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Abstract

The growth of metal particles on ordered oxide surfaces provides a strategy to prepare well-defined model systems for
supported catalysts, which can by easily studied by most surface-science techniques. Here, we focus on Palladium particles

Ž .grown on an ordered Al O film on NiAl 110 , a system which has previously been characterized in detail with respect to2 3

its structural, electronic and adsorption properties.
In this contribution, we will provide several examples, showing how adsorption and reactivity phenomena on these

Ž .systems can be addressed over a pressure range from ultrahigh vacuum UHV to near atmospheric pressure. In the low
pressure region, we apply a combination of molecular beam methods and in-situ infrared reflection absorption spectroscopy
Ž .IRAS . For CO adsorption, angular resolved scattering and sticking coefficient measurements and structural information
allow us to quantify different adsorption channels including reverse spillover effects. The coverage dependent kinetics of CO
oxidation is derived and discussed in comparison with the single crystal kinetics.

The adsorption of CO on alumina supported Pd aggregates at low and high pressure, i.e. from 10y7–200 mbar, is
Ž .examined by IR–VIS sum frequency generation SFG vibrational spectroscopy. At low pressure, the CO adsorption site

Ž .distribution bridged vs. on-top depends on the particle surface structure and temperature, but under reaction conditions, the
site occupancy is mainly governed by the CO pressure. The impact of these results on the extrapolation of UHV data to high
pressure catalysis is discussed. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

It is well documented that the kinetics of hetero-
geneously catalyzed reactions on supported metals
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may sensitively depend on a number of parameters
w xsuch as particle size and structure 1 , support mate-

rial and surface structure or various promoters and
Žw x .poisons 2 and refs. therein . Many concepts have

been put forward to explain these observations, such
as size effects altering the electronic properties of
small metal particles, geometrical effects due to the
presence of characteristic adsorption sites on the

w x w xparticle 3 or at the boundary 4 , metal-support
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w xinteractions 5–7 , support effects involving spillover
Žw x .or reaction on the support 8 and refs. therein .

Also, effects like the coupling between non-equiv-
alent adsorption sites by diffusion have to be taken

w xinto account 9,10 . Still, the examples are rare,
where the role of these effects has unambiguously
and quantitatively been identified on a molecular

Ž w x .level see 11 and refs. therein .
The reasons for this lack of understanding are

obvious, yet difficult to overcome. Single crystal
studies are principally not capable of reproducing
these effects, while technical catalysts are generally
too complex to clearly identify the molecular origin.
A possible solution to this so-called Amaterial gapB
w x12 is the development of supported model catalysts
w x11 . Keeping the system as simple as possible, these
models open the possibility to introduce certain com-
plex properties of real catalysts, and — most impor-
tantly — they are still easily accessible for most
surface science probes.

Several types of supported metal model catalysts
Ž w xhave been developed recently see 11 and refs.

.therein . Among these are e.g. metal deposits, pre-
pared under well-controlled conditions in ultrahigh

Ž .vacuum UHV on oxide single-crystals or on thin
ordered oxide films. The latter may be prepared by
metal deposition and oxidation on an inert support
w x w x13 or by oxidation of a metal single crystal 14 .
We have extensively characterized a variety of such
systems with respect to their growth properties, geo-
metric and electronic structure, as well as their ad-
sorption behavior. Extensive reviews on this work

w xcan be found in the literature 14,15 . Here, we will
choose one particular system — palladium particles
supported on a thin ordered alumina film — and
discuss how such a system can be utilized to investi-
gate questions typical for supported metal catalysts.
A short summary of the structural properties of the
system under discussion is given in Section 2, more
detailed information can be found in the literature
w x16–18 .

Once the structural properties of a model system
are well understood, in the next step new aspects
become important. We would like to specifically

Ž .address two of those questions: 1 how correlations
between the structural properties and the microscopic

Ž .kinetics of a reaction can be established and 2 how
spectroscopic studies can be extended from the low

pressure range typical for surface science to the
catalytically relevant pressure region.

Ž .1 Concerning investigations of microscopic re-
action kinetics, molecular beam techniques represent

w xthe method of choice 19,20 . With a maximum of
control over the reactant flux and its dynamic proper-
ties, we can take advantage of the single scattering
conditions of a beam experiment to establish reaction
mechanisms or determine exact probabilities, rate
constants and activation barriers for surface pro-
cesses. Also, questions of adsorption and reaction

w xdynamics can be addressed 21,22 . In spite of the
numerous examples for the application of beam
methods to the reaction kinetics on single crystal
surfaces, similar studies on more complex surfaces
are scarce and limited to very few reaction systems
w x23–26 . In Section 3, we will present basic exam-
ples, showing how the adsorption and reaction kinet-
ics on supported model catalysts can be investigated
combining molecular beam methods, gas phase de-
tection and in-situ vibrational spectroscopy.

