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Cyclohexane dehydrogenation was investigated using two-phase, epitaxial Au on Pt(111) single
crystal surfaces and single-phase Au-Pt(111) surface alloys as catalysts, with 20-mbar cyclohexane
and 133-mbar H, at 573 K. Benzene production was found to be strongly enhanced by Au, reaching
a maximum at a surface composition of 50 atom% Au and declining thereafter. The clean Pt(111)
crystal face did not produce detectable amounts of cyclohexene, its formation by the single crystal
being completely attributable to the crystal edges. The addition of gold to the Pt(111) surface also
induced production of cyclohexene. Surfaces containing about 90 atom% Au were the most active.
In both cases, the effects were similar for epitaxial and alloy surfaces, but the latter usually gave
larger enhancements. The enhancement by Au of the cyclohexane dehydrogenation to benzene is
interpreted as a reduction of the product poisoning of Pt sites by benzene. This, and the observation
that only Au containing Pt(111) surfaces produced cyclohexene are both explained by ensemble

size effects.

1. INTRODUCTION

Hydrogenation and dehydrogenation re-
actions play important roles in catalytic re-
forming of hydrocarbons over dual func-
tional platinum on alumina catalysts. It has
long been known that the metal function
establishes the alkane/alkene equilibrium
by catalyzing hydrogenation and dehydro-
genation (7). The olefins are then isomer-
ized and cracked on the acidic sites of the
support, by carbenium ion mechanisms.
However, Pt itself has also been found ca-
pable of catalyzing these reactions that had
originally only been ascribed to the acidic
support (2). Still, (de-)hydrogenation reac-
tions on Pt are much faster than skeletal
rearrangements and survive the longest
when Pt is progressively poisoned by the
deposition of coke.

With the advent of bimetallic reforming
catalysts, such as Pt—Re (3), Pt-Ir (4), and
Pt-Sn (5), it has become important to in-
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vestigate the effects of the second metal on
the (de-)hydrogenation properties of Pt. As
these reactions are catalyzed by the metal
function of the bifunctional reforming cata-
lyst, it is preferable to conduct such studies
under conditions where support effects are
absent. In fundamental studies aimed at un-
derstanding the influence of the second
metal it is advantageous to use combina-
tions of metals with substantially different
catalytic properties in order to separate the
contributions from the two components. In
a combination of two catalytically active
metals, the role of mixed ensembles may
greatly complicate the analysis of experi-
mental data. However, their effect will be
much smaller in a combination of an active
and a much less active metal. Examples of
systems which offer these advantages are
combinations of group VIII-Ib metals.

In an investigation of the n-hexane con-
version catalyzed by well-defined bimetallic
Au-Pt(111) (6) and Au-Pt(100) (7) single-
crystal surfaces we have found that the ad-
dition of Au to Pt gave rise to an enhance-
ment of the dehydrogenation activity.
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However, accurate kinetic data could not
be obtained as conversions very rapidly ap-
proached the maximum level permitted by
the hexane/hexene equilibrium. As far as
this could be judged in view of this restric-
tion, this enhancement appeared to resem-
ble those observed by Sinfelt et al. and
Engels et al. for cyclohexane dehydrogena-
tion, and Beelen et al. for cyclopropane hy-
drogenation over Ni-Cu alloys (§8). Many
other examples of similar effects are
known.

In this paper, the results are presented of
an investigation of the cyclohexane dehy-
drogenation catalyzed by well-defined bi-
metallic Au—Pt(111) single-crystal surfaces.
With cyclohexane as a reactant, conver-
sions are not limited by low values of the
equilibrium constant at the reaction condi-
tions used (20-mbar cyclohexane, 133-mbar
H,, 573 K). The temperature was the same
as in our earlier n-hexane studies. This re-
action was studied both with two-phase epi-
taxial Au on Pt(111) surfaces and with sin-
gle-phase Au-Pt(111) surface alloys. While
both types of surfaces have the same crys-
tallographic structure, they have been
found to display very different catalytic
properties for skeletal reactions of n-hex-
ane. This has been attributed to the differ-
ence in Pt ensemble sizes in these two types
of surfaces (6).

