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To approach a microscopic understanding of the reaction kinetics on complex surfaces of heterogeneous

catalysts, we combine multimolecular beam techniques and a supported model catalyst approach. The model

systems are prepared under ultrahigh vacuum (UHV) conditions and have been characterized in detail with
respect to their geometric and electronic structure. To probe the kinetics of catalytic reactions on these systems,

we have developed a molecular beam instrument, which allows us to cross up to three beams on the sample
surface. The simultaneous detection of reaction products and surface species is established by a combination

of angle- and time-resolved gas-phase detection and in situ time-resolved IR reflection absorption spectroscopy.
In this paper, we review a variety of representative experiments, illustrating the experimental possibilities of

the molecular beam approach. As a model surface, we focus on alumina supported palladium particles. We
cover the adsorption and desorption kinetics of small molecules and the kinetics of simple surface reactions

on these systems. The reaction kinetics is probed via systematic steady state measurements, transient

experiments, time-resolved in situ IR spectroscopy and measurements of the angular distribution of products.
A central topic is the CO oxidation, a model reaction, which has been thoroughly investigated on a variety

of single crystal surfaces. For the supported model catalysts, it is shown how structure and size dependencies

can be identified by performing systematic kinetic measurements. These effects can be linked to the inherent
heterogeneity of the model surfaces via microkinetic mean-field and Monte Carlo simulations. It is shown

that the particular kinetic effects on the model catalyst surfaces can be understood by explicitly accounting
for their inherent complexity. Finally, we outline possible future directions of the molecular beam approach

applied to complex model surfaces.

1. Introduction catalytic materials are made even more severe by the fact that
the experimental accessibility of these systems to many surface
science techniques is rather limited, e.g., as a consequence of
the microporousity and limited electrical conductivity of com-
monly used catalyst supports. In most cases, these difficulties
have prevented a detailed understanding of the underlying
reaction mechanisms and kinetics. Single crystals, on the other
hand, are easily accessible experimentally and for some reaction
systems the kinetics can be successfully reproduced on such
simple surfaces. As soon as modifications of the kinetics arise

Most of the heterogeneous catalysts commercially applied,
e.g., in chemical synthesis or environmental applications are
highly complex systems, both with respect to their structural
properties and composition (see, e.g., ref 1). Selectivities and
activities of such systems often depend in a highly sensitive
and only poorly understood way on their geometric and
electronic structure, the role promoters and poisons, or the
interplay between different functionalities simultaneously present

on a surface. from the complexity of the catalyst, however, they will
Motivated by the outstanding importance of heterogeneously . npiexity yst, ’ y
necessarily fail to reproduce these effetts.

catalyzed processes, an improved microscopic understanding )
of underlying reaction kinetics would be highly desirable. If ~ /AS @ strategy to overcome this problem, model surfaces have
we would like to approach a microscopic understanding of Peen developed. These model systems allow us to introduce

reaction kinetics on this type of complex surfaces, however, Certain complex aspects of the real catalyst surface in a well-
we are facing two problems that need to be solved simulta- controlled manner and still remain easily accessible for surface

neously: science experiments. For supported catalysts for example, a
The first problem arises as a consequence of the Vastvgriety of model systems has been developed,_ using bth ox?de

complexity of real catalysts and is frequently denoted as the slngle crystals (see ref 6 and references .thereln) and thin oxide

materialsgap (see, e.g., refs 2 and 3) between surface sciencelllMs>’ ° as supports. In this work, we will employ supported

and catalysis. The difficulties related to themplexityof real model catalysts, which are based on a thin ordered alumina film,
which has been characterized with respect to its geometric and
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well-controlled condition§:.”1213 As has been shown previ- apparatus, which is reviewed in sectiod®Zor the first time,
ously/13 structure, density, and size of these particles can be it combines up to three beam sources crossed on the sample
controlled over a wide range via choosing the appropriate surface, angle- and time-resolved gas-phase detection, and time-
preparation conditions. resolved IR reflection absorption spectroscopy (IRAS). The
The second problem, commonly denoted as the so-calledbeam experiments are performed on well-defined supported
pressure gapis related to the fact that catalytic processes are model systems, which are briefly introduced in section 3.
typically run under high pressure and high throughput condi- Finally, we review a variety of representative experiments from
tions. In surface science, on the other hand, most experimentalour recent work. Here, we provide examples, which show how
techniques giving access to reaction kinetics and mechanismdo take advantage of most of the unique features of a kinetic
rely on temperature controlled desorption and reaction tech- beam experiment discussed above. More details about the corre-
niques in a UHV environment. These techniques have beensponding experiments can be found in the original literatee.
highly successful with respect to the analysis of reaction The considered processes range from adsorption kinetics on
mechanisms and kinetics. However, there are also problemssupported particle systems and particle size dependent desorption
connected with these experimental conditions: First, it has to kinetics (section 4) to systematic measurements of transient and
be verified that the results obtained under UHV conditions are Steady state rates in conjunction with in-situ surface spectroscopy
relevant for higher pressure conditions. Second, while temper- (section 5). It is illustrated how systematic experiments in this
ature programmed techniques very efficiently provide qualitative field can help to identify particle size dependencies, which might
information on a surface reaction, detailed and quantitative be easily missed, otherwise (section 6). The origin of such size
kinetics are sometimes difficult to extract and require series of dependencies is discussed within microkinetic models taking
highest quality experiments. into account the inherent heterogeneity of the model system
Clearly, it is desirable to provide a kinetic probe, which (section 7). As a possibility to directly access detailed kinetic
connects the quantitative kinetic measurements in high pressurdnformation on nanostructured surfaces, investigations of the
reactors with the surface science world. Here, molecular beamangular distribution of products are presented and are discussed
techniques establish unique possibilities to study surface kineticsas an experimental probe for site specific reaction rates (section
and dynamics in a highly systematic, detailed and quantitative 8)- Finally, we summarize recent work and discuss future
way 1418 The advantages of the approach mainly arise from Possibilities of the molecular beam approach, in particular with
the fact that a kinetic measurement employing molecular beamsrespect to its applicability to surfaces and reaction systems of
inherently represents a single scattering experiment, i.e., everyincreasing complexity (sections 9 and 10).
molecule interacts only once with the sample surface. Briefly,
we may summarize these advantages in comparison with other2
kinetic probes as follows: '
¢ In an experiment, where there is only a single interaction
of the reactant molecule with the surface, we can effectively m

count” the surface events, i.e., determine absolute probabilities ments have been designed and set up in a number of research

for different reactive ar.1d. honreactlve surface eventg. groups. Most of these experiments have been successfully
+ We have the possibility to perform fast and flexible flux  gnpjied in studies of the kinetics and dynamics of reactions on

modulations, as we do not hgve to deal with diffusion, viscous single-crystal surfaces (see, e.g., refs 14, 16, 17, anc588

flow, or pumping issues. This allows us to perform fast and anq references therein). However, similar studies on more

precise studies of transient processes. complex surfaces are scarce and have been limited to simple

