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Reaction kinetics on supported model catalysts: Molecular beam Õin situ
time-resolved infrared reflection absorption spectroscopy study
of the CO oxidation on alumina supported Pd particles

J. Libuda,a) I. Meusel, J. Hoffmann, J. Hartmann, and H.-J. Freund
Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, D-14195 Berlin, Germany

~Received 7 September 2000; accepted 11 December 2000!

By combining molecular beam techniques and time-resolved infrared reflection absorption
spectroscopy~TR-IRAS! we have studied the kinetics of the CO oxidation reaction on an
alumina-supported Pd model catalyst. The Pd particles are deposited by metal evaporation under
ultrahigh vacuum conditions onto a well-ordered alumina film, prepared on a NiAl~110! single
crystal. Particle size, density, and structure of the Pd deposits have been characterized in previous
studies. In the low temperature region, transient and steady-state experiments have been performed
over a wide range of CO and oxygen fluxes by crossing two effusive molecular beams on the sample
surface. We determine the steady-state CO2 production rate as a function of the CO fraction in the
impinging gas flux. Simultaneously, the occupation of CO adsorption sites under steady-state
conditions is monitored byin situ infrared spectroscopy. The origin of different types of CO2

transients is discussed. In particular we focus on the transient CO2 production after switching off the
CO beam. For the model catalyst investigated, detailed reaction rate measurements in combination
with TR-IRAS show that the origin of the particular transient behavior of the supported model
system is not due to the presence of specific adsorption sites on small particles, as has been proposed
previously. Instead, we suggest that the transient behavior is a consequence of the inhibition of the
dissociative adsorption of O2 at high CO coverage. Additionally, the inherent heterogeneity of the
supported particle system can enhance the observed effect. ©2001 American Vacuum Society.
@DOI: 10.1116/1.1345910#

I. INTRODUCTION

Heterogeneous catalysts are typically complex systems
with properties sensitively depending on their composition
and preparation procedure.1 Specifically with respect to sup-
ported metal catalysts, it is widely accepted that the activity
and selectivity of those systems may be strongly influenced
by the support and the particle size.2 Many concepts have
been proposed which may possibly explain the molecular
origin of the modified reaction kinetic kinetics. Among these
are, e.g., size effects, geometrical effects due to the presence
of specific adsorption sites or the combination of adsorption
sites, the influence of boundary sites at the metal oxide in-
terface, metal support interactions, or support effects. One
aspect, which makes the reaction kinetics on supported cata-
lyst inherently different from single crystal surfaces, is the
simultaneous presence of a variety of nonequivalent sites in
close proximity, such as different crystallite facets, edge, de-
fect, or particle boundary sites. In recent Monte Carlo simu-
lations, Zhdanov and Kasemo have demonstrated that the
coupling by diffusion between such nonequivalent adsorp-
tion sites might substantially alter the observed reaction
rates.3–5

Unfortunately, specific experimental evidences for the
concepts mentioned before are extremely scarce. This is due
to the fact that real catalysts are usually hardly accessible to
surface science experiments and their vast complexity often

precludes an assignment to specific microscopic properties.
On the other hand, the effects will not be present on experi-
mentally easily accessible single crystal surfaces. To over-
come this so called ‘‘materials gap’’ between surface science
and catalysis,6,7 a variety of supported model catalysts have
been developed. These models allow us to introduce certain
aspects of a real catalysts in a more controlled fashion, while
still maintaining the experimental accessibility.7–12

The development of such model systems requires several
steps, as can be illustrated for the Pd/Al2O3/NiAl(110) cata-
lyst employed in this work: First, the structure and defect
structure as well as the adsorption properties of the Al2O3

film were investigated.13–15 Subsequently, the growth, geo-
metric structure, and electronic structure of Pd particles sup-
ported on this film and their adsorption properties have been
addressed in a series of studies.7,9,10,12,16–18Based on this
work we finally attempt to establish a correlation between
the structure and the microscopic kinetics.