2. EXPERIMENTAL
2.1. Apparatus

The experiments were carried out in an
ultra-high vacuum (UHV) system equipped
with an internal sample isolation cell to per-
mit in-situ reaction studies at pressures up
to 1 bar. Details of the apparatus have been
described elsewhere (9). The sample isola-
tion cell was connected to an external gas
recirculation loop, forming a well-stirred
batch reactor with a volume of 0.463 liter.
Gases were recirculated through the reac-
tor by a Teflon gear pump, samples were
taken by a gas sampling valve and analyzed
by a gas chromatograph equipped with a
flame ionization detector.

Surface characterization was accom-
plished with four-grid electron optics used
for low energy electron diffraction (LEED)
and for the collection and analysis of Auger
electrons emitted from the sampie. The Au-
ger electrons were excited by the electron
beam from a separate gun, positioned at a
near glancing angle of incidence with re-
spect to the sample surface. Additionalily
the surfaces could be characterized by tem-
perature programmed desorption (TPD). A
quadrupole mass spectrometer was used to
record the TPD spectra. The bimetallic sur-
faces were prepared by vapor deposition of
Au onto the platinum single-crystal sam-
ples. The effusive type Au source and the
evaporation geometry were the same as in
earlier studies (/0). Details of the sample
mounting arrangement have been described
elsewhere (6, /1).

2.2. Materials

The platinum single crystal was prepared
by spark erosion of a thin wafer from a high
purity Pt single crystal rod, within 1° of the
desired orientation as determined by Laue
back-reflection X-ray diffraction. The wa-
fer was polished mechanically on both sides
and etched briefly in aqua regia before
mounting in the vacuum chamber. The cy-
clohexane (Matheson) was found, by gas
chromatographic analysis, to have a purity
of 99.95 mole% with methylcyclopentane
and n-hexane as impurities. It was degassed
before use by repeated freeze-pump-thaw
cycles. The high purity hydrogen, obtained
from the Lawrence Berkeley Laboratory,
was passed through a molecular sieve trap
before use.

2.3. Procedures

The procedures for cleaning the Pt(111)
single-crystal surfaces, preparing the epi-
taxial Au on Pt(111) layers and Au-Pt(111)
surface alloys, as well as the procedures for
characterizing these surfaces and perform-
ing the reaction studies have been de-
scribed elsewhere (6, 10).

Since a batch-type reactor was used, ki-
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netic data of the catalytic reactions were
obtained in the form of total accumulated
product-versus-time curves. Initial reaction
rates were obtained by graphical determina-
tion of the initial slopes of these curves.
Unless otherwise noted, reaction rates and
amounts of products have always been cal-
culated as numbers of molecules produced
per total number of surface atoms, Au +
Pt. In this way singularities in the calcula-
tions were avoided for surfaces apparently
not containing any Pt. Compared to plati-
num, the activity of Au is negligible for the
reactions studied in the present work. The
cyclohexane conversion was carried out
with 20-mbar cyclohexane and 133-mbar H-
at 573 K.

Before and after reaction, the surface
compositions were checked using Auger
electron spectroscopy. Before reaction, the
surfaces were always free of contaminants.
After 3 h of reaction, substantial amounts
of carbon and, in some cases, traces of sul-
fur were detected. The trace amounts of sul-
fur (0-3% of a monolayer) are considered
insignificant, and did not show any correla-
tions with the kinetic data.

3. RESULTS

3.1. Characterization of the Bimetallic
Surfaces

For the sake of clarity the most relevant
results of our characterization of these sur-
faces (published elsewhere (6)) will be de-
scribed briefly. Using Auger electron spec-
troscopy (AES), it was found that the
deposited Au formed films on the Pt(111)
single-crystal surface through a layer-by-
layer (Frank-van der Merwe) growth
mechanism. Further, it was shown with
TPD of CO that at submonolayer coverages
the Au adatoms formed two-dimensional is-
lands leaving relatively large patches of the
Pt(111) substrate uncovered. Contrary to
these large Pt ensembles in the epitaxial
surfaces, much smaller ensembles were
found to predominate in the Au-Pt(111)
surface alloys.
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Fic. 1. Influence of Au surface content on the
amount of BZ produced from CH in 123 min reaction
time. A formation of 2.8 x 10* molecules BZ per sur-
face atom corresponds to a CH conversion of 14.3
mole%.

