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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(Ni@l 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, @@duction 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 byn situ infrared spectroscopy. The origin of different types of £O
transients is discussed. In particular we focus on the transiepp@@uction 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 £at high CO coverage. Additionally, the inherent heterogeneity of the
supported particle system can enhance the observed effecR00@ American Vacuum Society.
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[. INTRODUCTION precludes an assignment to specific microscopic properties.

Heterogeneous catalysts are typically complex systean the other.hand, the.effech will not be present on experi-
with properties sensitively depending on their composition™entally easily accessible single crystal surfaces. To over-
and preparation proceduteSpecifically with respect to sup- come this so called “materials gap” between surface science
ported metal catalysts, it is widely accepted that the activit@nd catalysi$;” a variety of supported model catalysts have
and selectivity of those systems may be strongly influence#een developed. These models allow us to introduce certain
by the support and the particle siz&lany concepts have aspects of a real catalysts in a more controlled fashion, while
been proposed which may possibly explain the moleculastill maintaining the experimental accessibilfty?
origin of the modified reaction kinetic kinetics. Among these  The development of such model systems requires several
are, e.g., size effects, geometrical effects due to the presens&eps, as can be illustrated for the Pd@J/NiAl(110) cata-
of specific adsorption sites or the combination of adsorptiorlyst employed in this work: First, the structure and defect
sites, the influence of boundary sites at the metal oxide instructure as well as the adsorption properties of thgDAl
terface, metal support interactions, or support effects. Onfim were investigated®*® Subsequently, the growth, geo-
aspect, which makes the reaction kinetics on supported catgnetric structure, and electronic structure of Pd particles sup-
lyst inherently different from single crystal surfaces, is theported on this film and their adsorption properties have been
simultaneous presence of a variety of nonequivalent sites i§qgressed in a series of studi@d?1216-185535ed on this
close proximity, such as different crystallite facets, edge, deyqrk we finally attempt to establish a correlation between
feqt, or particle boundary sites. In recent Monte Carlo SiMUiha structure and the microscopic kinetics.

Iat|on§, Zhdaqov gnd Kasemo have demon_strated that the Providing a maximum of control over the reactants, mo-
;gﬁpls'ﬂgsb{n?'gfss'ﬁgs?ae:g;len ;ltf:] tﬂzni%l;gf\l/lzgt rzisc?g)Tecular beam techniques represent the method of choice in
9 y This type of microkinetic studie®22Ertl and Engel*?*ear-

rates>> ) . S
Unfortunately, specific experimental evidences for theIIer applied beam methods to study the kinetics of the CO

concepts mentioned before are extremely scarce. This is d@éis_(lnrptlondgnd OXIda;IOH a_ndl on (Rdl)l andf a varrllety OL
to the fact that real catalysts are usually hardly accessible M!ar studies on other single crystal surtaces have been

surface science experiments and their vast complexity ofteRuPlished sincésee, e.g., Refs. 25—p7n spite of the suc-
cessful experiments on single crystals, similar beam studies

dauthor to whom correspondence should be addressed; electronic maiP" supported CatalySts are, howe_Ver’ Scarce and Comrad'Ctory
libuda@*hi-berlin.mpg.de (see e.g., Ref.)8In many cases it remains unclear to what
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extent size effects may influence the kinetics and energeticksLe |. Preparation conditions and structural parameters for the Pd

of the reactiorf®2? particles on AJO;/NiAl(110).

