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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(UHV) conditions onto a well-ordered alumina film, prepared on a Ni20)

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-stajgp@@uction 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 monitoredihysitu IR 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 time-resolved 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 show that the transient behavior can be semiquantitatively
simulated on the basis of a simple kinetic model considering a homogeneous surface, and
accounting for the inhibition of the dissociative adsorption gfa®high CO coverage. Moreover,

it is discussed how the inherent heterogeneity of the supported particle system can additionally
enhance the observed effect. ZD01 American Institute of Physic§DOI: 10.1063/1.1342240

I. INTRODUCTION on the kinetics due to the coupling between nonequivalent
adsorption sites by diffusion.’ The presence of such non-
What is the molecular origin of the kinetics of heteroge-equivalent sites such as different facets, edge, defect or par-
neously catalyzed reactions on supported metal systems bgiele boundary sites is an inherent property of complex cata-
ing in many cases drastically different from the corresponddysts which cannot be modeled in studies on simple single
ing single crystal surfaces? As possible answers to thisrystal surfaces.
fundamental question in catalysis a number of concepts have In spite of the numerous concepts, specific examples are
been proposed. Among these are size effects, which mascarce where there is clear experimental evidence concerning
alter the electronic properties of small metal partitfeand  the origin of the effects mentioned before. The reasons for
thus the adsorption properties, geometrical effects due to théis lack of detailed knowledge is connected to what is usu-
presence of specific adsorption sites or the combination odlly referred to as the “materials gap” between surface sci-
adsorption sites(see, e.g., Refs. 3}7the influence of €nce and catalysisee, e.g., Refs. 14, L5Real catalysts are
boundary sites at the metal oxide interf&cmetal support usually hardly accessible by surface science methods. More-
interactions*! or support effects involving spillover OVer, their vast complexity may preclude an assignment of
from/to or reaction on the suppditee, e.g., Refs. 4, 12, 13, kinetic effects to specific molecular features of the system.
and references therginRecently, Zhdanov and Kasemo On the other hand, the mentioned effects may not be present

have pointed out that there might be a substantial influenc@n Simple single crystals, but only on such complex surfaces.
As a possible solution to this materials problem, a vari-
ety of supported model catalysts have been developed. These

dAuthor to whom correspondence should be addressed. Electronic mail: ; ;
libuda@fhi-berlin.mpg.de: Faxt 49-30-8413-4309, Inodels allow us to introduce certain aspects of a real catalyst

bPresent address: DSM/DRECAM/SPCSI, CEA Saclay, F-91191 Gif-surd" a well ContrOHEd_ f_a_Shion, while still maintaining the ex-
Yvette Cedex, France. perimental accessibility. Supported model catalysts have
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been prepared based on both, oxide single crystal surfacegiction of CQ with particle size were observed. However,
(see Ref. 4 and references thejeamd thin ordered oxide these differences in activity were mainly due to the effect of
films.*>~'° Here, we will employ a Pd/AD; model system  the capture, by the Pd particles, of the CO physisorbed on the
based on a thin well-ordered alumina film prepared onsupport(reverse-spilloveérwhich is equivalent to an increase
NiAI(110. The structure and defect structure of the oxideof the effective pressure on the particles when their size de-
film*>?*as well as the growth, geometric structure, and eleccreasegsee Sec. 1l i In addition, the transient behavior
tronic structure and the adsorption of Pd particles and othelipon switching off the CO beam was considered in this
metals supported on this film have been extensively adwork. A characteristic peak was found, the intensity of which
dressed in a series of previous studes.”1%22-24 increased with decreasing cluster sifer the same experi-
Once the structural properties of the supported modemental conditions The origin of this peak was attributed to
catalyst are well characterized, the next step is to establish|jgw coordinatededge and defersites, present on the sup-
correlation between the structure and the microscopic kinetported particles. As has been proposed previotighypse
ics. Here, molecular beam techniques represent the methegtes may bind CO more strongly and thus they may give rise

of choice?>~*° providing a maximum of control over the re- to a pronounced transient G@roduction peak due to the

actant flux and its interaction with the sample. Ertl andincreased residence time for CO at these sites.
Engef®*°have early applied beam methods to study the ki- | this study, we apply an experimental approach com-
netics of the CO adsorption and oxidation and o1Rd). In bining molecular beam techniques and TR-IRAS. We
this study, they were able to demonstrate that the reactiopresent a detailed study of the CO oxidation on well-shaped
follows a Langmuir—HinshelwootLH) mechanism and they alumina supported Pd crystallites under steady-state and
succeeded to determine the LH activation barriers in variougransient conditions. It is shown that the transient,@ak,
coverage regions. A variety of similar studies on other singleyhich is also found for the present model system, is not
crystal surfaces have been published sitexe, e.g., Refs. related to specific adsorption sites. Instead we discuss two
31-33. The previous work on supported model systems hagoints: First, we will show that the transient kinetics of the
been reviewed recently, and will not be discussed here itO oxidation reaction—including the behavior of the £O
detail*?? It has to be pointed out, however, that, in spite of peak under discussion—can be qualitatively simulated from
the successful experiments on single crystals, beam studies simple “mean-field” kinetic model based on the data
on the CO oxidation on supported catalysts are extremelgvailable on PAL11). Secondly, we will argue, how the in-
rare. This is mainly due to the experimental problems menherent heterogeneity of a supported catalyst may additionally
tioned before. As a consequence it remains unclear, to whainhance the observed effect.

extent size effects might be present on the sy$térmong

the few examples for beam studies on supported model cata-

lysts, Staraet al. have studied the transient G@roduction i EXPERIMENT

on Pd/ALO; as a function of particle size and substrate  All experiments were performed in a new UHV molecu-
structure®*® and found indications for significant size ef- lar beam/surface spectroscopy apparatus at the Fritz-Haber-
fects. No indications for a similar effect could be found in aInstitute (Berlin), which has been described in the literature,
recent study using the same model system as employed necently®® Schematically, the setup is displayed in Fig. 1.
this work®® Becker and Henry have investigated, by molecu-  The system has been specifically designed for kinetic
lar beam methods, the CO oxidation reaction on Pd/MgGstudies on complex model systems. It offers the experimental
(100) model catalysts!*® Variations in the steady state pro- possibility of up to three beams being crossed on the sample

Downloaded 25 Apr 2007 to 141.14.132.17. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 114, No. 10, 8 March 2001 CO oxidation kinetics on supported Pd 4671

TABLE I. Preparation conditions and structural parameters for the Pd particles,05/MiAl (110).

Deposition parameters

Pd coveragéatomscm™?) 2.7x10%%

Deposition temperatureK) 300

Deposition ratgatomscm2.s%) 9% 102

Structural parameters

Island density(cm™2) 1.0(+0.2)x10'? (Refs. 22, 36
Number of Pd atoms/island ~2700 (Refs. 22, 36
Fraction of support covered by Pd 0.290.02) (Refs. 22, 36
Fraction of surface Pd atoms 0.200.03) (Refs. 22, 36
Average island size 550.7 nm (Refs. 22, 36
Epitaxial orientation (111 (Refs. 16, 22, 2%
Island structure crystalline, predominantlyl1) facets, (Refs. 22, 24