3.2. Cyclohexane Conversion

Under the reaction conditions used, cy-
clohexane (CH) was converted into ben-
zene (BZ), cyclohexene (CH™), and very
small amounts of n-hexane and smaller hy-
drocarbons. However, the latter two
classes of reactions were several orders of
magnitude slower than dehydrogenation
and will not be discussed here. The influ-
ence of Au on the amount of BZ formed in
123 min reaction time is shown in Fig. 1.
Note that two different abscissa are used in
Figs. 1 and 2 for the data of alloy and epi-
taxial surfaces. The latter could also have
been plotted against the gold surface con-
centration, but then all data at gold cover-
ages larger than or equal to one monolayer
would have been compressed into one ver-
tical line at a gold concentration of 100%.
This would be disadvantageous for the pre-
sentation of the results in some cases. The
most striking feature of Fig. 1 is the en-
hancement of the BZ formation by gold,
which reaches a maximum at a surface gold
content of about 50%. The enhancement
was observed both with the epitaxial and
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F1G. 2. Variation of the amount of CH= produced
from CH in 123 min reaction time, with surface Au
content.

the alloy surfaces, although it was generally
larger with the surface alloys. Similar en-
hancements with maxima at Au surface
concentrations of 50% were also found for
the initial rates of BZ formation (not
shown). At these maxima, the initial BZ
formation rates per surface Pt atom ex-
ceeded those of the pure Pt(111) surface by
factors of about 4.5 and 9 for epitaxial and
alloy surfaces, respectively, after correct-
ing for the contributions from the crystal
edges which could not be covered by Au.
These edges gave rise to the nonzero activi-
ties observed at high Au coverages, the cat-
alytic activity of Au being negligible rela-
tive to that of Pt.

Figure 2 shows the influence of Au on the
formation of CH= from CH, for the
amounts formed in 123 min reaction time.
Again, the contributions from the crystal
edges to the total amounts of reaction prod-
uct can readily be identified by the activity
remaining at high Au coverages. Interest-
ingly, it becomes evident from Fig. 2 that
the pure Pt(111) crystal faces did not pro-
duce detectable amounts of CH=. This
product was apparently only formed by
Pt(111) faces that had been modified by Au,
either in the form of an epitaxial overlayer
or as a surface alloy. In this case the maxi-
mum enhancement was found at a surface
Au concentration of about 90 atom%,

which differs significantly from the compo-
sition that gave maximum BZ production
(Fig. 1).

The surface alloys also showed the same
effects as in Fig. 2 for the initial rates of
CH= formation; the epitaxial surfaces gave
a smaller enhancement with a broader max-
imum.

3.3. Formation of Strongly Bound
Carbonaceous Species

During hydrocarbon reactions, platinum
surfaces always become covered by
strongly bound, partially dehydrogenated
carbonaceous species. In the apparatus
used here, the amount of this ‘‘surface car-
bon’’ present on the catalyst after the CH
reaction was determined from the C-272
eV, Pt-237 eV, and Au-246 eV Auger transi-
tions. Quantification of the coverages was
achieved by using the calibration from Ref.
(12) (for C on Pt) while further assuming
that this calibration would be the same for
C on Au. This approximation appears rea-
sonable since the Pt and Au Auger spectra
are very similar, in the region near 240 eV
even practically identical. Thus, it was ob-
served that the amount of surface carbon
present after the CH reaction decreased
with increasing Au concentration, from a
value of 1.0 monolayer for the pure Pt(111)
surface to a constant value of 0.7 mono-
layer for surfaces containing 1.0 or more
monolayers of Au. Within the scatter of the
data of =0.15 C-monolayers, the decrease
appeared to be linear with Au surface con-
centration. The surface alloys seemed to re-
main slightly cleaner than the correspond-
ing epitaxial surfaces; however, this
difference may not be significant in view of
the fairly large scatter of the data.

