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Abstract

Combining a multi-molecular-beam approach and in situ time-resolved IR reflection absorption spectroscopy (TR-IRAS), we investigate
the kinetics of methanol oxidation on a well-defined supported Pd model catalyst. The model catalyst is prepared under ultra-high-vacuurr
(UHV) conditions by Pd deposition onto a well-orderechb@§ film grown on NiAl (110). In previous studies, this system has been
characterized in detail with respect to its geometric and electronic structure and its adsorption properties. Crossing molecular beams ¢
methanol and oxygen on the sample surface, we systematically probe the rate of total methanol oxidatipmasca@ahction of surface
temperature and reactant fluxes. The results are compared with equivalent experiments for the related CO oxidation reaction. Pronounce
differences are observed in the kinetics of the two processes, both under steady state and under transient conditions. The dissimilarities c:
be related to the dehydrogenation step of methanol, which is found to be strongly inhibited at high oxygen coverage. At low oxygen fluxes,
CO is formed as the main product of methanol decomposition. Via a three-beam isotope-exchange experiment combined with TR-IRAS, the
kinetics of CO formation is investigated as a function of reactant fluxes and surface temperature. Mean-field simulations of the kinetics are
performed in a two-step procedure. First, the kinetics of CO oxidation is described, both under steady state and transient conditions. In
second step the microkinetic model is extended to include the formation of CO formed by methanol dehydrogenation. A comparison with
the experimental data indicates that the transient kinetics cannot be fully described by a mean-field approach.
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1. Introduction to be correlated withletailed experimental data on the sur-
face kinetics. This type of precise and quantitative kinetic

In many cases, the kinetics of heterogeneously catalyzeddata, however, are scarce for simple surfaces and are missing
reactions sensitively depend on the particle size and struc-aimost completely for well-defined but complex surfaces.
ture, the support material, or the presence of promotors and N order to surmount these difficulties, we follow a
poisons. In the literature, the possible role of such effects hasmModel catalyst approach. Supported model catalysts allow
been discussed for a long time (see, e.g., [1]). On a molecu-YS to design surfaces that resemble specific features of real
lar basis, however, little is known of reaction kinetics on the Ccatalysts [2-6]. Still, these systems provide a reduced level
complex surfaces of supported catalysts (see, e.g., [2,3]). °f complexity and can be easily probed using a variety of

The lack of thorough understanding is essentially the re- Surface science techniques. In this work, we use a Pd model
sult of two problems: (1) Precisgructural and chemical catalyst, which is prepared under UHV (ultra-high-vacuum)

characterization proves to be extremely difficult for the sur- Kﬁg?'t'lolnos ' b.aSTd on ?nl O;dgreg a;'# rr}[lr?a film gr<t)\{vn on da
faces of most real catalysts. Single crystals, on the other 1Al ( . ) single crystal [7,8]. Both, the geometric anc

hand, which are well defined on an atomic basis, do notshowelec:tror.]IC structure of t.he sy§tem, as W?” as its adsorption
the effects under consideration. (2) If available, the struc- properties, have been investigated previously (see, e.g., [4,

e . . 9-11] and references therein).
tural characteristics of the catalytically active surface have : T
In order to perform detailed and quantitative kinetic mea-

surements on these well-defined model catalysts, we employ
* Corresponding author. molecular beam techniques. Molecular beam methods have
E-mail address: libuda@fhi-berlin.mpgde (J. Libuda). been successfully applied to several reaction systems on sin-
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gle crystals (see, e.g., [12-14] and references therein). Onof CO. In a temperature-programmed reaction experiment,
supported model catalysts, however, the amount of work is the reaction probability for dehydrogenation is found to de-
limited and the few studies performed so far focus entirely pend sensitively on coverage (at low coverage the reaction
on simple reaction systems such as CO oxidation (see, e.g.rate is near unity). The CO produced in this process may
[3,15,16] and references therein) or the NO—CO reaction either desorb{ 480 K; see, e.g., [11]) or be oxidized to
(see, e.g., [17,18]). COy in the presence of adsorbed oxygen350 K, see, e.g.,

In our experiments we combine multiple beam sources [20,22] and references therein). As a slow but competing
with simultaneous gas phase detection and in situ time- pathway, we have recently identified C—O bond scission. Us-
resolved IR reflection absorption spectroscopy (TR-IRAS ing CO as a probe molecule, we could show that C-O bond
[19]). Recently, we applied this approach to the CO oxi- scission preferentially occurs at defect sites such as particle
dation on different types of supported Pd model catalysts edges [43]. CH and carbon species produced via C-O bond
[20,21]. On the basis of these experiments, it was possiblescission can be removed by reaction with oxygen at moder-
to derive a microkinetic model, which provides a good de- ate temperatureg(400 K, [42]).
scription of the kinetics, both under steady state and transient  In this publication, we focus on the kinetics of methanol
conditions [22]. dehydrogenation to CO and subsequent oxidation te. @O