« In contrast to temperature programmed experiments, manysingle beam setups, so fr3 To expand the scope of
molecular beam experiment can be performed under isothermalexperimental possibilities toward the field of model catal-
conditions, simplifying the analysis of the kinetics. ysis, a new beam apparatuspecifically designed for kinetic

e A large degree of control over the properties of the studies at complex surfacebas been set up at the at the Fritz-
impinging molecules is provided, such as, e.g., their kinetic Haber-Institute, Berlif® For the first time, the apparatus
energy, the angle of incidence or their internal energy. This combines multiple beam sources, time-resolved in situ surface
enables us to perform studies of the dynamics of the-gadace  spectroscopy, and angle- and time-resolved gas-phase detection.

Interaction. The system has been described in detail, recéhyriefly,

» Finally, the experiment is performed at low background the model surfaces (see section 3) are prepared in a separate
pressure, which (a) suppresses background reactions and (byHv-chamber and subsequently transferred to the scattering
enables us to investigate the dynamic properties of the desorbinglchamber, which is schematically displayed in Figure 2. The
scattered products and reactants, such as their angular distribureactant gases are provided by a chopped/pulsed beam generated
tion and kinetic energy. Besides studying the reaction/desorptionfrom a supersonic expansion and two modulated effusive beam
potential energy surface (PES), such experiments may poten-sources based on multichannel arrays. Due to its narrow kinetic
tially be employed to probe site or facet specific kinetics on a energy (KE) distribution and well-defined intensity profile, the
heterogeneous surface. first type of beam source is typically used in scattering

These unique possibilities have motivated a large number of experiments or sticking coefficient measurements. The second
kinetic studies on single crystals (see, e.g., references in ref 14 type of source, which easily provides variable beam intensities,
18). However, similar work on more complex surfaces is is preferentially employed in systematic reaction rate measure-
extremely scarce and limited to relatively simple beam experi- ments. Total reaction rates are detected via a non line-of-sight
ments and very few reaction systetis® Yet, these studies  quadrupole mass spectrometer (QMS). Additionally, a differ-
show already indications for the appearance of unique kinetic entially pumped rotatable QMS is used for angle-resolved
effects on such systems. reaction rate measurements. Simultaneously, surface IR spec-

To systematically perform beam experiments on complex troscopy (IRAS, infrared reflection absorption spectroscopy)
model catalysts, we have designed and set up a new bearmunder steady state and transient conditions is performed at

The Molecular Beam Experiment

Motivated by the unique experimental possibilities of the
ethod, combined molecular beam/surface science experi-
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Figure 1. Advantages of a combined molecular beam and model catalyst approach in overcoming the gaps between surface science and catalysis.
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Figure 2. The molecular beam/spectroscopy experiment used in the kinetic studies on complex model catalysts: (a) scattering chamber and (b)
schematic representation of the experimental s&tup.

grazing reflection geometry. Previously, we have demonstratedbe modulated in a beam experiméhtor further details on
a temporal resolution of this method up to the ms-regime, which the experimental procedures and a full description of the system
is typically the time-scale on which the surface coverages canwe refer to the literaturé®
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Figure 3. The preparation of well defined supported model catalysts on ordered oxide films: (a) STM image (16000@@ nm) of an ordered

Al,0O; film prepared on a NiAl(110) single crystal, (b) STM image of Pd particles of type | (306<n300 nm) and close-up (20 ns 20 nm)#
and (c) STM image of Pd particles of type Il (100 nm100 nm)8!

3. Model Systems In the following, we will focus on two representative types
. of Pd nanoparticles, which we will denote as type | and type Il
Various types of model systems for supported catalysts have particles, respectively. The corresponding structural character-
been developed during the last years. Their structural charac-istics are summarized in Figure 3. The particles of type |
terization, adsorption properties and reactivity have been ygpresent relatively large and well-ordered crystallites. These
reviewed, recentl§:** In the following experiments, we focus  contain an average of approximately 2700 atoms/particle and
on a particular type of models developed in our gréépThe are mainly terminated by (111)-facets. In contrast to these
preparation of these systems is _schematically dep_icte_d in FigurepartideS, the Pd aggregates of type Il correspond to a small
3: We start from an alumina film, grown by oxidation of a particle size (containing about 100 Pd atoms/particle in average)
NiAI(110) single crystal surface. This alumina film is well-  and are characterized by a defect-rich surface structure (i.e., a
ordered, highly reproducible with respect to its preparation and, nigher density of edge, corner, and borderline sites, and a
in our previous work, it has been characterized extensively with gjstorted lattice). A more detailed description of the structural
respect to its geometric structure, electronic structure and properties of these model systems can be found elsevihere.
adsorption propertie:** Here, we use the film as a support  \we will compare the adsorption and desorption kinetics on
for metal nanoparticles. In the following, we specifically the two particle types and finally discuss, how the variations in

consider supported palladium particles as a system, which isthe adsorption/desorption properties can be correlated to dif-
highly active and relevant for the CO oxidation reaction. The ferences in reactivity.

Pd is deposited on the model support by vapor deposition under ) ) o

UHV conditions. Extensive studies have shown, how the 4- Adsorption and Desorption Kinetics on Supported
properties of the particles such as the particle size, density angModel Catalysts

structure can be varied over a large range by carefully choosing As the most simple type of experiment we start with a
the appropriate preparation conditions. discussion of single beam adsorption and desorption measure-
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adsorption, desorption and scattering channels (Figure 4a). This
CO - Pd/Al,04/NiAl(110) is possible as the directly scattered molecules can be distin-
guished from the trapping/desorption channel by both their
angular distribution and their kinetic energy. While the mol-
ecules directly scattered from a flat surface show a lobular
angular distribution which is peaked close to the specular
direction and are characterized by a kinetic energy which is
related to the energy of the incident beam, the trapped and
o Y c desorbing molecules have been accommodated to the surface

temperature. Consequently, their kinetic energy will depend on
% \i&} the surface temperature and their angular distribution will in
o4 general be symmetric with respect to the surface normal.

