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Abstract

The bimetallic Pd–Ag model catalysts were prepared by physical vapor deposition on thin alumina films. The morphology and struc-
ture of the Pd–Ag particles were studied by STM, XPS, and by TPD and IRAS of CO. The results showed the formation of true alloy
particles with Ag segregated at the surface. The addition of Ag first suppresses the most strongly bonded CO on threefold hollow sites of
Pd. With further increasing Ag coverage, only isolated Pd atoms surrounded by Ag atoms are likely present on the surface. The results on
CO adsorption suggest that the model Pd–Ag system mimics the structure of the real Pd–Ag catalysts.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Pd-based catalysts are commonly used as hydrogenation
catalysts in industry. In many cases, the Pd-based alloy cat-
alysts exhibit higher selectivity than the pure Pd catalysts
[1–5]. Specifically, the Pd–Ag systems have generated an
immense amount of interest for use in hydrogen mem-
branes [6] and as selective hydrogenation catalysts [2,7].
Particularly, Pd–Ag catalysts are used in the selective
hydrogenation of acetylene in the excess of ethylene in
feedstock for ethylene polymerization [8]. However, the
role of Ag in these catalysts is difficult to investigate exper-
imentally because of low metal loading, typically �1 wt.%
[3,8,9].

The physical and electronic properties of the bulk Pd–
Ag alloy systems have been studied both experimentally
and theoretically [10–13]. Surface science studies of Pd–
Ag single crystals indicate that surface segregation of Ag
0039-6028/$ - see front matter � 2006 Elsevier B.V. All rights reserved.

doi:10.1016/j.susc.2006.02.016

* Corresponding author. Present address: National Energy Technology
Laboratory (NETL), 626 Cochrans Mill Rd., Pittsburgh, PA 15236, USA.

E-mail address: Neetha.Khan@netl.doe.gov (N.A. Khan).
reduces the surface composition of Pd to less than 10%
[10,11]. However, the extent to which Ag segregates de-
pends on the temperature, preparation conditions, the
external environment (oxidizing or reducing) and the inter-
nal environment (bulk alloy vs. thin film) [14]. Theoretical
studies of Pd–Ag clusters also showed that depending on
the structure of the cluster and the temperatures at which
they are grown, the segregation properties of the Ag–Pd
particles can vary [15,16]. Surface segregation can strongly
influence the adsorption properties of bimetallic com-
pounds and hence their reactivity [17,18].

In order to understand the origin of beneficial effects of
Ag on the Pd hydrogenation catalysts, we study planar
model systems, where the highly sensitive surface science
techniques allow one to characterize the structural, elec-
tronic and adsorption properties of the Pd–Ag particles
under controlled conditions. In this paper, we employ
scanning tunneling microscopy (STM), X-ray photo-
electron spectroscopy (XPS), temperature programmed
desorption (TPD) and infrared reflection absorption spec-
troscopy (IRAS) of CO as a probe molecule for structural
characterization of the Pd–Ag nanoparticles deposited on
thin alumina films.
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2. Experimental

The experiments were performed in three different UHV
chambers (the base pressure below 5 · 10�10 mbar). All
chambers were equipped with low-energy electron diffrac-
tion (LEED), a differentially pumped quadrupole mass
spectrometer (QMS), and facilities for sample cleaning
and preparation. All gases were introduced to the crystal
using a calibrated directional gas doser.

The alumina film was grown on a clean NiAl(110) single
crystal by two cycles of oxidation at 10�6 mbar of O2 at
550 K for 20 min and annealing to 1140 K for 5 min. The
quality of the alumina film was confirmed by observation
of a characteristic LEED pattern with sharp diffraction
spots [19].

Palladium and silver were deposited on the alumina film
using an electron-beam assisted evaporator (Focus EFM3).
The coverage of Pd and Ag is reported as a nominal thick-
ness (in Å). The deposition rate was �0.2 Å/min for both
metals, as calibrated in situ using a quartz microbalance.
In these experiments, the metals were deposited while the
substrate was kept at �90 K. After deposition, the sample
was flashed to �380 K to desorb any background hydrogen
that may adsorb during deposition. In order to further sta-
bilize the particles before CO TPD and IRAS measure-
ments, the sample was then oxidized for �10 min in
10�6 mbar O2 at 500 K. This procedure has been shown
to grow a thicker oxide film that prevents Pd from diffusing
into the oxide film at elevated temperatures [20]. The parti-
cles were reduced by CO until no CO2 can be detected in
CO TPD spectra. IRAS and TPD measurements taken
on pristine Pd and Pd–Ag particles and the particles after
the oxidation/reduction procedure do not exhibit any
new features, indicating the surfaces are similar. These
treatments are assumed to simulate the calcinations/reduc-
tion procedures while preparation of the real catalysts.