Ž .2 Furthermore, fundamental studies applying
surface sensitive techniques are generally only car-

Ž y6 .ried out at low pressures below 10 mbar , due to
pressure restrictions of methods based on the scatter-
ing or emission of electrons, atoms and ions. How-
ever, in-situ studies under reaction conditions apply-

Žing Raman spectroscopy in particular by the
w x.Knozinger group 27–29 , sum frequency genera-¨

Ž . w x w xtion SFG 30 and other techniques 29 have shown
that a high pressure gas environment may change the
surface of a catalyst and that the adsorption geome-
try of an adsorbate might depend on pressure as well.
IR–VIS SFG surface vibrational spectroscopy is one
of the few surface-sensitive techniques that is able to
bridge the Apressure gapB. Being a photon-based
optical method, SFG can cover the pressure range

w xfrom UHV to ambient conditions 30 . SFG spectra
acquired under UHV can be directly compared with

Ž .infrared reflection absorption spectroscopy IRAS
and high-resolution electron energy loss spec-

Ž .troscopy HREELS data and, furthermore, SFG al-
lows the in-situ observation of surface species under
reaction conditions. While SFG has been repeatedly

Žused to observe adsorbates on single crystals metal
.and oxide , on thin oxide films, and on metal foil,

the ability of SFG spectroscopy to study gas adsorp-
tion on supported Pd nanoparticles was demonstrated
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w xjust recently 31 . In Section 4, we demonstrate how
SFG spectroscopy can be successfully applied to
probe the surface structure of Pd aggregates and to
monitor pressure-induced changes of the CO adsorp-
tion site distribution.

2. Supported model catalysts based on ordered
oxide films

As already mentioned in Section 1, the basic
requirements for a supported model catalyst are
twofold: First, we need to start from a system, as
simple and well-characterized as possible and at-
tempt to reproduce those features of a complex
catalyst, which may be of relevance for the effects
under discussion. Secondly, we have to guarantee
that the model system is still accessible to spectro-
scopic and microscopic methods, which will yield
detailed information on structural and electronic
properties and thus will provide a basis for the
interpretation of the reaction kinetics.

The first step in the development of this type of
model catalyst is the preparation of a clean and
ordered oxide surface which may serve as a support.

w xBoth, oxide single crystal surfaces 11 and ordered
w xfilms, prepared by oxidation of single crystals 14 or

w xby evaporation of metals onto a host crystal 13 ,
have been used. Here, we will use an ordered Al O2 3

Ž .film prepared by oxidation of a NiAl 110 single
crystal. This film is exceptionally well ordered and
the preparation is highly reproducible. Its structure,
defect structure and adsorption properties have been

w xsubject to previous studies 32,33 .

In the second step, the active metal particles are
prepared on this model support. This is usually done
by evaporation of the corresponding metal under
UHV conditions, to a large extent excluding sources
of contamination. Detailed studies on the growth
behavior and particle structure provide the basis for
further investigations concerning the adsorption
properties and reactivity of these systems. A variety

Ž .of metals deposited on Al O rNiAl 110 has been2 3

studied and a review of their geometric and elec-
w xtronic properties can be found in the literature 14,15 .

In this contribution, we focus only on the system
Ž .PdrAl O rNiAl 110 , and in the following we will2 3

summarize some of the most relevant results.
Most importantly, the structure, number density

and size of the metal particles can be varied over a
large range by applying different growth conditions.
Under precise control of the growth parameters such
as the substrate temperature, metal amount and flux
as well as the defect density of the substrate, it is
possible to vary the particle size from only a few

w xatoms to several 10,000 atomsrisland 14 . In this
work, we will basically choose two types of Pd
deposits, in the following denoted as preparation
conditions 1 and 2, respectively. Details of the struc-
tural parameters and preparation are given in Table
1. Most importantly, the Pd particles of type 1

Ž .represent relatively large 3500 atomsrisland and
Ž .well ordered crystallites see STM image in Fig. 1a .

As schematically shown in Fig. 1b, these crystallites
Ž .grow in 111 orientation and even show an az-

imuthal alignment with respect to the oxide support.
Ž .Preferentially, the particles expose 111 facets and

Ž .only a small fraction of 100 facets. For compari-

Table 1
Ž .Preparation conditions and structural parameters for PdrAl O rNiAl 1102 3

Preparation conditions 1 Preparation conditions 2

Deposition parameters
y2 15 15w xPd coverage atoms cm 2.7=10 2.7=10
w xDeposition temperature K 300 90

y2 y1 12 12w xDeposition rate atoms cm s 9=10 9=10

Structural parameters
y2 12 13w x Ž . w x Ž . w xIsland density cm 0.8 "0.1 =10 14 1.0 "0.3 =10 14,15

Number of Pd atomsrisland ;3500 ;300
Ž . w x Ž . w xFraction of support covered by Pd 0.20 "0.02 41 0.7 "0.1 41
Ž . w x Ž . w xFraction of surface Pd atoms 0.20 "0.03 41 0.5 "0.1 41
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˚Ž . Ž .Fig. 1. a STM image CCT, 5000=5000 A of Pd particles
Ž . Žgrown on Al O rNiAl 110 at 300 K nominal Pd coverage:2 3

15 y2 . w x Ž .3=10 atoms cm , from Ref. 14 ; b schematic representa-
Ž .tion of a Pd particle grown on Al O rNiAl 110 at 300 K.2 3

son, we choose a second type of preparation condi-
tions denoted as Pd particles of type 2. Here, the
metal was deposited at lower substrate temperature.
The reduced diffusion length under these conditions
leads to a higher nucleation density. In comparison
to the type 1 case, the particle density is strongly
increased, corresponding to a smaller particle size
Ž .300 Pd atomsrisland at similar nominal Pd cover-
age. No indication for the formation of well ordered
facets has been found in this case and, consequently,

we expect the particle surface to be dominated by a
high density of defect sites.

3. Kinetics and spectroscopy at low pressure:
molecular beam experiments

Molecular beam methods have established them-
selves among the most powerful experimental tools
to extract detailed quantitative information on the
kinetics and dynamics of surface reactions. The main
features of the method are the well-defined single-
scattering conditions, the high level of control over
the dynamic parameters of the reactant beam and the
high temporal resolution. In this section, we will
present some examples how to derive information
addressing the specific adsorption and reaction kinet-
ics on supported metal systems.