02 E co’: o In Figure 4b a characteristic angular distribution is shown
004 m':’w‘;" 5; for CO scattered from the clean alumina model substrate.
Toma Typically, two contributions can be identified, a lobular

P b s e P reet )t contribution from the directly scattered part and a broad
L W%M . symmetric contribution from the trapping/desorption component.
R “'-,}&: . Additional evidence for the presence of the two channels can

D be derived from time-of-flight measurements (not displayed).

The relative fractions of the trapping and the scattering
component can be quantified and depend on the substrate
temperature (see Figure 4c). For a more detailed discussion of

this effect we refer to the literatuf8.

The effect of the “capture zone” zone is clearly illustrated in
a sticking coefficient measurement, which is displayed in Figure
0.0 — T T T 4d. In this type of experiment we determine the total probability
00 05 10 N m,’;sm_,j 20 25 for an impinging molecule to be chemisorbed on the sample
0 surface?®%0For the example displayed here, the initial sticking
Figure 4. The adsorption kinetics on supported model catalysts: (a) probability corresponds to about 65%, despite fact that for the
schematic representation pf the adsorption and scattering processesype | Pd particles only 20% of the total surface is covered by
(b) angle-resolved scattering of CO from the orderegOAlmodel = By This demonstrates that the main fraction of the adsorbates
support, (c) direct inelastic scattering and trapping desorption contribu- is supplied via the “capture zone” and not via direct impinge-

tion for CO scattered from the ordered,®k model support, and (d) ) . .
sticking probability for CO impinging on the Pd/&); model system ment and adsorption on the particle. Depending on the structural
(type I, 298 K)4© properties of the catalyst and the reaction systems under
consideration, the effect can be even more pronounced. In
ments. The setup is schematically depicted in the inset in Figure particular at low reaction temperatures the adsorption kinetics
4. We use a beam of CO or,Qvith a well-defined kinetic ~ may be strongly dominated by the support (see, e.g., ref 33). It
energy. The beam is generated in a supersonic expansion ands apparent that under conditions under which the adsorption
impinges on the supported model catalyst at a given angle of kinetics of a reactant involves some degree of rate control, the
incidence. We may now either detect the angular distribution support “capture zone” has to be taken into account in a proper
of the scattered/desorbing molecules by angle-resolved massnicrokinetic modeling. With respect to the application of beam
spectrometry or the total flux of desorbing molecules by angle- techniques, it is most important to point out that by combination
integrated mass spectrometry. Additional information on the of the gas-substrate scattering data, the sticking coefficient
kinetic energy of the scattered/desorbing molecules and surfaceneasurements and the structural data on the model surface it is
residence time of the adsorbates can be derived from thepossible to determine the probabilities for all elementary steps
temporal response to a flux modulation of the incident beam in the previous discussion, i.e., scattering, trapping, adsorption,
(see, e.g., refs 15 and 56). support diffusion, and “capturing” (see Figure 4a). Thus, the
To start with, we consider an adsorbate molecule, impinging beam experiments can provide a method to quantify this
on the oxide support (see Figure 4a). This molecule may eitherinformation as well as to verify and refine kinetic models.
be directly scattered back into the vacuum or it may loose a  Besides the adsorption process, which was discussed so far,
sufficient amount of kinetic energy during the collision event we may also probe the kinetics of desorption processes. This is
to be trapped in a physisorbed state on the support. Please noteéormally done by employing a modulated beam source and
that the adsorbates under consideration here (mainly CO anddetecting the temporal response by mass spectrometry, either
0,) adsorb only weakly on the alumina surface. Subsequently, in a angle-resolved or an angle-integrated fashion. A corre-
the trapped molecules will diffuse over the support and may sponding experiment for CO adsorption/desorption is displayed
eventually desorb. If, however, the diffusing physisorbate in Figure 5a. Further details can be found elsewhéndle
encounters a Pd particle within its residence time on the surface,expose the Pd/alumina model surface to a modulated CO beam
the molecules can chemisorb on the metal surface. As has beemenerated by a supersonic beam source and detect the integral
discussed in the literatuf&20-575%his so-called “capture zone”  gas phase response. Once the CO beam is switched on we
or “inverse spillover” effect may substantially enhance the observe an instantaneous rise in the CO pressure due to the
adsorbate flux to the particle and, under certain conditions, will fraction of impinging molecules, which are directly scattered
have to be taken into account in a microkinetic modeling. or are trapped and desorb from the support. Similar as in a
It is worthwhile to point out that the molecular beam conventional sticking coefficient experimeéfdt® we subse-
experiment enables us to differentiate between the different quently find a slower rise in the CO signal due to the decreasing

Type | Particles

1.0

o
@
1

Sticking Probability S
&
1

Pry, Seattering/Des

=}
s
1

Ps, scattering

0.2 4

P, Trapping




4906 J. Phys. Chem. B, Vol. 106, No. 19, 2002 Libuda and Freund

i.e., the desorption rate constant becomes strongly coverage
CO/Pd/Al,04/NiAI(110) dependent (“high coverag_e” residence times in Figure 5c¢) (see,
e.g., ref 47 for more details).
et a If we now compare the residence times in the low coverage
adsorption limit and under identical conditions for the two types of Pd
S, particles (Figure 5b), significantly larger values are found for
the smaller and defect-rich particles of type Il. From the
difference in the residence times, an increase in the desorption
activation barrier of approximately 5 2 kJ mof?! can be
estimated for the smaller particles. This observation is consistent
with thermal desorption spectroscopy data, which show an
increase in the maximum desorption temperature with decreasing