4. DISCUSSION

4.1, Cyclohexane Dehydrogenation to
Benzene

The observation that alloying a catalyti-
cally active group VIII metal with a much
less active Ib metal leads to enhanced dehy-
drogenation of cyclohexane is not unique
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for the Au-Pt(111) system, but has also
been reported for, e.g., Cu-Ni alloys (8)
and, to a lesser extent, for Cu-Ru bimetal-
lic clusters (/3). These changes of the cata-
lytic activities may be caused by two differ-
ent effects (/4). On the one hand, the
intrinsic activity of the sites that catalyze
the reaction may be altered. On the other
hand, and this is always an important con-
sideration with hydrocarbon reactions, al-
loying may inhibit the side reactions, such
as deep dehydrogenation leading to coke
formation, that cause poisoning of the cata-
lyst surface. In this case the number of ac-
tive sites available to catalyze the reaction
may increase without a change of their in-
trinsic activity. With respect to the CH de-
hydrogenation to BZ, Sinfelt et al. sug-
gested that the reaction on pure Ni was
inhibited by strong adsorption of the prod-
uct on the catalyst surface, blocking sites
(8a). Herz et al. investigated the CH dehy-
drogenation catalyzed by a number of dif-
ferent Pt single-crystal surfaces (1/). Most
of their experiments were carried out under
the same reaction conditions as used in the
present work. They found that the BZ for-
mation per unit surface area of the catalyst
increased with increasing degree of coordi-
native unsaturation of the surface, in the
order smooth Pt(111) < stepped Pt(557) <
kinked Pt(10,8,7) <  highly Kkinked
Pt(25,10,7) single-crystal surfaces. Herz et
al. also investigated the deactivation of
these catalysts during reaction and distin-
guished two different poisoning mecha-
nisms, viz., deactivation due to product in-
hibition and poisoning of the catalyst
surface by the accumulation of strongly
bound carbonaceous species. By compar-
ing the inhibiting effect of the addition of
aromatic molecules to the reaction mixture
with the deactivation during a normal reac-
tion run they found product poisoning to be
clearly structure sensitive, increasing in
magnitude in the order Pt(25,10,7) <
Pt(10,8,7) < Pt(557) < Pt(111). This indi-
cates a correlation between the activity of
these surfaces and their sensitivity to prod-

uct poisoning. No clear structure depen-
dence was found for the deactivation by
strongly bound carbonaceous species. Fur-
ther, the contribution of the latter poisoning
mechanism to the total catalyst deactiva-
tion was found to be smaller than that of
product poisoning by strong BZ adsorption,
at least in the first 2 h of reaction. At this
point it should be noted that in the experi-
ments by Herz et al., as well as in ours,
batch-type reactors were used in which the
reaction products accumulate with time.
Thus, in these systems more pronounced
deactivation by strong product adsorption
may occur than in open flow systems in
which the products are continuously re-
moved.

Somorjai et al. observed that steps and
kinks were more active than terrace atoms
in CH™ dehydrogenation to BZ catalyzed
by Pt single-crystal surfaces at low pres-
sures. During this reaction, the terraces and
flat Pt(111) surfaces were always covered
by a complete monolayer of partially dehy-
drogenated hydrocarbon species (15). Simi-
larly, Lehwald et al. also identified steps as
active sites for CH dehydrogenation by Ni,
and found that BZ only adsorbed on the
terraces (16). Herz et al. further found a
positive reaction order in H, for the CH
reaction, which would seem quite surpris-
ing for a dehydrogenation reaction. This
could indicate that the rate-determining
step involves a relatively deeply dehydro-
genated species, which could be a reaction
intermediate that has to be (partially) rehy-
drogenated before further reaction or de-
sorption can take place. Alternatively, this
species might just block the surface,
thereby reducing the number of available
active sites. Higher hydrogen pressures
would then cause a faster CH conversion
by keeping the surface cleaner. All these
data are consistent with a model according
to which the CH dehydrogenation is limited
by rehydrogenation and desorption of dis-
sociatively adsorbed BZ, CsH, with x de-
creasing in the order Pt(25,10,7) >
Pt(10,8,7) > Pt(5,5,7) > Pt(111). This is fur-
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ther in agreement with the observation by
Herz et al. that at 573 K CH dehydrogena-
tion remained positive order in hydrogen
over the entire pressure range studied (133-
800 mbar) with Pt(111), but that the reaction
order in H, dropped to zero at 400 mbar
with the kinked Pt(10,8,7) surface (/1).