Providing a maximum of control over the reactants, mo-
lecular beam techniques represent the method of choice in
this type of microkinetic studies.19–22Ertl and Engel23,24ear-
lier applied beam methods to study the kinetics of the CO
adsorption and oxidation and on Pd~111! and a variety of
similar studies on other single crystal surfaces have been
published since~see, e.g., Refs. 25–27!. In spite of the suc-
cessful experiments on single crystals, similar beam studies
on supported catalysts are, however, scarce and contradictory
~see e.g., Ref. 8!. In many cases it remains unclear to what
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extent size effects may influence the kinetics and energetics
of the reaction.28–32

Becker and Henry investigated the CO oxidation on Pd/
MgO~100! by molecular beam methods.31,32 They related
transient CO2 peaks in the reaction rate to defect adsorption.
In this study, we apply an experimental approach combining
molecular beam techniques and time-resolved infrared re-
flection absorption spectroscopy~TR-IRAS!. It is shown that
a similar transient CO2 peak, which is also found for the
present model system, is not related to strong defect adsorp-
tion. Instead we discuss alternative explanations, including
the role of the strong inhibition of oxygen adsorption by CO
and the effect of the heterogeneity of the supported model
catalyst.

II. EXPERIMENT

All experiments were performed in a new ultrahigh
vacuum molecular beam/surface spectroscopy apparatus,
which has been described in the literature recently.33 The
system has been specifically designed for kinetic studies on
complex model systems. It offers the experimental possibil-
ity of up to three beams being crossed on the sample surface.
The CO and O2 beams, which were used in the work pre-
sented here, are generated by two effusive sources based on
multichannel arrays. This design allows an easy variation of
the beam intensities over several orders of magnitude, with-
out any change in the beam properties. Beam modulation is
provided by a computer-controlled shutter located inside the
second pumping stage of the beam sources. To avoid arti-
facts due to only partial overlap, the beam diameter was
chosen such that it exceeds the sample surface. Both sources
were operated at room temperature. High purity oxygen
~AGA, .99.999%! and CO~AGA, .99.996%! were used.
The latter was further purified using a liquid N2 cold trap.
Angular-integrated gas phase measurements were performed
with a quadrupole mass spectrometer~ABB Extrel! which is
not in line-of-sight of the sample. The gas phase detection
can be combined with time-resolvedin situ Fourier trans-
form infrared ~FT-IR! reflection absorption spectroscopy
~TR-IRAS! employing a vacuum FT-IR spectrometer
~Bruker!. For the time-resolved spectra with a temporal reso-
lution of 1 s several transients were accumulated to improve
the signal-to-noise~S/N! ratio. For this purpose the beam
shutter was synchronized with the recording of the IR spec-
tra. For a detailed description of the experimental details we
again refer to the literature.33 All spectra were recorded at a
spectral resolution of 8 cm21.

Briefly, the sample was prepared by sputtering and an-
nealing of a NiAl~110! single crystal, followed by an oxida-
tion and annealing procedure, the details of which are given
elsewhere.13,14 The cleanliness and quality of the oxide film
was checked via~low energy electron diffraction and Auger
electron spectroscopy. Before the actual experiment, the ac-
tive metal component~Pd, .99.9%! was deposited under
well controlled conditions by evaporation from a rod using a
commercial evaporator~Focus! based on electron bombard-
ment. During deposition, the crystal was biased with a re-

tarding voltage in order to prevent ions from being acceler-
ated toward the sample~point defect creation!. The
evaporator flux was calibrated by a quartz microbalance prior
to use.

III. RESULTS AND DISCUSSION

A. Characterization of the supported Pd model
catalyst

Previously, the growth and structure of Pd deposits as
well as other metals on Al2O3/NiAl(110) have been studied
over a wide range of conditions and the results have been
extensively reviewed.9,10,16–18In this work we will focus on
one particular set of preparation conditions, for which de-
tailed information on both the particle size and density and
on the particle structure is available. The deposition and se-
lected structure parameters are summarized in Table I. We
will briefly review the structural features. In Fig. 1 scanning
tunneling microscopy~STM! images30 are displayed. The Pd
particles form three dimensional islands; their density typi-
cally amounts to 131012 islands cm22. From this number it
can be estimated that the average Pd particle will contain
about 2700 atoms, corresponding to an average particle di-
ameter of 5.560.7 nm ~note that due to tip effects the par-
ticles in Fig. 1 appear larger than their actual size!. In the
closeup shown in Fig. 1~b!, it becomes evident that most of
the Pd particles exhibit the well-defined morphology of a
nanocrystallite. The particles grow in~111! orientation, pref-
erentially exposing~111! facets and only a small fraction of
~100! facets. The regular structure of the Pd crystallites has
been demonstrated in a recent STM study showing atomic
resolution both on the top and side facets of the particles.18

Before the kinetic experiments the particles were stabilized
by extended oxygen exposure~typically ;100 L, 1 L51
31026 Torr s). Previously, this stabilization procedure has
been shown to be necessary to obtain stable oxidation

TABLE I. Preparation conditions and structural parameters for the Pd
particles on Al2O3 /NiAl(110).

