures. The hydrogenolysis rate of
propane appears to increase linearly with
hydrogen pressure within the limits of
pressure range of our investigations
(Pu, £ 1 X 107% Torr). For propane hy-
drogenolysis on platinum, a fourfold in-
crease in hydrogen pressure would double
the turnover number. At higher pressures
the rate of hydrogenolysis either must
become hydrogen-pressure independent or
follow a very different hydrogen-pressure
dependence than at low pressures in order
to explain the comparatively small differ-
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ence in raction rates. These considerations
indicate that adsorption of the reactants is
not the rate-limiting step over this pressure
range (10~ Torr-1 atm) and that the ratio
of hydrogen to hydrocarbon partial pressure
may be the more important parameter. The
importance of hydrogen to hydrocarbon
ratio is also indicated by our results on the
hydrogen-pressure dependence of isomeri-
zation in that this reaction was quenched
in a 20:1 as well as a 0:1 hydrogen to
hydrocarbon ratio. Both Anderson and
Avery, and Carter ef al. employed hydrogen
to hydrocarbon ratios (12:1 and 5:1, re-
spectively) corresponding closely to our 5:1
ratio.

Dehydrocyeclization on iridium was found
to occur at a rate higher than on platinum
by a factor of 10. This surprising result is
in contrast to the results of Carter et al. (20)
who observed no dehydrocyclization of
n-heptane on iridium powders at 1 atm
total pressure. Also, the rate of dehydro-
cyclization on platinum powders observed
at this pressure and at 275°C by Carter
el al. is some two orders of magnitude
larger than our rate measured at 400°C at
low pressure on platinum foils. Thus, in
contrast to hydrogenolysis and isomeriza-
tion reactions, reactant gas pressures
appear to play an important role in
dehydrocyclization.

A major difference in our low pressure
studies and the high pressure studies of
others (19-21) of hydrogenolysis is in the
distribution of hydrogenolysis products
rather than in reaction rates. We find low
molecular rate products exclusively (CH,
and some C,Hg), within the limits of detec-
tion, while at high pressures higher molecu-
lar rate products have been found to be in
abundance by others. It seems likely that
the lower hydrogen pressures that result in
lower hydrogen atom coverages are re-
sponsible for the large shift in product
distributions. The conclusion, then, is that a
higher hydrogen surface concentration in-
creases the production of higher molecular
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weight hydrogenolysis products while the
rate of hydrogenolysis and isomerization
reactions is little affected by variation of
the total pressure and is controlled mainly
by the hydrogen to hydrocarbon ratio.
Also, the presence of a temperature-de-
pendent poisoning is determined by the
hydrogen presence.

The low hydrogen pressures employed in
the present study were also likely responsi-
ble for the time-dependent poisoning ob-
served to various degrees for all reactions.
The buildup of dehydrogenated carbon-
aceous species on the surface, as evidenced
by the observation of carbon Auger peaks,
occurs more rapidly than their hydrogena-
tion and removal from the surface by the
hydrogen ambient and leads to the di-
minishing reaction rates observed.

