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Abstract

Supported palladium particles have been studied using a recently developed crystalline silica film. The SiO2 film, as

seen for the first time by scanning tunnelling microscopy (STM), is sufficiently flat to be used for model catalyst studies.

Palladium particles grown on silica at room temperature are round and somewhat disordered as seen by STM, sug-

gesting a strong interaction between the Pd particles and the silica support. The structural properties of the palladium

particles were probed by CO adsorption at 90 K, and monitored by IRAS. The same general adsorption sites are

observed for the Pd particles grown on silica as have previously been observed for crystalline Pd particles on alumina,

however a larger fraction of on-top sites was observed on silica, indicative of the smaller and more disordered particles.

These first results obtained for the Pd/SiO2/Mo(1 1 2) system are encouraging for the use of the crystalline SiO2 sub-

strate as a model-catalyst support. � 2001 Published by Elsevier Science B.V.
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1. Introduction

Supported metal particles are commonly used
heterogeneous catalysts. The active catalytic ma-
terial is dispersed as small particles in order to
maximise surface area. However under these con-
ditions particle-size effects and metal–support in-
teractions play an important role in the material’s
catalytic behaviour. An important part of catalytic
research is dedicated to the exploitation of these
effects to improve catalytic activity or selectivity
[1]. Despite this, understanding of the activity–

structure relationship at a fundamental level is still
quite limited. In this direction, our group has
performed a number of studies of metal particles
supported on thin, well-ordered oxide films, which
are grown on a metal single-crystal surface [2–4].
Using a thin film oxide grown on a metal substrate
has the advantage of good electrical and thermal
conductivity relative to bulk oxides, thereby al-
lowing experimental investigation by electron
spectroscopies and scanning tunnelling micro-
scopy (STM) without charging effects [5–7].
The simplest method of producing a thin oxide

film is by oxidation of a metallic substrate. This
approach has been used to obtain a crystalline,
well-ordered alumina film (Al2O3) grown on
NiAl(1 1 0) [8]. This film grows reproducibly with a
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well-defined defect structure [4,9,10]. The Al2O3/
NiAl(1 1 0) support has been used to study small
metal particles of a wide range of sizes and char-
acteristics [2,4,11], grown with a relatively narrow
size distribution without the necessity of a com-
plicated experimental set-up for mass-selected
cluster deposition. Further investigation of the
metal–support interaction was also pursued by
hydroxylation of the alumina support [12,13].
An alternative, more complicated method of

producing a well-ordered oxide film involves the
hetero-epitaxial growth of the oxide on a crystal-
line metal substrate [14]. This approach has made
possible for the first time the preparation of a
crystalline silica (SiO2) film grown on Mo(1 1 2)
[15–17]. It is the purpose of this work to show that
this silica film is well suited for model-catalyst
studies.
The development of the crystalline silica film

and its use as a catalytic support is based on the
aim to understand the role of the support in cat-
alytic systems by comparing the structure and
reactivity of metal particles grown on different
supports (in this case, silica vs. alumina). In real
catalysts, these two common supports have shown
differences in their interactions with metal-particle
systems [1,18–20]. Silica–metal interactions tend to
be weaker, although the reason for this is usually
ascribed to the smaller hydroxyl content of the
silica supports with respect to the alumina sup-
ports [19,20].
In this article we report first results for the

growth of palladium particles on the well-ordered,
crystalline silica film. The Pd particles are observed
by STM and their structural properties are probed
by CO adsorption.

2. Experimental

Experiments were performed in an ultra-high-
vacuum (UHV) system equipped with LEED, an
XPS/UPS set-up, an STM, and IRAS capability.
Only STM and IRAS results will be shown here,
LEED and XPS/UPS are routinely used as checks
during the oxide preparation procedure. The back-
ground pressure in the different areas of the system
is lower than 2� 10�10 mbar.

The silica film preparation was performed as
described previously [15–17]. The procedure re-
sults in a crystalline SiO2 film, approximately 6 �AA
in thickness. Palladium was evaporated from a rod
(purity >99.9%) by electron bombardment with
the sample at room temperature. The sample was
maintained at the same potential as the Pd rod to
avoid sputtering of the surface by Pd ions. Flux
calibration has been performed with a quartz mi-
crobalance. The deposition rate was measured
as 0.815 �AA/min. Carbon monoxide (AGA, purity
>99.997%) was further purified by a liquid nitro-
gen trap during dosing, which was achieved util-
ising a pinhole doser.
Surface images were recorded by an Omicron

Variable-Temperature STM, operated at room
temperature. Infrared spectra were measured using
a Bruker IFS 66v/S spectrometer with a liquid-
nitrogen cooled MCT detector. The IRAS
geometry involves an 84� grazing incidence, and
p-polarised light is detected and accumulated for
4096 scans to obtain each spectrum.