28 signal

14, Tourtace = 527 K b | ypeiparticies particle sizet’
E There is, however, a second effect which may be extracted
£ from these desorption experiments, which is an increased
] a fraction of CO desorbing in the low-temperature regime, i.e.,
5 at temperatures below the main desorption featdité? This
Ew- observation indicates that besides the more strongly adsorbed
s states, there are more weak adsorption states available on smaller
m_“m“ e ‘;"“j""’;‘ — particles. This result is corroborated_by )_(-ray absqrptlon studies
type | particles on the same systéff3 and theoretical investigations of CO
0.5+ low coverage limit I adsorption on Pd clusters and stepped surfétc®s.
00 E,.. =136 + 9 kmol" E We can summarize these p.article s.tructu.re dependencies by
Ages = 10749509 k imo}! 7 concluding that with decreasing particle size we observe an
257 o o increasing coverage dependence of the-€@ bond strength.
1.0- E increasing coversge  ® This means that on small and defect rich particles we find both
g 15 I more strongly CO-bonding sites and more weakly CO-bonding
sites as compared to larger well-faceted particles, where the
-20- coverage dependence of the €Rd adsorption energy is less
25 E pronounced. In the following sections we will investigate how
1 these differences in the adsorption properties are reflected in
204 I c the kinetics of chemical reactions performed on these model
35— . : r ; systems.
00016 00015 00020 00021 00022 00023 00024 Before addressing the reaction kinetics, however, it is
T'K'] worthwhile to mention that similar experiments as shown here

Figure 5. The desorption kinetics from supported Pd model catalysts: fOr the adsorption of CO can also be performed for the
() a modulated CO beam adsorption/desorption experiment (see text)adsorption of @. It turns out that oxygen adsorption on these
(b) Comparison of the residence times of CO on Pd particles of type model systems is complicated by a bulk diffusion process, which
| and type Il in the low coverage limit, and (c) Desorption parameters has been characterized in detail, recently. A complete discussion
for the Iarge_ Pd particles of type | as determined from a modulated o this issue is beyond the scope of this paper and we refer to
beam experimerft. the original literaturé!-4"Briefly, it is found that stable surface
kinetics are obtained only after stabilization of the model system
by extended oxygen exposure. Thus, all experiments discussed
'in the following have been performed on stabilized samples,

hich maintain activity over a period of time well beyond the
experiment times applied in this work.

net fraction of chemisorbing molecules as we are approaching
adsorption/desorption equilibrium. Once the beam is terminated
the process is reversed, i.e., an instantaneous decrease in
CO pressure is followed by a slower decrease due to desorption
from the Pd particles. (Note that the residence time on the
support is typically<107° s, i.e., desorption is instantaneous
under our experimental conditions. Thus, the desorption rate
from the Pd patrticles is probed, exclusively.) From the rate,
the desorption time constant can be determined as indicated in As a simple model reaction we will consider the CO
Figure 5b. If the experiment is performed as a function of the oxidation, which is among the best studied reactions in surface
surface temperature, the activation parameters for CO desorptiorchemistry. Molecular beam experiments have been performed
from the model surface can be calculated. The correspondingearly on Pd(11F}-6266and on other single-crystal surfaces (see,
values for the type | Pd particles are given in Figure 5c. As e.g., refs 6770). On supported particle systems, however, the
expected for this type of particles, which are largely terminated amount of similar experimental work is rather limited (see
by (111) facets, the values of the desorption energy and section 1) and many open questions remain with respect to the
preexponential factor are in good agreement with experimental role of particle size and structure.

data for Pd(111) single-crystal surfaces (desorption activation To probe reaction kinetics on our supported model catalysts
energy: 134+ 8 kJ moll, preexponential factor: 1408 in a quantitative and systematic manner, we combine rate
s71 6163 |t has to be pointed out that both the supported particle measurements with static and time-resolved IR reflection
system and the single-crystal values correspond to a low absorption spectroscopy.

coverage limit ¢ < 0.1). At higher coverages (i.e., at higher The experiment is schematically illustrated in Figure 6. We
pressures or lower sample temperatures) adsorbate interactionsuperimpose a modulated molecular beam of CO and a
result in deviations from a simple first order desorption kinetics, continuous beam of Oon the sample surface. The transient

5. Steady State and Transient Reaction Rate
Measurements
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Figure 6. Correlated molecular beam reaction rate measurements and in situ IR reflection absorption spectroscopy on a Pd/alumina supported
model catalyst. Bottom panel: Transient reaction rate as a function of the reactant flux ratio. Right part: IR spectra (CO stretching frequency
region) under steady-state conditions. Top part: Time-resolved IR spectra under transient conditions. Background: STM image of the supported
model catalyst.

CO;, production rates are recorded (Figure 6, center panel), while flux ratio xco is varied, whereas the total pressure at the sample
the CO beam is switched on for a given time interval (Figure position is kept constant (1@ mbar for the experiments shown
6, ‘time axis’ on the center panel). Systematically, the experi- in Figure 7). In this way, we obtain the transient and steady-
ment is repeated for different fractions of CO in the total gas state reaction rates for all values xo.
flux impinging on the sample, ranging between O, i.e., pure  The steady state reaction rates are plotted in Figure 7c. We
oxygen (Figure 6, “flux ratio” axis), and 1, i.e., pure CO. In can clearly distinguish between two reaction regimes: Under
the following, the fraction of CO in the total gas flux impinging  conditions of high oxygen flux we obtain steady state conditions
on the sample will be denoted aso. under which the surface is to a large extent covered by oxygen
Upon switching the CO beam, a transient response in the and the CO coverage is low. Here, the reaction rate is
reaction rate is observed before a steady state is finally proportional to the CO flux (in the following denoted as O-rich
established. To obtain information on the adsorbed species undereaction conditions). Once a critical CO flux is reached, the
reaction conditions, we perform two types of in situ IRAS surface rapidly switches to the so-called CO-rich steady state.
experiments: (1) For every flux ratio we record an IR absorption Here, the CO, which accumulates on the surface, inhibits the
spectrum after steady-state conditions have been establishedadsorption of oxygen. As a result of this poisoning effect, the
The corresponding spectra showing the CO stretching frequencyreaction rate decreases rapidly. The described type of behavior
region are displayed on the right-hand panel of Figure 6. (2) as a function of the CO and oxygen flux is well-known from
For any given flux ratio we may also record IR absorption single crystals, and shall not be further discussed here (see, e.g.,
spectra as a function of time after modulation of the CO beam, refs 42, 45. 62, and 66).
thus obtaining information on the temporal evolution of At this point, we will concentrate on the transient behavior
adsorbate species and coverages within the transient region. Ainstead, as it is displayed in Figure 7b. It is apparent that the
series of corresponding time-resolved absorption spectra (COtwo reaction regimes, O-rich and CO-rich, are also characterized
stretching frequency region) are displayed on the top part of by a typical transient behavior: (1) Under O-rich conditions
Figure 6. (lower trace), we start from an oxygen saturated surface. Upon
In the following we will consider the different types of switching on the CO beam, we observe an immediate rise in
experiments in more detail. A typical series of rate measure- the CQ formation rate, followed by a slower increase, before,
ments is depicted in Figure 7. Note, that in this experiment the finally, steady-state conditions are reached (see, e.g., ref 31 for
CO and Q beam intensities can be chosen independently. a more detailed discussion of the underlying precursor adsorp-
Typically, we perform a set of measurements such that the COtion mechanism). Once the CO is switched off, the remaining
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Figure 7. Transient and steady-state CO oxidation kinetics on a P@&hodel system of type I: (a) transient rates for a continuous oxygen beam
and a modulated CO beam as a function of the fraction of CO in the total gas flux, (b) close-up of typical transients under CO-rich and oxygen-rich
reaction conditions, and (c) steady-state CO oxidation rates as a function of the CO flux ffaction.