There are several more direct pieces of
evidence that support this idea of dissocia-
tive adsorption of BZ. Davis found that the
hydrogen content of BZ, adsorbed on
Pt(111), Pt(100), and Pt(10,8,7) single-crys-
tal surfaces at 300 K, decreased when the
layer was heated in vacuum. After heating
to 600 K the average composition of the
layer was reduced to C¢H (17). Under our
reaction conditions, the presence of 133-
mbar H, probably reduced the extent of the
dissociation but may not have been able to
completely prevent it. Lehwald et al. found
that BZ adsorbed on Ni(111) even decom-
posed below 400 K (76). On Ni films, the
self-poisoning of the BZ hydrogenation has
also been ascribed to dissociative adsorp-
tion of BZ (18) and the effects of tempera-
ture and hydrogen pressure have been dis-
cussed in Ref. (I8b). However, this
dissociative adsorption of BZ need not be
irreversible. Basset et al. found that BZ,
adsorbed on Pt, could be rehydrogenated
with hydrogen to CH after the reaction cell
had been evacuated at 623 K (/9). From the
data cited above (17), it follows that the
adsorbed BZ had been substantially dehy-
drogenated. Further, dissociative BZ ad-
sorption has been postulated to explain ki-
netic isotope effects of H,-C¢D¢ and
D;—C¢Hg exchange reactions on Ni and Pt
(20). Using "“C-labeled molecules, Davis et
al. demonstrated that partially dehydroge-
nated BZ on a Pt(111) single-crystal surface
can be rehydrogenated with gas-phase hy-
drogen or also by hydrogen transfer from
other hydrocarbon molecules (17). How-
ever, the more extensively dehydrogenated
the adsorbed layer was, the smaller the
fraction was that could be rehydrogenated
(12b).

In view of all the data and arguments pre-

sented above, it appears most likely that
alloying Pt with Au influences the CH dehy-
drogenation by restricting the number of Pt
atoms available for interaction with ad-
sorbed BZ. This prevents deep dehydro-
genation of the adlayer, reducing the self-
poisoning of the reaction and thereby
enhancing the BZ production. Evidence for
this hypothesis can be found in results of
Puddu et al. who investigated catalytic hy-
drogenation over Pt-Au alloy powders
(21). They found complete suppression of
BZ hydrogenation on the most diluted al-
loys, which, however, still catalyzed CH™
hydrogenation. From this they concluded
that the hydrogenation of BZ to CH re-
quires larger ensembles than the CH= hy-
drogenation to CH. According to the pringi-
ple of microscopic reversibility, this
ensemble requirement should also hold for
the reverse reaction, i.e., dehydrogenation
of CH and CH= to BZ. Consequently, the
following picture emerges. When Pt(111) is
alloyed with small amounts of gold, deep
dehydrogenation of BZ no longer takes
place and the product poisoning is reduced
or even climinated. The resulting activity
increase is larger than the reduction of the
active Pt surface area. At an intermediate
gold surface concentration, the activity
reaches a maximum and declines thereafter
as the ensembles are becoming too small to
catalyze CH dehydrogenation down to BZ.