Becker and Henry investigated the CO oxidation on Pdfe,osition parameters

MgO(100) by molecular beam methods3? They related  pd coveragdatoms cm?) 2.7 1015
transient CQ peaks in the reaction rate to defect adsorption. Deposition temperaturg) 300 o
9x1

In this study, we apply an experimental approach combining Deposition rateatoms cm?s™)

molecular beam techniques and time-resolved infrared resgryctural parameters
flection absorption spectroscopyR-IRAS). It is shown that Island density(cm™2)

1.0(+0.2)x 10'2aPb

a similar transient C@ peak, which is also found for the = Number of Pd atoms/island ~2700"
present model system, is not related to strong defect adsorp-EStimated fraction ~0.200.02°
. . . . . . of support covered by Pd
tion. Instead we dlscysg gllternatlve explana’uong including oo fraction 0.20+0.03°
the role of the strong inhibition of oxygen adsorption by CO o surface Pd atoms
and the effect of the heterogeneity of the supported model Average island size: ~5.5+0.7 nm
catalyst. Epitaxial orientation (1112
Island structure crystalline, predominantli11)
facets, small fraction of
II. EXPERIMENT (100 facets™

All experiments were performed in a new ultrahigh °See Ref. 16.
vacuum molecular beam/surface spectroscopy apparatyee Ref. 30.

. . . . See Ref. 48.
which has been described in the literature recefitlyhe dSee Ref. 18.
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 surfactarding voltage in order to prevent ions from being acceler-
The CO and @ beams, which were used in the work pre- ated toward the samplgpoint defect creation The
sented here, are generated by two effusive sources based evaporator flux was calibrated by a quartz microbalance prior
multichannel arrays. This design allows an easy variation ofo use.
the beam intensities over several orders of magnitude, with-
out any change in the beam properties. Beam modulation ig|. RESULTS AND DISCUSSION
provided by a computer-controlled shutter located inside the o
second pumping stage of the beam sources. To avoid artf: Characterization of the supported Pd model
facts due to only partial overlap, the beam diameter waéxj1taIySt
chosen such that it exceeds the sample surface. Both sourcesPreviously, the growth and structure of Pd deposits as
were operated at room temperature. High purity oxygerwell as other metals on AD;/NiAl(110) have been studied
(AGA, >99.999% and CO(AGA, >99.996% were used. over a wide range of conditions and the results have been
The latter was further purified using a liquid, Mold trap.  extensively reviewed!%5-18|n this work we will focus on
Angular-integrated gas phase measurements were performede particular set of preparation conditions, for which de-
with a quadrupole mass spectromet@BB Extrel) which is  tailed information on both the particle size and density and
not in line-of-sight of the sample. The gas phase detection the particle structure is available. The deposition and se-
can be combined with time-resolved situ Fourier trans- lected structure parameters are summarized in Table I. We
form infrared (FT-IR) reflection absorption spectroscopy will briefly review the structural features. In Fig. 1 scanning
(TR-IRAS) employing a vacuum FT-IR spectrometer tunneling microscopySTM) imagesP are displayed. The Pd
(Bruker). For the time-resolved spectra with a temporal resoparticles form three dimensional islands; their density typi-
lution of 1 s several transients were accumulated to improveally amounts to X 10* islands cm?. From this number it
the signal-to-nois€S/N) ratio. For this purpose the beam can be estimated that the average Pd particle will contain
shutter was synchronized with the recording of the IR specabout 2700 atoms, corresponding to an average particle di-
tra. For a detailed description of the experimental details weameter of 5.5:0.7 nm(note that due to tip effects the par-
again refer to the literatur&. All spectra were recorded at a ticles in Fig. 1 appear larger than their actual side the
spectral resolution of 8 cit. closeup shown in Fig.(b), it becomes evident that most of