3. Results and discussion

The use of a crystalline silicon dioxide film as a
support for model catalytic studies has several
advantages over the commonly used amorphous
material. The film used in this study is stoichio-
metric SiO2, contains no holes, is atomically flat,
has long-range order, and can be prepared repro-
ducibly to a thickness of 6� 2 �AA [15–17]. These
characteristics make it a suitable support for
model catalysts, on which metal particles can be
grown reproducibly.
The use of a crystalline film also allows us to

take full advantage of diffraction techniques for
characterisation [15–17], and STM for imaging. It
is worth noting that STM images of amorphous-
silica supported Cu particles have been obtained
[14,21]. Although some structure in the Cu parti-
cles was seen, the amorphous silica film was too
rough for imaging.
A typical STM image of our crystalline silica

film is shown in Fig. 1, a full discussion of the
STM results is the subject of a subsequent paper
[22]. Briefly, the image shows a large area
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(500� 500 nm2) where steps due to the underlying
Mo(1 1 2) are clearly visible. Ad-islands can also be
seen which are consistent with the growth mode of
the silica film previously suggested by SPA-LEED
[15]. The corrugation on the terraces is �1 �AA, with
ad-islands (1–10 �AA) present above the terrace
plane. The film has a RMS roughness smaller than
2 �AA.
Palladium particles were grown on the silica

film while maintaining the sample at room tem-
perature. Under these conditions, the palladium
particles appear to be 30–60 �AA in diameter for the
coverages studied (Fig. 2). However, STM has
often been found to overestimate particle size
[23,24], and these numbers should be regarded as
an approximation, or upper limits. It seems more
valuable to describe the particles in terms of their
metal content and distribution on the surface. The
measured particle density is approximately con-
stant at �5� 1012 particles/cm2 for the measured
intermediate coverages (1–5 �AA Pd). From the av-
erage metal thickness and the number of particles,
the number of atoms per particle can be easily
calculated. The number of atoms per particle will
be used in the rest of this paper.

The particles on the surface seem to be homo-
geneously distributed for the coverages used. It
seems reasonable to suggest that ad-islands of the
silica film would act as nucleation sites. However,
ad-island density is variable from film to film, and
in all cases it is higher than the observed Pd par-
ticle density. A closer look at the morphology of
the Pd particles grown on SiO2 (Fig. 2B) shows
that most particles seem to have a round top and
be irregular in shape, but some particles with sharp
edges can be observed. Flat facets on the particles
were not observed, in contrast with Pd particles
grown on alumina where predominantly (1 1 1)
facets are seen [2,25], and with Pd particles grown
on MgO where (1 1 1) or (1 0 0) facets can be ob-
served for particles of varying size [26,27]. The ir-
regular, non-facetted particles observed here seem
to be more consistent with Pd particles as grown
on alumina at 90 K, where kinetic restraints pre-
vent the particles forming crystallites even after
allowing the particles to reach room temperature
[4].
The structural properties of the Pd particles

grown on SiO2 were probed by CO adsorption.
The extensive literature regarding the adsorption
of carbon monoxide to Palladium single crystals

Fig. 2. STM images of supported Pd particles. (A) 4.9 �AA Pd on

SiO2/Mo(1 1 2), 850 atoms/particle. Vtip ¼ �2:36 V, I ¼ 0:10
nA. (B) Close up. 1.1 �AA Pd on SiO2/Mo(1 1 2), 110 atoms/par-

ticle. Vtip ¼ �2:19 V, I ¼ 0:11 nA.
Fig. 1. Large area STM image of SiO2/Mo(1 1 2). Image taken

with Vtip ¼ �5:88 V and I ¼ 0:73 nA. The crystal orientation of
the underlying Mo(1 1 2) surface is indicated; steps correspond