In this study, we attempt to extend this type of work to- should be noted that at elevated temperatuse3d0 K), ad-
ward more complex reaction systems, focusing on the de-sorbed CO and oxygen are the only surface species that are
composition and total oxidation of methanol. Reactions of presentin substantial concentration. Thus, the surface kinet-
methanol on Pd particles have attracted considerable attenics is related to the well-known case of CO oxidation, with
tion due to the activity of Pd catalysts with respect to im- differences arising only from the fact that CO chemisorbs
portant processes such as the synthesis or the partial and tofrom the gas phase in the latter case, whereas it is formed via
tal oxidation of methanol (see, e.g., [23-26]). Interestingly, dehydrogenation in the case of methanol oxidation. We use
these catalysts show pronounced support, size, and promotethis fact in two ways: (1) Experimentally, we perform equiv-
effects (see, e.g., [27-30]). Motivated by these observations,alent measurements for both processes, CO and methanol
a number of studies on the reactivity of methanol have oxidation. A direct comparison of the corresponding kinetic
been have been performed under UHV conditions, both ondata allows a qualitative identification of key features and
Pd single crystals (see, e.g., [31-39]) and on Pd films [40]. differences in the kinetics of both processes. (2) With respect
Mechanistic issues regarding the decomposition on transi- to the microkinetic simulation, we start by modeling the sim-
tion metal surfaces have been reviewed by Mavrikakis and pler case of CO oxidation. In a second step, the kinetic para-
Barteau [41], recently. meters derived for the CO oxidation are then employed in a

In a preceding study, we investigated mechanistic as- more complex kinetic model for methanol oxidation.
pects and qualitative kinetic features of methanol decompo-
sition on the alumina-supported Pd model catalyst, which is
also used in this work [42]. Schematically, the key features 2. Experimental
are summarized in the reaction scheme displayed in Fig. 1:

Methanol adsorbs molecularly on the>®3 support with All experiments were performed in a UHV molecular
desorption energies between 45 and 50 kJthoDn the beam/surface spectroscopy apparatus at the Fritz-Haber-
Pd particles the adsorption energies are slightly higher, lead-Institute (Berlin), which has been described in the literature
ing to reverse spillover and preferential adsorption on the recently [19]. The system offers the experimental possibil-
particles. At low temperatures, breakage of the O—H bond on ity of up to three beams being crossed on the sample sur-
the Pd particles results in formation of methoxy species. Up face. In this study, CkEDH (Merck, > 99.8%), CO (AGA,

to temperatures of 200 K, molecular methanol and methoxy > 99.999%, further purified using a I-N\cold trap), and @
species coexist and a rapid equilibrium between the two (AGA, >99.996%) beams were generated by two effusive
species is established. At higher temperatures decomposil®am sources based on multichannel arrays. Beam modula-
tion proceeds via two competing pathways: The dominat- tion is provided by a computer-controlled shutter located in-

ing pathway is dehydrogenation, leading to rapid formation Side the second of two pumping stages of each beam source.
To avoid artifacts due to nonhomogeneous coverage, the

e e beam diameter was chosen so that it exceeded the sample

: +0(a) : ) ; -
CH30H(g) == CH;0H(a,Al,0;) ., o ' co'—’ CO4(9) surface for all IRAS experiments. Beam intensities and pro-
> : . . . . .
M| e x0(a) ++. COta) corg) files were characterized as described in the literature [19]. In
CH30H(g) = CH;0H(a)s=> CH;0(a) | .COOxidation ! some experiments, a third source was used that generated a

oy %;;. CHy(a) -+ C(a) 22 corg) beam from a supersonic expansion (in this work CO er O
defects +Hla) > 600K | oy o) at backing pressures betweef k 10° .and 15 x 10° Pa).
For the calibration of IR absorption versus CO cover-
Fig. 1. Schematic reaction scheme for the decomposition and oxidation of age, a sticking coefficient measurement (King and Wells
methanol on a Pd/alumina model catalyst. method [44,45]) was performed at a sample temperature
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of 300 K. For this purpose, the beam, generated by the su-deposition, the crystal was biased with a retarding voltage
personic source, was attenuated by a mechanical chopper tin order to prevent ions from being accelerated toward the
an intensity of 22 x 10" moleculescm?s™! and the beam  sample (point defect creation). The evaporator flux was cal-
size was chosen to be smaller than the sample diameter. In aiibrated by a quartz microbalance prior to use. Before the re-
equivalent experiment but choosing a beam size larger thanactivity experiments, the Pd particles were stabilized by oxy-
the sample, the IR spectra were continuously recorded as agen and CO exposure as described previously [10,11].
function of CO exposure.

For the isotope exchange experiment$@HzOH and
al3CH30H beam (Cambridge Isotope Laboratorie€99%)
of equal intensity were used. All reactivity measurements
were performed via a quadrupole mass spectrometer (ABB
Extrel) not in line of sight of the sample. The rate measure-
ments for methanol oxidation to G@vere corrected for the
background C@ signal produced in the vacuum chamber Before we explore the kinetics of methanol decomposi-
by subtracting a blind experiment performed on a Pd-free tion and oxidation, we briefly reconsider the structure of the
alumina sample. IR spectra were acquired at a spectral resPd particles on AlO3/NiAl (110) employed in this study.
olution of 2 cnT! employing a vacuum FT-IR spectrometer More detailed structural information as well as data on ad-
(Bruker IFS 66v). A MIR polarizer was used to select the sorption properties can be found elsewhere [4,10]. Detailed
p-component of the IR light only. For the isotope exchange information on the preparation and the structural proper-
experiments, the data of several exchange cycles were accuties of the AbOz model support is also given in the litera-
mulated to improve the signal to noise ratio. ture [7,8].