small fraction of(100) facets

surface. The CO and {beams, which were mainly used in p-component of the IR light and thus further improve the
the work presented here, are generated by two effusiv®/N ration. For a detailed description of the experimental
sources based on multichannel arrays. This design allows details we again refer to the literatufeAll spectra were
easy variation of the beam intensities over several orders decorded at a spectral resolution of 8 CmThe total acqui-
magnitude, without any change in the beam properties. Beagition time for thein situ IR spectra was typically 50
modulation is provided by a computer-controlled shutter lo-s/spectrum and for the TR-IR spectra 5 s/spectrum.
cated inside the second pumping stage of the beam sources. Briefly, the sample was prepared by sputtering and an-
To avoid artifacts due to only partial overlap, the beam di-nealing of a NiA[110) single crystal, followed by an oxida-
ameter was chosen such that it exceeds the sample surfad@n and annealing procedure, the details of which are given
The mean beam intensity variation over the sample surfacelsewheré>?' The cleanliness and quality of the oxide film
was determined to be 6%. The average variation in th&vas checked via LEED and AES. Before the actual experi-
CO/O, beam intensity ratio over the sample surface was esment, the active metal compone(ftd, >99.9% was depos-
timated to be less than 2%rom beam profile measure- ited under well controlled conditions by evaporation from a
ment3. Both sources were operated at room temperaturgod (1 mm diam using a commercial evaporatgFocus,
High purity oxygen (AGA, >99.999% and CO (AGA, EFM 3) based on electron bombardment. During deposition,
>99.996% were used, the latter of which was further puri- the crystal was biased with a retarding voltage in order to
fied using al —N, cold trap;. The beam intensities and pro- prevent ions from being accelerated towards the sample
files were measured with a beam monitor as describefpoint defect creation The evaporator flux was calibrated by
elsewheré? In order to avoid artifacts due to an effusive gasa quartz microbalance prior to use. Details concerning typi-
load upon closed beam at extreme CQflDx ratio, the CQ  cal deposition rates and conditions are given in Table I. After
transients were recorded by opening/closing the inlet valvepreparation the Pd particles were stabilized by oxygen and
of the beam sourcegpressure rising/dropping time, 500/ CO exposure as discussed previouSly.
2000 mg. The transient C@ peaks observed were in all
cases significantly slower than the CO pressure change. Afj. RESULTS AND DISCUSSION
moderate flux ratio transients were recorded by modulatin
the beam source via the internal shutfepening/closing
time, 50 m$ to verify that there was no significant influence
of the modulation procedure on the transient behavior. The The growth and structure of Pd deposits as well as other
third source generates a beam from a supersonic expansiometals on AJO;/NiAl (110 has previously been studied
and has not been used in the present study. over a wide range of conditions and the results have been
Angular-integrated gas phase measurements were peextensively reviewed, recentt§:}"?2-24n this work, we will
formed with a quadrupole mass spectroméfaBB Extrel)  focus on one particular set of preparation conditions
which is not in line-of-sight of the sample. Additionally, the (substrate temperature, 300 K; Pd coverage, 2.7
systems allows time- and angular-resolved measurements via10*°atoms cm?), for which detailed information on both
a differentially pumped rotatable quadrupole mass spectronthe particle size and density and on the particle structure is
eter. The gas phase detection can be combined with timevailable. In the following, we will briefly review the main
resolvedin situ FT-IR reflection absorption spectroscopy features of this system. In Figs(a2 and 2b) STM images
(TR-IRAS) employing a vacuum FT-IR spectrometer (CCT, Constant Current Topography, from Ref.) 3&re
(Bruker IFS 66 V. For the time resolved spectra with a tem- shown. The Pd particles form three-dimensional islands;
poral resolution b1 s several transients were accumulated totheir density typically amounts to »10"2islands cm?.
improve the signal to noise ratio. For this purpose the beanfrom this number it can be estimated that the average Pd
shutter was synchronized with the recording of the IR specparticle will contain about 2700 atoms, corresponding to an
tra. Additionally, a MIR polarizer was used to select only theaverage particle size of 5:5).7 nm. Please note that in the

%\. Characterization of the structural and adsorption
properties of the supported Pd model catalyst
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FIG.

%3000 A) of the Pd particles grown at 300 K on f;/NiAl (110, from

Ref.
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kinetics3® As observed by STM® neither the particle den-
sity nor the particle shape are significantly affected by the
procedure. The chemical processes related to the stabilization
procedure will be discussed elsewhé&te.

Two types of experiments were performed to ensure that
the model surface principally resembles the behavior of a
typical Pd surface(1l) We have probed the CO adsorption/
desorption kinetics employing modulated molecular beam
techniques. In a temperature region from 430 to 530 K, we
have determined an activation energy for desorption of 136
+9kJmol'! and a pre-exponential factor of ¥ 095!
from the temperature dependence of the CO residence time
in the low CO coverage region. Details of the experiment
will be given elsewherd! This value is in excellent agree-
ment with experiments on a PdL1) single crystaldesorp-
tion energy, 1348kJmol?!, pre-exponential factor,
104408571 (Ref. 30]. (2) The activation barrier for the
Langmuir—Hinshelwood reaction step has been determined
in a series of beam experiments at high oxygand CQ
coverages® The apparent activation barriers of 62
+8kJmol! (and 59-8 kIJmol'Y) are as well in good

(1 00) :aaa (111) agreement with Rd11) single crystal dat§59+ 8 kJmol?

‘sassa (Ref. 29] under similar conditions. Thus we conclude that
aaggri;.“. s “a‘& the geineralI adsorption and reacthn behavior of tEe sqpplorted
"a‘*”f‘" “.“aa model catalysts u_nder consideration appears rat er similar to

aa~= ;«“i'.’ﬁ"‘-a‘a that of a P@111) single crystal surface In the following sec-
aﬂaai“"“ "4.@“5535 tions we will investigate the steady state and in particular the

.“Qﬁﬁﬁ'ﬂﬂﬂﬂﬂgﬂ‘ transient CQ production in more detail. Thus we will at-
e .3&3&3.3‘9 tempt to elucidate, whether the reaction behavior of the sys-

Uv.@.@.«ﬁu‘ tem may still differ from the single crystal and how these

(©) differences might be addressed experimentally.

2. (@ STM image (CCT, Constant Current Topography, 3000 A

36; (b) differentiated close-up STM image of the Pd particl€CT, B. General types of transient behavior

Constant Current Topography, 3000<8000 A), from Ref. 36;(c) sche- Before we come to a systematic discussion of the tran-

matic representation of a supported Pd particle.

STM image the islands appear larger than the above valug

due

consequence of preferential nucleation the island appear nct.tn
to be completely homogeneously distributed over the suppor

but

boundaries, see Ref. R1n the close-up shown in Fig.(1),
it becomes evident that most of the Pd particles exhibit the

well

in the schematical representatipRig. 2(c)], the particles
grow in (11)-orientation, preferentially exposinglll)-
facets and only a small fraction ¢100)-facets. The regular

sient 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
) . . . tfansients can be qualitatively understood.

to an instrumental convolution with the tip shape. As a The general types of CQransients are shown in Fig. 3.

e corresponding experiments were performed in the fol-
lowing manner: After preparation and stabilization of the
model system, the surface is continuously exposed to.an O
beam with a beam quEOZ, generated by one of the effusive

will decorate oxide point and line defedisg., domain

gPeam sourcesee Fig. 1 The integral CQ production rate
is recorded simultaneously. At a tinig on (Se€ Fig. 3a CO
beam with a beam flu¥ o, generated by the second effu-
sive sourcegsee Fig. 1, is switched on. As flux parameters

-defined morphology of a nanocrystallite. As indicate

structure of the Pd crystallites has been demonstrated in W€ define(l) xco, the CO fraction with respect to the total

recent STM study showing atomic resolution both on the to

and

Fjlux, as

side facets of the particl&This and other structural

information, which will be used in the following discussion, Xco:l 1)
is summarized in Table I. FcotFo,