Based on the interpretation of previously
published results for the n-hexane skeletal
reactions catalyzed by the same Au-
Pt(111) surfaces as used in the present
work, the above-mentioned ensemble size
effects on the CH dehydrogenation would
not be expected for the epitaxial Au on
Pt(111) surfaces (6). However, the data in
Fig. 1 also show an enhancement for the
epitaxial system, which would appear to
contradict the proposed explanations of the
effects of Au. This is an important problem
that needs to be clarified before a complete
understanding of these systems can be
reached. However, the following consider-
ations may help to clarify this apparent dis-



CYCLOHEXANE DEHYDROGENATION CATALYZATION 41

crepancy. It should be noted that the con-
clusion that epitaxial Au layers only inhibit
hydrocarbon reactions in proportion to the
Au coverage, was based on data for the
skeletal reactions of n-hexane (6). As has
been briefly mentioned in Ref. (6), the de-
hydrogenation of n-hexane was actually en-
hanced by Au. In resemblance to the
present CH data, it was found that alloys
gave larger enhancements than epitaxial Au
layers. However, those observations were
only of a qualitative nature as the initially
high olefin formation rates for the bimetallic
surfaces decreased rapidly, in some cases
vanishing in only a few minutes reaction
time. Thus, it appears that the influence of
epitaxial Au islands on catalyzed hydrocar-
bon reactions may vary according to the
nature of the reactant hydrocarbon. In this
respect, it is very interesting to note that a
quite similar phenomenon has been ob-
served for pure Pt single-crystal surfaces,
viz., with respect to the effects of steps and
kinks on hydrocarbon reactions. Specifi-
cally, the CH dehydrogenation to BZ has
been found to be enhanced by steps and
kinks on the Pt surface, while skeletal reac-
tions of n-hexane did not show this type of
structure sensitivity (/7, 17). Davis et al.
demonstrated for a Pt(557) surface that this
is due to the fact that, unlike CH, n-hexane
very rapidly poisons the Pt steps (26).
Thus, these data suggest that for these
types of reactions a great similarity exists
between Pt surfaces with Pt steps (and
kinks), and Pt surfaces with Au steps (and
possibly kinks) formed by the Au-island
edges. It may then be speculated that the
adsorption of BZ near a Au-island edge
would be perturbed and therefore weak-
ened relative to an unmodified Pt(111) sur-
face. Consequently, the rate of CH dehy-
drogenation to BZ would initially increase
with Au coverage as the total Au-island
edge area increases, and at some point be-
gin to decrease as the Au islands coalesce.
With n-hexane as a reactant, the Au-island
edges might become poisoned in a rela-
tively short time, leading to the absence of

lasting effects of Au other than site block-
age. Clearly, more research is needed to
substantiate this speculation. Further, it
needs to be clarified why a specificity for
the chemical identity of these structural de-
fects is lacking, and whether this behavior
is only a coincidence for the systems stud-
ied here, or possibly a phenomenon with a
more general validity.

4.2. Cyclohexane Dehydrogenation to
Cyclohexene

The data presented in Section 3 do not
only show enhanced BZ formation, but an
increase of CH= formation as well. Actu-
ally CH= is a new product since its produc-
tion by a clean Pt(111) crystal only origi-
nated from the crystal edges. The
explanation of the CH= formation on alloy
surfaces is an extension of the argument
used above to explain the BZ enhancement.
As the Pt ensembles decrease in size with
increasing gold surface concentration, the
cyclohexene-like intermediate that is
formed during the CH dehydrogenation is
no longer quantitatively converted to BZ
but it desorbs as CH=. Consequently, the
maximum of its formation is reached at
higher gold concentrations than that of BZ.
The enhancement by epitaxial Au islands
can similarly be ascribed to small Pt ensem-
bles in this case consisting of uncovered Pt
atoms in defects that are always present in
small concentrations in the epitaxial Au
layer. These defects only become covered
after deposition of several monolayers
which is why one gold monolayer seems to
have a high activity. The poisoning of the
defect sites at high gold coverages seems to
be slower than that of the small ensembles
in the surface alloys, since although the epi-
taxial surfaces initially form CH= at lower
rates than the alloys, the amounts formed in
123 min reaction time are essentially the
same for both types of surfaces (Fig. 2).

