
s

Interaction of CO with Pd clusters supported on a thin alumina film
A. Sandell and J. Libuda
Lehrstuhl für Physikalische Chemie I, Ruhr-Universita¨t Bochum, D-44780 Bochum, Germany
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The adsorption of CO on Pd particles supported on a thin alumina film has been studied employing
high resolution x-ray photoelectron spectroscopy~XPS! and x-ray absorption spectroscopy~XAS!,
and of special interest was the CO–Pd interaction as a function of island size and CO coverage. CO
saturation at 90 K leads to an overlayer characterized by a rather weak CO–Pd hybridization as
manifested by the core ionized and core excited states. The interaction strength gradually increase
with island size. Desorption of parts of the overlayer results in CO more strongly interacting with
the Pd islands. A comparison between the XPS and XAS energies yields a behavior
indistinguishable from metallic systems for islands larger than 15 Å, i.e., the XPS binding energy
appears near the x-ray absorption onset. For the smallest islands~5 Å!, a CO coverage dependent
reversal of the XPS–XAS energy relation was observed, indicating a drastic change in the screening
ability of the CO–Pd complex. ©1996 American Vacuum Society.
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I. INTRODUCTION

Oxide-supported metal particles are systems which h
attracted a lot of attention because of their catalytic activ
The need for a fundamental understanding of the catalys
itself as well as the elementary processes involved in
adsorption and decomposition of small molecules, such
CO, motivates the application of sophisticated surface s
ence techniques. However, studies of the industrially ma
factured catalysts are not easy to perform due to their am
phous structure and, since oxides are insulators, proble
with charging may also occur when employing electron sp
troscopies. In order to avoid these problems, different mo
systems better suited for surface science studies have b
developed, e.g., Refs. 1–3.

One example is a thin, ordered Al2O3 oxide film grown
upon NiAl~110!, which has previously been used as a su
strate for deposits of metals.4–9 In particular, the cluster
growth of Pd has been investigated with various techniqu
such as spot-profile analysis low-energy electron diffracti
~SPA-LEED!, photoelectron spectroscopy~PES!, and ther-
mal desorption spectroscopy~TDS!.7–9 Pd was found in all
cases to form three-dimensional~3D! islands, but significant
differences in growth depending on deposition conditio
~e.g. the substrate temperature! were observed. Further, the
CO adsorption properties were found to strongly depend
cluster size. For example, TDS shows an increased tende
for desorption at lower temperatures for smaller cluster8

The TD spectra for the small clusters differs substantia
from those obtained for CO adsorbed on Pd single crystal10
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Thus, molecules adsorbed on the supported metal particle
may exhibit properties which are very different from the
ones for molecules adsorbed on the corresponding bu
metal.

Core level spectroscopies have previously proven to b
most powerful tools in studies of adsorbates because of th
high surface sensitivity and atomic selectivity, and, provided
that the resolution is high enough, detailed information re
garding the chemical state, adsorption geometries, intera
tion strengths, etc., can be obtained.11 Therefore, we have
chosen as a next step to study the adsorption of CO on P
particles deposited on Al2O3/NiAl ~110! using high resolution
x-ray photoelectron spectroscopy~XPS! and x-ray absorp-
tion spectroscopy~XAS!. Of special interest is the CO–Pd
interaction as a function of particle size and CO coverage.

II. EXPERIMENT

The experiments were carried out at beamline 22 at th
Swedish synchrotron radiation facility MAX Lab in Lund.
The setup contains a modified Zeiss SX-700 monochromato
in conjunction with a large hemispherical electron energy
analyzer for photoemission and a multichannel plate with a
retarding grid for x-ray absorption measurements by detec
tion of secondary electrons.12 The C 1s XP spectra were
recorded at a photon energy of 380 eV with a total resolution
set to 0.4 eV. The Pd 3d XP spectra were recorded at a
photon energy of 420 eV and a resolution of 0.3 eV. All the
XPS binding energies are referred to the Fermi level of the
NiAl ~110! substrate. The XA spectra were measured in par
1546/14(3)/1546/6/$10.00 ©1996 American Vacuum Society
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1547 Sandell et al. : Interaction of CO with Pd clusters 1547
tial yield mode with a photon energy resolution of 0.2 eV
both the C 1s and the O 1s edges. Fortunately, the CO
related O 1s XAS peaks were easy to separate from t
oxide features, thereby allowing for a subtraction of the o
ide features. The absolute photon energies~PE! were deter-
mined using photoemission spectra excited by first- a
second-order radiation.

