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Abstract

The adsorption of ethylene on gold–palladium alloys formed on a Pd(111) surface is investigated using a combination of tempera-
ture-programmed desorption (TPD) and reflection absorption infrared spectroscopy (RAIRS). Various alloy compositions are obtained
by depositing four monolayers of gold on a clean Pd(111) surface and annealing to various temperatures. For gold coverages greater
than �0.7, ethylene adsorbs primarily on gold sites, desorbing with an activation energy of less than 55 kJ/mol. At gold coverages
between �0.5 and �0.7, ethylene is detected on palladium sites in a p-bonded configuration (with a r–p parameter of �0.1) desorbing
with an activation energy of between �57 and 62 kJ/mol. Further reducing the gold coverage leads to an almost linear increase in the
desorption activation energy of ethylene with increasing palladium content until it eventually reaches a value of �76 kJ/mol found for
ethylene on clean Pd(111). A corresponding increase in the r–p parameter is also found as the gold coverage decreases reaching a value
of �0.8, assigned to di-r-bonded ethylene as found on clean Pd(111).
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The synthesis of vinyl acetate monomer (VAM) from
ethylene, acetic acid and oxygen is catalyzed by both sup-
ported palladium and palladium–gold alloys, where alloy-
ing with gold leads to a substantial increase in selectivity
from �85% for pure palladium to approximately 92% for
the alloy [1]. The reaction on Pd(1 11) has been shown to
proceed via a pathway first proposed by Samanos in which
ethylene reacts with adsorbed acetate species to form an
acetoxyethyl–palladium intermediate, which yields VAM
via a b-hydride elimination reaction [see Ref. [2] and refer-
ences therein]. It has been proposed that reaction proceeds
on the alloy at a site consisting of two gold atoms located
at diagonally opposite corners of the square unit cell lo-
cated on a (100) surface [3]. In order to further understand
the effects of alloy formation on this reaction, the following
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work explores the chemistry of ethylene on gold–palladium
(11 1) alloy surfaces. This surface was selected for initial
study since it has been demonstrated that various alloy
compositions can be conveniently obtained by adsorbing
�4 monolayers of gold onto a Pd(11 1) surface and anneal-
ing to various temperatures to cause gold to diffuse into the
palladium substrate. This strategy therefore allows the
chemistry of reactants on a relatively large numbers of al-
loy surface compositions to be compared. In addition, since
this alloy system exhibits no additional ordered LEED pat-
terns, it has been suggested that the gold and palladium
atoms are randomly distributed at the surface thereby
allowing correlations to be made between various surface
Au–Pd ensembles and their chemical properties. This strat-
egy was used, for example, to identify the size of the palla-
dium ensemble required for acetylene cyclotrimerization
[4].

The ethylene hydrogenation activity of gold–palladium
alloys has been investigated theoretically using density
functional theory (DFT), where it was found that the for-
mation of the alloy reduced the ethylene heat of adsorption
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[5]. Ethylene bonds in a di-r configuration on clean
Pd(11 1) at low-temperatures where low-energy electron
diffraction (LEED) measurements and DFT calculations
show that it adsorbs at a bridge site [6–9]. The ethylene
heat of adsorption is reduced at higher coverages to form
p-bonded species. It has also been shown that the presence
of sub-surface hydrogen on the Pd(111) surface induces
the formation of p-bonded ethylene and LEED measure-
ments reveal that this occupies an atop site [10,11]. It is
therefore anticipated that both electronic and ensemble
effects will influence the state of ethylene adsorption on
gold–palladium-alloy surfaces.

2. Experimental

The apparatus used to collect reflection absorption
infrared spectra (RAIRS) and temperature-programmed
desorption (TPD) data have been described in detail else-
where [12]. Briefly the sample cell used for the infrared
experiments is constructed from a 2 3/4 six-way cube,
which was oriented to allow infrared radiation to impinge
onto the sample at the optimum 80� infrared incidence an-
gle. The cell is attached to the main chamber via a gate
valve which, when closed, completely isolates the infrared
cell from the ultrahigh vacuum chamber and, when open,
allows sample transfer into it. Spectra are collected with
Bruker Equinox spectrometer, typically for 2000 scans at
a resolution of 8 cm�1. TPD data were collected in another
chamber that was equipped with a Dichor quadrupole
mass spectrometer interfaced to a computer that allowed
up to five masses to be monitored in a single experiment.
The sample could be cooled to 80 K in both chambers by
thermal contact to a liquid-nitrogen-filled reservoir and
resistively heated to �1200 K.