Before the kinetic experiments the particles were stabi-

lized by extended oxygen exposuftgpically ~100 L, 1L and(2) Protal: _the total effective pressure of CO and & the
=1x10 %Torrs), followed by several CO oxidation cycles Sample position,

of the type shown in this work. This stabilization procedure

has

— i — 0.5
been shown to be necessary to obtain a stable oxidation Ptota™ PcotPo, Wwith pi=Fi(2mmkT)™ @
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teoon o CO + 0,/ PAIALO,NIAI110), 415 K reache; af|rst.maX|mU|(?I>F|g. 3, tmax 1) As for tra_nS|ent type .
Y (Protar = 1.0%10°¢ mbar) 1, the increasing reaction rate can be explained by an in-
Doy e t, . . . e
Y teoor I creasing chemisorption probability of the CO precursor, due
. ‘o : ; ]
g % aneton e e hgh COmctin om0 | & to the c_iecreasmg oxygen coveré‘é@ncela cgrtaln CO cov
« % ty e erage is reached, however, the CO oxidation rate decreases
g i §o4 again. This is a consequence of the strongly inhibiting effect
_§ . | g R DM SN \\"NM of CO on the @ adsorption(for a general discussion see,
T wansiont tu  steady-state . ' e.g., Ref. 44, a_nd r_eferences thebeilﬁinally, a steady-state
8| teoon regime «— — regime oo is reached, which is characterized by a high CO coverage
#%WWM’*”W“*‘”‘ and a low reaction ratédue to the inhibiting effect of CD
e ’ - . -
" transient type I igh oxygen fracion (0 =016) 7, Once the CO beam is terminateti§ o¢), the process is
peansoems; LI reversed: the adsorbed CO is consumed in the course of the
) % s reaction, leaving free adsorption sites for, @dsorption.

Thus the @ adsorption is accelerated and so is the reaction
rate, which reaches a maximur,(, -), before it finally de-
creases due to depletion of the CO reservoir.

t[s]

FIG. 3. Transient behavior of the G@roduction ratgcontinuous @ beam
and a modulated CO beamnder CO-rich condition&upper trace, transient
type 1) and Q-rich conditions (lower trace, transient type) I(Tsampie

— _ — 6
= 415K, Proia=1.0<10"" mbay. C. Catalyst stability under reaction conditions

In a second step, we will briefly consider the catalyst
stability under the reaction conditions applied in this study.
position,m; represents its molecular mass, a@nds the tem-  There are two main processes which may have an influence
perature describing the velocity distributigplease note that on the catalytic activity(1) Prolonged exposure to the reac-
T;=300K as there is no cooling of any degree of freedom intant gases in combination with elevated reaction tempera-
the effusive sourcesTypically, in a series of experiments, tures may lead to structural rearrangements or changes in the
the CO flux fraction was varied, whereas the other paramparticle dispersion. For example, in a recent study it has been
eters such as the total effective pressure, the sample tempesdrown that Pd particles may undergo drastic shape variations
ture etc. were kept constant. under the influence of oxygéR.(2) CO dissociation may

In general two different types or transients can be obdead to a build-up of surface carbon, which may result in a
served as a function of the CO flux fraction, which, in the deactivation of the catalyst. The formation of surface carbon
following, we will denote as type 1 and type(2ee Fig. 3, has previously been observed for the CO oxidation reaction
respectively. The initial transient behavior has recently beemn small Pd particlé§ and there have been indications for
discussed by Piccolet al#243 carbon formation on Pd single crystal surfaces at higher CO

Type 1: If the experiment is performed at low CO and pressuré’
high O, flux, a simple type of transient behavior is observed = Concerning a possible restructuring of the particles we
as displayed in the lower trace in Fig. 8,=0.16). We refer to a previous study focusing on the interaction of oxy-
start from a situation, in which the system has reached itgen with the same Pd model catalyst and its influence on the
oxygen saturation coverage under the given flux and temkinetics of the CO oxidatior® It was shown that under the
perature conditions. Upon switching on the CO beanreaction conditions applied here, neither the Pd particle
(tco,on, We find an instantaneous incredsa the time scale shape nor the particle dispersion are significantly affected by
of the experimentin the CQ production. As pointed out by the oxygen pretreatment or by subsequent oxidation cycles.
Piccoloet al* this is due to the rapid formation of a steady- With respect to the possibility of surface carbon formation,
state precursor coverage. From this precursor, the CO mole consider the experiment displayed in Fig. 4. Four differ-
ecule may either desorb or chemisorb and subsequently reaent transients at high CO flux fractidtransient type I are
to CO,. In the course of the reaction oxygen vacancies arshown for comparison. The transients were recorded under
generated, which lead to an increased adsorption probabilitigentical conditions directly after an initial extended oxygen
for the CO precursor and thus an increase in the reaction ratexposure(oxidation cycle 1, and after 1 to 22 subsequent
After this transient periodt(), the system finally reaches the transient experimenisee Fig. 4. It is found that neither the
steady-state reaction conditions. Please note that the steadsteady-state COproduction rate nor the shape or the inten-
state is characterized by a high oxygen coverage and low C6ity of the second COpeak (after termination of the CO
coverage. After switching off the CO bearty o), the ad-  beam changes as a function of reaction time. The only ob-
sorbed CO is consumed and the £froduction rate de- servable change is related to the initial Q@oduction peak,
creases continuously. which is slightly smaller during the first oxidation cycles.

Type 2: If an equivalent experiment is performed at suf- As mentioned before, in a recent work employing
ficiently high CO fraction(Fig. 3, upper tracesco=0.42,a  STM* we could exclude major structural rearrangements
different behavior is found. Again, starting from an oxygensuch as a spreading of the Pd under the influence of the
saturated surface, we observe an instantaneous increaseoixygen as an origin of the increased adsorption capacity after
the CG production rate upon switching on the CO beam.several adsorption/reaction cycles. In the same study, how-
Subsequently, the reaction rate increases slowly until iever, a strongly reduced G(peak was found before ex-

where F; is the partial flux of componenit at the sample
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in Fig. 5. The sample was exposed to a continuous oxygen

14000 CO beam on .

12000 | B 0Ot gt ’#::,‘.:134)15 K, Xco = 0.52) beam. Its intensity was chosen such that the total effective

10000 pressure after switching on the CO beam wag,=1.0

3000 - — Oxidation Cydle 1 | £ CO beam oft X 10" ® mbar. The CO flux fractioxco was varied between

6000 - * Odidetion Oycle2 | 2 L F 0.05 and 0.95 and for eactyg a transient was recorded.

4000 - T Oddation Cyde 13 | ¢ In general, we find the two types of transient behavior,
7 * Oddation Cycle23 | & discussed in Sec. IlIB. Foxco=<0.37 the transients are of

type 1 (oxygen-rich steady state, see Fig, @/hereas for
Xco=0.47 we find a CO rich steady-state, connected with the
characteristic C@production rate maximéransient type 2
The transition region between the two regimes will be dis-
cussed separately in Sec. Il F.
We start considering some basic features of the experi-
0 20 40 60 80 100 120 140 ment. With respect to the characteristics of the first transient
t[s] . . .
CO, peak, it is found that the time constant at which the
FIG. 4. Comparison of the transient behavior of the,@@oduction rate  Steady-state is reached after switching on the CO beam di-
under identicgleconditions as a function of reaction tifig,mpe= 415 K, verges close to the transition region. This is easy to under-
Proi=1.0< 107" mbay. stand as the CO coverage is build up by the excess of ad-
sorbed CO (not consumed during the reactipnwhich

tended oxygen exposure. This observation suggests that al¥8n'5|his lat th?} transition betwekenhthe two regimes. The '?'
in the initial cycles shown in Fig. 4 the stabilization process!€9'@l below the transient peak, however, remains nearly