3. Results and discussion

Fig. 1 shows STM images of Pd (a), Ag (b) and Pd–Ag
(c) particles formed by vapor deposition of metals onto the
alumina film. It is clearly seen that Ag forms larger parti-
cles than Pd due to a weaker interaction of the Ag ad-
Fig. 1. Room temperature STM images of 2 Å Pd (a), 2 Å Ag (b) and 2
100 · 100 nm2).
atoms with the alumina film. The different nucleation and
growth mode of metals can help to distinguish the nature
of the particles imaged by STM when metals are co-depos-
ited as has been previously shown in our group for the Pd–
Co system [21,22]. For co-deposited Pd–Ag systems, the
morphology is very similar to the pure Pd system indicating
that nucleation and growth of Pd–Ag particles is governed
by the interaction of Pd with this support whereby the Ag
atoms stick to the nucleating Pd particles, thus forming
bimetallic particles rather than individual Ag particles be-
tween the Pd particles.

XPS inspection of the Pd–Ag samples has revealed a sig-
nificant negative binding energy shift (�0.7 eV) of the Ag
3d core level in the Pd–Ag samples as compared to pure
Ag particles, as shown in Fig. 2. Such effects were previ-
ously reported on bulk and surface Pd–Ag alloys, both
experimentally and theoretically [23–25]. The results sug-
gest that charge transfer may have occurred and the com-
plete screening picture may be applicable. Theoretical
calculations also indicate that both Pd and Ag gain d and
lose non-d charge when alloyed with each other [26]. For
the present study, our XPS results show similarities with
the bulk alloy systems, indicating that the formation of true
alloy Pd–Ag particles on the alumina film has occurred.

The CO adsorption on pure Pd particles has been stud-
ied previously in detail [27,28]. Weakly-bound linear (or
atop) CO species desorb first, resulting in a broad TPD sig-
nal at 100–300 K [20]. As the CO coverage decreases on
heating, the remaining molecules occupy the more favor-
able bridge and threefold hollow sites from which they des-
orb at a higher temperature (HT) with a well-resolved
maximum at �470 K as shown in Fig. 3.

When the smallest amount (0.1 Å) of Ag is co-deposited
with Pd, the HT peak decreases in intensity and a new
peak at low temperature (LT), �120 K, appears. The LT
peak gains intensity but then starts to decrease after
0.4 Å Ag has been deposited, meanwhile the HT peak
continually decreases. These results are consistent with
TPD studies of Nieuwenhuys and co-workers [10,12] on a
PdAg(1 11) single crystal. In this work, the authors
showed that an alloy surface with bulk concentration of
67%Pd–33%Ag in fact exhibited surface composition of
10%Pd–90%Ag and a single CO desorption peak at
Å Pd + 0.4 Å Ag (c) deposited on alumina film at 100 K (image size



Fig. 2. Ag 3 d region of XPS spectra for alumina supported Ag and Ag–
Pd particles.

Fig. 3. TPD spectra of 2 L of CO exposed to Pd–Ag/alumina particles at
100 K as a function of Ag co-deposited with 2 Å of Pd as indicated.

Fig. 4. IR spectra of 2 L of CO adsorbed on Pd–Ag particles at 100 K as a
function of amounts of Ag added to 2 Å Pd as indicated.
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375 K. The presence of Ag on the surface suppresses the
HT desorption peak, attributed to the threefold hollow
sites on Pd(1 11). The high surface concentration of Ag
leads the authors to propose that only isolated Pd atoms,
surrounded by Ag atoms, are present on the surface. This
finding has been corroborated by Wouda et al. [11] using
STM with atomic resolution. If we compare this single
crystal surface to the Pd–Ag particles with the bulk ratio
2:1 used in our experiments, we also observe a similar situ-
ation, where the HT desorption peak vanishes and a peak
at �375 K emerges.