3.1. Experimental

The experiments have been performed in a new
UHV molecular beamrsurface spectroscopy appara-

Ž y10 .tus base pressure 1=10 mbar , a detailed de-
w xscription of which can be found elsewhere 34 . It

has been specifically designed for kinetic studies on
complex model systems.

The sample is prepared in a UHV preparation
Ž .chamber, by sputtering and annealing of a NiAl 110

single crystal, followed by a subsequent oxidation
and annealing procedure. The quality of the oxide
film and cleanliness of the sample is checked via

Ž .Low Energy Electron Diffraction LEED and Auger
Ž .Electron Spectroscopy AES . Details concerning the

oxide film preparation can be found in the literature
w x32 . Before the actual experiment, the active metal

Ž .component Pd is deposited in UHV under well
Ž 15 y2controlled conditions 2.7=10 atoms cm at a

sample temperature of 300 K, Pd flux: 9=1012

y2 y1.atoms cm s , which yields the particle density
Žand structure as described in Section 2 Table 1,

.preparation conditions 1 .
Subsequently, the sample is transferred to the

scattering chamber, which contains an experimental
setup as depicted schematically in Fig. 2. Up to three
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Fig. 2. Schematic representation of the molecular beam experiment.

molecular beams can be crossed on the sample sur-
face providing the reactants. In kinetic studies requir-
ing high reactant fluxes, two modulated effusive

Ž .sources can be used Fig. 2, no. 2 and 3 , for sticking
coefficient measurements or angular resolved scatter-
ing a third beam with narrow velocity distribution
and well-shaped profile is generated from a super-

Ž 5 .sonic expansion Fig. 2, no. 1; CO, 3=10 Pa .
Angular-integrated gas-phase measurements are per-

Žformed with a quadrupole mass spectrometer QMS,
.Fig. 2, no. 6 which is not in direct line-of-sight of

the sample. Angular-resolved measurements are real-
ized with a rotatable doubly differentially pumped

Ž .QMS Fig. 2, no. 5 . Simultaneously, time-resolved
IR absorption spectra can be obtained via a vacuum

Ž .FT-IR spectrometer Fig. 2, no. 4 . A detailed de-
scription of the experimental setup and data acquisi-

w xtion procedure can be found elsewhere 34 .

3.2. Results and discussion

Generally, the first effect which has to be taken
into account in a description of the adsorption or
reaction kinetics on supported metal catalysts is sub-
strate mediated adsorption, sometimes also denoted
as reverse spillover. The process is schematically

illustrated in Fig. 3. An impinging gas molecule may
directly collide with the Pd particle with a probabil-
ity p equal to the Pd coverage and will be ad-Pd

Žsorbed with a probability p sp S S is thePd,TA Pd Pd Pd

CO sticking coefficient on Pd, which itself depends
.on the CO coverage . Alternatively, the molecule

Žmay impinge on the substrate probability p isS
.equal to the uncovered oxide fraction , be trapped

and reach the metal particle via surface diffusion
Ž .probability p . Depending on the diffusionS,TA

length, this effect may enhance the adsorbate flux to
the metal particle considerably and has to be taken
into consideration when comparing catalytic activi-

w xties. Gillet et al. 35 have formulated the effect for
CO adsorption on Pd particles. Later, it was taken
into account in several adsorption and reaction stud-

w xies on the same system 23,24,36 . Models have
been derived, which allow support diffusion to be
taken into account quantitatively in kinetic studies
w x9,10,37,38 . Experimentally, the necessary model

Žparameters substrate trapping probability, diffusion
.length are usually determined by modeling the tem-

perature dependence of the sticking probability.
In principle, all this information is directly avail-

able from a molecular beam experiment. We
Ž . Žconsider the sticking coefficient S u E skin,CO
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Ž . Ž . Ž . Ž .Fig. 3. a Angular distribution of CO kinetic energy 86 meV, incidence angle: y358 scattered from Al O rNiAl 110 ; b2 3
Ž . Ž .trapping-desorption and direct-inelastic components for CO scattered from Al O rNiAl 110 as a function of surface temperature; c2 3

Ž . Ž .Sticking probability for CO on PdrAl O rNiAl 110 preparation conditions 1, see Table 1 ; second index: DI: direct-inelastic, TD:2 3

trapping-desorption; TA: trapping-adsorption; SD: scattering-desorption.

.0.086 eV, T s298 K for the PdrAl O systemsurface 2 3
Ž .Fig. 3c , derived by applying the King and Wells

w xmethod 39,40 . The corresponding structural param-
Ž .eters are given in Table 1 preparation conditions 1 .

Starting from an initial value of S s0.64"0.03,0

the sticking coefficient only weakly decreases up to
high relative CO coverage; a behavior which is
characteristic for precursor mediated adsorption. Only
at high coverage the net sticking probability de-

creases, due to the decreasing probability for finding
an unoccupied adsorption site and the decreasing
differential adsorption energy resulting in an increas-
ing desorption rate.