(see Sec. Il Ais not fully completed, leading to a loss of constant foixco=0.52. This is explained by the fact that the

oxygen on the Pd particles during the experiment. After thé?€ak integral roughly corresponds to the oxygen precover-
initial cycles a stable oxidation kinetics evolves, showing@9€: Which is constant and will be fully consumed during the

global desorption and reaction rates consistent with previouEeaCtion' Con_trary o the first tr angient peak, the Width of the
experiments on Rd11) surfacegsee Sec. Il A second trapsent pea(.klpon §W|tch|ng off the CO beanin-
Another indication that there is no significant carbon for-Cr€ases W'th INCréasingco SINCe Fhe @ flux and therefore
mation, is derived from the situ IR spectra, which will be the reaction rate decreases. The integral over the second tran-
discuss,ed in Sec. IIE. For CO dissocia{tion on(Bd) sient peak as a function at will be considered in detail in

Hammoudeff has shown that surface carbon formation re-S€¢- IHHF. It corresponds to the fraction of CO adsorbed in
sults in a strongly enhanced occupation of on-top sites. N&€ Steady-state that upon termination of the CO beam will

indications for such changes have been found in the presef)f’t desorb but react to GOIn general, it will show a step-
experiments. Ike behavior similar to the first transient peak. In contrast to

Thus we may conclude that under the reaction conditionéhe adsolrbe? cr)]xygen, .the C?}’, T}oweve.r, may desorb on thg
and time-scales applied here, there is no substantial deac]jme-Scale of the reaction at high reaction temperatures an

vation mechanism present, which may significantly affect théqw O, flux, which may lead to a decreasing peak integral at

results presented in the following sections. 19 Xco. _ N _
From the transients in Fig. 5 we can derive a plot of the

steady state reaction rate as a function of the CO flux fraction
Xco as displayed in Fig. 6. Qualitatively, it can be understood
as follows: At low xco (on the oxygen-rich sidethe CQ

In order to obtain a general overview over the reactionproduction is proportional to the CO partial pressure. It re-
behavior we have performed a series of transient beam exlects the sticking coefficient of CO under the particular
periments at different reaction temperatures. A typical seriesteady-state conditions, i.e., under high oxygen and low CO
of experiments at a sample temperature of 440 K is displayedoverage. At a certain criticalg, the system switches from

2000

et

CO;, Production Rate [arb. units]

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

CO+0,/ Pd/ALzO3INiAI(110), 440 K
{Piota = 1.0%10°° mbar)

0.37
0.42

FIG. 5. Transient behavior of the GO
production rate as a function of the
CO fraction in the impinging gas flux

CO beam on
CO beam off
i -

N
<

CO, Production Rate

" g ‘ g % - Xco (TSampIe= 440K, Prtota™ 1.0
8 <« o S B el o X 1075 mba.
= sl 2 g = © =
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above and tentatively assigned the second maximum to reac-
.7 CO+0,/PdIAI,04/NiAI(110) tivity variations related to changes in the dispersion of ad-
P = 10105 mber sorbed CO islands. In the case of small metal particles, the
formation of large adsorbate islands may be prevented by the
' limited size of the crystallite facets. This, as a general differ-
i ence between single crystal and supported particle systems,
. may—among other effects—give rise to a suppression of a
YR second reactivity maximum and thus to a simpler overall
behavior of the reaction system.
: Moreover, it was observed in the same stlidpat the
* kinetics is not stable under certain reaction conditions, but
b= - . \ gradually changes during the reaction itself. This behavior
V4 i N Te e was related to the slow formation of subsurface and bulk
oxygen and the situation was found to be stabilized after
prolonged oxygen exposure. In accordance with this inter-
pretation, we find that the oxygen-pretreated particles used in
FIG. 6. Steady-state G@roduction rate as a function of the CO fraction in this study, show a stable oxidation kinetics, even after re-
the impinging gas flukco (Pota= 1.0 10° mbar). peated oxidation-reduction cycles.
In future work, the data of the type presented here, may
provide a basis for more extensive microkinetic simulations
an oxygen-rich to a CO-rich steady-state. This transition ap9]c the .steady state and tran_sient r_eaction behavior.. It ha; o
pears to occur continuously over a significant range of flu e pointed out th_at such simulations—in cqnnectmn with
steady-state reaction rate measurements for different types of

ratios, which will be discussed in detail in Secs. Il F=III H. I ll-ch od q del |
The transition is connected to a sudden decrease in the rea%t_ructura y well-characterized supported model catalysts—

tion rate as a consequence of the inhibiting effect of CO ofnay be an excellent tool to identify kinetic effects character-
the dissociative adsorption of,dsee, e.g., Ref. 44 istic for supported nanoparticl@sdn a recent series of papers
2 y Y., . g

Comparing the three different reaction temperatures dis20anov and Kasemo have discussed this sSlibe connec-

played, we find a behavior which is easily explained quali—tIon ‘.N'th. two types of effects, namely, the influence of com-
tatively: In the low CO coverage region, the reaction rate igmunication between dlffereqt facets on the nanocrystallites
almost independent of reaction temperature. This indicate§nd the role of support mediated adsorption.
similar steady-states under these conditions which are close ) _
to oxygen saturation. Generally, the CO sticking coefﬁcient,E' In'situ 1R absorption spectroscopy under steady-
which governs the reaction rate, is expected to decreasat® conditions
slightly with increasing temperature due to the decreasing In order to obtain further insight into the occupation of
lifetime of the CO precursor state both on the alumina sub<CO adsorption sites under steady-state conditions, we have
strate and on the Pd particles. This effect, however, is toacquired IR reflection absorption spectra under reaction con-
weak to be identified clearly from the present data. Note thatlitions. The spectra were taken after the steady-state was
although the CO steady-state coverage is small, it will dereached in transient experiments of the type shown in Fig. 5.
pend on the reaction temperature, i.e., the steady-state ClEbr the example displayed in Fig. 7 the surface temperature
coverage will increase with decreasing surface temperaturevas 415 K.
Therefore, at low temperature the transition point, at which  Based on a comparison with IR spectra of CO on differ-
due to inhibition of oxygen adsorption the system switches tent Pd single crystal surfac&,>®> we may assign the ob-
the CO-rich state, is reached at lowgs. In the high CO  served features. “Bhhaus? for example, has studied CO on
coverage region the rate is limited by the oxygen adsorptiorlean and roughened Pd1) surfaces. Hammoudé&hhas
step. The reaction rates do not coincide due to the increasedvestigated the coadsorption of oxygen and CO using IR
CO steady-state coverage at lower temperat(skesver de-  spectroscopy. The spectral features observed for CO ad-
sorption and reaction ratesvhich give rise to an increased sorbed on Pd particles supported o@4/NiAl (110 were
inhibition of the G, adsorption. previously investigated by Woltest al?® over a large range
Similar data have been derived for the CO oxidation onof surface coverages and at different sample temperatures. At
a number of catalytically active transition metal surfaces. Asoom temperaturéand abovg three types of adsorbed CO
the most relevant reference case we briefly consider the worgan be identified. At low coverage CO adsorbed in hollow
of HammoudeH, who has studied the CO and, @sorption  sites is the dominating speciés 1830 cm'%), mainly from
and CO oxidation on Rd11) applyingin situ IR and work-  threefold hollow sites on th€l11)-facets, since there will be
function measurements. It was shown that the reaction ratenly a small fraction of CO adsorbed on the minority of
on Pd111) exhibits a rather complex behavior, showing two (100 sites and the signal will be additionally damped due to
maxima/hysteresis regions as a function of the reactarthe inclination angle with respect to the sample. With in-
fluxes. Both strongly depend on certain internal parametersreasing coverage an increasing occupation of bridge sites
such as the pretreatment of the sample. Hammoudeh cof-1900—1950 cm?) is observed. In contrast to low sample
nected the first maximum to the inhibition effect explainedtemperatures, however, thermal line-broadening at room
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temperature and higher prevents a differentiation betweer 45491 L8
CO bonded to regular and defect sifédNith the surface saz] "ty :
coverage inpreasing further, a vyeak absorption signal in the 00 01 02 03 04 05 06 07 08 09 10
energy region typical for terminally bonded CO appears Xeo
(~2060 cm'}).