Deposition parameters
Pd coverage~atoms cm22! 2.731015

Deposition temperature~K! 300
Deposition rate~atoms cm22 s21! 931012

Structural parameters
Island density~cm22! 1.0(60.2)31012 a,b

Number of Pd atoms/island ;2700a,b

Estimated fraction
of support covered by Pd

;0.20~60.02!c

Estimated fraction
of surface Pd atoms

0.20~60.03!c

Average island size: ;5.560.7 nm
Epitaxial orientation ~111!a

Island structure crystalline, predominantly~111!
facets, small fraction of
~100! facetsa,d

aSee Ref. 16.
bSee Ref. 30.
cSee Ref. 48.
dSee Ref. 18.
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kinetics.30 It was demonstrated that the process is connected
to a bulk diffusion process under the reaction conditions. As
observed by STM,30 neither the particle density nor the par-
ticle shape are significantly affected by this procedure.

In a series of experiments it has been shown that the Pd
particles in many ways resemble the typical properties of a
Pd~111! surface. For example, we have probed the CO
adsorption/desorption kinetics employing modulated mo-
lecular beam techniques and have determined activation en-
ergies for desorption which are in good agreement with
Pd~111! single crystal data.24 Also, the thermal desorption
spectra for CO16,34 are similar to those of Pd~111!35 and so
are the activation barriers for the Langmuir–Hinshelwood
reaction step in the CO oxidation.30

A final remark before discussing the reactivity measure-
ments is related to the catalyst stability under the reaction
conditions applied in this study. Processes that may influence
the catalytic activity include~a! structural rearrangements or
changes in the particle dispersion and~b! a buildup of sur-
face carbon as a result of CO dissociation.36 In order to probe
whether there is a significant deactivation on the time scale
of the experiment, we have performed transient reactivity
measurements of the type shown in the following section in
regular intervals and under identical conditions. There was
no indication for a significant deactivation of the model cata-
lysts within the reaction times and gas exposures used in this
work. Minor variations in the transient behavior were related
to the initial bulk diffusion process of oxygen.37

B. General types of transient behavior

Before we will come to a systematic discussion of the
transient and steady-state behavior of the CO oxidation, we

will give a short description on how most of the experiments
in this study were performed and how the different types of
transients can be qualitatively understood.

The general types of CO2 transients are shown in Fig. 2.
The corresponding experiments were performed in the fol-
lowing manner: After preparation and stabilization of the
model system, the surface is continuously exposed to an O2

beam with a beam fluxFO2
, generated by one of the effusive

beam sources. Simultaneously, the integral CO2 production
rate is recorded. At a timetCO,ona CO beam with a beam flux
FCO, generated by the second effusive source, is switched
on. As flux parameters we define:~1! xCO, the CO fraction
with respect to the total flux, asxCO5FCO/(FCO1FO2

) and
~2! ptotal5pCO1pO2

, the total effective pressure of CO and
O2 at the sample position (Fi : partial flux of componenti at
the sample position!. Typically, in a series of experiments,
the CO flux fraction was varied, whereas the other param-
eters such as the total effective pressure and the sample tem-
perature were kept constant.

In general, two different types or transients can be ob-
served as a function ofxCO, which we will denote as type 1
and type 2~see Fig. 2!, respectively~see also Refs. 38 and
39!.

Type 1: If the experiment is performed at low CO and
high O2 flux, a simple type of transient behavior is observed
as displayed in the lower trace in Fig. 2 (xCO50.16). We
start from a situation, in which the system has reached its
oxygen saturation coverage under the given flux and tem-
perature conditions. Upon switching on the CO beam
(tCO,on), we find an instantaneous increase in the CO2 pro-
duction~on the time scale of the experiment!. As pointed out
by Piccolo et al.39 this is due to the rapid formation of a
steady-state precursor coverage. Note that the steady-state
coverage of the physisorbed precursor state is extremely low
and that the corresponding adsorption–desorption equilib-
rium is established on a time scale well below the experi-
mental resolution. From this precursor, the CO molecule

FIG. 1. ~a! STM image constant current topography@~CCT! 3000 Å33000
Å# of the Pd particles grown at 300 K on Al2O3 /NiAl(110), from Ref. 30;
~b! differentiated close-up STM image of the Pd particles~CCT,
200 Å3200 Å!, from Ref. 30.