In the following, we will consider the limit of low
CO coverage as a simple example. Nominally, 20%

Ž .of the oxide surface are covered by Pd see Table 1 .
As discussed in the Section 3.1, the surface of the Pd

Ž .particles is largely dominated by 111 -facets and the
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Ž . Žinitial sticking probability for CO on Pd 111 300
. w xK has been determined as 0.96 42 . Thus, we can

estimate an initial probability of direct adsorption on
the Pd as p s0.19 and for support mediatedPd,TA

adsorption a probability of p s0.45 remains.S,TA

For CO molecules impinging on the support, three
channels should be considered: They may undergo

Ž Ž .direct scattering p , direct inelastic DI scatter-S,DI

ing processes dominate under these conditions, see
w x.e.g. 21 , they may be trapped and desorb before

Ž .reaching the metal particle p , or they may beS,TD
Ž .trapped and diffuse to a Pd particle p . On theS,TA

ŽPd-free alumina support only the DI and TD trap-
. Ž w x.ping desorption contributions exist see e.g. 11,21

and can be identified by angular resolved gas phase
detection. The corresponding angular distribution for
the scattered CO is shown in Fig. 3a. Now, we
assume that the TD component is symmetric with

Žrespect to the surface normal the information on the
.initial impulse is lost upon accommodation . The

Ž .information on the incidence angle u sy358 isin

largely conserved, however, in the DI contribution.
In a polar plot the latter component is represented by

Ža lobe centered around the specular direction u sout
.358 . The integral fractions of both parts can be

estimated by fitting two cosn-distributions. It has to
be pointed out that this procedure represents a sim-
plification, as the trapping process can be signifi-
cantly more complicated, e.g. due to partial accom-
modation and inefficient coupling of parallel and

w xperpendicular momentum, see e.g. 21,22 , or due to
w xdiffuse scattering from defects, see e.g. 11 . How-

ever, the first effect is expected to be less important
at the low kinetic energies employed here. Regarding

Ž .the latter, it is found that time of flight TOF spectra
show a pronounced angular dependence of the ki-
netic energy, which is expected for the coexistence
of the two channels. Assuming we can distinguish
between trapping-desorption and direct-inelastic scat-
tering, we obtain an integral surface temperature
dependence as depicted in Fig. 3b. With increasing
surface temperature the trapping probability de-
creases from approximately 0.8 at 100 K to 0.5 at
500 K. Very similar values are found for CO on

w x Ž . w xa-alumina 43 and MgO 100 44 . The temperature
dependence is expected for trapping at low kinetic
energies and can be easily understood qualitatively:
With an increasing fraction of collisions, where the

colliding surface atom is moving AoutwardsB, the
collisional energy transfer is more likely to become

Ž w x.insufficient to facilitate trapping see e.g. 21,22 .
If we combine this information with the structural

data on the system, the probabilities for all processes
shown in Fig. 3 have been determined. Applying the
estimated trapping probability on the alumina sup-

Ž .port 0.55"0.05 , to the sticking on the PdrAl O2 3
Ž .system nominal 80% alumina coverage we estimate

a probability of p qp s0.44"0.05 for COS,TD S,TA

to be trapped on the support. We can now compare
this value with the above number for support medi-
ated adsorption, and we conclude that under these
conditions practically all CO molecules trapped on
the surface will diffuse to the metal particle and
desorption after trapping on the support is negligible
Ž .p f0 . With increasing surface temperature,S,TD

desorption from the support will become faster and
substrate mediated adsorption will become less effec-

w xtive 45 .
From the simple adsorption of molecules, we will

now move on to the kinetics of surface reactions.
Specifically, we consider the CO oxidation reaction,
which is the best studied catalytic reaction in surface

Ž .science. On Pd 111 , this system was early studied
w xby Engel and Ertl 46 , who demonstrated via modu-

lated beam methods that the reaction follows a Lang-
Ž .muir–Hinshelwood LH mechanism. Although the

kinetics of the reaction on Pd single crystal surfaces
is rather structure insensitive, certain structure de-
pendencies are found on supported particles. Possible

Ž .kinetic effects range from e.g. 1 apparent structure
sensitivities caused by the substrate adsorption and

Ž .reverse spillover contribution discussed above to 2
actual structure sensitivities caused by new adsorp-

Ž .tion sites on small particles, 3 nonlinear diffusion
Ž .mediated effects, or 4 the possible influence of

subsurface oxygen. A detailed discussion is beyond
the scope of this paper, but previous work has been

w xextensively reviewed in the literature 11 . Here, we
will restrict ourselves to a simple example, which
shows how the well-defined single scattering condi-
tions of a beam experiment can be utilized to derive
kinetic data.

We will employ the same preparation conditions
for the PdrAl O system as in the CO adsorption2 3

Žexperiment discussed before Table 1, preparation
.conditions 1 . In contrast to the adsorption experi-
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ments, the Pd particles were stabilized by repeated
cycles of O and CO adsorption at 366 K which is2

necessary to obtain reproducible reaction rates. This
stabilization procedure does not change the island
density or morphology, but it is related to the forma-
tion of subsurface oxygen, as will be discussed

w xelsewhere 47 . After the stabilization procedure and
before the actual experiment, the sample is exposed

Ž 16 y2 .to oxygen 2.0=10 O molecules cm . Subse-2

quently, a transient experiment is performed, during
which the oxygen precovered sample is exposed to a

Ž 12 y2 y1.CO beam 8.6=10 molecules cm s . The
CO sticking coefficient and the CO production rate2

Žare measured simultaneously see Fig. 4, T sSurface
. Ž402 K . Now, the total CO consumption CO adsorp-

.tion and oxidation, N can be determined byCO,total
Ž .integration of the CO sticking coefficient Fig. 4b ,

Ž .and the total CO adsorption capacity N can beCO,`

derived from a corresponding experiment after ther-
mal CO desorption. The difference between both

Ž .values is the amount of CO or O N involved inO,0

the reaction. Once those limits are determined, all
Ž .surface coverages Fig. 4c can be derived by inte-

gration of the CO production and O adsorption2 2
Ž w x.see e.g. 27,46 . In the next step, we apply a
rigorous definition of the LH reaction rate as

d
N sk N NCO Žg . N , N CO O2 CO Od t

to derive the rate constant k , . Please note thatN NCO O

this rate AconstantB may strongly depend on the
adsorbate coverage, e.g. due to the coverage depen-
dent spatial distribution of the adsorbed species,
adsorbate–adsorbate interactions or the presence of
different types of reaction sites. We can, however,
derive quantities such as the activation energy for the
LH step as a function of the oxygen or CO coverage.