Absolute turnover frequencies (TOF) as given in Sec-  The structure of the Pd particles has recently been
tion 3.6 were determined as follows: First, we determined investigated by scanning tunneling microscopy (STM) and
the fraction of the flux emitted by the effusive source thatim- other methods (see [10] and references therein). It was found
pinged on the sample (note that the beam diameter was chothat the three-dimensional particles are characterized by an
sen larger than the sample and the beam profile was less welbverage size of 5.5 nm and contain about 3000 Pd atoms
defined than for the supersonic beam source [19]). This waseach, approximately 20% of which are located at the particle
done by comparison of the background pressure in the scatsurface. The patrticle density corresponds 10 #-0.2) x
tering chamber, generated by the effusive beam sources and.0'2 cm—2, resulting in about 20% of the support surface
the supersonic beam source at equal beam intensity (as deteibeing covered by Pd particles. The majority of particles
mined by the beam monitor [19]). For the supersonic source, exhibit the morphology of well-shaped crystallites. These
the effusive part entering though the aperture of the last dif- crystallites grow in (111) orientation and are predominantly
ferential pumping stage was negligible and the beam profile terminated by (111) facets. Additionally, a small fraction of
could be determined exactly via the beam monitor. Once the (100) facets are exposed.
total flux of CO or methanol into the vacuum chamber was  For the reactivity experiments, the particles were stabi-

known, we could calculate the absolute rate for conversion |ized prior to the experiment by extended oxygen exposure
to CO, from the mass spectrum, taking into account the sen- at elevated temperatures. Subsequently, surface oxygen was
sitivity factors for the different gases. Finally, the absolute removed via reaction with CO, followed by thermal desorp-
TOF was determined using an estimate of the density of sur-tjon of adsorbed CO. Details concerning the experimental
face atoms derived from STM [10]. It should be pointed out procedure have been published previously [10,11]. Note that

that accuracy in the determination of both the reaction ratesneither the particle shape nor the particle density is affected
and the surface atom density was limited (with relative un- py this procedure.

certainties typically on the order of 30% for both values). As
a consequence, the uncertainty in the absolute values of th%
TOF was rather large (approximately 50%), whereas relative
values were more reliable (see simulations in Section 3.6).
The alumina film was prepared by sputtering and anneal-
ing of a NiAl (110) single crystal, followed by repeated ox- In order to systematically probe the kinetics of methanol
idation and annealing. The details of the oxidation proce- oxidation, we perform a series of two-beam-experiments as
dure are given elsewhere [8,46] Cleanliness and qua“ty of illustrated in Flg 2.The experimental Setup is SChematica”y
the oxide film was checked via LEED (low energy electron depicted in Fig. 2b. A beam of oxygen and a beam of
diffraction) and AES (Auger electron spectroscopy). Before methanol, both of variable intensity are superimposed on
the experiment, Pd99.9%) was deposited by evaporation the sample surface. We define the total effective pressure of
from a rod (diameter 1 mm) using a commercial evaporator 0xygen and methanol at the sample position as
(Focus, EFM 3) based on electron bombardment (Pd cover-
age 27 x 10 cm~2, sample temperature 300 K). During  protal= pMeoH + po, With p; = F; (2wm;kT)%° (1)

3. Resultsand discussion

3.1. Sructure of the Pd/Al,03/NiAl (110) model catalyst

.2. Methanol oxidation to CO»: molecular beam
experiments
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Fig. 2. (a) Transient response of the £@roduction rate for a continuousy®eam and a modulated methanol beam impinging on tHAB®3/NiAl (110)
model catalyst as a function of the fraction of methangkop in the gas flux(Ts = 465 K, piotal = 2 x 10~8 mbar); (b) schematic representation of the
experimental setup.

and the fraction of methanol in the total flux impinging on (Section 3.4). Equivalent experiments have been performed
the sample as for the CO oxidation previously, and we will use the
corresponding results for comparison [20-22].

FmeoH
XMeOH = ﬁ’ (2)
MeOH + Fo, 3.3. Methanol oxidation to CO,: steady state kinetics
where F; is the partial flux of reactant at the sample
position, m; represents its molecular mass, afidis the We start the discussion considering the LOOrmation

temperature describing the velocity distribution (please note rates under steady state conditions. In Fig. 3a the reaction
that for the experiments performed hefe= 300 K, as no rate on PdAl>O3/NiAl (110) is plotted as a function of
cooling of any degrees of freedom takes place in the effusive the methanol fraction in the impinging fluseon and for

sources). different surface temperatures. A similar set of experiments
In a typical series of experiments as displayed in Fig. 2a, for the CO oxidation is displayed in Fig. 3b.
we record the rate of C&formation while exposing the sam- The steady state data for the case of CO oxidation has