FIG. 2. Transient behavior of the CO2 production rate~continuous O2 beam
and a modulated CO beam! under CO-rich conditions~upper trace, transient
type II! and O2-rich conditions ~lower trace, transient type I!
(TSample5415 K, ptotal51.031026 mbar).
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may either desorb or chemisorb and subsequently react to
CO2. In the course of the reaction oxygen vacancies are
generated, which lead to an increased adsorption probability
for the CO precursor and thus an increase in the reaction rate.
After this transient periodt tr , the system finally reaches the
steady-state reaction conditions. Please note that the steady
state is characterized by a high oxygen coverage and a small
CO coverage. After switching off the CO beam (tCO,off), the
adsorbed CO is consumed and the CO2 production rate de-
creases continuously.

Type 2: If an equivalent experiment is performed at suf-
ficiently high CO fraction~Fig. 2, upper trace,xCO50.42), a
different behavior is found. Again, starting from an oxygen
saturated surface, we observe an instantaneous increase in
the CO2 production rate upon switching on the CO beam.
Subsequently, the reaction rate increases slowly until it
reaches a first maximum (tmax 1). As for transient type 1, the
increasing reaction rate can be explained by an increasing
chemisorption probability of the CO precursor, due to the
decreasing oxygen coverage.39 Once a certain CO coverage
is reached, however, the CO oxidation rate decreases again
as a result of the strongly inhibiting effect of CO on the O2

adsorption.40 Finally, a steady state is reached, which is char-
acterized by a high CO coverage and a low reaction rate~due
to the inhibiting effect of CO!. Once the CO beam is termi-
nated (tCO,off), the process is reversed: the adsorbed CO is
consumed in the course of the reaction, leaving free adsorp-
tion sites for O2 adsorption. Thus the O2 adsorption is accel-
erated and so is the reaction rate, which reaches a maximum
(tmax 2), before it finally decreases due to depletion of the CO
reservoir.

C. Systematic studies of the transient behavior and
steady-state CO 2 production

In order to obtain a general overview over the reaction
behavior we have performed a series of transient beam ex-

periments at different reaction temperatures. A typical series
of experiments at a sample temperature of 440 K is displayed
in Fig. 3. The sample is exposed to a continuous oxygen
beam. Its intensity is chosen such that the total effec-
tive pressure after switching on the CO beam was
ptotal51.031026 mbar. The CO flux fractionxCO was varied
between 0.05 and 0.95 and for eachxCO a transient was
recorded.

In general, we find the two types of transient behavior
discussed in Sec. III B. ForxCO<0.37 the transients are of
type 1 ~oxygen rich!, whereas forxCO>0.47 we find a CO-
rich steady stade, connected with the characteristic reaction
rate maxima~type 2!.

Before we come to the transition between the two re-
gimes, we will briefly consider some basic features of the
experiment: With respect to the characteristics of the first
transient CO2 peak, it is found that the time constant at
which the steady state is reached after switching on the CO
beam diverges close to the transition region. This is easy to
understand as the CO coverage is built up by the excess of
adsorbed CO~not consumed during the reaction!, which van-
ishes at the transition between the two regimes. The integral
below the transient peak, however, remains nearly constant
for xCO>0.52. This is explained by the fact that the peak
integral roughly corresponds to the oxygen precoverage,
which is constant and will be fully consumed during the
reaction. Contrary to the first transient peak, the width of the
second transient peak~upon switching off! increases with
increasingxCO since the O2 flux and therefore the reaction
rate decreases. It corresponds to the fraction of CO adsorbed
in the steady state that upon termination of the CO beam will
not desorb but react to CO2. In general, it will show a step-
like behavior similar to the first transient peak. In contrast to
the adsorbed oxygen, the CO, however, may desorb on the
time scale of the reaction at high reaction temperatures and

FIG. 3. Transient behavior of the CO2

production rate as a function of the
CO fraction in the impinging gas flux
xCO (TSample5440 K, ptotal51.031026

mbar). The inset shows the steady-
state CO2 production rate as a function
of the CO fraction in the impinging
gas fluxxCO (ptotal51.03106 mbar).
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low O2 flux, which may lead to a decreasing peak integral at
high xCO.