The Pd(111) single crystal was cleaned using a standard
protocol and its cleanliness monitored using Auger spec-
troscopy and temperature-programmed desorption col-
lected following oxygen adsorption [10]. Gold was
evaporated from a small alumina tube [13], which enabled
controlled and reproducible evaporation rates to be
achieved. In order to precisely control the temperature of
the gold, and therefore its evaporation rate, a C-type
thermocouple was placed into the gold pellet. The amount
of gold deposited onto the surface was monitored using
Auger spectroscopy from the peak-to-peak intensities of
the Au NVV and Pd MNN Auger features and the mono-
layer coverage was gauged from breaks in the gold uptake
signal. The gold–palladium alloy was formed according to
a recipe developed by Lambert et al. [4] by initially adsorb-
ing four monolayers of gold then annealing to various tem-
peratures for a period of five minutes in ultrahigh vacuum
to produce the desired Au/Pd atomic ratio on the surface.
The sample was then allowed to cool to 80 K, following
which ethylene was adsorbed onto the surface at 80 K.
The resulting variation in Auger peak-to-peak intensity
with annealing temperature was in excellent agreement
with previous work [4] and gold coverages are quoted
based on this calibration. The ethylene (Matheson, Re-
search Grade) was transferred to glass bottles which were
attached to the gas-handling line for introduction into
the vacuum chamber.

3. Results

TPD data were collected at a heating rate of 3.7 K/s as a
function of ethylene exposure to various gold–palladium
alloy surfaces. Only ethylene desorption (27 amu) was de-
tected and no other desorbing species, particularly hydro-
gen, were found. Ethylene was dosed from a capillary
source to minimize the rise in background pressure and
the gold–palladium alloy composition, as noted above,
was gauged from the Auger spectra using the calibration
curve constructed by Lambert et al. [4]. Note that since
the electron-based spectroscopies used to construct this cal-
ibration may also contain contributions from layers deeper
within the selvedge, which presumably contain less gold, it
may underestimate the amount of gold in the outer layer.
Nevertheless, trends in the variation in gold coverage will
correctly track the true values. Data were collected for gold
coverages of 0.95, 0.90, 0.73, 0.5, 0.33, 0.17, 0.09, 0.05, and
0.03 monolayers, so that representative data are presented
for selected coverages.

TPD data for a gold coverage of 0.73 (27% palladium)
are displayed in Fig. 1a. In all cases, the ethylene exposures
(in Langmuirs, 1 L = 1 · 10�6 Torr s) are indicated on the
figure. The desorption traces display a feature centered at
�227 K for low exposures with a peak temperature that de-
creases slightly with increasing ethylene coverage indicating
repulsive interactions between adsorbed ethylene species.
Note that only very small amounts of ethylene desorb at
temperatures above �150 K at higher gold coverages.
Fig. 1b shows the effect of decreasing the gold coverage
to 0.33 where ethylene desorbs at �272 K at low-coverages
and shifts and broadens to lower temperatures as the ethyl-
ene coverage increases so that, at a saturation ethylene
coverage, ethylene desorbs in a broad state centered at
�229 K. Further decreasing the gold coverage to 0.09
(Fig. 1c) results in an increase in the low-coverage ethylene
desorption activation energy so that the desorption peak
temperature shifts to �295 K. The ethylene desorption pro-
file at higher exposures is now rather broad with a desorp-
tion rate maximum at �218 K.