to steps in the Mo surface.
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with different orientations [28–37] make this mol-
ecule well suited as an IR probe of adsorption sites
present on the Pd particles, whose peaks can often
be assigned by their single-crystal analogues [4,38–
42]. Three energy regimes are characteristic of the
absorption-site-dependent CO vibration: 1750–
1900 cm�1 for threefold-hollow sites, 1900–2050
cm�1 for bridge sites, and 2050–2150 cm�1 for on-
top sites. A summary of peak assignments for CO
adsorbed on Pd(1 1 1) and Pd(1 0 0) is presented in
Table 1.
Fig. 3A and B show IR spectra of Pd particles

which are grown at room temperature on SiO2/
Mo(1 1 2) and exposed to increasing amounts of
CO at 90 K. It is important to note that CO does
not adsorb on the clean SiO2 film under these
conditions (even at a temperature as low as 65 K),
therefore all the observed peaks can be directly
related to CO adsorbed on the Pd particles.
Let us consider first the behaviour of CO on the

larger particles (850 atoms/particle) grown on SiO2
(Fig. 3A). The low-coverage behaviour of CO on
Pd(1 1 1) is sufficient to assign the observed species
for low coverages of CO on Pd/SiO2/Mo(1 1 2).

For 0.1 L CO dosage, two peaks at 1805 and 1909
cm�1 may be associated with CO bound to multi-
ply coordinated sites. As the coverage is increased,
a complicated behaviour arises with intermediate
peaks in the bridge-bound region (as was observed
for CO on Pd(1 1 1) [28–30]), but the assignment of
these peaks is not trivial since on the particles one
might expect the coexistence of a large variety of
sites. Worth noticing at intermediate coverages is
the peak at 2078 cm�1, which lies in the range of
on-top bound CO. A similar feature has been
previously observed for CO adsorbed on Pd(1 1 1)
in the range of h ¼ 0:6–0.7 and assigned as part of
an intermediate ordered structure where the CO–
CO interaction is not fully maximised [29], how-
ever, the band was observed at 2092 cm�1, a 14
cm�1 difference. For this reason, we prefer to as-
sign the observed band at 2078 cm�1 to CO mol-
ecules bound on-top to edge Pd atoms. The
reasoning is that CO binding at a low-coordinated
metal atom results in a stronger CO–metal inter-
action and thus in an increased occupation of the
CO 2p orbital with the corresponding reduction in
the CO stretching frequency compared to CO on
regular sites [43]. This assignment is also corrob-
orated by the observation of a similar low-fre-
quency on-top peak for metal particles of rhodium
and iridium deposited on Al2O3/NiAl(1 1 0) [4].
Furthermore, a similar feature at 2080 cm�1 was
observed for Pd particles grown on silica films
[32,42], and at 2050 cm�1 for Pd/silica powder
catalysts [44].
At saturation, the IR spectrum (Fig. 3A) shows

four bands. Peaks at 1886, 1951, and 2110 cm�1

can be readily assigned to threefold-hollow, bridge,
and on-top sites respectively for CO on (1 1 1)
areas. The coexistence of these three bands at
saturation is reminiscent of CO adsorption on
roughened, less ordered Pd(1 1 1) surfaces [45], an
observation which is consistent with the general
characteristics of not-so-well-ordered Pd particles.
The band at 1999 cm�1, which has also been ob-
served for Pd particles grown on other substrates
such as amorphous silica [32,42] or alumina [4,40]
is usually assigned to CO bridge bonded on
Pd(1 0 0) areas [46]. For Pd particles on a thin
alumina film, an appreciable contribution from
bridge sites at edges has also been suggested [4].

Table 1

Peak assignment of CO adsorbed on Pd single crystals

h Pd(1 1 1)a t (cm�1) Reference

Very low Threefold 1807 [28,29]

0.33 Threefold 1848 [28,29]

0.5 Threefold 1920b [50]

0.65 Bridge 1966 [29,30]

0.75 Threefold 1894 [28–31,46]

On-top 2110

Pd(1 0 0)