From the transients we can derive a plot of the steady-
state reaction rates as a function of the CO flux fractionxCO

~inset in Fig. 3!, which qualitatively can be understood as
follows: At low xCO, the CO2 production is roughly propor-
tional to the CO partial pressure. It reflects the sticking co-
efficient of CO under the particular steady-state conditions
~high oxygen and low CO coverage!. At a certain critical
xCO, the system switches from an oxygen-rich to a CO-rich
steady state. The transition is connected to a sudden decrease
in the reaction rate as a consequence of the inhibiting effect
of CO on the dissociative adsorption of O2 ~see e.g., Refs. 3,
40, and 41 and references therein!.

Comparing the three different reaction temperatures dis-
played, we find that in the low CO coverage region, the
reaction rate is almost independent of the reaction tempera-
ture. Generally, the CO sticking coefficient, which governs
the reaction rate, is expected to decrease slightly with in-
creasing temperature due to the decreasing lifetime of the
CO precursor state both on the alumina substrate and on the
Pd particles. This effect, however, is too weak to be identi-
fied clearly from the present data. Note that although the CO
steady-state coverage is small, it will depend on the reaction
temperature, i.e., the steady-state CO coverage will increase
with decreasing surface temperature. Thus, at low tempera-
ture the transition point, at which due to inhibition of oxygen
adsorption the system switches to the CO-rich state, is
reached at lowerxCO. In the high CO coverage region the
rate is limited by the O2 adsorption step. The reaction rates
do not coincide due to the increased CO coverage at lower
temperatures~increased inhibition!.

Recently, we have shown that both the steady state and
the transient reaction rate can be semiquantitatively simu-
lated using a simple homogeneous surface model.37 In future
work, the data of the type presented here may provide a basis
for more extensive microkinetic simulations of the steady
state and transient reaction behavior. It should be pointed out
that such simulations—in connection with steady-state reac-
tion rate measurements for different types of structurally
well-characterized supported model catalysts—may provide
a tool to identify kinetic effects characteristic of supported
nanoparticles.3

D. Transient CO switching-off behavior

Among the different kinetic effects on supported cata-
lysts, surface diffusion mediated coupling between different
types of adsorption sites has recently attracted considerable
attention.3–5 The presence of different types of adsorption
sites in close proximity is an intrinsic property of complex
catalytic systems. Such types of adsorption sites may, e.g.,
be different facets on nanocrystallites, step, edge, or other
defect sites, interface sites located at the particle boundary or
adsorption sites on the support material itself. Still, the ex-
perimental verification of these effects is not straightforward
and very few examples exist in the literature.

Recently, Becker and Henry have observed a transient
behavior in an experiment, similar to the transient experi-
ments shown in this work, which was related to such a
heterogeneity effect:8,31,32Upon switching off the CO beam,
they found an initial sudden decrease of the CO2 production
rate, followed by a smaller CO2 production peak. Originally,
they suggested an explanation, which involves rapid desorp-
tion of CO from regular sites~resulting in the rapid decrease
in CO2 production!. Based on previous studies,42,43 CO ad-
sorbed at low coordinated edge sites was assumed to be
bound more strongly. Thus these sites would remain fully
saturated until the CO reservoir on the facets is largely de-
pleted. Only after vacancies among these defects are gener-
ated does the reaction rate increase again, resulting in a
smaller maximum in the CO2 production rate.

Since the Pd crystallites in the present study are com-
posed of similar~111! and~100! facets, the effect should also
be present on the model system used in this work. We have,
therefore, investigated the transient behavior under a variety
of flux and temperature conditions. Indeed, we find that un-
der certain flux conditions we observe a transient CO2 peak
~Fig. 4!, which appears very similar to the effect originally
reported.

To further investigate the origin of the peak, we have
systematically varied the CO flux fractionxCO between both
reaction regimes. The result for two reaction temperatures is
displayed in Fig. 4. The effect only starts to appear close to
the transition between the oxygen-rich and the CO-rich reac-
tion regime and depends strongly on the experimental con-
ditions. The inset shows the integral CO2 production in the
switching off peak: as a function ofxCO the intensity varies
continuously. At high CO ratio it develops into the typical
transient peak observed at high CO flux. At low CO fraction
it first decreases and finally vanishes completely.