The preparation of the clean NiAl~110! surface and the
oxidation procedure to form a well-ordered Al2O3 film have
been extensively described elsewhere.3 Pd was evaporated
using a Knudsen cell and the evaporation rate was monito
using a quartz microbalance. With the use of SPA-LEED, t
following approximate average island sizes could be e
mated: 5 and 15 Å for 0.2 and 2.0 Å Pd deposited at 90
respectively, and about 50 Å for 12 Å deposited at 300 K7,8

We will use the nominal film thicknesses as obtained by t
quartz microbalance to denote the different situations.

III. RESULTS AND DISCUSSION

A. Adsorption at 90 K

Figure 1 shows C 1s XP spectra for 30 L CO adsorbed a
90 K on increasing amounts of Pd: 0.2 and 2.0 Å deposi
at a sample temperature of 90 K and 12 Å deposited at 3
K. Adsorption of large amounts of CO at 90 K on Pd~111!
leads to the formation of a~232! overlayer, and a spectrum
representing this situation, recorded with slightly high
resolution, is shown at the top of Fig. 1 for comparison~from
Ref. 13!. No O 1s spectra for the supported islands a
shown, since the strong oxide signal was found to obsc

FIG. 1. C 1s photoelectron spectra for CO adsorbed at 90 K on Pd clust
of increasing size before and after heating to 300 K, compared to C
Pd~111! ~232! and ~)3)!R30°. The spectra are normalized to the bac
ground level in order to show the decrease in C 1s intensity due to desorp-
tion.
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the CO-induced features. In Fig. 2, we show the correspond
ing influence on the Pd 3d peaks upon CO adsorption.

1. Size-dependent binding-energy shifts
Starting with the binding-energy~BE! shifts, the Pd core

levels shown in Fig. 2 exhibit a successive shift toward lower
values for increasing island sizes, which is a typical property
for the growth of metal clusters on inert substrates.14–17The
shifts can be attributed to several different effects, which are
most difficult to separate. First, there are initial state effects
caused by rehybridizations due to interactions between atom
within the cluster and between the cluster and the substrat
Second, final state effects have to be considered, such as t
possibility of a charge left on the cluster due to inefficient
screening from the substrate and changes in the ability of th
cluster to provide local screening. Several of these effect
can be expected to be similar for adsorbates bonded to clu
ters, which is consistent with the related behavior seen in
Fig. 1.18,19

For large metal exposures, the BEs, of course, reach th
bulk metal values. In fact, SPA-LEED results show that the
deposition of large amounts of Pd at 300 K results in par-
ticles dominated by~111! facets.8 This is confirmed by the
tremendous similarity between the CO/12 Å spectrum and
the CO/Pd~111! ~232! spectrum.

2. Size-dependent XPS line-broadening effects
The core-level line profiles for small clusters can be in-

fluenced by a number of different broadening effects. The

ers
O/
k-

FIG. 2. Pd 3d photoelectron spectra for the different Pd exposures with and
without CO adsorbed. A simple integrated background has been subtracte
and the spectra are normalized to the peak maxima.
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1548 Sandell et al. : Interaction of CO with Pd clusters 1548
distribution of sites occupied by the clusters on the suppor
expected to cause a broadening which increases with
creasing cluster size.17 The island size distribution also in-
duces a broadening, and effects due to cluster atoms in
equivalent positions may also occur. The linewidth, not on
the BE, is furthermore strongly dependent on the screen
processes. Calculations show that a broadening is expec
to occur if the valence bandwidth decreases,20,21 and PES
results indeed show a valence-band narrowing for decreas
cluster sizes.9,14,17Moreover, the photoemission process ma
lead to vibrational excitations and shakeups, which also m
involve the support. Finally, in the case of molecules a
sorbed on the clusters, additional effects will occur, whic
will be further discussed below.

Regarding the present situations, the components in
Pd 3d spectra for 2 Å Pd have widths similar to the bulk
metal case~12 Å Pd!, whereas the peaks in the 0.2 Å spect
are significantly broader~Fig. 2!. Thus, the linewidth for the
2 Å case is probably dominated by the same processes as
the metal, whereas the broadening effects mentioned ab
may be present for the 0.2 Å situation.