w xThis will be discussed in detail elsewhere 48 . Here,
we will restrict the discussion to a short comparison
with single crystal experiments, illustrating the possi-
ble differences between both types of reaction sys-

w xtems. Engel and Ertl 46 have reported a similar
Ž .experiment on Pd 111 . Apparently, the coverage

dependence of the rate constant is qualitatively dif-
ferent for alumina supported Pd particles. Contrary
to what is found on the single crystal, k , showsN NCO O

Ž .a steep drop at high oxygen coverage Fig. 4c . After
consumption of the fast reacting oxygen, the rate

constant decreases slowly until it reaches very low
values after consumption of approximately 80% of
the preadsorbed oxygen. The origin of this effect is
not clear yet. A possible explanation is related to the
formation of dense oxygen adlayers, which show an
increased reaction rate. Similar effects have recently

Ž . Ž . w xbeen observed on Pd 100 and Pd 110 films 49,50 .
Ž . Ž .Also, the coexistence of 111 and 100 facets as

well as edge sites on the crystallites has to be taken
into account. Coupled via surface diffusion, differ-
ences in the adsorption properties or rate constants
between these types of surface areas may lead to

w xdrastic variations in the reaction rate 9,10 . System-
atic molecular beam studies, varying the struc-
ture and adsorbate coverage of the model systems
may — in connection with exact structural informa-
tion — help to elucidate the origin of such effects.

To complement the gas phase detection, in-situ
surface spectroscopic methods can be combined with
molecular beam techniques. This is particularly im-
portant for complex surfaces, as we gain the possibil-
ity to obtain qualitative and quantitative information
on different surface species. As a simple example a
combined reactivityrIRAS experiment on CO oxida-
tion is shown in Fig. 5. Contrary to the experiment in
Fig. 4, we start with the surface being precovered by
CO. Via an effusive source oxygen is dosed in pulses
of 3.9=1014 molecules cmy2 pulsey1. Simultane-
ously, the CO production is recorded and an IR2

spectrum is recorded after each pulse. Here, we will
only qualitatively point out the type of information,

Ž .which is available from this experiment: 1 The
envelope over the response pulses corresponds to the
O reactive sticking coefficient as a function of CO2

coverage. As CO has a strongly inhibiting effect on
w xthe adsorption of oxygen 46 , the sticking coeffi-

cient and thus the CO production is initially low.2

Both quantities increase with decreasing CO cover-
Ž .age. 2 Every CO response pulse shows a rise and2

decay time slower than the originating O pulse2
Žwhich is rectangular on the time scale of the experi-

.ment . The extraction of kinetic data from such time
resolved measurements is one of the standard meth-

w x Ž .ods to derive kinetic parameters 19,20 . 3 Last but
not least, information on the coverage dependent
occupation of adsorption sites is available from the

Ž .IR spectra Fig. 5 . The left series of IR spectra
Žrepresent the total CO consumption reference spec-
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Ž . Ž . ŽFig. 4. a Relative CO production for O-precovered PdrAl O rNiAl 110 at a sample temperature of 402 K preparation conditions 1,2 2 3
12 y2 y1. Ž . Ž .CO beam: 8.6=10 molecules cm s , b CO sticking coefficient as a function of experiment time; c O and CO surface coverages

Ž . Ž .see text ; d absolute CO production rate and apparent LH rate constant.2
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Ž . ŽFig. 5. Correlated reactivityrIR absorption experiment: O is pulsed on CO-precovered PdrAl O rNiAl 110 preparation conditions 1,2 2 3
. Ž . Ž . Ž . Ž .sample temperature 366 K . From left to right: 1 O partial pressure, 2 CO production background corrected , 3 IR absorption2 2

Ž .spectra relative to the CO saturated system, 4 differential IR absorption spectra.

.trum is the CO saturated spectrum . Alternatively,
the differential CO consumption can be derived by
calculating the difference between adjacent spectra
Ž .right series, Fig. 5 . A detailed discussion of the IR
spectra for this system can be found in the literature
w x18 . Shortly, we can distinguish between CO bound

Ž y1 .in bridge 1910 cm and higher coordinated sites
Ž y1 .1830 cm and identify possible changes in the

ratio of both species in the course of the experiment
w x48 . This example shows how well controlled reac-
tivity studies via molecular beam methods can be
successfully correlated with in-situ spectroscopy. We
expect that this type of combined information will be
of great importance in future attempts to identify to
origin of the special kinetics of surface reactions on
complex supported catalysts.
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4. Spectroscopy at low and high pressure: sum-
frequency generation

Applying SFG surface vibrational spectroscopy to
a well-defined but complex model catalyst of Pd
nanoparticles on an ordered alumina film allows to
simultaneously bridge both the pressure and materi-

w xals gaps in heterogeneous catalysis 31 . SFG spec-
troscopy can be carried out over a wide pressure
range, i.e. from UHV to near ambient conditions,
and it was previously utilized to study a variety of
adsorbates on metal and oxide single crystal surfaces

w xat low and high pressure 30,51,52 . Furthermore,
SFG was carried out on thin epitaxial oxide films
w x w x53 , and on polycrystalline metal foil 54 . Although
the applicability of SFG spectroscopy to nanostruc-
tured supported catalysts has been questioned for

Žseveral reasons scattering of laser beams on rough
surfaces, disordered adsorbates, small total cover-

.ages, etc. , we recently succeeded to obtain SFG
spectra from CO adsorbed on supported Pd nanoclus-

w xters 31 . The structural order and the AflatnessB of
the supporting alumina film, its very small thickness,
and the mean size of the Pd particles that is well
below the wavelength of the incident light allowed to
circumvent the restrictions mentioned above.