low CO coverage will be consumed and the reaction rate drops behavior would be a scenario in which upon termination of the
immediately. (2) Under CO-rich conditions (upper trace), we beam CO would desorb rapidly from the particle facets and,
start again from oxygen saturated Pd particles. Upon exposuresubsequently, the Geak would originate from more strongly
to the CO beam, a similar behavior is found, initially. At some adsorbed CO at defect sité° To probe this hypothesis we
point, however, the reaction rate passes through a maximumhave performed time-resolved IRAS experiments within the
and drops again. This behavior can be easily understood to betransient region. The corresponding IR spectra are displayed in
due to accumulation of CO on the surface, which leads to the Figure 8b together with the total and partial absorption signals
poisoning effect discussed above. After switching off the CO (Figure 8c)*2 The most important point with respect to the above
beam, the process is reversed and again a peak in the COdiscussion is that under no conditions a sudden change in the
production rate appears as a result of the decreasing COIR spectra could be detected which was correlated to the drop
poisoning, until finally the reaction rate becomes limited by CO in the reaction rate. This clearly demonstrated that the transient
depletion. dip in the reaction rate is not related to a rapid coverage change
Up to this point, the observations can be explained on the of a CO majority species. We will come back to this issue and
basis of simple homogeneous surface models and show nodiscuss alternative explanations in section 7. Before, however,
indications for particular effects, which may be specific to it is useful to briefly consider the size dependence of this and
supported model systems. However, the situation changes, ifother effects.
we investigate the transient behavior between the two reaction
regimes. Here, a peculiar transient behavior is observed (see™"
Figure 8a). It is characterized by a sudden drop in the reaction To probe the effects of particle size and structure on the
rates, once the CO flux is terminated, followed by a,CO transient and steady-state kinetics, we compare sets of experi-
production peak at later time. This effect has previously been ments under identical conditions for Pd particles of type | and
observed on other supported Pd model catalyst as®&lgnd I, respectively. The results are summarized in Figure 9. For
was related to the presence of defect adsorption states on thdoth types of particles we find the three reaction regimes
Pd particleg? Indeed, the desorption experiments discussed in discussed in the previous section, i.e., the O-rich and the CO-
section 4 have demonstrated the presence of different types ofrich regimes, characterized be their typical transient reaction
adsorption states with modified binding energies, the fraction rate traces and a transition region showing a minimum in the
of which increases with decreasing particle size. Taking this reaction rate after termination of the CO beam (area shaded in
into account, a possible explanation of the modified transient gray in Figure 9). We observe, however, a pronounced difference

Particles Size and Structure Dependencies
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Figure 8. Time-resolved IRAS/transient reactivity experiment for the CO oxidation on a FadAhodel system of type I: (&) transient reaction
rate, (b) time-resolved IR reflection absorption experiment in the transient region, and (c) integral and partial intensities of the CO stretching
vibration feature4?

with respect to the conditions under which the three regions measurements. As a full discussion of the results is beyond the
appear. Whereas for the large and ordered particles of type Iscope of this article, we focus on the most essential features
the transition region is limited to a very narrow range of and we again refer to the original publications for more detils.
conditions, for the small and defect rich particles of type Il the Series of in situ IRA spectra of the CO stretching frequency
transition behavior appears over a large range paad CO region for the two types of particles are displayed in Figure 10
fluxes. a and b, respectively. In the spectra, we can clearly differentiate
A second difference is related to the steady state reactionbetween three distinct absorption regions, which can be at-
rates, which are displayed in Figure 9c. As usually done in tributed to (1) linearly adsorbed CO at (111) facets and defect
catalysis, the rates have been normalized to the number of Pdsites, (2) CO in bridge and hollow sites CO on (111) facets and
surface sites, which have been calculated from the structural(100) facets together with CO at defect sites, and (3) CO in
data discussed in section 3. Surprisingly, these normalizedhollow sites on (111) facets (see, e.g., refs 13, 71, and 72 and
reaction rates (turnover frequencies, TOF) show a different references therein). The total absorption, the relative integral
particle size dependence for the two reaction regimes: Underabsorption and the stretching frequencies are plotted in Figure
oxygen-rich conditions, larger rates are found for the large 10c to e as a function of the fraction of CO in the reactant flux.
particles, whereas the reverse dependence is observed under CO- Briefly, the total absorption signals reflect the increasing CO
rich conditions. We may speculate that the differences under coverage with increasing CO flux under steady-state conditions.
oxygen-rich conditions may be related to the-fecygen However, we have to keep in mind that in surface IR
interaction, e.g., to the rate of formation of subsurface oxygen spectroscopy there is no simple relationship between the integral
varying as a function of defect density. In the following absorption signal and the surface coverage (see, e.g., ref 73).
discussion, however, we focus on the different shapes of theIn particular at high coverages, the signal intensities may only
reaction rate curves under CO-rich conditions. Here, the particlesweakly depend on the adsorbate densities. Still, certain features
of type | reveal a pronounced poisoning effect with increasing can be directly identified from Figure 10, such as the sudden
CO fraction (Figure 9c, steep drop in the reaction rates for large CO poisoning transition for the large particles as a function of
Xco), Whereas the poisoning of the smaller particles is signifi- xco. Moreover, we can derive information on the formation of
cantly less pronounced (Figure 9c, shallow decrease of thedifferent adsorbate structures depending on the reaction condi-
reaction rate for largeco). In the following, we will attempt tions from the relative intensities of the peaks. For the large
to relate these differences to the differences in the CO adsorptiontype | particles (open symbols) strong rearrangements are
behavior discussed in section 4. observed as a function of the CO fraction in the reactant flux.
Before this, however, we briefly consider, how the reaction Such coverage dependent rearrangements are characteristic for
rate measurements can be supplemented by in situ IRASCO adsorption on Pd(111), a system for which a large number
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general kinetics on the large particles of type | is well described
¥ ff"‘-., “5':( by this model. However, deviations remain in the transition
:/ *f Ad Type! | region between the O-rich and the CO-rich reaction regime. In
§ / particular, the homogeneous surface model fails to provide a
é/ \ satisfactory description of the transient reaction rates in this
/ L PdTypen i
/ CO+0,/Pd/AI,0/NiAI(110) region.
g 2 .
/‘ T Apparently, certain features of the model system cannot be
o TTT I TE e T a e, Type Il Particles fully described py the S.Imphfled homogeneous surface model.
Xgo . Naturally, we might anticipate that these features are related to
Tye the heterogeneity of the model catalyst surface, as schematically
Particles illustrated in Figure 11. The supported model catalyst consists
b of a large number of active metal particles. Depending on the
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reaction conditions, these particles will behave like by more or
less isolated microscopic reactors. On every particle we find
various types of reactive sites: Apart from regular sites on the
dominating type of crystallite facets (in our case (111) facets
for the Pd particles of type 1), a different type of minority facets
may coexist (e.g., (100) facets). The microfacets are separated
by edge and corner sites. Moreover, steps may be present on
the particles and interface sites are exposed at the particle
perimeter. The differences in the electronic and geometric
structure between these different types of sites will result in
locally varying adsorption, desorption, and reaction rates.