3. The CO adsorption sites

When discussing differences in line profiles and BE
found in core level spectra for clusters with adsorbates, it
important to consider the adsorption geometries. A popu
tion of different CO adsorption sites has been found to i
duce C 1s BE shifts of the order of 0.5–1 eV.22,23The ~232!
phase of CO/Pd~111! has been proposed to consist of mo
ecules adsorbed in both threefold hollow and on-to
positions.24,25 This mixture of adsorption sites is consisten
with the appearance of a main peak with a high BE should
observed in the C 1s spectrum~Fig. 1!, and, in line with
previous results, where the component with the lowest B
can be assigned to the most highly coordinated site.13,22,23

The adsorption of CO also shifts the substrate surfa
components toward higher BEs, an amount dependent on
coordination of metal atoms to CO.23,26 In the case of
Pd~111!, a surface core level shift of20.3 eV has been found
and this spectrum is identical to the clean 12 Å situation27

Upon CO saturation at 90 K, we find in Fig. 2 that a stron
bulk component at 335.0 eV remains, whereas the surfa
component at 334.7 eV completely disappears, i.e., all s
face atoms coordinate to CO.

In the case of the smaller clusters, the islands formed
deposition at 90 K are poorly ordered, which precludes
detailed site analysis.8 The Pd 3d data exhibit large shifts
toward higher BEs upon CO adsorption for both 0.2 and 2
~Fig. 2!, and the most important result for these two situ
tions is that there is no or very little nonsurface Pd; for 0.2
no bulk component is found, whereas the intensity of a bu
feature in the 2 Å case can be estimated to be 7%63%. We
note that the asymmetry on the high BE side observed for
Å Pd before CO saturation is caused by contamination
small amounts of CO.

Turning next to the C 1s results, the lack of well-defined
adsorption sites implies that the saturated CO overlayer m
J. Vac. Sci. Technol. A, Vol. 14, No. 3, May/Jun 1996
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consist of CO adsorbed in a multitude of sites, leading to
more or less continuous distribution of C 1s BEs. Further-
more, the relative amounts of CO in different sites is ex
pected to vary with size and shape of the cluster. These
fects could account for line shapes which strongly devia
from those found for CO/Pd~111!. For 0.2 Å, the broadening
mechanisms mentioned in Sec. III A 2 may also play a rol
but a major issue when discussing features and line profil
in the CO core-level spectra for all cluster sizes is th
shake-up intensity and this will be elaborated in the follow
ing section.

4. The CO–Pd interaction strength and screening
properties

Variations in the shake-up intensity in the XP spectra fo
chemisorbed CO have been widely discussed and are gen
ally believed to be related to variations in the interactio
strength between the substrate and the molecule.18,19,28,29In
systems where CO adsorbs weakly, strong satellites ha
been observed, whereas the satellite intensity for strong
bonded CO is significantly lower. Thus, variations in the
shake-up intensity occur depending both on the substrate a
the adsorption site. The shake-up intensity for the CO
saturated islands, see Fig. 1, is found to increase with d
creasing Pd exposure, and indicates that the CO–Pd inter
tion strength decreases with decreasing island size. Th
interpretation is supported by TD spectra.8

Further information regarding the adsorbate–substrate
teraction can be derived from the XAS results, which ar
presented in Fig. 3. The most notable effect is that the widt
of the peaks increase with Pd exposure. The width of thep
resonance has been argued to reflect the adsorbate–subs
hybridization strength between the CO 2p* orbital and the
metal states of the core excited state rather than the grou

FIG. 3. X-ray absorption spectra for CO adsorbed on Pd clusters of increa
ing size. The lines in the C 1s XA spectra represent the XPS binding ener-
gies.
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1549 Sandell et al. : Interaction of CO with Pd clusters 1549
state.30,31 Thus, for the saturated overlayer, the CO 2p* –Pd
4d hybridization width of the core excited states is found
increase with island size, which in fact is the same trend
for the ground state as monitored by TDS and the shake
intensities.