In this study, we apply SFG spectroscopy to
follow CO adsorption on supported Pd nanoparticles

Ž y7 .over a wide pressure 10 –200 mbar and tempera-
Ž .ture 190–300 K range. The CO adsorption site

occupancy on Pd nanocrystals turns out to be differ-
ent from single crystals. In addition, it is mainly
determined by the CO gas phase pressure while the
structure of the particles and their temperature have a
smaller influence.

4.1. IR–VIS SFG Õibrational spectroscopy

Vibrational spectroscopies have been proven to be
among the most powerful techniques to study the
interaction of gas molecules with metal surfaces. In
many cases, e.g. CO adsorption on noble metals, the
observed CO stretching frequency can be correlated

w x Žwith a specific binding site 55 with the exception
Ž .of more complex coadsorption systems as shown

w x.by photoelectron diffraction 56 . The SFG process

has been reviewed in detail in the literature
Žw x .30,51,57 and refs. therein . Briefly, SFG is a sec-
ond-order nonlinear optical process which involves

Ž .the mixing of tunable infrared v and visible lightIR
Ž . Žv to produce a sum frequency output v sVIS SFG

. Ž .v qv Fig. 6 . Since the SFG process is onlyIR VIS
Žallowed in a medium without inversion symmetry in

.the electric dipole approximation , it can only occur
Ž .at surfaces or interfaces as here the inversion sym-

metry is broken. Consequently, the dominant contri-
bution to the SFG signal is generated by the modes
of the adsorbate, while the centrosymmetric bulk of
face-centered cubic metals and an isotropic gas phase
give nearly zero contribution to the signal. To obtain
an SFG vibrational spectrum of adsorbate molecules
on a metal catalyst surface, two ps-laserpulses are
spatially and temporally overlapped on the sample
Ž .Fig. 6 . One input beam is in the visible range at
fixed frequency, while the second one is tunable in
the infrared to probe the vibrational modes of the
surface species. By tuning the IR beam and monitor-
ing the intensity of the SFG output, an adsorbate
vibrational spectrum is obtained by plotting the SFG
intensity vs. the IR wavenumber. All experiments

Ž .were made in p,p,p geometry, i.e. all beams were
w xp-polarized 30 .

Fig. 6. Illustration of the sum frequency generation process on
alumina supported Pd aggregates. The detection system employs

Žspatial, spectral and temporal filtering of the SFG signal MC:
.monochromator; PM: photomultiplier; disc.: discriminator .
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4.2. Experimental

The experiments were carried out in a new cus-
tom-designed apparatus that allows to prepare and
characterize supported nanoparticles under well-con-

Ž y10trolled conditions in UHV base pressure 1=10
.mbar , to transfer the sample to an SFG-compatible

UHV-high pressure cell, and to monitor gas adsorp-
tion from submonolayer coverages up to several 100
mbar by SFG vibrational spectroscopy. A detailed

w xdescription of the chamber is given elsewhere 58 .
Samples can be moved from UHV to the high pres-
sure cell using a 400 mm z-travel manipulator. A
sample holder that is connected to the manipulator

Ž .allows resistive heating of the sample 1300 K ,
Ž .cooling with liquid N 85 K , and temperature2

readings using a chromel–alumel thermocouple. The
high and low pressure sections are separated by an
arrangement of three differentially pumped spring-
loaded Teflon seals. When the SFG cell is pressur-
ized to 1 bar, a vacuum of 5=10y10 mbar can
be maintained in the preparationrsurface analysis
chamber.

Supported Pd nanoparticles were prepared follow-
ing the procedure that was described in Section 2
w x14 . An ordered aluminum oxide film was grown on

Ž . y5NiAl 110 by oxidation in 10 mbar oxygen at 523
K and Pd was subsequently deposited by electron
beam evaporation. Pd particles of 4 nm mean size
Ž 13;300 atoms per particle, particle density ;10 r

2 .cm , preparation conditions 2, Table 1 were grown
at 90 K, and Pd particles with 7 nm mean size
Ž;3500 atomsrparticle, particle density ;8=

11 2 .10 rcm , preparation conditions 1, Table 1 were
grown at 300 K. The influence of the preparation
parameters on the size and morphology of metal
aggregates has been studied in detail with STM and

w xSPA-LEED 14–16 . The surface structure and
cleanliness of the sample surfaces were examined by
LEED, AES, and TPD.

For vibrational studies, the PdrAl O catalysts2 3

were transferred under UHV into the SFG-compati-
ble reaction cell. The SFG cell is equipped with two
CaF windows to allow the infrared and visible2

beams to enter, and to allow sum frequency radiation
to exit to the detection system. The infrared and
visible beams make an angle of about 558 and 508

with respect to the surface normal, respectively, and

overlap at the sample surface. The difference in the
incident angles of the beams is necessary to spatially
separate the SFG signal from the reflected pump

Ž .beams cf. Fig. 6 . The source of the visible radiation
Ž .790 nm, 2 mJrpulse, 2 ps, 500 Hz is an amplified

Ž .titanium sapphire laser Spectra Physics , and 90%
of the output is used to generate tunable infrared

Ž .light 3–6 mm, ca. 10 mJrpulse with an optical
Žparametric generatorramplifier OPGrOPA; Light

.Conversion . The infrared power is nearly constant
between 2000 and 3300 cmy1, but decreases below
2000 cmy1 due to a reduction of the transmission of
the AgGaS crystal in the OPGrOPA. CO is intro-2

duced via a manifold after passing a cold trap that
removes carbonyl impurities and the gas pressure is
measured using a Baratron gauge. To apply low
exposures in UHV experiments, a leak valve and an
ionization gauge are also attached to the reactor.