ple to a continuous beam of oxygen and a modulated beam ofbeen discussed in detail previously [20-22]. Briefly, we can
methanol. The methanol flux ratigeon is varied, whereas  distinguish between two reaction regimes, which we denote
the total effective pressurpita With both beams operat-  as oxygen-rich and CO-rich, respectively. Starting from
ing is kept constant. Previously, equivalent experiments haveoxygen-rich conditions (lowco values;xco: CO fraction
been performed for CO oxidation on the same model cata-in the impinging flux), the steady state is characterized by
lyst [20,21]. Again, it should be pointed out that adsorbed large oxygen and small CO coverages on the Pd particles. In
CO and oxygen are the only surface species present in conthis range, we observe a linear increase of the reaction rate
siderable amounts for both reaction systems. Thus, we carwith increasing CO flux. This linearity reflects the fact that
directly attribute variations in the kinetics of G@rmation preadsorbed oxygen has only a minor effect on the sticking
to differences in the decomposition kinetics of methanol as probability of impinging CO. If we surpass a criticato
compared to the kinetics of CO adsorption. value, however, the rate starts to drop rapidly. This behavior

From an experiment as shown in Fig. 2, two types is indicative of the transition to the CO-rich regime, which
of information can be extracted. First we obtain steady is characterized by an accumulation of chemisorbed CO on
state reaction rates as a function of the methanol flux the surface of the Pd particles. The adsorbed CO inhibits
fraction xmeon. This type of experiment is combined with  dissociative adsorption of oxygen, giving rise to a rapid
static in situ IRAS in order to correlate reaction rates with decrease in the oxidation rate with increasitg. Upon
additional information on adsorbed surface species (seeraising the reaction temperature, the transition point, at
Section 3.3). The second type of information is contained which the system switches from oxygen-rich to CO-rich
in the transient behavior upon admission and termination of conditions shifts to largetco values. This effect is due to
the methanol beam. Here, we use in situ time-resolved IRAS the decreasing CO residence time and steady state coverages
to monitor surface species and corresponding coverageson the surface.
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(CO stretching frequency region) under reaction conditions.
A typical set of experiments is displayed in Figs. 4a and 4b.
Simultaneously with the rate measurements (Fig. 4a), we
record an IR spectrum for every set of reaction conditions
after the corresponding steady state is fully established
(Fig. 4b). We observe a main feature at 1905 ¢éng1),

a broader absorption at 1830 th(2), and in some cases

a very weak feature at approximately 2050 ©m(3).
Previously, the origin of these bands has been discussed and
they have been assigned to (1) CO adsorbed at hollow sites
on (111) facets superimposed with (100) facets, defects and
bridge sites, (2) CO adsorbed at hollow sites on (111), and
(3) CO linearly adsorbed on (111) facets and at defects (see,
e.g., [9,47,48] and references therein).

A comparison of the integral absorption in the CO region
during CO and methanol oxidation is shown in Figs. 4c
CO + 0, — CO, b and 4d. Again we find clear differences for 'Fhe tW(_) reaction_

systems: In the CO case, we observe a linear increase in
the CO absorption signal withco at low CO flux, a sharp
increase in absorption upon transition to the CO-rich regime,
and a nearly constant value at largeo. For methanol
oxidation, on the other hand, the CO absorption signal
440 K remains below the detection limit fotpmeon < 0.2. For
higherxmeon values it increases smoothly without showing
the pronounced step-like characteristics of CO oxidation.

With respect to the interpretation of the IR absorption
415K data, it should be noted that in IRAS there is no simple re-
lationship between integral absorption and the surface cov-
erage (see, e.g., [49]). The problem can be surmounted by
suitable calibration procedures, as discussed in Section 3.4.
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10 09 08 07 06 05 04 03 02 01 00 Here, we restrict ourselves to qualitative information, which
Xco . . . .
is directly evident from the absorption data.
Fig. 3. Steady state reaction rates on the/RgdO3/NiAl (110) model From both rate measurements and in situ IRAS it is ap-
catalyst as a function of the fraction of methangyeon in the im- parent that preadsorbed oxygen has a strongly inhibiting ef-

pinging gas flux and the surface temperature (a) for the total oxida- fect on the dehydrogenation rate of methanol. On a molecu-
tion of methanol (prora) = 2 x 107 mbar); (b) for the CO oxidation |5y |evel, several contributions may be invoked as a possible
(Protal =1 > 1072 mbar). origin of this inhibition effect, such as site blocking in the
adsorption dissociation process, variations of the activation
Comparing the steady state reaction rates for methanolparrier for dissociation and desorption induced by pread-
oxidation to the corresponding rates for CO oxidation sorbed oxygen, or the formation of oxygen islands with spe-
(Figs. 3a and 3b), we can identify the same two regimes for cific reaction properties. With respect to the first point, previ-
the methanol reaction system, i.e., a flux region in which the ous adsorption measurements have shown that preadsorbed
surface is predominantly covered by oxyg@n< xmeoH < oxygen does not prevent methanol adsorption and methoxy
0.45) and a region in which it is predominantly covered formation on the Pd particles at low temperatures, but still
by CO(0.45 < xmeon < 1). The steady state plots, however, reduces the dehydrogenation probability [42]. Similar in-
reveal several pronounced differences between the twohibiting effects have been found for methanol decomposition
processes: (1) In contrast to the CO casep @&duction other surfaces, such as Mo (110) [50] or Cu (110) [51]. In the
from methanol is strongly suppressed at high oxygen fluxes latter case it was shown that oxygen forms islands with only
and increases nonlinearly as a functionx@feon. (2) For very few centers being active with respect to methanol. We
large methanol fractionsyeon, the decrease in the reaction  will come back to this point in connection with the microki-
rate (i.e., the CO poisoning of the surface) appears to benetic modeling discussed in Section 3.6.
less pronounced than for the CO oxidation case. (3) The
xMeoH value at which the reaction rate reaches its maximum 3.4. Methanol oxidation to CO,: transient kinetics
shows only slight shifts as a function of temperature.
In order to explore the differences between the two  After discussing the basic features of the steady state
oxidation processes, we have performed IRA spectroscopyreaction behavior, we consider the transient rates oy CO
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Fig. 4. (a) Steady state G@production rates and (b) static in situ IR reflection absorption spectra of CO on t#éJe /NiAl (110) model catalyst during
methanol oxidation as a function of the fraction of methangboy in the impinging gas flux%s = 465 K); (c) integral absorption in the CO stretching
frequency region during methanol oxidatiopota = 2 x 108 mbar) and (d) during CO oxidation, for comparisgRota = 1 x 10~6 mbar).