Nature of the Platinum—Gold and Iridium—
Gold Surface

The equilibrium platinum-~gold system
displays a miscibility gap below a critical
temperature of about 1250°C (22). Below
this temperature for a certain composition
range (dependent on temperature) there
exist two homogeneous phases in equilib-
rium whose individual compositions are
constant. The relative amounts of the two
phases vary according to the overall com-
position of the sample. The final equilib-
rium configuration taken by the alloy
depends on the kinetics, i.e., on the relative
diffusion coefficients (23-25). Although far
from equilibrium, it is expected that the
kinetics will determine the configuration
taken by the samples employed in the
present work as well, It was shown, using
carbon monoxide chemisorption, that for
values of h/H less than 0.5 the coverage of
platinum decreases linearly with A/H and
that at hA/H ~ 0.5 a monolayer of gold
exists on the surface. Although carbon
monoxide-induced surface enrichment of
platinum on platinum-gold surfaces has
been observed (23), it is a very slow process
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and consequently cannot explain these
results. The maximum solubility of gold in
platinum at 1000°C (the annealing tem-
perature) is about 109, (22), and alloying
to this extent may take place at the
platinum-gold interface on beginning the
annealing. A transition region containing
this composition is thus formed and its
thickness increases as annealing is con-
tinued. Since the diffusion coefficient of
gold in platinum is much greater than that
for platinum in gold, the tendency for
platinum to diffuse into the alloy region
during annealing would be countered by
diffusion of gold into this region to maintain
the maximum gold concentration at about
109,. For surface gold concentration greater
than this the gold atoms would be adsorbed
on top of the alloy transition layer. Thus,
it is envisioned that part of the surface is
alloyed and part consists of gold atoms
chemisorbed on top of the alloy layer. Since
the solubility of gold in iridium is even
smaller, of the order of several percent (9),
the extent of alloying is less important than
for platinum.

How the nonalloyed gold atoms are dis-
tributed on the surface is important in
interpreting the dependence of reaction
rates on surface gold coverage. It would be
expected that for metal atoms adsorbed on
a metal substrate where the heats of subli-
mation are similar, as is the case for plati-
num, gold, and iridium, clustering and
island formation would be important.

Polycrystalline surfaces likely display a
variety of defects such as steps, kinks, and
grain boundaries as well as a variety of low
index single crystal planes. Consequently,
it would be expected that the gold atoms
would be preferentially adsorbed at these
sites because of the larger adsorption ener-
gies available to them., Such defect sites
would likely be where the clusters and
islands of gold are nucleated. The behavior
of reaction rates as a function of gold
coverage will be discussed with the aid of
these ideas.
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Effect of Gold on the Hydrocarbon Reaction on
the Polycrystalline Plattnum and Iridium
Surfaces

The effect of gold on the reaction rates
for hydrogenolysis, isomerization and de-
hydroeyclization are shown in Figs. 5-7,
respectively, and are compared in Fig. 8
where the rates have been normalized to
their values on the pure surfaces and have
been corrected for their residual activity
for 8ay 2> 1. These results show, as is most
clearly seen in Fig. 8, that isomerization
behaves in a manner essentially different
than either hydrogenolysis or dehydrocyecli-
zation as a function of gold coverage.
Isomerization activity per surface platinum
atom 1is approximately constant while
rapidly decreasing for hydrogenolysis and
dehydrocyeclization as gold coverage in-
creases. Thus, the selectivity for isomeriza-
tion increases with gold coverage while the
selectivity for dehydrocyclization does not
appear to change significantly. This implies
that hydrogenolysis and dehydrocyclization
occur at different sites than isomerization
for the surfaces employed in this investiga-
tion and that reactions involving the
breaking of C-C bonds (hydrogenolysis or
dehydrocyclization) are more inhibited by
the presence of gold than those reactions
which involve no change (isomerization).
The different time-dependent poisoning be-
havior of the various reactions is further
evidence for the existence of different sites.
Isomerization was found to poison com-
pletely within a couple of minutes following
heating the sample to the reaction temper-
ature (Kig. 3) whereas hydrogenolysis and
dehydrocyclization were only partially
poisoned.