It was mentioned in Section 4.1 that the SFG
process is insensitive to the gas phase. However, the
absorption of infrared light at high CO pressure must
be considered. The intensity of the SFG signal de-
pends on the intensity of the IR-pulse, which may be
attenuated and modulated by gas phase absorption.
In order to normalize our SFG spectra and to com-
pensate for gas phase absorption, we acquired SFG
spectra of a GaAs reference crystal between 10y7

w xand 200 mbar CO 58 . Since the zincblende struc-
ture of GaAs exhibits no inversion symmetry, GaAs
should produce a constant SFG signal and any varia-
tion in the SFG signal hence originates from gas
phase absorption of the IR beam. Using these com-
pensation curves, the high pressure SFG spectra were
corrected for gas phase absorption. The IR frequency
was calibrated to an accuracy of "3 cmy1 by
measurements of the atmospheric CO absorption2

bands around 2350 cmy1.

4.3. Results and discussion

SFG vibrational spectra of CO adsorbed on
PdrAl O at 190 K are presented in Fig. 7a. The2 3

mean size of the Pd particles was 4 nm and spectra
were taken at 10y7, 10y3, 1, 10, 100 and 200 mbar.
The 10y7 mbar CO SFG spectrum of the 4 nm Pd

Ž .particles preparation conditions 2, Table 1 is nearly
identical to the corresponding IRAS spectrum ac-
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y7 Ž . Ž .Fig. 7. SFG spectra of CO adsorption on PdrAl O at 190 K between 10 and 200 mbar: a 4 nm Pd particles grown at 90 K and b the2 3
Ž .corresponding SFG spectra acquired on larger and well-facetted supported Pd particles 7 nm Pd particles grown at 300 K . At low pressure

the fraction of terminal CO is smaller on the more ordered 7 nm Pd particles as compared to the 4 nm Pd particles.

quired on the same model system at saturation cover-
w xage of CO 18 . Based upon IRAS results on Pd

w xsingle crystals 55,59,60 , the two peaks are identi-
fied as bridge bonded CO at 1975 cmy1 and as

Ž . y1terminal on-top CO at 2099 cm . If the integrated
SFG signal intensity is used to determine the ratio of
on-top to bridged CO, a value of about 0.8 is ob-
tained. It should be noted that this value is only an
estimate because the SFG intensity can not be easily
correlated with the surface concentration of a species
w x30 . However, the adsorption site distribution on the
4 nm Pd aggregates is certainly different from Pd
single crystals. On the nanoparticles, bridge bonded
CO is accompanied by a significant fraction of ter-
minal CO, a situation which is not apparent on Pd

w xsingle crystals 55,59,60 . For coverages below 0.5,
adsorption in threefold-hollow sites dominates on

Ž .Pd 111 . We could not observe CO adsorption at
hollow sites since the frequency range below 1900
cmy1 is not accessible by our current SFG setup. For
coverages of about Qs0.5–0.65, CO is predomi-

Ž y1 .nantly bridge bonded 1920–1970 cm but the
amount of terminally bonded CO is nearly zero. As

w x Ž .reported by Tushaus et al. 59 for Pd 111 , the onset¨
of CO adsorption in terminal geometry is at cover-

Ž .ages )0.6. At saturation coverage Qs0.75 , two
strong bands are observed at 2110 and 1895 cmy1

which were assigned to terminally bonded CO and to
CO adsorbed on threefold-hollow sites. However, at
high coverage the population of bridge sites on

Ž .Pd 111 is again very small. The coexistence of
bridge and on-top CO is presumably due to defects
on the 4 nm Pd particles. In fact, the site distribution
on the Pd aggregates compares best with defect
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Ž .rich single crystal Pd 111 or rough Pd thin films
w x55,59,61 . The peak frequencies also agree well
with those observed on 7.5 nm Pd particles on silica

w x w xprepared by impregnation 62 , and with alumina 63
w xand titania 64 supported Pd model catalysts. The

Ž .difference between supported Pd clusters and Pd 111
presumably results from a reduced lateral CO inter-
action on the nanoparticles or from the presence of
additional crystal planes. Taking into account the
disordered structure of Pd particles grown at 90 K, it
seems reasonable that the feature at 1975 cmy1

originates from CO bridge-bonded to defect or edge
sites. Increasing the pressure above 1 mbar CO

Ž .shifted the frequency of the bridge peak Fig. 7a and
also the ratio of on-top vs. bridge CO was increased
Ž y310 mbar: 1.2; 1 mbar: 1.5; 10 mbar: 1.6; 100

. y7mbar: 1.7; 200 mbar: 1.9 . The 10 mbar spectrum
could be reproduced after the high gas pressure was
pumped out and no indications for particle disrupture
upon CO exposure were observed.