The low-ethylene-coverage TPD data are compared for
all alloy surfaces in Fig. 2, which displays the desorption
profiles as a function of gold coverage, following exposure
to 0.25 L of ethylene, where the gold coverages are dis-
played adjacent to the corresponding spectra. This clearly
shows the decreasing trend in desorption temperature with
increasing gold coverage. The corresponding desorption
activation energies are calculated using the Redhead equa-
tion [14] assuming a pre-exponential factor of 1 · 1013 s�1,
and the results are displayed in Fig. 3. These data confirm
the decrease in ethylene desorption activation energy
with increasing gold coverage. Note that, since ethylene
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Fig. 1. Temperature-programmed desorption spectra for various exposures of ethylene adsorbed at 80 K on gold–palladium alloys with gold coverages of:
(a) 0.73, (b) 0.33 and (c) 0.09, collected using a heating rate of 3.7 K/s. The ethylene exposures are marked adjacent to the corresponding spectrum.
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adsorption is not strongly activated, these values will corre-
spond closely to the heats of adsorption of ethylene on the
various surfaces. Also indicated as arrows on this figure are
the desorption activation energies for ethylene from clean
Pd(111), where it adsorbs in a di-r configuration as well
as on a hydrogen-covered surface, where it is p-bonded
[15].

The corresponding TPD data for ethylene-saturated
surfaces for various Au/Pd alloys are displayed in Fig. 4.
This shows an initial increase in desorption temperature
from �218 to �230 K as the gold coverage decreases from
0.73 to 0.5, close to the desorption temperatures measured
at low exposures (Fig. 2). Ethylene desorbs from hydro-
gen-covered Pd(1 11) at �230 K, where this has been
shown to be due to p-bonded ethylene, implying that sim-
ilar p-bonded species are also present on the surface at
these gold coverages. However, the ethylene desorption
feature at a gold coverage of 0.5 is broader than that at
a gold coverage of 0.73 suggesting that the high-tempera-
ture tail in the former desorption profile may contain con-
tributions from another, more strongly bound species.
This trend is confirmed in the spectra for surfaces contain-
ing less gold, where a shoulder at �300 K is clearly
discernible.

Selected RAIRS spectra for a saturated overlayer of eth-
ylene adsorbed on various gold–palladium alloys at 80 K
are displayed in Figs. 5 and 6 as a function of annealing
temperature, where the annealing temperatures are dis-
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Fig. 4. Temperature-programmed desorption spectra for 16 L of ethylene
adsorbed at 80 K on various gold–palladium alloys where the gold
coverage is indicated adjacent to the corresponding desorption trace,
collected using a heating rate of 3.7 K/s.
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played adjacent to the corresponding spectrum. In these
cases, the ethylene-covered samples were heated to the indi-
cated temperature for 5 s, then allowed to cool to 80 K,
following which the spectrum was collected. A typical spec-
trum, in this case for a gold coverage of 0.95 is displayed in
Fig. 5a. This displays a single feature at �958 cm�1 as-
signed to the CH2 wagging mode of p-bonded ethylene
[10]. The intensity of this feature decreases on heating so
that it is completely absent after annealing to 172 K (data
not shown) in good agreement with the desorption profile
in Fig. 4. Fig. 5b displays the RAIR spectra for a surface
with a gold coverage of 0.73, which shows a �959 cm�1

feature following adsorption at 80 K. This decreases sub-
stantially in intensity on heating to 120 K, accompanied
by the appearance of a feature at 931 K, which is obscured
by the intense 959 cm�1 feature in the spectrum collected at
80 K. The 959 cm�1 feature disappears completely on heat-
ing to �216 K, indicating that it is associated with the low-
temperature desorption feature in Fig. 4, while the
931 cm�1 feature is still present at this temperature and is
only removed by heating to 237 K (data not shown) indi-
cating that this infrared feature is associated with the
�230 K desorption state (Figs. 2 and 4). This feature is
again assigned to the CH2 wagging mode of p-bonded eth-
ylene [10].

These features are still present on a surface with 50%
gold (Fig. 5c) but now shifted slightly to 955 and
926 cm�1. Again the 955 cm�1 feature disappears on heat-
ing to �200 K confirming that it is associated with the low-
temperature desorption state in the TPD data of Fig. 4,
while the 926 cm�1 peak is still present at 231 K, but disap-
pears on heating to 262 K (data not shown) in accord with
the TPD data of Figs. 2 and 4.