Briefly, the sample was prepared by sputtering and anthe Pd particles exhibit the well-defined morphology of a
nealing of a NiA[110 single crystal, followed by an oxida- nanocrystallite. The particles grow {ft11) orientation, pref-
tion and annealing procedure, the details of which are giverrentially exposing111) facets and only a small fraction of
elsewheré®* The cleanliness and quality of the oxide film (100) facets. The regular structure of the Pd crystallites has
was checked vidlow energy electron diffraction and Auger been demonstrated in a recent STM study showing atomic
electron spectroscopy. Before the actual experiment, the acesolution both on the top and side facets of the parti@es.
tive metal componentPd, >99.9% was deposited under Before the kinetic experiments the particles were stabilized
well controlled conditions by evaporation from a rod using aby extended oxygen exposufgypically ~100 L, 1L=1
commercial evaporataiFocus based on electron bombard- x10 ®Torrs). Previously, this stabilization procedure has
ment. During deposition, the crystal was biased with a rebeen shown to be necessary to obtain stable oxidation
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Fic. 2. Transient behavior of the G@roduction ratgcontinuous @ beam
and a modulated CO beamnder CO-rich conditiongupper trace, transient
type 1) and Q-rich conditions (lower trace, transient type) |
(Tsampi&415 K, Piota=1.0X10"¢ mbar).

Fic. 1. (a) STM image constant current topograp€CT) 3000 Ax3000
A] of the Pd particles grown at 300 K on A,/NiAl(110), from Ref. 30;
(b) differentiated close-up STM image of the Pd particléSCT,
200 Ax200 A), from Ref. 30.

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 CQtransients are shown in Fig. 2.
o ) The corresponding experiments were performed in the fol-
kinetics¥ It was demonstrated that the process is connecteﬁi)wing manner: After preparation and stabilization of the
to a bulk diffusion process under the reaction conditions. Agy,gqel system, 'the surface is continuously exposed toan O
observed by STM? neither the particle density nor the par- beam with a beam ﬂUEOZv generated by one of the effusive

tICI|enS;zgfi;reo?lg:If;?nrq]g)r/]tgﬁ;[eﬁaesd tt))getr?lzh%rvc\)/ﬁeil:;[et.he Pgeam sources. Simultaneously, the integral, @@duction
articles in man WZ\ s resemble the typical properties of fate is recorded. Ata limiyo na CO beam with a beam flux
P y way yp prop Oiaico, generated by the second effusive source, is switched

Pdlll). surface. F_or e>_<am_ple, we ha_ve probed the C on. As flux parameters we defingt) xco, the CO fraction
adsorption/desorption kinetics employing modulated MO~ ith respect to the total flux —Feo/(Feot Fo) and
lecular beam techniques and have determined activation e P » 8&0=Feol(Feo™Fo,

ergies for desorption which are in good agreement with?z) Protai= Pcot Po, the total effective pressure of CO and

Pd11D single crystal dat&* Also, the thermal desorption O: at the sample positiorF : partial flux of componeni at
spectra for C&** are similar to those of R#11)* and so  the sample position Typically, in a series of experiments,
are the activation barriers for the Langmuir—Hinshelwoodthe CO flux fraction was varied, whereas the other param-
reaction step in the CO oxidaticf. eters such as the total effective pressure and the sample tem-

A final remark before discussing the reactivity measure-Perature were kept constant.
ments is related to the catalyst stability under the reaction N general, two different types or transients can be ob-
conditions applied in this study. Processes that may influencgerved as a function ofco, which we will denote as type 1
the catalytic activity includéa) structural rearrangements or and type 2(see Fig. 2, respectively(see also Refs. 38 and
changes in the particle dispersion afil a buildup of sur-
face carbon as a result of CO dissociatibin order to probe Type 1 If the experiment is performed at low CO and
whether there is a significant deactivation on the time scal®igh O, flux, a simple type of transient behavior is observed
of the experiment, we have performed transient reactivity?s displayed in the lower trace in Fig. =0.16). We
measurements of the type shown in the following section irstart from a situation, in which the system has reached its
regular intervals and under identical conditions. There wa®Xygen saturation coverage under the given flux and tem-
no indication for a significant deactivation of the model cata-Perature conditions. Upon switching on the CO beam
lysts within the reaction times and gas exposures used in thidco,on. We find an instantaneous increase in the, @o-
work. Minor variations in the transient behavior were relatedduction(on the time scale of the experimgns pointed out

to the initial bulk diffusion process of oxygéA. by Piccolo et al® 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-