In the preceding part of the discussion it
has been attempted to explain the observed
effects purely by geometric effects. Alter-
natively, a ligand effect may be invoked to



42 SACHTLER AND SOMORJAI

explain the observed enhancements. Thus,
the intrinsic bonding abilities of Pt and Au
could in principle be altered by an elec-
tronic interaction between the two ele-
ments, consisting of charge transfer or
some other effects. In general, such inter-
actions are expected to be largest in bime-
tallic systems with large positive heats of
formation (22). Thus, larger ligand effects
are expected for an exothermic alloy such
as, e.g., Pt—Cu than for endothermic alloys
such as Ni-Cu and Pt-Au. However, XPS
data indicate the absence of electronic ef-
fects in the Pt—Cu system (23). An investi-
gation of the frequency shift of the infrared
absorption band of CO, caused by alloying
Pt with Cu, using 2CO and *CO showed
that the observed frequency shift can com-
pletely be accounted for by geometric, i.e.,
dilution effects (24). Further, no ligand ef-
fect was found in a study of TPD of CO on
the same Au-Pt(111) surfaces as used in
this investigation (6). In our opinion, these
data all leave little room for speculations on
the significance of any kind of *‘electronic’
or “‘ligand” effects in the present system,
although in the literature these are fre-
quently used to explain analogous enhance-
ments of catalytic activity by alloying.

4.3. Formation of Irreversibly Adsorbed
Carbonaceous Residues

The work by Herz et al. has shown that
under the conditions used here, product
poisoning by BZ is the predominant deacti-
vation mechanism. However, they also ob-
served poisoning by the accumulation of
strongly bound carbonaceous residues (11).
In the present work, the influence of Au on
the coverage by carbonaceous species that
are bound so strongly to the surface that
they do not desorb in UHV, even after
heating to 573 K, has been studied with
AES. The most significant result is that, as
with the n-hexane conversion (6, 7), even
completely Au covered surfaces did not re-
main clean. This is surprising since Au is
known for its relative inertness for chemi-
sorption and catalysis. An investigation by

Chesters et al. using flat (111) and stepped
6(111) x (100) Au single crystal surfaces
with hydrocarbon pressures up to 1076
mbar and temperatures up to 823 K failed to
find any adsorption of hydrocarbons such
as CH= and BZ (25). However, naphtha-
lene was adsorbed dissociatively yielding
strongly bound hydrocarbon fragments.
This indicates that Au is not incapable of
forming these overlayers, but that the acti-
vation energy of this process is high for
relatively light hydrocarbons. In the
CH reaction described in this work, the hy-
drocarbon pressure was 7 orders of magni-
tude higher than in the just mentioned che-
misorption study, and this enormous
increase of the hydrocarbon exposure
might well have been sufficient to give the
less than one monolayer carbonaceous spe-
cies on Au despite the low reaction proba-
bility for this process.

CONCLUSIONS

(i) Under the reaction conditions used,
Au was found to enhance the cyclohexane
dehydrogenation to benzene catalyzed by
Pt(111) single-crystal surfaces, with sur-
faces containing about 50 atom% Au being
most active.

(ii) This enhancement is attributed to a
reduction, by Au, of reaction self-poisoning
caused by dissociatively adsorbed benzene.

(iii) Under the reaction conditions used,
cyclohexene is not desorbed during cyclo-
hexane conversion by pure Pt(111) crystal
faces. However, bimetallic Au—-Pt(111) sur-
faces do produce substantial amounts of cy-
clohexene, with a maximum for surfaces
containing about 90 atom% Au.

(iv) Cyclohexene production by the bime-
tallic surfaces occurs on sites where subse-
quent dehydrogenation to benzene is inhib-
ited by ensemble size restrictions.

(v) The observed effects of Au are similar
both for the epitaxial and the alloy Au-—
Pt(111) surfaces, which is in contrast to the
large differences between these two types
of surfaces with respect to skeletal reac-
tions of n-hexane. This variability of the ef-
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fect of epitaxial Au islands appears to fol-
low that of the ‘‘step effects’” of pure Pt
surfaces for these reactions.
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