Further drastic changes occur as the gold coverage de-
creases further as shown in the data of Fig. 6. Now the
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Fig. 5. Reflection-absorption infrared spectra of a saturated overlayer of ethylene on gold–palladium alloys with gold coverages of: (a) 0.95, (b) 0.73 and
(c) 0.50 as a function of annealing temperature where the annealing temperatures are marked adjacent to the corresponding spectrum.
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spectrum consists of an intense feature at �903 cm�1

(Fig. 6a) with a weaker, but reproducible peak at
1252 cm�1for a gold coverage of 0.17. The 903 cm�1 fea-
ture shifts to higher frequencies as the sample is heated
so appears at �926 cm�1 after annealing to 246 K, and dis-
appears completely on heating to 278 K (data not shown),
again in accord with the TPD data of Fig. 4. In addition, a
weak but reproducible feature appears in the C–H stretch-
ing region at �2962 cm�1.

Additional changes for lower gold coverages are
revealed in the data of Fig. 6b for a gold coverage of
0.09, where the most intense feature is at 899 cm�1, but
shifts to higher frequencies when the sample is heated
and displays an additional weak feature at �1134 cm�1.
These features persist until �246 K, but are completely ab-
sent for a sample annealed to 278 K (data not shown),
again in accord with the TPD results (Fig. 4). Again, a
weak feature is detected in the C–H stretching region at
�2932 cm�1.

Finally, the spectra for only a 5% gold coverage are dis-
played in Fig. 6c clearly showing the 898 and 1111 cm�1

features as well as a clear 2926 cm�1 mode in the C–H
stretching region. Again the 898 cm�1 mode shifts to higher
frequencies as the sample is annealed to higher tempera-
tures and the temperature at which the features disappear
correspond well to the TPD spectrum (Fig. 4). The infrared
feature at �1100 cm�1 in this case is clearly indicative of
the presence of di-r bonded ethylene [10].
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Fig. 6. Reflection-absorption infrared spectra of a saturated overlayer of ethylene on gold–palladium alloys with gold coverages of: (a) 0.17, (b) 0.09 and
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4. Discussion

Ethylene adsorbs weakly on Au(1 11) surfaces exhibiting
a CH2 wagging mode at �960 cm�1 and desorbs below
200 K [3]. Extensive work has been carried out in ultrahigh
vacuum on gold–palladium alloys either grown on low-in-
dex single crystal surfaces or as small alloy particles formed
on model oxide thin films to mimic supported catalytic sys-
tems [16–19]. The majority of these studies have focused on
alloys formed by the adsorption of palladium on gold sin-
gle crystals surfaces where, for example, and orderedp

3 ·
p

3R30� surface forms on Au(1 11) [20]. No ordered
structures are found for the adsorption of gold onto palla-
dium implying that the gold is rather randomly distributed
on the surface thus allowing random admixtures of differ-
ent gold–palladium compositions to be obtained merely
by annealing the sample to various temperatures. The ratio
of Pd monomers to the to number of surface atoms for
palladium on Au(11 1) has been measured experimentally
using scanning tunneling microscopy [21] and yields good
agreement with a random palladium distribution at low
palladium coverages.

Assuming such a random distribution indicates that, for
a gold coverage of 0.95, almost 90% of the palladium atoms
are isolated yielding a total isolated palladium atom cover-
age, referenced to the total number of exposed atoms on the
surface, of 4.5%. The weak ethylene desorption feature at
�207 K at this palladium coverage (Fig. 2) is therefore
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assigned to desorption from palladium atoms completely
surrounded by gold [22]. Experiments on the desorption of
C2D4 from Au–Pd/Al2O3 model catalysts reveal that d4-eth-
ylene desorbs molecularly with a peak temperature increas-
ing as the palladium content increases. In the case of an alloy
containing predominantly gold, d4-ethylene desorbs at
�215 K, assigned to p-bonded ethylene adsorbed on iso-
lated palladium sites [22]. In this case, because of the low
palladium coverage, ethylene cannot be detected by RAIRS
so that the infrared feature in Fig. 5a at �958 cm�1 is there-
fore due to ethylene adsorbed on gold sites and this assign-
ment is confirmed by the observation that this feature
disappears on heating to �172 K. Ethylene has been found
to desorb molecularly from clean and oxygen-covered
Au(1 11), desorbing in a broad feature between 100 and
200 K [23] in agreement with this assignment.