It is well known that the stretching frequency of CO de-
pends on the nature of adsorption site on the metal surface.
CO adsorbed at threefold hollow sites of Pd results in the
IR signals between 1820 and 1920 cm�1 with a continuous
shift toward higher frequencies as the CO coverage in-
creases. Accordingly, a signal centered at �1960 cm�1

is assigned to bridge-bonded CO, which emerges at inter-
mediate coverage. Finally, at saturation coverage reached
at low temperatures (around 100 K), atop species are pop-
ulated giving rise to a signal at around 2105 cm�1 [27,29].

Fig. 4 shows IRAS spectra of the Pd–Ag particles at sat-
uration CO coverage as a function of amounts of Ag co-
deposited with 2 Å of Pd. Adding even the smallest
amounts of Ag (Ag:Pd ratio is 1:20) show new features in
the spectra as compared to pure Pd. At 100 K, a peak at
�2161 cm�1 is clearly seen which gains intensity with
increasing Ag coverage up to 1 Å. The peak at 2104 cm�1

assigned to atop CO species on Pd shifts to lower frequen-
cies and gradually attenuates at higher Ag coverage. In
addition, a new absorption band develops from a low-fre-
quency shoulder at �2075 cm�1 of the atop Pd species to
the well-resolved peak at higher Ag coverage. Finally,
the band assigned to bridge-bonded CO on Pd (2000–
1950 cm�1) has been strongly attenuated as compared to
pure Pd particles.

In order to further correlate the IR and TPD results we
have recorded IRAS spectra after the sample was flashed to
the specified temperature. Fig. 5 shows data for the pure Pd
(a) and Pd–Ag particles with low (b) and high (c) Ag con-
centrations. It is clear that Ag-induced CO species, exhibit-
ing frequencies of 2154 and 2134 cm�1, desorbs first, that
correlates with CO TPD peak at �120 K. Then CO species
at 2086 cm�1 (observed only at low Ag coverage) disap-
pears upon heating to 300 K, which corresponds to a broad
TPD signal at 150–300 K. Meanwhile, the peaks at 2058
and 2048 cm�1 stay unless the sample is heated to 400 K.
This nicely correlates with the TPD peak at 375 K (see
Fig. 3). The bands below 1950 cm�1, which are present
only at low Ag coverage, behave very similar to those on
pure Pd particles and therefore can be straightforwardly as-
signed to CO adsorbed on bridge and threefold hollow sites
of Pd, respectively.

Therefore, the data clearly show that two CO adsorption
species, which are characterized by m = 2105–2085 cm�1

(Tdes = 100–300 K), and m = 1900–1800 cm�1 (Tdes = 400–
500 K) are essentially identical to those observed on the



Fig. 5. IR spectra of CO adsorbed at 100 K on pure 2 Å Pd (a), co-deposited 2 Å Pd + 0.2 Å (b) and 1 Å (c) of Ag, then annealed to the indicated
temperature.
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pure Pd particles and therefore can be assigned to CO
adsorbing on islands or domains of Pd present on the sur-
face of the Pd–Ag particles, the abundance of which is re-
duced with increasing Ag concentration.

Adding Ag results in two new CO species: weakly-
bound (Tdes � 120 K) with m � 2160–2135 cm�1, and more
strongly bound (Tdes � 375 K) with m � 2075–2035 cm�1.
The high frequency band, which is blue-shifted with respect
to CO in gas phase, was previously observed on Ag films
for CO adsorbed only below 50 K and therefore assigned
to physisorbed CO [30]. However, Rodriguez et al. ob-
served similar IR features for Ag sub-monolayer films on
a Pt(111) substrate when exposed to CO at 90 K [30,31].
Since in our experiments we have not observed any CO
adsorption on pure Ag particles at 90 K, both Rodriguez’s
and our findings indicate that CO adsorbs more strongly
on the Ag atoms in the presence of Pd (Pt) surrounding.
(It should be mentioned that the IR signal at
�2150 cm�1 has been observed on silica supported Ag cat-
alysts under realistic conditions [32]. The authors have as-
signed this band to CO–Agd+ species, where Ag may be
partially oxidized following calcination treatment, which
is definitely not the case in our experiments.)

The origin of another IR feature at 2075–2035 cm�1 (see
Fig. 4) is not obvious. This CO species stays in a wide range
of the Ag coverage and desorbs above 300 K (see Fig. 5).
At a Pd–Ag ratio of 2:1, the TPD spectra clearly show a
peak at �375 K (see Fig. 3), which has been also observed
on the Pd–Ag single crystals [10]. Note that CO at bridge
and threefold hollow sites on pure Pd is not present in
any spectrum with this Ag coverage (see Fig. 5c), indicating
that there are little or no adsorption sites with more than
one Pd atom present. In addition, the position of this peak
is rather independent of the temperature (and hence of CO
coverage), which implies isolated CO species, which in turn
can explain their desorption in a single peak at 375 K as
observed by TPD (see Fig. 3).