In contrast to the previously suggested explanation, this
continuous intensity variation indicates that the effect, at
least for the present supported model catalyst, is not related
to a characteristic type of defect site connected to the Pd
particle size. Instead, the effect appears to involve all CO
adsorption sites available on the particle.

The crucial point with respect to the previous explanation
is that the sudden decrease in the reaction rate is related to
the spontaneous desorption of CO upon termination of the
CO beam. To verify whether such an effect exists, we have
performed time-resolvedin situ IRAS experiments@Fig.
5~b!# simultaneously with the reactivity measurements@Fig.
5~a!#: Under these conditions, where the sudden decrease and
the transient peak are observed, we have recorded the IR
absorption spectra with a temporal resolution of 1 s. In order
to improve the S/N ratio the full reaction sequence was au-
tomatically repeated and accumulated~five scans in Fig. 5!.

A detailed discussion of the IR spectra can be found in the
literature.17,37,44Briefly, two features are observed in the fre-
quency region which is typical for CO adsorbed in bridge
and hollow sites~Fig. 5, Nos. 2 and 3!. Absorption from
on-top CO is hardly detectable~Fig. 5, No. 1!. The features
were integrated as a function of time and the results are
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shown in the inset@Fig. 10~c!#. No indication for a sudden
decrease in the CO absorption signal is found. Instead the
absorption peaks decrease continuously with a slope roughly
resembling the reaction rate~note that due to the nonlinear
coverage–absorption dependence there is no simple corre-
spondence between the two quantities, see e.g., Ref. 45!.

In line with the previous intensity argument~Fig. 4!, this
result clearly demonstrates that the observed behavior cannot
be a consequence of spontaneous CO desorption from regu-
lar sites and strong binding to defect sites. Instead, the effect
appears to be related to the simple CO2 production peak
under conditions of high CO flux. This suggestion is consis-
tent with an estimate of the CO surface residence times based

on the desorption, which predicts residence times of 200 s
~20 s! for a surface temperatures of 415 K~440 K! at low CO
coverage.37

E. Discussion

The experiments have shown that the discussed CO2

peak: ~1! starts to appear only in the transition region be-
tween the two reaction regimes and~2! is not related to
strong adsorption at specific defect sites. Taking this into
account we may consider the following alternative explana-
tions, which may give rise or additionally contribute to the
observed effect.

Local beam intensity variations: Due to beam intensity
variations in the CO and O2 beam, the sample surface will
locally be exposed to different effective pressures and flux
ratios. From beam profile measurements, a standard devia-
tion of the local pressurepeff of typically 66% can be esti-
mated. The standard deviation of the flux ratioxCO is typi-
cally 62%. The width of the transition region~see Fig. 4!,
however, is significantly broader~typically in the order of
610% of thexCO value at which the transition occurs!. Thus,
in a first approximation we may neglect this contribution.

CO poisoning induced peaks: We have recently demon-
strated that the transient behavior can be semiquantitatively
simulated using a simple homogeneous ‘‘mean-field’’ model
based on kinetic parameters from separate adsorption and
reactivity studies on Pd~111! and supported Pd particles.37

The transient CO2 production rate in the transition region
may show a behavior similar to the one experimentally ob-
served. Qualitatively, this can be understood as follows:
Upon termination of the CO beam, the surface CO reservoir
is depleted by reaction and desorption. Consequently, the
reaction rate will decrease with a given time constant. This
effect competes with the increase of the oxygen coverage as
a result of the decreasing CO induced poisoning. As both
processes may proceed with different rates, the reaction rate
may show a simple maximum or a dip followed by a maxi-
mum, depending on the particular reaction conditions. Note
that in a simple kinetic model the dip typically turns out to
be less pronounced as compared to the experiment.37 How-
ever, a coverage dependence of the CO adsorption energy,
which can modify the transient kinetics, has so far been ne-
glected in the model. At this point the particle defect struc-
ture can indirectly come into play again. Although the tran-
sient CO2 peak is not directly correlated to defect adsorption,
it may be affected by the coverage dependence of the CO
desorption and reaction barriers, which again depend on the
surface structure. Experiments on Pd particles of different
size and structure in combination with kinetic modeling tak-
ing into account such a dependence are currently in progress
in our group and will help to clarify this point.