Qualitatively, the CO spectra under steady state reactiopiG. 8. (a) Integral absorption for the IRA spectra presented in FigbY;
conditions(Fig. 7 appear very similar to the observations relative absorption in the regions characteristic for CO adsorbét) ion-
for adsorption of pure CO described above. CO bonded ifP: (2 bridge-bonded, and) hollow sites; (c) vibrational frequencies of

. . . . . . the CO species marked {ib). Additionally, the oxygen-rich regiofl), the

hollow SlteS(FIg. 7, No. 3' n b”dge SlteiFlg. 7, No. a and CO-rich region(lll), and transition regimél) are indicated.
on-top CO(Fig. 7, No. 1 can be distinguished. The quanti-
tative development of the IR spectra as a functioxgf is
displayed in Fig. 8. The integral CO absorption sigiah. Figure 8b) shows the relative fraction of the three prin-
8(a), regime 1| initially (below xco=0.2) increases almost cipal CO species as derived from a fit of the spectra dis-
linearly with increasing CO flux fraction. This observation is played in Fig. 7. At lowxco, CO in hollow sites represents
in line with a LH rate constant being largely independent ofthe majority species. The fraction of bridge CO increases
CO coverage in the low CO flux limitnote that the IR slowly with increasing CO fraction, before in the transition
absorption will be almost linear with the coverage in the lowregime a sudden increase in the population of bridge sites is
coverage limit, whereas at high coverages strong deviationgbserved, whereas the signal from the CO in hollow sites
may occur, see, e.g., Refs. 48, 563598 the transition re- remains almost constant. Simultaneously, a small fraction of
gion (Fig. 8, regime 1), where the systems switches to the CO populates on-top sites. In comparison to single crystals,
CO-rich reaction regime, the CO absorption signal increasethis on top signal under steady-state conditions appears at
rapidly, indicating also a sudden increase in CO coveragdower energieg2062 cmt) and is present at lower sample
From this point on(Fig. 8, regime lll,xco>0.4), hardly any  temperature$¢Ref. 47, see also Refs. 51 and)5Bhis effect
further changes can be detected in the CO absorptiomay be related to adsorption at typical defect sites on the
spectrum. supported particles such as steps or edges.
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In Fig. 8(c) we investigate the influence of the CO flux neity effect*3"*8Upon switching-off the CO beam, they ob-
fraction X on the CO stretching frequency. The data wasserved a sudden decrease of the,Q@oduction rate, fol-
also derived from fits of the spectra displayed in Fig. 7. Aslowed by a smaller C®production peak.
has been discussed eatlee, e.g., Ref. 59, and references  Becker and Henry originally suggested an
therein, the CO stretching frequency may serve as a measurexplanatiorf;®"*8followed by simulation$® which involves
of the local CO density. The shifts are mainly due to tworapid desorption of CO from regular sitéesulting in the
effects, namely changes in the CO—-Pd bonding induced byapid decrease in COproduction. Based on previous
neighboring CO molecule&hemical effectsor by coupling  studies>®* CO adsorbed at low coordinated edge sitié
of the dynamic dipole8’ Quantitatively, the contributions proportion of which is increasing with decreasing cluster
for PA111) have been estimated by Jhaus? It has to be  size, is assumed to be bound more strongly. Thus these sites
pointed out that a quantitative relation of the CO stretchingwill remain fully saturated until the CO reservoir on the fac-
frequency to the local CO coverage is complicated by theets is largely depleted. Only after vacancies among these
influence of coadsorbed oxygen, which also perturbs thelefect are generated, the reaction rate increases again. This
electronic structure of Pd and thus the Pd—CO bond. Fogffect is assumed to result in the smaller maximum in the
example, Hammoudé&hhas shown that preadsorbed oxygen CO, production rate.
on Pd111) may result in a shift of the CO singleton fre- Since the Pd crystallites in the present study are com-
quency from 1803 cn to 1822 cm'™. posed of similar facet$111) and (100), a similar effect is

Although these effects preclude a straightforward quanexpected for the present model system, but with a weak sec-
titative analysis, we may, however, derive some indicationgnd peak due to the rather large particle size. Therefore, we
on the CO distribution from the vibrational frequencies dis-have investigated the transient behavior under a variety of
played in Fig. &). Up to axco of 0.2, the shift in the flux and temperature conditiorBig. 9). Indeed, we find that
stretching frequency of CO bound to hollow sites is smallunder certain flux conditions we observe a transient, CO
(~1 cm %), indicating that there are only minor changes inpeak, which appears very similar to the effect originally re-
the local environment of adsorbed CO molecules. Similarlyported by Becker and Henry. After an initial sudden decrease
this observation holds for CO bound to bridge sites up tqn the reaction rate, the Groduction shows a peak, which
Xco=0.2. Thus, we may conclude that the formation of in-strongly depends on the experimental conditions. The effect
creasingly large CO islands under these conditions is Unpnly starts to appear close to the transition between the
likely and the CO can be anticipated to exist in a Iargelyoxygen_rich and the CO-rich reaction regime.
diluted form in an oxygen-rich surrounding. The local CO To further investigate the origin of the peak, we have
density changes suddenly and almost exclusively in the transystematically varied the CO flux fractioo between both
sition range between the oxygen-rich and the CO rich rergaction regimes. The result for two reaction temperatures is
gime. This is indicated by a shift of approximately 28 ¢m displayed in Fig. 9. The inset shows the integral ,GiPo-
tq higher frequency, both for the CO in bridge and hollow §yction in the switching-off peak. As a function ®§g the
sites. - _ intensity varies continuously. At high CO ratio it develops

The transition between the two regimes, however, doegq the typical transient peak observed at high CO coverage,
not show a step-like behavior, but continuously extends oveynich is a simple consequence of the inhibiting effect of CO
a finite range ofcq values. This effect will be further dis- 4 the Q adsorption. At low CO fraction it first decreases
cussed in the following sections. and finally vanishes completely.

In contrast to the previously suggested explanation, this
continuous intensity variation indicates that the effect, at

Among the different kinetic effects on supported cata-least for the present supported model catalyst is not related to
lysts, surface diffusion mediated coupling between differentx characteristic type of defect sites connected to the Pd par-
types of adsorption sites has recently attracted considerabligle size. Instead, the effect appears to involve all CO ad-
attention>~’ The presence of different types of adsorptionsorption sites available on the particle.
sites in close proximity is an intrinsic property of complex The crucial point with respect to the previous explana-
catalytic systems. Such types of adsorption sites may, e.dfion is related to the assumption that the sudden decrease in
be different facets on nanocrystallites, step, edge or othehe reaction rate is related to the spontaneous desorption of
defect sites, interface sites located at the particle boundary &@O upon termination of the CO beam. To verify, whether
adsorption sites on the support material itself. Zhdanov anduch an effect exists, we have performed a time-resaived
Kasemd have extensively reviewed simulations of such cou-situ IRAS experimenfsee Fig. 1(b)] simultaneously with
pling processes. They have shown that relatively moderatthe reactivity measuremenfgig. 10a]. Under conditions,
changes in the sticking coefficients or reaction/adsorption enwhere the sudden decrease and transient peak are observed
ergetics may drastically change the reaction rate under cewe have recorded IR absorption spectra with a temporal
tain conditions. resolution of 1 s. In order to improve the signal/noise ratio