With respect to the overall kinetics, it turns out to be an
important question, whether surface diffusion facilitates an
exchange of adsorbates between these different types of adsorp-
tion sites (see, e.g., ref 75). Here, we may differentiate between
two limiting cases: In the first scenario, we anticipate that the
different sites are located on a single particle. This case we
will denote asintraparticle heterogeneity. If surface diffusion
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Figure 9. Particle size dependence of the .steady state and transient ¢ 11 24sorbed species is rapid under reaction conditions,
reaction rates on the Pd/&); model systems: (a) transient behavior

for the CO oxidation on type | Pd particles (415 K, effective pressure: thermodynamic equilibrium is established between the coverages
1076 Pa) and (b) for the type Il Pd particles. (c) Comparison of the On the different particle areas. In the particular case of CO
steady-state rates for both types of model syst&ms. oxidation, we anticipate that CO diffusion is fast on the time
scale of the surface reaction (ref 76 and references therein). On
of superstructures is found as a function of coverage (see refthe other hand, little is known experimentally on the diffusion
74 and references therein). No similar intensity changes arerates of oxygen under similar conditions. Possible experimental
found for particles of type Il. This may indicate that similar strategies addressing this open question will be discussed in
structural transitions in the adsorbate layer are suppressed irsection 8.
this case, possibly by the larger differences in adsorption energy In the second limiting case we assume coexisting particles,
(see section 4). which are characterized by different mean adsorption, reaction,
Finally, we investigate the dependence of the CO stretching or desorption rates. Such deviations could, for example, arise
frequencies on the fraction of CO in the reactant flux (Figure as a consequence of different particle sizes or as a consequence
10e). The frequency shifts are induced by chemical effects (i.e., of a different degree of ordering. Additionally, we might have
neighboring CO molecules) or dynamic coupling effects between to take into account differences in the particle surrounding,
the dynamic dipoles (see, e.g., ref 73) and may serve as anwhich, as a consequence of the “capture zone” effect discussed
indicator for the local adsorbate density. Again, we can clearly in section 4, can result in different adsorption rates. This type
identify the sudden increase in the CO density related to the of structural complexity we will denote asterparticle hetero-

transition between the two reaction regimes. geneity. Here, the exchange of adsorbates between the different
_ o _ ) particles via surface diffusion will strongly depend on the
7. Microkinetic Models and Discussion adsorption properties of the support, the particle distance and

In the previous sections we have shown how we can |dent|fy the reaction conditions. For SUfﬁCiently Weakly interacting
specific kinetic effects on supported model systems and particle SUpports, surface diffusion will be strongly suppressed and the
size dependencies by performing systematic beam experimentgarticles will behave like largely isolated systems.
under both steady state and transient conditions. These effects For theinterparticle heterogeneity case, the specific transient
have also been investigated by static and time-resolved in situbehavior in the transition region between the O-rich to the CO-
IR spectroscopy. rich regime (sections 5 and 6) can be easily rationalized in the

In this section we will briefly touch the question how such following way: Close to the transition region between the O-rich
effects can be understood on a microscopic level and corre-and the CO-rich reaction regime, we anticipate that due to local
sponding microkinetic models can be developed. To begin with, variations of the adsorption, desorption and reaction rates, a
we will reconsider the transient measurements displayed in fraction of the particles switch to a CO-rich state, whereas other
Figure 7. Recently, we have simulated this type of experiment particles remain in an O-rich steady state. In this case, the total
on the basis of a mean-field model of a homogeneous sdfface reaction rate is a superposition of both types of transients, with
and the kinetic parameters for Pd(1£1§21t is found that the their relative contribution depending on the given set of reaction
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Figure 10. In situ IR reflection absorption spectra recorded under steady-state conditions: (a) CO stretching frequency region for Pd particles of
type |1 (415 K, effective pressure: 10Pa), (b) CO stretching frequency region for Pd particles of type II; (c) Integral absorption for both types of
particles, (d) relative intensities of the CO features indicated in (a) and (b), and (e) Stretching frequencies of the CO features indicated in (a) and
(b) (open symbols, type | particles; solid symbols, type Il partictés).

reactons regular adsorption site key species, which is r_e_sponsible_for the _modified transient

@ dsorption rates interparticle heterogeneity behavior. Thus, we specifically consider the influence of a more

» fes rad o weakly adsorbed defect species. In the model we may either
\\gﬁiﬁn ///m [ defectadsomton ste assume rapid surface diffusion of CO equilibrating the corre-
B ¥ 77— | rapid surface difusio sponding coverages (interparticle heterogeneity model) or we

i {}% / can neglect surface diffusion (intraparticle heterogeneity model).