Before we will come to a systematic discussion of therium is established on a time scale well below the experi-
transient and steady-state behavior of the CO oxidation, wenental resolution. From this precursor, the CO molecule

B. General types of transient behavior
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Fic. 3. Transient behavior of the GO
production rate as a function of the
CO fraction in the impinging gas flux
Xco (Tsampie=440 K, Prora=1.0X 10°°
mbar). The inset shows the steady-
state CQ production rate as a function
of the CO fraction in the impinging
gas fluxxcg (Piora=1.0x10° mbar).

tfs]

may either desorb or chemisorb and subsequently react fgeriments at different reaction temperatures. A typical series
CO,. In the course of the reaction oxygen vacancies aref experiments at a sample temperature of 440 K is displayed
generated, which lead to an increased adsorption probabilityy Fig. 3. The sample is exposed to a continuous oxygen
for the CO precursor and thus an increase in the reaction rateam. Its intensity is chosen such that the total effec-
After this transient period,,, the system finally reaches the tjye pressure after switching on the CO beam was
steady-state reaction conditions. Please note that the Steaﬁ%m: 1.0x10 ®mbar. The CO flux fractiox.o was varied
state is characterized by a high oxygen coverage and a sm@jetween 0.05 and 0.95 and for eakhs a transient was
CO coverage. After switching off the CO beam4 on), the  recorded.
adsorbed CO is consumed and the (foduction rate de- |y general, we find the two types of transient behavior
creases continuously. . . discussed in Sec. lll B. Faxco=<0.37 the transients are of
Type 2 If an equivalent experiment is performed at suf- type 1 (oxygen rich, whereas foxco=0.47 we find a CO-

figiently high CQ frgctior(Fig. 2, upper trgce;cozo.42), & ich steady stade, connected with the characteristic reaction
different behavior is found. Again, starting from an oxygen rate maxima(type 2

saturated surface, we observe an instantaneous increase in -
. o Before we come to the transition between the two re-
the CQ production rate upon switching on the CO beam. . . . . :
plmes, we will briefly consider some basic features of the

Subsequently, the reaction rate increases slowly until i . g . .
reaches a first maximunt {, ). As for transient type 1, the expe_rlment. With res_,pgct to the characte_rlstlcs of the first
ansient CQ peak, it is found that the time constant at

increasing reaction rate can be explained by an increasing . ; I
chemisorption probability of the CO precursor, due to the hich the steady state is reacheq _after sywtchmg on the CO
beam diverges close to the transition region. This is easy to

decreasing oxygen coveratfeOnce a certain CO coverage , }
is reached, however, the CO oxidation rate decreases agdifiderstand as the CO coverage is built up by the excess of

as a result of the strongly inhibiting effect of CO on thg O adsorbed CQ@not consumed during the reactiomhich van-
adsorptiorf° Finally, a steady state is reached, which is charShes at the transition between the two regimes. The integral
acterized by a high CO coverage and a low reaction(die below the transient peak, however, remains nearly constant
to the inhibiting effect of CQ@ Once the CO beam is termi- for Xco=0.52. This is explained by the fact that the peak
nated €cof), the process is reversed: the adsorbed CO igtegral roughly corresponds to the oxygen precoverage,
consumed in the course of the reaction, leaving free adsorpvhich is constant and will be fully consumed during the
tion sites for Q adsorption. Thus the L£adsorption is accel- reaction. Contrary to the first transient peak, the width of the
erated and so is the reaction rate, which reaches a maximugecond transient peafupon switching off increases with
(tmax 2, before it finally decreases due to depletion of the COincreasingxco since the @ flux and therefore the reaction
reservoir. 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 GO In general, it will show a step-
like behavior similar to the first transient peak. In contrast to
In order to obtain a general overview over the reactionthe adsorbed oxygen, the CO, however, may desorb on the
behavior we have performed a series of transient beam exime scale of the reaction at high reaction temperatures and