Still, the experimental verification of these effects is notthe full reaction sequence was automatically repeated. In Fig.
straightforward and very few examples exist in the literature 10, spectra which were obtained by accumulation of 5 tran-
Recently, Becker and Henry have observed a transient besients are displayed. The IRA speciffaridge and hollow
havior in an experiment, similar to the transient experimentabsorption peakswere integrated and the results are shown
shown in this work, which was related to such an heterogein the insefFig. 10c)]. No indication for a sudden decrease

F. Transient CO switching-off behavior
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: temperature of 415 K440 K) at low CO coverage. Indeed,
CO + O,/ Pd/Al,O4/NiAI(110) : this estimate indicates that no sudden desorption is expected
Protal = _ S on the time scale under discussion. In the following we will
3.4x107 mbar IE ,. discuss, which alternative effects may have to be taken into

consideration in order to account for the observed transient
behavior.
415K | i 140K The experiments discussed before, have shown that the
i CO, peak(1) starts to appear only in the transition between
f / the two reaction regimes an@) is not related to specific
¥ defect siteqat least for the model system studied hefleak-
I I ing this into account we may consider the following alterna-
i tive explanations, which may give rise or additionally con-
: ' tribute to the observed effect:

CO, Peak Integral
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f \ a0k S°°" a5k 557 (1) Local beam intensity variationdDue to beam intensity
o o .M7 variations in the CO and Obeam, the sample surface
é 0.54 J\‘ will locally be exposed to different effective pressures
S Py MMI’- and flux ratios. From beam profile measurements, a stan-
'g 0.52 dard deviation 01_‘ the local pressuiey of t_yp_lcally
3 o WMQ +6% can be. esnmated. The standgrd deviation of the
Q flux ratio X¢g is typically =2%. The width of the transi-
3 0.50 J\‘ /\— tion region(see Fig. 9, however, is significantly broader
© e -~ 24 (typically in the order of+10% of the xco value at
0.49 which the transition occuysThus, in a first approxima-
wirhy w%f tion this contribution may be neglected.
(2) CO poisoning induced peakas discussed in Sec. Il G,
MMMM o8 f\ m/\ifs the transient behavior can be semiquantitatively simu-
lated using a simple homogeneous “mean-field” model
- 0.47 ‘f.\‘ m/\f1 based on kinetic parameters from separate adsorption
W and reactivity studies on PHl1) and the supported Pd
e particles. It is shown that the transient €@roduction
WM o4 \:ng rate in the transition region may show a behavior similar
wonen to the one observed experimentally, as a consequence of
A 0.44 —(’“""'* \-&7 the competition between the decreasing CO coverage
f - and increasing @sticking probability.
042 ( bf’ (3) Effects induced by the heterogeneity of the sysfEme:
effect, described i12) may be additionally enhanced by
o 100 T 80 2000 50 '10'6/" T 200 the inherent heterogeneity of the supported model cata-
t[s] t[s] lyst. On the model surface, every Pd particle represents a
largely isolated reaction system. Yet, the individual ad-
FIG. 9. Transient behavior of the G@roduction rate as a function of the sorption and reaction rates may differ considerably.

CO fraction in the impinging gas fluxo close to the transition between the . . .
two reaction regimesfiys= 3.4X 10~ 7 mbar). The inset shows the integral Thus, different Steady states may coexist under given

over the peak which appears upon termination of the CO beam. conditions, with the total reaction rate being a superpo-
sition of the individual states. The influence of this effect

on the transients will be discussed in Sec. Il H.
in the CO absorption signal is found. Instead the absorption
peaks decreases continuously with a slope roughly resenE
bling the reaction rate(note that due to the nonlinear
coverage-absorption dependency there is no simple corre- It has been shown in the previous section that the pecu-
spondence between the two quantities, see Sec) Il E liar transient behavior of the reaction rate was not related to

This result, in line with the previous intensity argument the presence of specific highly-binding sites on the clusters.
(Fig. 9, clearly demonstrates that the observed behavior carAt this point it is tempting to simulate the steady state and
not be a result of spontaneous CO desorption from regulairansient experiments on the basis of a “mean-field” kinetic
sites and strong binding to defect sites. Instead, the effeehodel of a homogeneous surface. Such modeling may pro-
appears to be related to the simple £@roduction peak vide some indications, which features may at least qualita-
under conditions of high CO flux. This suggestion is consistively be described by the simple kinetic model and where
tent with an estimate of the CO surface residence times baselde complexity of the system will have to be explicitly con-
on the desorption data given in Sec. Il A, 4os=136  sidered in the model.
+9kImoll, Ages10"4%09571) Using these values, we Let us consider a Ri11) single-crystal surface. Adsor-
calculate a residence times of 200(20 9 for a surface bates are supposed to be randomly distributed on this sur-

. Simulations
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face. The overall CO oxidation reaction can be expanded iI$0CO and S% are the initial(i.e., at zero coveragesticking
its elementary steps: ’

coefficients of CO and &) respectively. We will usesgo

CO+ sy~ k;— COy, (3) =0.96(VTy) and 800220.78—7.4< 10" 4T, whereT, is the
CO,— ky— CO+8,g, (4) sample temperatur8.For the maximum coverages, we as-
sumedgg=0.5 and9g*=0.25. Those values correspond to
Ou+ 2555~ k3—2 Oy, (5)  the saturation coverages on(R#i1) at Ts=300 K.52
COL+O,g— ky— COy+ 25,4 6) It should be noted that we have chosen simplet al-

ways realisti¢ Langmuir's Laws for the sticking coefficients.
The only correction concerns the influence of preadsorbed
oxygen on sticking of CQCr (6o/65™), Eq. (7)]. It has

" early been recognized that there is no strong inhibiting effect
faster than the other stepsit is not necessary to expand step of preadsorbed oxygen on the sticking coefficient of CO on

(4). Equationg3)—(6) can be converted to the following sys- 29 . .
tem of coupled differential equations, which describes thepc{lll)' However, to account for the reaction rate at high

time evolution of the CO coveragéeo and of the oxygen oxygen coverage and, therefore, to produce a qualitatively

S,q refers to a free adsorption site. is the rate constant of
stepi.
The CQ desorption step (CLQ—CO,) being much

correct transient behavior upon impingement of the CO
coveragedo (see, e.g., Ref. 42 beam on the oxygen saturated sample, this minor effect has
dﬁi)_k KB kGt to be taken into account. Erikson and Eked&ahd Piccolo
dr ~ KiSco™ Kafco Kabeobo et al*® have described the inhibiting effect of oxygen intro-
with ducing a temperature dependent coeffic'@mg [see Eq(7)],
which is physically related to the presence of a precursor to
Sco=5?;o(1—%<—CT %() @ CO chemisorption. Over the limited temperature range in
0co sto this study, we have neglected its moderate temperature de-
0 pendence and have ChOS@ﬁls=0.3 to fit the experimental
d_to :2k3502— K46c000 transient bghavior in Fig. 5. Note .that the exact choice of 'Fhis
parameter is not of relevance with respect to the following
with semiquantitative discussion.
0 O \ 2 0 9 In the case of the present experiments, the initial condi-
2 ( -0 —O> : -0 9 >p tions (i.e., just before switching on the CO beprare
O, Hggx 0gax ’ 9@8)( 0gax P _- " > " . i
So.= _ colt=tcoon =0 and eo(t—_tco,m)— 05"=0.25. Besides,
2 0 1- fco  bo 0 step 1[Eq. (3)] no longer exists at>tcq o Thus, the ad-
' oL 65 sorption term in Eq(7) disappears during this period. The

(8 rate constants of the four steps are
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Npq is the surface density of Pd atoms or{1d.1) face: npgq
=1.53x10%cm 2s™L. v; and E; are the frequency factor
and the activation energy related to siepespectively. On
the basis of the available literature, these values have been
chosen asv,=10"%s"1 E,=136kJ/mol, v,=10"%s™ %,
and E,=60kJ/mol. Engel and Ertl have determinésj
=59 kJ/mol(Ref. 29 for the oxidation step at high coverage
andv,=10"*0%8s"1 andE,= 134+ 8 kI mol * for the CO
desorption on Pd11).%° For the model system used here, we
have recently measured,=10"%%%s"1 and E,=136
+9 kJmol ! for the CO desorptiorisee Sec. lll A anduv,
=10"%195"1 and E,=62+8 kJ/mol at low reaction tem-
peratures and high oxygen and moderate CO coverdg®s.
Numerical integration of Egs.7) and (8) allows us to
derive the temporal evolution of CO and O coverages. The
CO, production rate is then given by

r'co,= Kabfcobo- (13

Results of such calculations for typical reaction conditions
(T sampie= 440 K, prorg=1.0x 10~ mbayp are plotted in Figs.