For Pd–Au and Pd–Cu particles supported on 2–3 nm
thick alumina films grown on Mo(100), Rainer et al.
observed an IR band at �2085 (for Au) cm�1 and
�2060 cm�1 (for Cu) which they attributed to CO line-
arly-bonded to a ‘‘diluted’’ Pd on the surface [33]. The
authors argue that this feature can hardly be associated
with CO multiply bonded to Pd and Au (Cu) as the stretch-
ing frequency is too high. In addition, they found that this
peak behaves similarly to atop CO bound on Pd in an
uncompressed CO overlayer. Therefore, we may also sug-
gest that the band at �2060 cm�1 for Pd–Ag particles is
likely due to CO linearly adsorbed on isolated Pd atoms
surrounded by Ag atoms. On the other hand, the desorp-
tion temperature of these species (�375 K) is even higher
than for CO adsorbed on top of Pd in pure Pd particles,
which has desorbed by 300 K (see Fig. 5a). Therefore, we
cannot rule out the possibility that this band is associated
with CO bridge bonded between Pd and Ag surface atoms.
However, theoretical calculations are necessary to clarify
this issue.

Fig. 4 shows that that the IR signals are red-shifted at
increasing Ag concentration. This may be due to decreasing
CO coverage, as suggested by CO TPD results (see Fig. 3),
which reduces CO–CO interaction. However, as discussed
by Primet et al. [34] for room temperature CO adsorption
on silica supported Pd–Ag catalysts of various composition,
this shift must be more attributed to a Ag-induced increase
of electron density on the Pd surface atoms, which results in
an increased Pd! CO back-donation.

In summary, the results shown here are consistent with
the formation of alloy Pd–Ag particles, with Ag-rich sur-
faces. The core level shift in the XPS spectra supports the
formation of alloy particles, but in addition, the CO TPD
results provide further evidence that the particles are al-
loyed, and not core–shell particles. At Ag coverages below
2 Å, the presence of Pd in the surface of the particles is con-
firmed with the presence of the high temperature CO TPD
peak. The IRAS also exhibits features consistent with Pd
ensembles on the particles until Ag coverage is 1 Å or high-
er. Therefore, we conclude that we have Pd–Ag particles
that are alloys with a preferential segregation of Ag to the
surface. This is consistent with the segregation properties
observed on the Pd–Ag single crystals [11]. This realization
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is considerably important for Pd–Ag catalysts, as only 30%
bulk Ag concentration in the Pd–Ag particles results in the
formation of only single Pd adsorption sites. The effect of
Ag on Pd is the blocking of CO adsorption on multiply
coordinated sites, and the increase in linearly-bonded CO
on the particles. Again, this is consistent with CO adsorp-
tion studies on supported Pd–Ag catalysts under more real-
istic conditions [9,34,35]. When performed at 300 K, these
studies showed that Ag addition to the Pd catalyst increased
the amount of more weakly-bound CO species. Essentially,
the presence of Ag increases the ratio of linearly-bonded CO
to the CO bonded to the bridge or threefold hollow site.
This is exactly what is observed in Fig. 5 where the IR spec-
tra of CO after flash to 300 K on Pd and Pd–Ag particles are
compared. This comparison clearly shows that as the Ag
content is increased, the population of linearly-bonded
CO is strongly increased while the multi-coordinated sites
of Pd are blocked. This close similarity between our model
particles and real catalysts indicates that these particles can
be used to ‘‘mimic’’ real catalysts.

4. Summary

The bimetallic Pd–Ag model catalysts supported on thin
alumina films were studied by STM, XPS, and by TPD and
IRAS of CO as a probe molecule. The results showed the
formation of Pd–Ag alloy particles with Ag segregated to
the surface. Adding Ag first suppresses the most strongly
bonded CO on threefold hollow sites of Pd. With further
increasing Ag coverage, only isolated Pd atoms surrounded
by Ag atoms are likely to be present on the surface. The re-
sults on CO adsorption suggest that the model Pd–Ag sys-
tem mimics the structure of the real Pd–Ag catalysts.
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