Moreover, by comparing the XPS and XAS data, inform
tion regarding the screening properties can be obtained.
relation between the XPS BE relative to the substrate Fe
level and the energy position of the x-ray absorption ed
has been carefully determined for a number of chemisorpt
systems.31,32 It was found, without exceptions, that the XP
BE always appear near the onset of the XA peak. This c
nection is an effect of the hybridization between the ele
tronic levels of the adsorbate and the metal, thereby allow
for metallic screening of the core ionized molecule.32 The
XPS component with the lowest BE corresponds to the c
ionized state where an electron has been transferred to
Fermi level. Since the states atEF overlap with the adsorbate
levels due to the hybridization, an efficient screening of t
core hole situated on the molecule is provided. Consequen
the XPS BE defines the Fermi level in the XA spectrum a
is thus bound to appear in connection with the onset of
absorption edge.

However, for a system where the adsorbate is not che
cally bonded to the substrate, this connection is no lon
valid. No electron transfer to the adsorbate occurs on
time scale of the photoionization process due to the alm
negligible overlap between the levels of the adsorbate a
the substrate.33 Hence there is no such simple relationsh
between the energies of the core ionization and core exc
tion processes.

In Fig. 3, the C 1s BEs relative to the Fermi level are
marked with lines, and it is observed that whereas the ene
of the XA peaks remain essentially constant, the XPS
gradually moves from a position slightly above the XAmax
mum~0.2 Å! to a position at the XA onset~12 Å!. In order to
explain this behavior, we have to consider that the CO m
ecules are chemically bonded to the Pd atoms and it is th
fore appropriate to treat the whole CO/Pd complex as
adsorbate on the oxide film. For very large amounts of P
the situation of course approaches CO adsorption on bulk
This is corroborated by the XPS–XAS relation for 12 Å, i.e
the XPS BE appears at the XA onset.

This is in contrast to the 0.2 Å situation, where previo
PES results indicate that the islands lack the properties o
extended, metallic system.9 CO adsorbed on these small is
lands can therefore be regarded as similar to carbonyl m
ecules on an oxide, and the XPS BE is consequently
expected to be strictly connected to the XAS onset. We fi
that this is the case for CO/0.2 Å Pd at CO saturation, sin
the XPS BE appears slightly above the XAS peak.

The islands formed by deposition of 2 Å Pd represent an
intermediate situation: PES shows a broad 4d band,9 and the
core levels are shifted toward higher BEs as compared to
bulk metal. The XPS BE appears below the XA maximum
but not quite as near to the onset as in the 12 Å case.
JVST A - Vacuum, Surfaces, and Films
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B. Heating of the CO overlayer to 300 K

In order to investigate effects due to differences in CO
coverage on the islands formed by deposition of 0.2 and 2 Å
Pd, the overlayer was heated to 300 K, which resulted in
desorption of 60%65% of the CO molecules in both cases.
In this context it is important to note that heating to 300 K
does not drastically change the size or structure of the Pd
islands; CO saturation at 90 K of the heated islands regains
the initial situation. The C 1s spectra for the low coverage
situations are shown in Fig. 1. For comparison, the spectrum
representing the CO/Pd~111! ~)3)!R30° phase is shown.13

This structure can be formed by desorption of 56% of the
~232! overlayer by heating. The corresponding Pd 3d spec-
tra are presented in Fig. 4.

1. Adsorption sites at low CO coverage

The~)3)!R30° phase has been shown to consist of CO
only adsorbed in hollow sites.24,25,34In Fig. 1 it can be seen
that this results in a more narrow C 1s peak which is shifted
0.2 eV toward lower BE. The changes in the C 1s line can be
explained by occupation of only one site in contrast to the
~232! situation where at least two different sites are popu-
lated, and by decreased CO–CO repulsion. On the Pd~100!
surface, where only bridge sites are populated, it was found
that compression of the overlayer induces a C 1s BE in-
crease of 0.2 eV, which provides an estimate of the repulsion
effect.31 The ~)3)!R30° phase furthermore induces a
smaller Pd 3d shift as compared to the~232! phase~see
Figs. 2 and 4!, which is consistent with a decrease in the
coordination of Pd with CO.13

If we turn to the supported clusters, CO on the 0.2 and 2
Å Pd situations undergo the same overall changes upon hea
ing: The C 1s line narrows considerably and the remaining

FIG. 4. Pd 3d photoelectron spectra for two different Pd exposures after
heating the CO overlayer to 300 K compared to the clean situations. A
simple integrated background has been subtracted from each spectrum.
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1550 Sandell et al. : Interaction of CO with Pd clusters 1550
peak has a lower BE. The smaller CO-induced Pd 3d shift
~Fig. 4! gives further support for an overlayer with a lowe
Pd coordination to CO.