formation in more detail. In Fig. 5 we make a direct trace). Again we observe an instantaneous rise in the CO
comparison between the transient rates of CO oxidation production upon exposure of the oxygen saturated surface to
and methanol total oxidation under both oxygen-rich and the CO beam, followed by a slower increase (see also [20]).
CO/methanol-rich conditions. Subsequently, the reaction rate drops again due to the
The transient behavior for the CO oxidation (Fig. 5¢) accumulation of CO and the connected inhibition of oxygen
has been discussed elsewhere [20,22,52]. Briefly, the twoadsorption (see discussion in Section 3.3). The steady state
reaction regimes, CO-rich and O-rich, are connected to is characterized by high CO and low O coverages. Once the
two characteristic types of transients: (1) Under O-rich CO beam is terminated again, the reverse process occurs.
conditions (lower trace in Fig. 5¢), an instantaneous increaseThe reaction rate increases as a result of the decreasing CO
in the reaction rate (on the timescale of the experiment) coverage (leading to an increasing oxygen chemisorption
is observed upon admission of a CO beam to the oxygenprobability) and gives rise to a GQormation peak.
saturated surface, followed by a slower increase toward At this point it should be noted that for the CO oxidation
the steady state rate. The behavior was rationalized by theon Pd particles a third type of transient is observed upon
presence of a CO precursor state, which is rapidly populatedtermination of the beam in a transition region between the
and from which a chemisorption state can be reached. TheCO- and oxygen-rich regimes, which is characterized by a
probability of chemisorption (rapidly followed by reaction minimum in the reaction rate [20,21,53,54]. This type of
and desorption of Cg) slightly depends on the oxygen behavior is related to the presence of defects and surface
coverage, giving rise to the slower part of the transient heterogeneities. For a detailed discussion we refer to the
increase. Upon termination of the CO beam, the reaction literature [20,22].
rate drops rapidly, as the remaining low coverage of CO  Comparing the transient GOproduction for methanol
is rapidly consumed in the reaction. (2) Different behavior oxidation (Fig. 5b) to the CO oxidation case, drastic differ-
is found under CO-rich conditions (see Fig. 5c, upper ences are observed: (1) Under oxygen-rich conditions, we
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Fig. 5. (a) Transient C®production rates as a function of the fraction of methan@lon in the gas flux and (b) close-up of two characteristic transients
(Ts =465 K, piotal = 2 X 106 mbar); (c) transient C®production rates for CO oxidation, for comparis@ = 465 K, piotal = 1 x 106 mbar).

observe no instantaneous increase in the reaction rate upomnusually slow transient increase and no maximum in the re-
exposure to the methanol beam. Instead, the reaction rate ini-action rate upon admission of the methanol beam (although
tially remains below the detection limit and subsequently in- substantial CO coverages are built up in the steady state, as
creases slowly towards the steady state level. The timescaldéndicated by the appearance of the CO peak upon termina-
on which the steady state level is reached (approximatelytion of the methanol beam). For comparison the reverse ex-
300 s for the transient displayed in Fig. 5b) is typically an periment, using a continuous methanol beam and a modu-
order of magnitude slower than for the CO oxidation. Upon lated G beam, is also displayed in Fig. 6a. The IRA spectra
termination of the methanol beam, the reaction rate dropsare displayed in Fig. 6b, which were recorded in the transient
rapidly, showing that the steady state coverage of CO is low region as a function of time. As expected we find a slow
under these conditions. (2) Under methanol-rich conditions increase in the absorption signal starting from the oxygen-
the main difference is related to the initial transient CO precovered system (modulated methanol beam) and a rapid
peak upon admission of the methanol beam. This peak isdecrease starting from the CO-precovered system (modu-
strongly attenuated in the case of the methanol oxidation. lated oxygen beam).