11 and 12. As an example, we display the two principle types
of transients, i.e., under oxygen-rich conditioffsig. 11,
lower trace,xcp=0.2, transient type )land under CO-rich
conditions(Fig. 11, upper tracexco=0.5, transient type )2
The additional traces in Fig. 11 represent the CO and O
coverages. A comparison with the experimental data in Figs.
3, 5, and 13 shows that the main features of the shape of the
experimental reaction rate curve are well reproduced. In par-
ticular, the initial CQ peak(after CO beam switch-grand

the second C@peak(after CO beam switch-offunder CO
rich conditions are well described in a semiquantitative man-
ner. A close comparison with the transient in Fig. 13 re-
corded under roughly the same conditiofsecond curve
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favorable for the reaction. The same phenomenon can ex-
CO + 0,/ Pd/Al,04/NiAI(110) plain the second C{peak: when the CO beam is closed, CO
depletion occurs due to reaction or desorption. Subsequently,
the adsorption rate of Omolecules increases, which results
in a transient maximum of the GQproduction. When no
more CO is adsorbed, the G@Peak vanishes. This peak can
only be observed in the CO-rich regime, where the dissocia-
tive chemisorption of @is inhibited by chemisorbed CO.
Prowy In Fig. 12, a simulated series of G@ansients is shown,
[10”°mbar] for the same reaction conditions as the ones used in the ex-
periment of Fig. 5(Tsampie= 440 K, Prota=1.0X 10~ ° mbay.
Considering the simplicity of the model, the agreement be-
tween the experiment and the simulation is surprisingly
kg good. The oxygen-rich regimeorresponding to the absence
of any CG peak during the experiment, i.e., to transients of
1.03 type 1, see Fig. Bis present untikxco~0.35. The CO-rich
- regime(corresponding to the presence of a{§@ak during
P the closed-beam period, i.e., to transients of typeis2
reached fromx=0.45.
0.69 In the inset in Fig. 12 we consider the transient behavior
fpoonid in the transition region between the oxygen-rich and the CO-
M“M rich regime in detail. It is noteworthy that upon termination
Maa of the CO beam, a behavior is found which is qualitatively
0.34 similar to the effect discussed in the previous section. Over a
v small regime ofkcq values between 0.39 and 0.44 we find a
N — Y . sudden decrease of the €froduction followed by a peak in
0 50 100 150 200 250 the CQ production. This subtle effect is a consequence of
t[s] the competition between two contributions: On the one hand,
_ _ _ _ the reaction rate immediately decreases due to the decreasing
FIG. ;3. Transient behavior of the Q(Droducthr_l rate as a function of the CO coverage upon termination of the beam. On the other
effective total pressurpy,, close to the transition between the two reac- . .
tion regimes Tsampe= 415 K). hand,' the oxygen adsorption rate increases 'due' to the de-
creasing CO coverage. Due to the different kinetics of both
processes, the product of the coverages might reach a maxi-
from top, Tsampie= 440K, Pioa=1.03% 10 ®mbar, xco mum, giving rise to the CPpeak at later time. Although the
=0.52 reveals slight deviations with respect to the shapdransient behavior is qualitatively reproduced, some discrep-
and the width of both peaks. ancies remain, comparing the simulation in Fig. 12 with the
In general, these deviations can be considered to be @xperimental results shown in Fig. 9. In general, the,CO
consequence of the simplistic kinetic modéd) The exact production dip in the simulations appears less pronounced
coverage dependence of both the CO andstizking coef-  than in the experiment. Similar to the discussion above, the
ficients is not taken into account, e.g., the complex influenceliscrepancy may be partially related to the simplifications of
of precursor states of Ref. 48)) the coverage-dependency the kinetic model. Additionally, the influence of the system
of energy barriers is not considered, deylany influence of heterogeneity may result in an enhancement of this kinetic
the microscopic arrangement of the adsorbdtsnding, effect. This will be discussed in detail in Sec. Il H.
etc) is completely neglecteésee, e.g., Ref. §4 Addition- Finally, we have simulated the experiments of Fig. 6,
ally, we disregard all heterogeneity effects, which may existtoncerning the steady-state reaction rate at various flux ratios
on the supported model catalyst. Again, it must be underand sample temperaturéfor pi=21.0<10 ®mbay. As
lined that our purpose is not to fit the experimental data, buseen in Fig. 14, the result of such a simulation is again quali-
to explore to what extend the kinetics can be qualitativelytatively satisfying. The general shapes of the curves, the al-
explained by a simple homogeneous surface model. It has tmost linear increase in the high oxygen coverage region, and
be pointed out that considering the present lack of detailethe position of the maximum as a function of the surface
and quantitative information on the reaction system, any furtemperature are rather well reproduced. The main difference
ther fit of the many parameter system, in particular introducis related to the high CO-flux side. Whereas the inhibiting
ing more complex adsorption and reaction kinetics, does nagffect of CO is reasonably well described for a surface tem-
appear reasonable. perature of 440 K, the inhibition is overestimated for lower
From the transient behavior of the calculated coveragesurface temperatures and underestimated for higher tempera-
of CO and oxygen(Fig. 11), the first CQ peak is easily tures. To a great extent, this is a consequence of the fact that
explained by the fact that, in the considered excess-CO rehe current model disregards coverage dependencies of the
gime (at steady staje the initially higher oxygen coverage CO adsorption energy and thus overestimates the CO desorp-
and lower CO coverag@s compared to the steady sjadee  tion rate at high temperature and underestimates desorption

COon

CO off

Xco = 0.52
Tsample = 440 K

W

1.38

CO, Production Rate [arb. units]
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0.05 c0+0./Pd terparticle heterogeneitgtructural differences between indi-
Simulation vidual particle$. In the first case, strong coupling between
25 50e A Protal = 1.0 X 10° mbar these sites by surface diffusion has to be taken into account.
°,§;E\ In the latter case every metal particle represents a largely
'§§ ; isolated reaction system. Due to the weak adsorption of the
88 %% Samele reactants on the alumina support inter-particle diffusion is
at 465K . . .
53 §trong|y suppres_sed_. _Yet, |nd|v_|dual adsorptlon and_the reac-
OF 002 tion rates on the individual particles may differ considerably,
gé 440K e.g., due to differences in particle size, shape or structure. As
28 a consequence, different steady-state coverages may coexist
§§ 0.01 1 415K under given conditions on the individual particles. This ef-
fect will be particularly important close to the transition re-
0.00 : : : DUUOUUUSUUUUTR00000-0 + >~ gion between the two reaction regimes, where the surface
00 01 02 03 04 x‘;: 0.6 07 08 09 10 coverages sensitively depend on the reaction parameters. Fi-

nally, the total macroscopic reaction rate will be a superpo-
sition of the individual particle rates, i.e., a superposition of
transients ranging from type (bxygen rich, Fig. 3to type 2

(COrrich, Fig. 3. As a consequence, we expect that in agree-

) Tment with the experimental data the characteristic transient
at low temperature. On a supported model catalyst, this efs

f b icularl | d h . f i O, production in the transition region will occur over a
ect may be particularly relevant due to the variety of avail- .o range of CO fluxesco and may appear more pro-

able adsorption sites and thus the wider range of ads,orptiolqOunced

FIG. 14. Simulated steady-state €@roduction rate as a function of the CO
fraction in the impinging gas fluXco (Pioa= 1.0X 10° mbar).

energies.