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

JVST A - Vacuum, Surfaces, and Films
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low O, flux, which may lead to a decreasing peak integral at Recently, Becker and Henry have observed a transient
high X¢o. behavior in an experiment, similar to the transient experi-

From the transients we can derive a plot of the steadyments shown in this work, which was related to such a
state reaction rates as a function of the CO flux frackigg  heterogeneity effe&3'3?Upon switching off the CO beam,
(inset in Fig. 3, which qualitatively can be understood as they found an initial sudden decrease of the,@@oduction
follows: At low xco, the CQ production is roughly propor- rate, followed by a smaller COproduction peak. Originally,
tional to the CO partial pressure. It reflects the sticking cothey suggested an explanation, which involves rapid desorp-
efficient of CO under the particular steady-state conditiongion of CO from regular sitegesulting in the rapid decrease
(high oxygen and low CO coverageAt a certain critical in CO, production. Based on previous studi&s? CO ad-
Xco, the system switches from an oxygen-rich to a CO-richsorbed at low coordinated edge sites was assumed to be
steady state. The transition is connected to a sudden decredssund more strongly. Thus these sites would remain fully
in the reaction rate as a consequence of the inhibiting effecaturated until the CO reservoir on the facets is largely de-
of CO on the dissociative adsorption of (ee e.g., Refs. 3, pleted. Only after vacancies among these defects are gener-
40, and 41 and references thedein ated does the reaction rate increase again, resulting in a

Comparing the three different reaction temperatures dissmaller maximum in the COproduction rate.
played, we find that in the low CO coverage region, the Since the Pd crystallites in the present study are com-
reaction rate is almost independent of the reaction tempergosed of simila111) and(100) facets, the effect should also
ture. Generally, the CO sticking coefficient, which governsphe present on the model system used in this work. We have,
the reaction rate, is expected to decrease slightly with intherefore, investigated the transient behavior under a variety
creasing temperature due to the decreasing lifetime of thef flux and temperature conditions. Indeed, we find that un-
CO precursor state both on the alumina substrate and on thgyr certain flux conditions we observe a transient, @ak
Pd partiCleS. This effect, hOWeVer, is too weak to be |dent|'(|:|g 4), which appears very similar to the effect Origina"y
fied clearly from the present data. Note that although the CQgported.
steady-state coverage is small, it will depend on the reaction 1¢ further investigate the origin of the peak, we have
temperature, i.e., the steady-state CO coverage will increasgstematically varied the CO flux fractiogo between both
with decreasing surface temperature. Thus, at low temperggaction regimes. The result for two reaction temperatures is
ture the.transition point, at which due to inhibitiop of 0XYgen gisplayed in Fig. 4. The effect only starts to appear close to
adsorption the system switches to the CO-rich state, ige transition between the oxygen-rich and the CO-rich reac-
reacheo_l at loweKco. In the hlg_h CO coverage region the on regime and depends strongly on the experimental con-
rate is limited by the @adsorption step. The reaction rates ji;ions The inset shows the integral €Production in the
do not coincide due to the increased CO coverage at IoW&lyiiching off peak: as a function ofeg the intensity varies
temperaturesincreased inhibition continuously. At high CO ratio it develops into the typical

Recen_tly, we hqve shown that both t-he stgady state. anl‘?ansient peak observed at high CO flux. At low CO fraction
the transient reaction rate can be semiquantitatively SIMU3 ot decreases and finally vanishes completely

lated using a simple homogeneous surface mdidel future In contrast to the previously suggested explanation, this

work, the data of.the ty.pe pfese.me‘?' here.may provide a b aSEontinuous intensity variation indicates that the effect, at
for more extensive microkinetic simulations of the steady

. . . . least for the present supported model catalyst, is not related
state and transient reaction behavior. It should be pointed Ol{g a charactgristic typepgf defect site conr?ected to the Pd

that such simulations—in connection with steady-state reacs_ vicle size. Instead, the effect appears to involve all CO

tion rate measurements for different es of structurall . . . .
P gdsorptlon sites available on the particle.