Still, the intense C@ peak, which appears upon termina- The integral absorption corresponding to the spectra
tion of the beam, clearly demonstrates that the steady state igisplayed in Fig. 6 b is shown in Fig. 7. As discussed
characterized by a high CO coverage. In particular, it is note- before, no general relationship is valid in IRAS, which
worthy that for a broad range of conditions no transient max- allows us to convert this type of data into coverage. In
imum appears at all upon admission of the methanol beam,order to circumvent this problem, we perform a coverage
whereas a pronounced GQeak is observed upon termina- calibration by combining a sticking coefficient measurement
tion (see Figs. 5a and 2). In contrast to this the appearanceand TR-IRA spectroscopy. The calibration experiment is
of the two transient maxima is typically connected in the performed at a sample temperature of 300 K, assuming
case of the CO oxidation (and indicative of the CO-rich re- a saturation coverage of 0.5 at 300 K (see, e.g., [55]).
action regime; see discussion above). Last but not least, theThe result is displayed in Fig. 7b. As observed previously
transient transition behavior mentioned above (characterizedfor other systems (see, e.g., [49] and references therein),
by a minimum in the reaction rate upon termination of the the absorption increases rapidly with coverage in the low-
CO beam; see [20,21,53,54]) is not found for the methanol coverage regime, whereas at high coverage the dependence
case. becomes much weaker.

In order to obtain additional kinetic information un- We use this calibration curve to convert absorption data
der transient conditions, we have performed TR-IRA spec- into coverage. The calculated CO coveraggy in the
troscopy correlated with reaction rate measurements. A typi- transient region is displayed in Fig. 7c. Moreover, we
cal experimentis displayed in Fig. 6. We focus on conditions can calculate the rate of CO accumulation on the surface,
(xmeoH = 0.5) under which the CQ production shows an  ddcp/dt, which is shown in Fig. 7d.
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Fig. 6. (a) Transient C® production rates and (b) corresponding TR in situ IR reflection absorption spectra of CO during methanol oxidation on the
Pd/Al,03/NiAl (110) model catalyst7s = 465 K, piotal = 2 x 106 mbar); (1) continuous methanol beam, modulated oxygen beam; (2) modulated methanol
beam, continuous oxygen beam.

The transient behavior of the CO coverage derived via lated under conditions of low oxygen flux and specifically
TR-IRAS shows the same general behavior as the reactionblocks particle defect sites [42,43]. Thus, the fact that the
rate measurements. Starting from a CO precovered surfacetransient behavior in the transition region between O-rich
the rate of CO formation shows an immediate increase on theand CO-rich steady states (transient minimum in the reac-
timescale of the experiment and the steady state is reachedion rate; see [20-22]), which sensitively depends on the
rapidly. Starting from an oxygen precovered surface, how- presence of surface defects, is suppressed for methanol to-
ever, the initial reaction rate on the fully oxygen-saturated tal oxidation may be due to a blocking of these defect sites
surface is low, but increases once adsorbed oxygen is con-by carbon species.
sumed in the course of the reaction. An equivalent behav-
ior was found for the transient rate measurements, where
no immediate CQ production was observed upon admis-
sion of the methanol beam (Fig. 5). Both observations illus-
trate the strongly inhibiting effect of a saturated oxygen layer
on the dehydrogenation process. This inhibition effect may  So far we have exclusively investigated the kinetics of
contribute to the differences in the transient reaction rates methanol total oxidation, i.e., the rate of g@rmation. In
for methanol oxidation, i.e., the much slower increase in the general, we are, however, more interested in the kinetics of
rate and the attenuation of the transient;Gf@ak upon ex-  the dehydrogenation process itself, which in the absence of
posure to the methanol beam. It remains the question, howoxygen may also lead to CO as a product. Thus, it would
the inhibition effect arises in detail. We will come back to be desirable to detect both the rate of CO and @®ma-
this questions in connection with the kinetic simulations in tion in steady state and transient measurements (Figs. 2, 3,
Section 3.6. Moreover, we have to invoke the possible for- and 5). Unfortunately, we are facing the experimental diffi-
mation of carbon and its influence on the transient reaction culty that CO represents a major fragmentation product of
rates. Recently, we have shown that carbon can be accumumethanol in the ionizer of a quadrupole mass spectrome-

3.5. Methanol dehydrogenation to CO: isotope exchange
experiments
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§ 0, Beam On, TR-IRAS monitored via TR-IRAS and directly yields the total rate
0201 Cont. CH;0H Beam constant for CO removal from the surface, i.e., the sum of
0164 i Oon0m anSonn R desorption of CO and oxidation to GQf the total CO cov-

erage is known (i.e., from the IR absorption calibrated as
described in Section 3.5), we can also calculate the absolute

0.12
CH3OH + 02 d 002,

Integral Absorption [cm-1]