The corresponding desorption peak shifts slightly and
intensifies as the palladium coverage increases to �0.1
(Fig. 2). In this case, the proportion of isolated palladium
atoms decreases to �77% giving a total coverage of isolated
palladium atoms of �7.7% and the increase in ethylene
desorption yield in Fig. 2 is in accord with this estimate.
Again, such low ethylene coverages are not detectable by
infrared spectroscopy.

Additional infrared features are detected at 931 cm�1

appearing as a shoulder on the intense 959 cm�1 feature as-
signed above to ethylene adsorbed on gold sites when the
gold coverage decreases to 0.73 (Fig. 5b) and ethylene des-
orbs at �227 K from an alloy surface of this composition
(Figs. 2 and 4). The 931 cm�1 infrared feature is more
clearly visible for a surface annealed to 120 K where the
majority of the ethylene has desorbed from gold sites on
the surface and is assigned to ethylene adsorbed on palla-
dium sites. The 931 cm�1 feature is approximately 10% as
intense as the 959 cm�1 peak. Since these are both due to
CH2 wagging modes of p-bonded ethylene, the integrated
areas of these features may be taken as a measure of the rel-
ative ethylene coverages on gold and palladium sites. If it is
assumed that all exposed, isolated palladium atoms are
occupied by p-bonded ethylene, then the ethylene coverage
ratio on palladium sites (Hethylene(Pd)) to that on gold sites
(Hethylene(Au)) is given by:

HethyleneðPdÞ
HethyleneðAuÞ ¼

HðPdÞ
HðAuÞ � P ð1Þ

where P is the proportion of the surface atoms that are iso-
lated palladiums. H(Pd)/H(Au) is the ratio of the coverage
of palladium to that of gold, and equals (1 � H(Au))/
H(Au) which, for the data of Fig. 5b is 0.37. The probabil-
ity of a palladium atoms being isolated is �0.5 [21] so that
the ratio Hethylene(Pd)/Hethylene(Au) is �19%, larger than
that found from the intensity ratios of the corresponding
infrared features (�10%) so that less p-bonded ethylene is
formed on palladium sites than would be expected from a
simple model that assumes that the gold and palladium
atoms are randomly distributed. This model also assumes
that ethylene adsorbs on all atop sites on the gold surface
while the saturation coverage of ethylene on gold is likely
to be substantially less than unity leading to an even larger
discrepancy between the measured and calculated cover-
ages of p-bonded ethylene on gold and palladium sites.

A similar discrepancy is found for palladium coverages
of 50% (Fig. 5c). In the case of random intermixing of gold
and palladium, the number of each type of site should be
identical leading to equal coverages of ethylene on both
sites, while (Hethylene(Pd))/(Hethylene(Au)) in this case is
�0.47 rather than close to unity. These results imply that
either the amount of gold on the surface is substantially
underestimated, or the gold and palladium atoms are not
randomly distributed, or that there are strong electronic
effects that modify the reactivity of palladium sites.

A correlation diagram has been constructed for the
vibrational frequencies of the symmetry-allowed modes of
ethylene adsorbed on transition-metal surfaces as a func-
tion of the r–p parameter, where this parameter is defined
to be equal to zero for purely p-bonded ethylene (with sp2

hybridized carbon) and unity for purely di-r bonded ethyl-
ene (with sp3 hybridized carbon) [24]. In this case, the C–C
stretch, CH2 scissor and CH2 wagging modes of p-bonded
ethylene correlate with the CH2 scissor, CH2 wagging and
C–C stretching modes respectively of di-r bonded ethylene
[10]. Of particular relevance in this case is the CH2 wagging
mode (at 949 cm�1 for gas-phase ethylene [10]), which
moves to lower frequencies as the r–p parameter increases.
This allows the degree of hybridization to be estimated for
ethylene adsorbed on palladium. The results are displayed
as a function of gold coverage in Fig. 7. The r–p parameter
is �0.12 for gold coverages of 0.5 and 0.73, indicative of
substantially p-bonded ethylene and these values are in
good agreement with that of p-bonded ethylene on hydro-
gen-covered Pd(111) where LEED structure determina-
tions have shown that the ethylene is, in this case,
adsorbed on atop sites [6,10]. In addition, the desorption
activation energies of ethylene from these alloy surfaces
are close to that found for ethylene adsorbed on hydro-
gen-covered Pd(111) (see Fig. 3). Surface-enhanced
Raman experiments carried out for ethylene adsorbed on
gold-deposited noble metal films detected a CH2 wagging
mode at �934 cm�1 for p-bonded ethylene on gold corre-
sponding to a calculated r–p parameter of �0.28 [25–27].