In order to study the effect of increasing the
particle size and order, the same experiment was
carried out on well-facetted Pd particles of 7 nm

Ž .mean size preparation conditions 1, Table 1 grown
Ž .at 300 K Fig. 7b, cf. Fig. 1b . Only a very small

Ž . y7fraction of on-top CO -0.1 was detected at 10
mbar, assuming that the relation between the SFG
intensity and the surface concentration of CO is
similar on 4 and 7 nm Pd particles. Apparently,
adsorption at on-top sites is more pronounced on
small defective aggregates as compared to larger and
well-facetted Pd nanocrystals. Taking into account

Ž .the particle morphology Fig. 1b , it seems unlikely
Ž .that CO adsorption on Pd 100 contributes to the

spectrum since these facets are present only in a
w xsmall fraction. In our previous IRAS study 18 ,

different frequency regimes were assigned to bridge
bonded CO on the terraces of the Pd aggregates
Ž y1 .1930–1970 cm and to bridge bonded CO on the

Ž y1 .edges of the aggregates 1970–2000 cm . The
resolution of our current SFG prevents a clear dis-
crimination between the two bridge-bonded CO
species, but small shoulders on the bridge peaks of
the 7 nm Pd particles might indicate the presence of
a second component.

If the spectra of the 4 and 7 nm Pd particles at
10y7 mbar are compared, it is evident that the
adsorption site distribution is quite different. As

already mentioned, the defective structure of the 4
Ž .nm particles grown at 90 K allows more top-site

adsorption, while on the 7 nm particles bridged CO
dominates. If this result is simply extrapolated to the
high pressure regime, one is tempted to explain any
difference in the catalytic activity of the 4 and 7 nm
Pd particles by the different adsorption site distribu-
tion. However, as will be shown below, this assump-
tion is incorrect.

If the CO pressure is increased on the 7 nm Pd
Ž .particles Fig. 7b , the relative ratio of on-top CO

approaches about the same value as observed for the
Ž y34 nm Pd particles 10 mbar: 0.5; 1 mbar: 0.5; 10

.mbar: 0.7; 100 mbar: 1.2; 200 mbar: 1.7 . This
indicates that the adsorption site distribution at high

Ž .pressure e.g. 200 mbar is independent of particle
size, at least for the size range studied.

Of course, catalytic reactions are generally carried
out not only at high pressures but at high tempera-
tures as well. Therefore, a second set of experiments
was performed at 300 K. This is still a rather low
temperature but it is sufficient to drastically change
the adsorption behavior. If the sample temperature is
raised to 300 K, which is above the desorption

w xtemperature of on-top CO on Pd clusters 14 ,
bridge-bonded CO is the only species that can be
observed by SFG at 10y7 mbar for both 4 and 7 nm

ŽPd particles Fig. 8; the corresponding spectra for 4
.nm Pd particles are nearly identical . However, with

increasing pressure, the on-top adsorption sites can
be re-populated and an on-top CO ratio as high as

Ž0.8 can be obtained 1 mbar: 0.5; 10 mbar: 0.5; 100
.mbar: 0.6; 200 mbar: 0.8; as measured by SFG .

The SFG spectra clearly indicate that the adsorp-
tion site occupancy of CO on 4 and 7 nm PdrAl O2 3

is mainly governed by the CO pressure and that the
Žinfluence of particle size, structure growth condi-

. Žtions and temperature is less important at least for
.the conditions studied here . If these catalysts show a

different catalytic behavior at high pressure, it is
presumably due to the effects listed in the introduc-

Žtion metal-support interaction, electronic structure,
.etc. but not due to significant differences in the

adsorption site distribution.
The combination of SFG spectroscopy and a

well-defined nanocluster model catalyst allows to
bridge the pressure and materials gaps simultane-
ously. Low pressure results cannot be simply extrap-
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Fig. 8. SFG spectra of CO adsorption on a PdrAl O model2 3
Ž .catalyst at 300 K 7 nm Pd particles grown at 300 K . Terminal

CO sites are re-populated at G1 mbar.

Žolated to reaction conditions although this may be
w x.adequate for some adsorbate systems 58 . The pres-

sure dependent site occupation of Pd particles at 300
K clearly reveals the limitation of studies that only
consider low pressure. In the near future, we will
also apply SFG spectroscopy to study adsorbates
during catalytic reactions.

5. Conclusions

We have presented several examples which show
Ž .how supported model catalysts can be utilized 1 to

investigate correlations between structural properties
and microscopic kinetics of a surface reaction and
Ž .2 to monitor adsorbates from UHV pressures typi-

cal for surface science up to the catalytically relevant
pressure region. As a model system, we have chosen
the CO adsorption and oxidation on Pd particles
supported on a well-ordered alumina film, grown on

Ž .NiAl 110 .
Concerning the CO oxidation in the low tempera-

ture region, we discuss the application of transient
molecular beam techniques with respect to the deter-
mination of reaction rates. As an example for a
process specific for supported model catalysts, sub-
strate mediated adsorption is considered. It is shown,
how the different adsorptionrdesorption channels
can be distinguished, taking advantage of the single-
scattering conditions of a beam experiment. Finally,
an example for simultaneous in-situ IR spectroscopy
and gas phase detection in a transient beam experi-
ment is presented.

We have demonstrated the ability of in-situ SFG
spectroscopy to study CO adsorption on supported

Ž y7Pd nanoparticles over a wide pressure 10 –200
. Ž .mbar and temperature 190–300 K range. The ad-

Ž .sorption site occupancy bridge vs. on-top CO is
considerably different at low and high gas pressure.
While under UHV conditions the site distribution
depends on the particle surface structure and temper-
ature, under reaction conditions, it is mainly gov-
erned by the CO pressure. By exposing PdrAl O to2 3

CO pressures G1 mbar on-top sites that are not
filled under UHV can be repopulated and hence
contribute to the catalytic turnover.

Combining the data obtained from molecular beam
experiments and SFG spectroscopy will provide a
wealth of information over a wide range of pressure
and temperature and should considerably improve
our understanding of catalytic processes.
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