The question now is whether the species left after heat
of the clusters was also present before heating. The Cs
peak in the 2 Å spectrum shifts 0.3 eV toward lower BE
which is of the same order as the effects induced by CO–
repulsion. It can therefore not be excluded that this spec
also exists in the CO saturated case. The shift in the Cs
spectrum for 0.2 Å is of the order of 1.2 eV, which woul
suggest that this species was absent before heating, bu
this particular case the C 1s shift is strongly influenced by
the screening ability of the CO–Pd complex, which will b
further discussed in the following section.

2. The CO-Pd interaction strength and screening
properties at low CO coverage

The satellite intensity in the C 1s spectra are found to
decrease upon removal of CO, indicating a stronger CO–
interaction strength for the remaining species. The shake
intensity, however, is also correlated to the CO adsorpt
sites, and decreases for sites with increasing coordinatio29

The XA spectra are shown in Fig. 5, and the C 1s XA
peaks are found to broaden considerably upon heating of
CO overlayer, i.e., the 2p* –4d hybridization width of the
core-excited state has increased. Moreover, the energy p
tions of the C 1smaxima remain the same, whereas the Os
peaks have moved slightly toward lower PEs. These obs
vations support the interpretation that the remaining CO
adsorbed in sites with higher coordination, since, for e
ample, previous results on CO/Ni~100! show a broadening of
the XA peaks and a shift toward lower PE for the O 1s XA
peak when increasing the coordination of the CO site.31

We will now discuss the XPS–XAS relationships. In the
Å case, the XPS BE appears near the XA onset, which w

FIG. 5. X-ray absorption spectra for CO adsorbed on two different clus
sizes after heating to 300 K. The lines in the C 1s XA spectra represent the
XPS binding energies.
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also the case before heating. However, in the 0.2 Å case, the
XPS BE has shifted to a position below the XA maximum.
This can be taken as an indication for a change in the screen
ing of the core ionized state. The XPS BE represents the
energy required to create a core ionized CO ligand, screened
by the surrounding Pd atoms, CO molecules, and oxide sub
strate. In particular, we consider two effects contributing
rather effectively to the screening process. One is the cou-
pling strength between the CO molecule and the deposited
particle. The second is related to the size and polarizability
of the electron reservoir, i.e., the extent of the system. This
implies that screening is most effective for a metallic,
strongly coupled adsorbate system. The screening processe
for the species left after heating are nearly as efficient as for
a metallic system, creating a core ionized state with an en-
ergy lower than the XA maximum. We attribute this to the
larger CO–Pd hybridization strength and the smaller CO/Pd
ratio, which would allow for a more efficient charge rear-
rangement upon ionization. In the case of CO saturation,
however, the charge rearrangement in order to screen the
core ionized site is less efficient, leading to a core ionized
state with a higher energy than the neutral, core excited state
i.e., a more ‘‘molecularlike’’ behavior. The C 1s XPS peak at
saturation coverage is thus shifted toward higher BE due to
the less efficient screening as compared to the low coverage
situation, i.e., the C 1s shift is largely caused by differences
in the screening ability of the CO–Pd complex.

IV. CONCLUSIONS

Employing high resolution core level spectroscopies we
have studied CO adsorption on Pd particles supported on a
thin alumina film in detail. The studies revealed variations in
the CO–Pd interaction depending on island size and CO cov-
erage. Saturation coverage of CO at 90 K leads in all cases to
an overlayer characterized in the core level spectra by a
rather weak CO–Pd hybridization. The interaction strength
gradually increases with island size. Desorption of 60% of
the molecules results in an overlayer consisting of CO more
strongly interacting with the Pd clusters. By comparing the
XPS and XAS energies, information regarding the screening
processes was obtained. A behavior indistinguishable from
metallic systems was found for islands larger than 15 Å. For
the smallest islands~about 5 Å!, a CO coverage dependent
XPS–XAS energy relation was observed: CO saturation
yields a C 1s ionization energy larger than the energy re-
quired for the C 1s→2p* excitation, whereas this relation is
reversed after desorption of more than half of the CO over-
layer. This indicates a drastically improved screening ability
for the CO–Pd complex in the case of a low CO coverage.
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