Effects induced by the heterogeneity of the system: The
transient kinetics can be additionally modified by a certain
degree of heterogeneity of the supported model catalyst. On
the model surface, every Pd particle represents a largely iso-
lated reaction system, as weak adsorption on the alumina
support strongly suppresses interparticle diffusion. Thus,

FIG. 4. Transient behavior of the CO2 production rate as a function of the
CO fraction in the impinging gas fluxxCO close to the transition between the
two reaction regimes (ptotal53.431027 mbar). The inset shows the integral
over the peak which appears upon termination of the CO beam.
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several effects can contribute to individual differences in the
adsorption and the reaction rates.~1! Variations of the local
effective pressure: At low reaction temperatures a large frac-
tion of the adsorbing reactants is captured via trapping on the
support and diffusion to the metal particles. This ‘‘capture
zone’’ effect has been early discussed by Gilletet al.46 and
Henry and Chapon.47 This new adsorption channel gives rise
to the effect that the reactant flux per Pd surface atom de-
pends on both the particle size and its surroundings. With
increasing total pressure the transient behavior changes in a
way similar to that which is found for an increasing CO flux
fraction at constant total pressure.37 ~2! Variations in the
sticking coefficientdepending on the surface and defect
structure of the particle.~3! Variations in the desorption rate
depending on the distribution of adsorption sites available on
the individual particle.~4! Variations in the reaction rate
depending on the ensemble of active sites with locally vary-
ing activation barriers present on the particle.

As a consequence, on the individual particles different
steady-state coverages may coexist under given reaction con-
ditions. This effect will be particularly important under con-
ditions where the surface coverages sensitively depend on
the reaction parameters, i.e., close to the transition region
between the two reaction regimes. Finally, the total macro-
scopic reaction rate will be a superposition of the individual
particle rates, i.e., a superposition of transients possibly rang-
ing from type 1 ~oxygen rich! to type 2 ~CO rich!. As a
consequence, we may expect that the characteristic transient
CO2 production in the transition region~i.e., the sudden de-
crease followed by a CO2 peak! will occur over a wider
range of CO fluxesxCO and may appear more pronounced. In
future microkinetic simulations it will finally be necessary to

include such effects in order to gain a more complete under-
standing of the reaction kinetics and identify and quantify
specific kinetic effects. However, such simulations require a
detailed knowledge of the energetic and structural properties
of the model systems. Today, the availability of such data is
still rather limited. Detailed structural studies in combination
with molecular beam experiments on supported model cata-
lysts with a reduced and controllable level of complexity
may provide a way to address these questions.

IV. CONCLUSIONS

In conclusion, we have applied a combined molecular
beam andin situ IR reflection absorption spectroscopy ap-
proach to study the kinetics of the CO oxidation under
steady-state and transient conditions. We have employed a
supported Pd model catalyst, based on an ordered Al2O3 film
on NiAl~110!. Previously, this systems has been character-
ized with respect to its structural and adsorption properties.
The surface of the Pd islands is to a large extent dominated
by ~111! facets. The particles are characterized by an average
size of 5.5 nm and an island density of 1012cm22.

The steady-state reaction rate was systematically deter-
mined as a function of the CO flux fraction and the surface
temperature. We have investigated the transient behavior of
the system under conditions of continuous O2 flux and
modulated CO flux and discuss the different types of tran-
sient behavior. In particular we have focused on the appear-
ance of a transient CO2 peak after switching off the CO
beam. Via systematic reactivity experiments and time-
resolved IR absorption spectroscopy, we demonstrate that
the observed transient behavior close to the transition

FIG. 5. Combined reactivity~a! and
time-resolved IR reflection absorption
experiment ~b! during the transient
region upon termination of the
CO beam (TSample5415 K, ptotal

53.431027 mbar). ~c! Integral ab-
sorption for the IRA spectra presented
in ~b! and partial absorption in the fea-
tures~2! and~3! indicated in the spec-
tra on regime.
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region—at least for the model system used in this study—is
not related to strong defect adsorption. Instead we suggest a
combination of complementary explanations, which are re-
lated to the CO induced inhibition of the O2 adsorption and
the intrinsic heterogeneity of the model system, resulting in a
coexistence of different steady states on individual particles.
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