It is interesting to attempt an interpreta-
tion of these results in terms of existing
theories of mechanisms and intermediates
for these reactions. Isomerization of isobu-
tane is thought to take place (19) on
platinum through bond-shift involving a
1-3 diadsorbed or triadsorbed intermediate
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hydrocyclization data from Figs. 5-7 normalized to
their reaction rates on the pure surfaces as a function
of the fraction of the surface covered by gold, 04..
The rates have been corrected for their residual
activity for ax 2> 1. The curve is a best fit to the
data and is based on a model discussed in the text.

requiring doublets or triplets of nearest
neighbor atoms on the surface as on low
index planes. As discussed above, the sur-
faces employed in this investigation are
likely to be made up of large areas of essen-
tially pure platinum or iridium atoms (with
£109, gold) and islands or clusters of pure
gold atoms centered on defects. Conse-
quently, it would be expected that isomeri-
zation activity by the above bond-shift
mechanism would decrease approximately
linearly with increasing gold coverage on
our surfaces, as is observed. However, it has
also been proposed (19) that the same inter-
mediate for isomerization is responsible for
hydrogenolysis of isobutane, and this is not
in accord with our results. Thus, other sites,
e.g., defect sites that can be blocked by
adsorbed gold, must be postulated as re-
sponsible for hydrogenolysis activity. Car-
boeyclic or w-allyl/olefin adsorbed species
as reaction intermediates are favored by
single atom sites of low coordination as
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would be found at defect sites such as steps
and kinks (26). It is thought (26) that such
intermediates can lead to hydrogenolysis
and thus may be responsible for the hydro-
genolysis of isobutane on our surfaces as
well as the hydrogenolysis of propane which
behaves very similarly to isobutane as a
function of gold coverage as shown in
Fig. 5. Further evidence for the existence
of such sites is the observation that cyclo-
hexane hydrogenolysis requires the presence
of kinks on a stepped platinum surface in
order to take place (13). Since cyclization
reactions can take place by way of carbo-
cyclic intermediates (27), the existence of
such sites is also suggested by the behavior
of dehydrocyclization activity as a function
of gold coverage. As shown in Fig. 8, de-
hydroeyclization activity decreases with
gold coverage in a manner similar to that
of hydrogenolysis.

Figure 8 also shows that the reaction
rates for dehydrocyclization and hydro-
genolysis decrease with gold coverage in a
corresponding manner to the expected de-
crease in the number of defect sites as given
by the curve in the figure. The curve in
Fig. 8 is a plot of the fraction of defect
sites not covered by gold as a function of
gold coverage and was calculated from a
simple model based on the following con-
siderations. It is assumed that there are
two types of sites on the surface. Defect
sites are characterized by an energy Ky,
number density of sites X4, and number of
sites occupied by gold atoms, Ng. Normal
sites are characterized by an energy E,
number density Xn., and occupation Nn.
Elementary statistical considerations (28)
yield the following relationship between
these parameters and the absolute tem-
perature T;

X4 — Ny

Na
0T T e me BT,

Na Xa— Na
where Ng + N. = N,
oAu = (N/Xd + Xn);
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and the parameter
8§ = X,/ X4,

the ratio of normal sites to defect sites. The
solid curve in Fig. 8 is a plot of (X4 — Ng4)/
X4 and is a best fit to the data in the figure
and was obtained using values of § = 100
and (Eq — E,)/kT = 3.5, although the de-
pendence on § is very weak.

Thus, it is possible to rationalize our re-
sults by postulating different reaction sites
for isomerization and hydrogenolysis and
similar sites for hydrogenolysis and de-
hydrocyelization. This results in the ob-
served increase in selectivity for isomeriza-
tion and essentially no change in selectivity
for dehydrocyclization as compared to
hydrogenolysis as the surface gold concen-
tration is increased.

In using polyerystalline platinum and
iridium foils in these studies we have not
been able to investigate the surface struc-
ture sensitivity of the various catalytic
reactions in a controlled way. Single crystal
surfaces with well-defined orientation and
with controlled density of surface steps and
kinks should be utilized for this purpose.
These studies are in progress. Correlation
of reaction rates and product distributions
that are obtained at low and high pressures
(10~ vs 10® Torr) are necessary to elucidate
why the reaction rates at high and low
pressures for hydrogenolysis and isomeriza-
tion are so similar while the product distri-
butions are so different. These pressure-
dependence studies are also in progress.
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