well-characterized supported model catalysts—may provide . . : . :
PP y yp The crucial point with respect to the previous explanation

a tool to identify kinetic effects characteristic of supported. ) . .
nanoparticle§ fy P 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
) o . performed time-resolvedn situ IRAS experiments[Fig.
D. Transient CO switching-off behavior 5(b)] simultaneously with the reactivity measuremejitay.
Among the different kinetic effects on supported cata-5(a)]: Under these conditions, where the sudden decrease and
lysts, surface diffusion mediated coupling between differenthe transient peak are observed, we have recorded the IR
types of adsorption sites has recently attracted considerabfbsorption spectra with a temporal resolution of 1 s. In order
attention>® The presence of different types of adsorptionto improve the S/N ratio the full reaction sequence was au-
sites in close proximity is an intrinsic property of complex tomatically repeated and accumulatéide scans in Fig. b
catalytic systems. Such types of adsorption sites may, e.g., A detailed discussion of the IR spectra can be found in the
be different facets on nanocrystallites, step, edge, or othditerature!”"**Briefly, two features are observed in the fre-
defect sites, interface sites located at the particle boundary guency region which is typical for CO adsorbed in bridge
adsorption sites on the support material itself. Still, the ex-and hollow sites(Fig. 5, Nos. 2 and 8 Absorption from
perimental verification of these effects is not straightforwardon-top CO is hardly detectabl&ig. 5, No. 1. The features
and very few examples exist in the literature. were integrated as a function of time and the results are

J. Vac. Sci. Technol. A, Vol. 19, No. 4, Jul /Aug 2001
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: on the desorption, which predicts residence times of 200 s
CO + O,/ Pd/AL,04/NiAI(110) (20 9 for a surface temperatures of 415440 K) at low CO

= | TTT e 7
2'23'1 07 mbar EII§I coveragé’.

; i E. Discussion

l 140 K The experiments have shown that the discussed CO
’ peak: (1) starts to appear only in the transition region be-
tween the two reaction regimes arig) 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.

€O off Local beam intensity variationsDue to beam intensity
variations in the CO and Obeam, 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 pressurp.s Of typically =6% can be esti-
mated. The standard deviation of the flux ratig, is typi-
cally +2%. The width of the transition regiofsee Fig. 4,
however, is significantly broaddtypically in the order of
+10% of thexcg value at which the transition occyrdhus,

in a first approximation we may neglect this contribution.

CO poisoning induced peakdNe 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 Rd11) and supported Pd particl@s.
The transient CQ 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
I processes may proceed with different rates, the reaction rate

50 100 200 may show a simple maximum or a dip followed by a maxi-
tlsl ths] mum, depending on the particular reaction conditions. Note
Fic. 4. Transient behavior of the GQroduction rate as a function of the that in a simple kinetic model the dip typically turns out to
CO fraction in the impinging gas fluxqo close to the transition between the be less pronounced as compared to the experiffetiow-
two reaction regimesfl,=3.4X10"" mbar). The inset shows the integral ever, a coverage dependence of the CO adsorption energy,
over the peak which appears upon termination of the CO beam. 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-
shown in the insefFig. 10c)]. No indication for a sudden sient CQ peak is not directly correlated to defect adsorption,
decrease in the CO absorption signal is found. Instead thi¢ may be affected by the coverage dependence of the CO
absorption peaks decrease continuously with a slope roughlyesorption and reaction barriers, which again depend on the
resembling the reaction rateote that due to the nonlinear surface structure. Experiments on Pd particles of different
coverage—absorption dependence there is no simple corrsize and structure in combination with kinetic modeling tak-
spondence between the two quantities, see e.g., Ref. 45 ing into account such a dependence are currently in progress