In conclusion of this section, simple kinetic calculations,
assuming a homogeneous surface, and using only a limite
set of parameters issuing from literature data, allow to simu-
late the experiments with a good semiquantitative agreementa)
The behavior of the transient and steady-state rates as a func-
tion of the gas partial pressures and of the surface tempera-
ture is well described. In particular, with regard to the tran-
sition region between the oxygen and CO rich reaction
regimes, it is demonstrated that all the features—including
the transient CQ® production peak—are semiquantitatively
reproduced by the homogeneous surface model.

A more quantitative agreement would require a refine-
ment of the simulations, e.g@ keeping the “mean-field”
approach, to improve the model, by using, e.g., coverage-
dependent energy barriers for the CO desorption and the
CO+0 elementary reaction and more realistic sticking coef-
ficients of CO and @ or (b) using a more local approach, to
account for the fact that the surface of a supported model
catalyst is heterogeneous and that the adsorbates are not
equally distributed over the sample surface. As a basis, for
such an attempt, a detailed knowledge of the energetics and
kinetics of the surface—gas interaction and structural charac-
teristics of the catalytic system is required, which is, how-
ever, only partially available at present.

H. Discussion (b)

In the previous section we have shown that the transienc)
and steady-state kinetics can at least be semiquantitatively
understood assuming a simple homogeneous surface. Hov)
ever, certain deviations remain, in particular with respect to
the transient C@peaks. In this final section we will end with
a brief discussion, considering how the transient behavior
may be further modified by the heterogeneity of the model
system.

In general we have to distinguish between intraparticle
heterogeneitydifferent sites or facets on a partitlend in-

On a microscopic level, there are several pathways via
hich the heterogeneity of the system may have an influence
the adsorption and reaction rates:

Variations of the local effective pressur&t low reac-
tion temperatures a large fraction of the adsorbing re-
actants is captured via trapping on the support and dif-
fusion to the metal particles. This ‘“capture zone”
effect has been early discussed by Giktal®® and
Henry et al®® It has been quantitatively investigated in
several studietsee, e.g., Refs. 34, 38, 67,)68cently
also on the model system used in this w8tRhis new
adsorption channel gives rise to the effect that the re-
actant flux per Pd surface atom depends on both the
particle size and its surrounding. Due to overlapping of
the capture zones, on a particle in close proximity to
other particles the effective local pressure will be sig-
nificantly lower than on an isolated particle. This effect
is schematically illustrated in Fig. 15. Experimentally,
the effect of the total effective pressypg; at constant
Xco IS demonstrated in Fig. 13. With increasing total
pressure the transient behavior changes in a way simi-
lar to what is found for an increasing CO flux fraction
at constant total pressure, i.e., with increasing pressure
the transition region in a reactivity diagram shifts to-
wards lower CO flux fraction.

Variations in the sticking coefficiemue to variations

in the surface and defect structure.

Variations in the desorption raten different adsorp-
tion sites(facets, edges, defegts

Variations in the reaction rateEvery particle repre-
sents an ensemble of active sites with locally varying
activation barriers. Thus the total reaction rate on the
particle depends on the ensemble of individual reaction
sites.

It remains the question in how far these contributions
can be included in further microkinetic simulations to finally
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FIG. 15. Schematic representation of
the surface coverages close to the tran-

Fco
sdlrect CO/0:
oxygen rich '.'.'. .

steady-state
(transient type I)

yield a more complete picture of the reaction kinetics on the
model system. On complex catalytic surfaces, on which
naturally a certain degree of heterogeneity exists, such simu-
lations will finally be necessary in order to identify and
quantify the kinetic effects under discussion. As a basis, such
simulations, however, require a detailed knowledge of the
energetic and structural properties of the model systemgiv)
Here, the available data is still rather limited. Whereas some
detailed and representative structural information is available
from STM and TEM(transmission electron microscopyhe

data basis on gas—surface interaction and surface adsorption/
reactions is largely restricted to single-component systems
and to ideal single crystal surfaces. Starting from these
simple cases, studies on supported model catalysts with a
reduced and controllable level of complexity may provide
way to address these questions.

IV. CONCLUSIONS

In conclusion, we have applied a combined molecular
beamin situ IR reflection absorption spectroscopy approach
to study the kinetics of the CO oxidation reaction under(v)
steady state and transient conditions. We employ a supported
Pd model catalyst, based on an orderegQAlfilm grown on
NiAl (110. Previously, this systems has been characterized
with respect to its structural and adsorption properties. The
surface of the Pd islands is to a large extend dominated by
(11)-facets. The particles are characterized by an average
size of 5.5 nm and an island density of*36m 2.

(i) In the temperature rang@15-465 K and pressure
range &10 ® mbar) investigated, we find no indica-
tions for a significant deactivation of the model cata-
lyst on the time scale of the experiment {0®s).

(i)  The steady-state reaction rate was systematically de-
termined as a function of the CO flux fraction and the
surface temperature. The different reaction regimes
are discussed.

(i)  We have employeih situ IRA spectroscopy to follow
changes in the occupation of adsorption sites under
reaction conditions. Starting from O-rich reaction
conditions, the linear increase in CO coverage with
the CO flux is accompanied by a increased occupation

sition region between the oxygen-rich
and the CO-region. Depending on
their structure and surrounding, some
particles may remain in the oxygen-
rich state, whereas others switch to the
high CO coverage region.

steady-state
(transient type Il)

coadsorbed oxygen. In the transition region to the
CO-rich regime, the sudden increase in the CO cov-
erage is due to a strongly increased occupation of
bridge sites. Additionally, in the high CO-flux region,

a small fraction of on-top sites is occupied which may
tentatively be assigned to defects.

We have systematically investigated the transient be-
havior of the system under conditions of continuous
O, flux and modulated CO flux. The different types of
transients are discussed. In particular we have inves-
tigated the appearance of a transient,Q@ak after
switching off the CO beam. Using time-resolved IR
absorption spectroscopy we demonstrate that the ob-
served transient behavior close to the transition
region—at least for the model system used in this
study—is not related to defect sites, as was proposed
previously. Instead we suggest complementary expla-
nations, which are related ta) the CO induced inhi-
bition of O, adsorption andb) the intrinsic heteroge-
neity of the model system allowing coexistence of
different steady states.

With a simple kinetic model based on the Langmuir-
Hinshelwood mechanism and on previous experimen-
tal data available on R#l11) and on the Pd model
system used here, we show that a large part of the
reaction kinetics can be understood by considering a
homogeneous surface. The good semiquantitative
agreement between experiments and simulations is
obtained over the range of flux and temperature con-
ditions covered in this study. A close investigation of
the CQ production after closing of the CO beam sug-
gests, that the transient behavior can be largely ex-
plained by these simulations, taking into account the
interplay between CO desorption/reaction and the in-
hibition of O, adsorption by CO. Additionally, the
effect is expected to be enhanced by the surface het-
erogeneity of the supported cluster system leading to
coexistence of a multitude of differing steady states
under given reaction conditions.
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