As the gold coverage decreases to �0.17, the 955 cm�1

infrared feature assigned to ethylene adsorbed on gold sites
essentially disappears (Fig. 6a) since now the gold coverage
is low. Furthermore, for gold coverages lower than �0.4,
the low-coverage ethylene desorption activation energy
increases substantially (Figs. 2 and 3). This desorption
feature is also evident as a shoulder on the desorption
spectra collected at higher coverages (Fig. 4). The infrared
spectrum for gold coverage of �0.17 exhibits an intense
feature at 903 cm�1, along with much weaker features at
�1252 and �2962 cm�1 indicative of a r–p parameter of
�0.4 (Fig. 7), and this change in carbon hybridization is
in accord with the increase in ethylene adsorption energy
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for a gold–palladium alloy surface of this compositions
(Figs. 2–4). Di-r bonded ethylene on clean Pd(1 11) (with
a r–p parameter of �0.82) displays an intense CH2 wag-
ging mode at �1100 cm�1, while the corresponding C–C
stretching mode is much weaker. The mode at 903 cm�1

(Fig. 6a) appears therefore to be due to some p-bonded eth-
ylene still present on the surface. As the gold coverage de-
creases even further to 0.09 (Fig. 6b) or 0.05 (Fig. 6c), this
feature shifts to �899 cm�1, but still remains as the most
intense feature. The weak CH2 wagging mode shifts to
�1134 cm�1 when the gold coverage is 0.09 and to
1111 cm�1 at H(Au) = 0.05, indicative of greater di-r
bonding character as shown in Fig. 7 where the r–p
parameter approaches that of clean palladium. This notion
is borne of by the low-coverage activation energy (Figs. 2
and 3) where the ethylene heat of adsorption approaches
that of clean palladium on surfaces with 9% or 5% gold.
However, the infrared spectrum of ethylene on clean
Pd(11 1) consists of a single feature at �1100 cm�1, with
no intensity at �900 cm�1 [10] while, with only a few per-
cent of a monolayer of gold on the surface, the infrared
spectrum still displays an intense feature at �900 cm�1

(Fig. 6c). Only by extensive argon ion bombardment at a
sample temperature of 940 K to remove all remaining gold
can the infrared spectrum of clean Pd(11 1) (displaying
only a feature at �1100 cm�1) be recovered. This implies
that only a very small amount of gold in the surface region
has a profound effect on the adsorption properties of
ethylene on the surface. As noted above, electron-based
spectroscopies may not provide a completely accurate mea-
sure of the coverage of the outermost layer. However, it is
clear from the low gold Auger and XPS signals for the sur-
faces used to collect the data shown in Fig. 6c, that the
presence of p-bonded ethylene is induced by only a small
amount of gold in the surface region clearly indicating that
a small amount of gold alloyed with palladium drastically
affects the electronic structure of palladium and corre-
spondingly the heat of adsorption of ethylene. Low-energy
ion scattering experiments are planned to more precisely
determine the surface gold coverage. Nevertheless, it does
appear that the adsorption of ethylene is affected by only
a small amount of gold in the alloy. Since vinyl acetate is
formed by insertion of ethylene into the O–Pd bond of ace-
tate species, weaker bonding of ethylene to the surface is
likely to facilitate this reaction.

5. Conclusions

Both TPD and RAIRS results indicate that alloying
palladium with gold to form AuPd(111) surfaces has a
profound effect on the adsorption of ethylene. For gold
coverages greater than �0.7, only p-bonded ethylene ad-
sorbed on gold sites is detected. As the gold coverage de-
creases to between 0.7 to 0.5, p-bonded ethylene is found
on the alloy surface with a heat of adsorption and r–p
parameter similar to that found on hydrogen-covered
Pd(111). Both the heat of adsorption of ethylene and its
r–p parameter increase monotonically as the gold coverage
decreases, eventually reaching a value of �76 kJ/mol found
for clean palladium, where it adsorbs in a di-r configura-
tion with a r–p parameter of �0.8.
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