Typical simulated transients and the steady-state rates for both
cases are displayed in Figure 12.

It is immediately apparent that the characteristic transition

Figure 11. Schematic representation of the different types of hetero- 2€havior, i.e., the pronounced dip in the reaction rates, is
geneity on a supported model catalyst and their relation to the reaction "éproduced by both types of models (see Figure 12b,c).
kinetics. Moreover, an analysis of the steady state rates exhibits a strongly

reduced CO poisoning at high CO flux, similar as experimentally

conditions. This scenario qualitatively explains the experimen- observed for the smaller particles of type Il (Figure 12a). The
tally observed behavior. latter trend can be rationalized by taking into account that the

To investigate this idea in more detail, we have compared Weaker adsorption sites are less prone to CO poisoning and thus
simulations of the transient experiments on the basis of improvedopen a channel for oxygen adsorption, even under conditions
mean field models, the key issues of which are summarized asunder which the homogeneous single crystal surface would
follows (see ref 45 for a detailed discussion): Briefly, we already be fully poisoned by CO.
consider a surface, which consists of a majority of regular sites  Finally, we would like to conclude at this point that all kinetic
and additionally introduce a minority of defect sites. At this effects observed for the small and defect rich particles of type
point we use the results discussed in section 4, where both mordl are well reproduced by the heterogeneous surface model.
strongly and more weakly adsorbed CO species were found onDespite the qualitative nature of the present model, this example
the smaller particles. The time-resolved IRAS experiments illustrates that it possible to understand particles size effects on
described in section 5, on the other hand, have revealed thattcomplex model surfaces by explicitly accounting for the
the more strongly adsorbed CO species cannot represent theomplexity of the surface in appropriate microkinetic models.
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Figure 12. Simulation of the transient and steady-state reaction rates

on the basis of a heterogeneous surface model (effective pressufe: 10

Pa): (a) steady-state reaction rates, (b) transient reaction rates neglec
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surface normal® In any case, we may anticipate that via
{measurements of the angular distribution of products it should

ing, and (c) including surface diffusion (see text 4®a, 415 K in principle be possible to differentiate between different sites
at which the CQ is formed. As the most simple example we
8. Angle-Resolved Reaction Rate Measurements may consider the top and various side facets of an ordered

crystallite such as the Pd particles of type | (see section 3).

In the previous sections we have discussed the role of Reaction on the different facets should give rise to distinctly
different reaction sites on a complex catalyst surface and thedifferent angular C@distributions, peaked along the surface
possible coupling between the sites via surface diffusion. normals of the respective microfacets.
Unfortunately, there are hardly any experimental methods, which  we will use this assumption in an experiment schematically
allow measurements of site specific reaction rates. Potentially, displayed in the insets in Figure 13: First we apply a symmetric
fast scanning microscopy (see, e.g., refs 77 and 78) orflux of CO to the sample by superimposing two effusive CO
photoelectron microscopy (see, e.g., ref 79) may provide suchpeams (isotopically marke®#CO is used to reduce the back-
information; however, these methods remain limited with respect ground level). These beams are crossed with a thirth&am,
to the accessible range of experimental conditions and the kineticthe incidence angle of which is chosen such that the top facets
information supplied. of the Pd particles and the side facets facing the beam are

In the following we will briefly outline, how such information ~ exposed to similar direct fluxes of oxygen. The side facets on
could be possibly derived from a molecular beam experiment. the opposing particle side, however, are shaded from any direct
We will take advantage of the fact that in the case of CO flux of O, The angular distribution of desorbing @Oas
oxidation adsorption of C@is extremely weak and thus detected by differentially pumped mass spectrometry, may now
desorption occurs on a very short time scale after formation of provide information on the relative reaction rates on the particle
the product molecule (see, e.g., ref 66). The angular distribution facets and in particular on the relative rates on the exposed and
of the desorbing molecules will be determined by the potential shaded side facets. More details on the setup are given
energy surface (PES) governed by the immediate surroundingelsewheré$
of the adsorbate. For the CO oxidation on Pd(111) at low The results of the experiment are displayed in Figure 13a,b
coverage the angular distribution of @Bas been found to be  for oxidation under CO-rich and O-rich conditions. In both cases,
close to a cosine distributidid. At higher coverage, lateral  the angular distributions are found to be similar, but broader
interactions may modify the PES such that the angular distribu- than a cosine distribution (for comparison, also displayed in
tion of the CQ formed becomes highly directed along the Figure 13a). For clarity, the differences to the cosine distribution,
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the broadest product distribution on the single-crystal surface, adsorption behavior. Here we correlate these properties with
are displayed in Figure 13b. The observation of the sub-cosinethe kinetics of adsorption and reaction processes.
angular distribution indicates G@rmation and desorption from Starting with the investigation of the adsorption and desorp-
the side facets of the particles. This suggests that this type oftion kinetics of simple adsorbates on the model catalysts, we
experiment should indeed enable us to directly monitor reaction show how we can identify and quantify the role of the support
rates on the various facets of a nanocrystalline system. in the adsorption kinetics. With respect to the adsorption of CO,
As a second observation, it should be pointed out that underwe discuss the dependence of the desorption kinetics on the
all reaction conditions probed, the asymmetry of the angular particle size and structure. These particle size dependencies are
distribution was below the detection limit of the experiment. in a second step related to the particle size dependencies
In practice this means that although impinging only on one side observed in the CO oxidation kinetics.
of the particles, the oxygen is distributed homogeneously over To probe the reaction kinetics, systematic steady state and
the Pd crystallites on the time scale of the surface reaction. Theretransient experiments are performed by superimposing two
are several effects which may contribute to oxygen adsorption reactant beams of variable intensity on the sample surface. The
on the shaded facets among which are, e.g., diffuse scatteringate measurements are combined with in situ time-resolved IR
of O, and diffusion of physisorbed and chemisorbed O reflection absorption spectroscopy. Via this combination of
precursors. It is reasonable to assume, however, that a completéechniques, it is possible to identify differences in the transient
equilibration of the surface coverages will require rapid diffusion and steady state reaction rates as a function of particle size. To
of chemisorbed oxygen, i.e., diffusion which is fast compared pinpoint the origin of these particle size effects, we discuss
to the residence time of adsorbed oxygen, which itself is microkinetic simulations of the experiments, which explicitly
determined by the surface reaction rate. account for the heterogeneity of the model surface. It is shown
To illustrate and quantify this point, we have simulated the that the effects found under transient and steady state conditions
steady-state angle-resolved experiments on the basis of a Mont€an be fully reproduced by introducing different types of
Carlo (MC) algorithn?® As a first step in such a type of adsorption sites as suggested by the desorption studies.
simulation, we have to build a realistic model of the supported ~ Finally, we discuss the possibility to obtain site specific
Pd particles. This is done by analysis of the particle morphology information on the reaction rates via measurements of the
as investigated by STM4147and construction of a representa- angular distribution of products. The concept is applied to the
tive “model particle”. In a second step, the microscopic MC adsorbate diffusion during CO oxidation on ordered Pd nano-
model (e.g., the number of allowed CO and O neighbors for particles. The results are compared to Monte Carlo simulations
the various processes and the adsorbatisorbate interaction — and suggest that oxygen diffusion is rapid on the time scale of
energies) is adjusted such that the experimentally observedthe surface reaction.
steady-state reaction rates and surface coverages are .WeIJLO. Future Trends and Possibilities
reproduced as a function of the reactant fluxes and reaction T
temperatures (see ref 46). Once the steady state reaction rates €an we understand reaction kinetics on complex surfaces such
are reproduced, we can individually vary the adsorption rates @ Supported catalysts on a microscopic level? The strategy
on different nanofacets and investigate the influence of oxygen toward this challenging goal, which has motivated our work
diffusion on the facet specific reaction rates. Finally, a com- and that of several other groups (see, e.g., refs 6 and 13 and
parison of the experimental results and the simulations enables'eferences therein), is schematically illustrated in Figure 14.
us derive an estimate of an upper limit for the oxygen diffusion  Traditionally, surface science is capable of providing detailed
barrier under steady-state reaction conditiths. information on simple surface reactions occurring on simple
With respect to future applications it should be pointed out Surfaces. The complexity gap which makes the kinetics on
that this type of MC simulation provides a simple way to rgahstlc catqusts different from such simple systems is 2-fold:
introduce microscopic complexity into a truly microkinetic First, there is the aspect structural complexitywhich has
model. Thus, they may potentially provide a variety of new been discussed in detail in this paper. Typ|_c_aIIy, a realistic
insights into the kinetics on complex surfaces as soon as thecatalyst surface is a structurally and compositionally complex
corresponding kinetic experiments are capable of supplying and multifunctional interface, exposing various different adsorp-