In line with the previous intensity argumetig. 4), this  in our group and will help to clarify this point.
result clearly demonstrates that the observed behavior cannot Effects induced by the heterogeneity of the systerhe
be a consequence of spontaneous CO desorption from regtransient kinetics can be additionally modified by a certain
lar sites and strong binding to defect sites. Instead, the effectegree of heterogeneity of the supported model catalyst. On
appears to be related to the simple £@roduction peak the model surface, every Pd particle represents a largely iso-
under conditions of high CO flux. This suggestion is consis{ated reaction system, as weak adsorption on the alumina
tent with an estimate of the CO surface residence times basedipport strongly suppresses interparticle diffusion. Thus,
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several effects can contribute to individual differences in theénclude such effects in order to gain a more complete under-
adsorption and the reaction raté$) Variations of the local standing of the reaction kinetics and identify and quantify
effective pressuréit low reaction temperatures a large frac- specific kinetic effects. However, such simulations require a
tion of the adsorbing reactants is captured via trapping on thdetailed knowledge of the energetic and structural properties
support and diffusion to the metal particles. This “captureof the model systems. Today, the availability of such data is
zone” effect has been early discussed by Gi#erl*® and still rather limited. Detailed structural studies in combination
Henry and ChapofY. This new adsorption channel gives rise with molecular beam experiments on supported model cata-
to the effect that the reactant flux per Pd surface atom deysts with a reduced and controllable level of complexity
pends on both the particle size and its surroundings. Witlmay provide a way to address these questions.
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 preSSLfFe(Z) Variations in the IV. CONCLUSIONS
sticking coefficientdepending on the surface and defect In conclusion, we have applied a combined molecular
structure of the particlg3) Variations in the desorption rate beam andn situ IR reflection absorption spectroscopy ap-
depending on the distribution of adsorption sites available oproach to study the kinetics of the CO oxidation under
the individual particle.(4) Variations in the reaction rate steady-state and transient conditions. We have employed a
depending on the ensemble of active sites with locally varysupported Pd model catalyst, based on an ordergd,Allm
ing activation barriers present on the particle. on NiAI(110. Previously, this systems has been character-
As a consequence, on the individual particles differentzed with respect to its structural and adsorption properties.
steady-state coverages may coexist under given reaction comhe surface of the Pd islands is to a large extent dominated
ditions. This effect will be particularly important under con- by (111) facets. The particles are characterized by an average
ditions where the surface coverages sensitively depend asize of 5.5 nm and an island density of!iem 2.
the reaction parameters, i.e., close to the transition region The steady-state reaction rate was systematically deter-
between the two reaction regimes. Finally, the total macromined as a function of the CO flux fraction and the surface
scopic reaction rate will be a superposition of the individualtemperature. We have investigated the transient behavior of
particle rates, i.e., a superposition of transients possibly ranghe system under conditions of continuous @ux and
ing from type 1(oxygen rich to type 2(CO rich. As a modulated CO flux and discuss the different types of tran-
consequence, we may expect that the characteristic transiesient behavior. In particular we have focused on the appear-
CO, production in the transition regiofi.e., the sudden de- ance of a transient COpeak after switching off the CO
crease followed by a COpeak will occur over a wider beam. Via systematic reactivity experiments and time-
range of CO fluxegco and may appear more pronounced. Inresolved IR absorption spectroscopy, we demonstrate that
future microkinetic simulations it will finally be necessary to the observed transient behavior close to the transition
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region—at least for the model system used in this study—is Freund, F. Besenbacher, and I. Stensgaard, Phys. Rev.83:t4120

not related to strong defect adsorption. Instead we suggest

combination of complementary explanations, which are re-

lated to the CO induced inhibition of the,@dsorption and

(1999.

M. Asscher and G. A. Somorjai, iltomic and Molecular Beam Methads
edited by G. ScolefOxford University Press, New York, 1988Vol. 2,
p. 489.

a

the intrinsic heterogeneity of the model system, resulting in a’™. P. D'Evelyn and R. J. Madix, Surf. Sci. Rep, 413 (1984).

coexistence of different steady states on individual particles.
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