0081 Pd/Al;O5/NiAl(110) rates of CO and C®formation. In order to minimize the
0.04- o influence of carbon produced by C-O bond scission during
000 o Demom a the exchange experiment, experiments with low oxygen flux
'b p» 0 =0 P 00 were performed on freshly prepared samples [42,43].
t[s] I An example for the type of experimental data obtained
= ® is displayed in Fig. 8axveon = 1, Tsurface= 465 K). We
§ °%1 o o tgerieenlow] switch between two methanol beams, providing an effective
~ 0254 e . . 6
§ o pressure at the sample position o£ 20~° mbar, and record
g 0204 o~ ; ;
§ sl IR spectra with a temporal resolution of 240 ms. Thus, we
< 0] A can follow the exchange betwe&CO, characterized by an
$ 0os.] absorption band at 1900 crhwith a shoulder at 1840 cni
E ol Coverage Calibration ) (at the sample temperature of 465 K), afi€O, charac-
00 o1 az as a4 *as terized by an absorption band at 1860 ¢rmand a shoul-
016 Coverage d der at 1800 cm!. In order to quantify the time constant

of exchange, we determine the mean absorption energy in
the CO stretching frequency region. The result is displayed
in Fig. 8b for different surface temperaturéssecon = 1).
Within experimental accuracy, the absorption energy follows
an exponential behavior and the characteristic time constants
for exchangeexc are determined from a fit of this data.

Note that forxpmeon = 1, Texc is determined by CO des-
orption exclusively (with respect to the possible determina-
tion of desorption parameters from this type of experiment,
however, it should be pointed out that the steady state sur-
face coverage und thus the repulsive adsorbate interaction
varies as a function of temperature). In the presence of oxy-
gen, however, both desorption and oxidation may contribute
to the CO removal rate. Here, we are mainly interested in
the influence of oxygen on the dehydrogenation kinetics.

@
[]
g
g
>
o]

[§)

0008 6 CO(ads) Formation Rate O The results of corresponding experiments are summarized
. . T T . . in Fig. 8c, showingrexc as a function surface temperature
0 w0 ,tw:] w. s and methanol fractionmeon (protal = 2 x 10-6 mbar). It

is found that there is only a weak dependencegt on
F?g. 7. (a) Integral absorption corresponding to the spectra displayed in the oxygen flux applied. This implies that there is no pro-
E'g‘ 6. Open symbols: continuous methanol beam, modulated oxygen e inhibition of dehydrogenation under oxygen-poor
eam; solid symbols: modulated methanol beam, continuous oxygen beam. .. . . L7 -
(b) Integral absorption in the CO stretching frequency region as a function conditions. Instead, the reaction proceeds with similar kinet-
of CO coverage. (c) CO coverage in the transient region as calculated from iCS, but with CO as the main product, whereas under oxygen-
the TR-IRA spectra. (d) Derivative of the CO coverage in the transient rich conditions the majority of CO is oxidized to GO
region.
3.6. Microkinetic modeling

ter (QMS). The resulting high background level prevents di-
rect measurements of the CO production via a QMS. In order to approach a microkinetic modeling of the

We can, however, circumvent the problem by perform- methanol decomposition process, we simplify the reaction
ing an isotope exchange/TR-IRAS experiment as displayedscheme in Fig. 1 according to previous experimental find-
in Fig. 8. Two beam sources of equal intensity are super- ings [42,43]. The simplified kinetic scheme is displayed in
imposed on the sample, one supplyif€HsOH and the Fig. 9.
other isotopically labeled3CH3OH. We switch between The first step is the adsorption of molecular methanol,
both beams using beam shutters, synchronized with the IRwhich may be modified by trapping on the support and
data acquisition. Simultaneously, oxygen is supplied via a surface diffusion. As the interaction with the support is
third beam source. The time constant of exchange betweenweak [42], however, this process is fast on the timescale
the adsorbed dehydrogenation prodd&80 and'3CO is of the reaction and we may include the trapping effect by
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Fig. 8. Isotope exchange experiment for determination of the methanol decomposition raf@bs3dNiAl (110) under steady state conditions; (a) temporal
evolution of absorption in the CO stretching frequency region upon exchange béﬁ@i&gOH and13CH30H; (b) temporal response of the mean absorption
energy in the CO stretching region for different surface temperatufgsoH = 1); (c) time constant for isotope exchange for different surface temperatures
and fractions of methanaleon in the impinging gas fluX piotal = 2 % 106 mbar).

introducing an effective sticking coefficietst e for every and 310 K for Pd particles of 5 nm size [56]). Desorption of
speciesi. Subsequently, the adsorbed methanol undergoesH»>O could not be detected under the conditions applied here,
partial dissociation to methoxy and a fast equilibrium is however, formation of small amounts of water cannot be
established between the two species [42]. Consequently, theexcluded either due to the large background level at 18 amu
methanol/methoxy system is treated as a single intermediatejn the presence of methanol. Following these observation
the reaction probability of which may depend on the actual we omit the desorption and reaction of hydrogen/OH in
surface coverages. Note that under the reaction conditionsthe kinetic model, but it has to be pointed out that oxygen
applied in the total oxidation experimeriBsyriace> 400 K), consumption due to possible formation of a certain amount
dehydrogenation is fast and consequently the steady statef water might lead to slight modifications of the reaction
coverages of methoxy and methanol are extremely low. rates under oxygen-rich conditions.
Moreover, it should be pointed out that the lifetime of all The CO produced in the reaction can either desorb or re-
further intermediates of dehydrogenation is even shorter, soact with adsorbed oxygen to form GQwhich itself desorbs
that in the kinetic scheme the multiple step dehydrogenationrapidly. Under the conditions employed here, CO and O are
process can be represented by a single step. the only surface species present in large concentrations. Tak-
As products of dehydrogenation we may obtain CO as ing into account this point, it is tempting to follow a two-step
well as adsorbed hydrogen or hydroxyl. The desorption of strategy: First, we consider the kinetics of CO oxidation as a
hydrogen from Pd is again fast under our conditions (in simple and well-known reaction system. From a fit of a cor-
a TPD (temperature programmed desorption) experiment,responding kinetic model to the experimental data, we ob-
two desorption features are observed at approximately 280tain several kinetic parameters, which, in a second step, can
be used in kinetic model for the methanol oxidation. The