Very low Bridge 1895 [28,33,46,49]

c c

0.81 Bridge 1997

aA larger number of well-defined intermediate structures

have been observed by LEED with associated IR bands. Only

representative coverages are listed here.
b This band was originally interpreted as bridge-bound CO

by IR [28,29], and then reinterpreted by photoelectron diffrac-

tion [50].
cA single peak shifts continuously as a function of coverage.
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A look at smaller palladium particles (110
atoms/particle, Fig. 3B) confirms the trends and
assignments described above. The fraction of on-
top bound CO (low coordination) is larger than
for bigger particles, which is not surprising since
this is a common trend for decreasing particle size
[4]. An indication of increasing disorder with de-
creasing size is given by the bridge and threefold-
hollow site peaks, which become much broader
and smeared. Interestingly, while the aggregates
become more disordered, the peak at 2073 cm�1 is
still clearly visible corroborating its assignment as
on-top sites at edges.
Overall, STM shows palladium particles that

are quite disordered, but the IRAS results indicate
at least at higher coverages Pd particles with well-
defined adsorption sites for CO, which can be
assigned to different crystal facets of Pd. To
understand this better it is useful to extend the
discussion to previously obtained results for Pd
particles grown on Al2O3.
Palladium particles grown on alumina (Al2O3/

NiAl(1 1 0)) at room temperature have been shown
to grow as Pd crystallites with predominant (1 1 1)
facets. The particles are cubo-octahedral truncated-
pyramids that exhibit a flat top (1 1 1) surface, with

(1 1 1) and (1 0 0) lateral facets [25]. The particles
aggregate along the line defects of the oxide sub-
strate and align azimuthally to the oxide lattice
[4,11,47]. At a coverage of about 3 �AA, the average
particle density is at �5� 1012 atoms/cm2. The Pd
particles grown on SiO2 are somewhat more dis-
ordered and, due to higher particle density, smaller
than Pd particles grown on Al2O3. This suggests
that Pd has less mobility on the SiO2 film.
However, it is noteworthy that the general

trends in the IR spectra of CO adsorbed on Pd/
SiO2/Mo(1 1 2), the peak positions, and the peak
widths coincide with those observed for CO ad-
sorbed on Pd/Al2O3/NiAl(1 1 0) (shown on Fig. 3C
for comparison), with the implication that a cer-
tain degree of crystallinity is also present for the
Pd particles on the silica support. Note however
the higher fraction of on-top bound CO (low co-
ordination) over bridge bound CO (higher coor-
dination) for the CO/Pd/SiO2 system, in agreement
with the previously stated trends that the Pd par-
ticles on silica are smaller and less ordered than on
alumina. This is further inferred from the absence
of the threefold-hollow site peak at 1805 cm�1 for
Pd small particles on silica, which was observed
for similar palladium coverages on alumina [39].

Fig. 3. Infrared spectra of increasing doses of CO adsorbed on Pd particles grown at room temperature. CO dosage and measurement

performed at 90 K: (A) 4.1 �AA Pd on SiO2/Mo(1 1 2), (B) 1.1 �AA Pd on SiO2/Mo(1 1 2) and (C) 3.3 �AA Pd on Al2O3/NiAl(1 1 0) [4]. The

‘‘blip’’ seen in all the spectra of (B) at 1975 cm�1 is an artefact during the measurement of the background spectrum.
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4. Conclusion

The question of the role of the support in model
catalysts has led to the development of new, well-
defined oxide films to be used as supports. Here we
show for the first time STM images of a flat, crys-
talline silica film that has been recently developed.
The film is used for the first time as an oxide sup-
port for a catalytic system (Pd particles) and the
initial results regarding particle morphology and
CO adsorption are compared with a similar system
of Pd particles supported on an alumina film.
The results show that palladium particles are

more disordered and smaller, implying a stronger
overall interaction with the silica film than with the
alumina film. This conclusion is in agreement with
the stronger adhesion energy observed for the
more covalent oxide [48], but is surprising in the
catalytic field where silica is considered as one of
the more innocuous supports [1,18]. An explana-
tion may be found in the difference of the surface
morphology (and particle nucleation sites) for the
pristine surfaces compared here. Also, the intrinsic
presence of hydroxyl groups in the oxide supports
used in real catalytic systems play an important
role in the metal–support interaction. A compari-
son between model and real catalytic systems will
necessarily have to include hydroxylated films. Work
in this direction is being pursued for a hydroxy-
lated silica film to be compared with available re-
sults on a hydroxylated alumina film [12,13].
The CO adsorption sites on Pd/SiO2 and Pd/

Al2O3 seem to be identical, indicating the similar-
ity of the two systems, but the different ratios of
sites confirm the STM observation of smaller and
more disordered particles on silica than on alu-
mina. The first results presented here are encour-
aging for the use of crystalline SiO2 films grown on
Mo(1 1 2) as a support for model-catalyst studies.
A systematic comparison of silica and alumina sup-
ported catalysts is expected to provide further in-
sight into the role of the support in these systems.
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