sufficiently detailed and quantitative data. tion and reactions sites. This structural diversity gives rise to
kinetic effects, which are inherent to the complex surface and
9. Conclusions thus cannot be reproduced in single-crystal model studies. To

study such effects, we have developed model systems, which

In this review, we have shown how molecular beam methods allow us to introduce certain features of the real catalyst in a
can be utilized to study the kinetics of surface reactions on well-controlled fashion. As a first step toward this aim, we have
supported model catalysts in a detailed and systematic manneremployed supported model catalysts based on ordered oxide

The advantages of the molecular beam approach essentiallyfilms. Whereas relative to the single crystals surfaces these
arise from the single scattering conditions of the experiment, systems are already highly complex, in comparison to the
in which the reactant molecules encounter only a single surfaces of real catalysts a large number of features are still
interaction with the surface, thus allowing fast and detailed missing. To probe the role of these missing features, we are
dynamic and kinetic studies. developing improved models including additional aspects, such

In a newly developed experiment, we combine multiple beam as, e.g., modified supports or multiple active component systems.
sources and time-resolved gas phase and surface spectroscopin the last years, the rapid development of well-defined model
We apply the experimental approach to well defined supported surfaces has been made possible, e.g., by the routine use of
model catalysts, based on ordered oxide films. Specifically, we microscopic methods under variable conditions, which comple-
consider Pd particles of different size and structure, which are ment the traditional techniques by providing a microscopic
prepared under UHV conditions on an ordered alumina film. understanding of the local properties of these surfaces.
Previously, these systems have been characterized in detail with In addition to the structural aspect, there is, however, a second
respect to their electronic and geometric structure and their aspect contributing to the gap between surface science reaction
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Figure 14. The two sides of the complexity gap between surface science and catalysis.

studies and catalysis. This aspect is related to the types ofallows fast modulation techniques and access to dynamic
reaction systems studied in both fields and may be denoted asproperties of reactants and products.
chemical complexity In many catalytic processes, we are As soon as these experimental possibilities are available, new
dealing with reaction systems involving multicomponent reactant types of more complex surface processes become accessible.
mixtures as well as multiple steps and pathways. As a As a step toward this direction, our current and projected work
consequence, questions regarding intricate poisoning or promo-focuses on systems such as the methanol oxidation and partial
tion effects or selectivity issues become most relevant and, atoxidation (a multistep/multipathway process) or the kinetics of
the same time, microkinetic descriptions become highly in- NO reduction under realistic environments (a multiple reactant
volved. Most model studies, on the other hand, have focusedsystem).
on relatively simple surface processes so far, among which the With respect to these developments toward more realistic
most common ones are reactions such as the CO or the NOsurfaces and reaction systems, we expect that the underlying
oxidation. This is particularly true for kinetic studies on more kinetics will also become increasingly complex and in most
complicated model surfaces such as supported model catalystgases may not be understood intuitively. Thus, in combination
(see, e.qg., ref 6). with experiments,microkinetic simulations backed up by
The reasons for this lack of knowledge are closely related to theoretical calculations, will play a role of strongly increasing
the experimental techniques, which are commonly employed importance in this field. Guided by microscopic information
to address surface kinetics in this field. Traditional methods ©n the structural properties and spectroscopic information on
which rely on temperature dependent spectroscopy, desorptionthe mechanism, the interplay between experiment and modeling
or reaction approaches are highly useful in order to obtain may finally lead to an improved microscopic understanding of
qualitative ideas on reaction mechanisms and the underlyingthe reactions kinetics on complex and realistic surfaces.
energetics. If we would like to address questions such as particle
size and support effects or selectivity issues, however, we are  Acknowledgment. This work has been funded by the Max-
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