CH;0H(g) 4:";#» CH;0H(a) 0(9) remaining parameters are adjusted in a fitting procedure to
desMeoH ﬂ'“‘ lsoaen reproduce the kinetic data for the methanol system.
CHyOe) _Kaos co@ %@, co ' The CO OXIdatIOI’l.IS trea’ged as prgwously de;sprlbed in the
s A— 29) literature [20]. The differential equations describing the time
Kaenco evolution of the CO coverag&-o, the O coveragép, and
CO(g) the reaction rateco, per active site (TOF) are
Fig. 9. Simplified reaction diagram for the kinetic simulation of methanol
oxgination orF: the PMI203/NiA§IJ(110) model catalyst. % = Sco,eff@ - k(cj:eosgCO — kLnOofco, )

dr npd
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with Fco and Fo, representing the fluxes of CO anc.O
npqis the density of Pd surface atoms, &a, eff andSo, eff
are the effective sticking coefficients, described as
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Here, 52 o and 83 ¢ = S350 — 7.4 x 1074 - T (see
[20,55]) are the zero coverage sticking coefficients (includ-
ing support trapping effectsy;"® stands for the saturation
coverage, withg[§* = 0.5 and6J® = 0.25 (see [20,57]),

a; is the number of surface sites involved in the process
(in a simple Langmuir model); an@7, describes the influ- 0.00 T Ay 0.00
ence of adsorbed oxygen on the chemisorption of CO [20, c
52,58]. The temperature dependence of the rate constants d
for CO desorptiork§Q and the Langmuir—Hinshelwood re-
action stepk 4 is described as

COo_ . CO Eé:ecé 1 fco
Kges= Vdes®XP| — kT. - 0‘Cogmax ) (8)
s co L| fo

E L —
kLH - eXp<— k;H ) . (9) Simulation 0 2 .ao.sa 80 100 120 140 160 ao(;)o
S 0209 CH,OH + O, ) 015

In these equationg;§Q and E 4 are the activation energies — €O, y
for desorption and reaction{Q andv 4 are the correspond- 0.154 2.0 x 106 mbar
ing preexponential factors, argto describes the coverage
dependence of the desorption energy.

Previously, we have performed kinetic simulations of
CO oxidation under both transient and steady conditions, . $ - 0.05
which were mainly based on single-crystal experimental i 425K
values for sticking coefficients, activation energies, and 5

i i 0.00 - T T T T T T T ! 0.00
prefactors [20,22]. These simulations were able to reproduce 23 04 05 05 07 08 09 10

00 01 02
the experiments on a semiquantitative basis. Quantitative Xcrson
agreement cannot be expected, because of large uncertainties

in the experimental values and possible deviations of the Fig. 10. (a) Comparison between simulated and experimental steady state
: xper valu p ! viall reaction rates for the CO oxidation on Ad,03/NiAl (110) as a function

supported particle system from the single-crystal behavior. of surface temperature and methanol fractiggeon in the impinging

Starting from the values of the previous simulation, we have flux; (b) comparison of simulated and experimental transients for the

fitted the described kinetic model to the experimental steady CO oxidation; (c) comparison between simulated and experimental steady

state rates. The fit was performed under the constraint thats_tate reaction rates for the total Qxidation of methanol; (d) _comparison of

. . simulated and experimental transients for methanol total oxidation.

the absolute TOF values contain large uncertainties, but

the relative values (i.e., the shape of the curves displayed

in Fig. 3b) are reliable. Additionally, only those sets of simulation. Again, the general behavior, the timescale of the

parameters were considered, which also provide a goodtransient response, and the relative intensity of the transient

description of the experimental transient behavior. peaks are found to be well reproduced. We conclude that,
A typical fit is displayed in Fig. 10a. The corresponding in spite of its simplicity, the model provides a satisfactory

parameters are given in Table 1. We find that the steady statequantitative description of the CO oxidation kinetics, under

reaction rates are well reproduced by the model. Moreover, both steady state and transient conditions.

the calculated turnover frequencies are found to fall into  In the next step we set up a kinetic model for the

the same range as the experimental values, although nobxidation methanol, starting from the CO oxidation system

used as a fitting criterion. In Fig. 10b we compare a typical and adding adsorption, desorption, and dehydrogenation

experimental transient under CO-rich conditions to the steps for methanol/methoxy. In this way, we obtain the
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Table 1
Parameters used in the microkinetic simulation of the CO and methanol
oxidation
Process Parameter CO oxidation Methanol
oxidation
CO desorption veo [s™h 32x 1013 32x1018
ESQ [kImor1] 135 135
aco 0.15 0.15
CO adsorption 580 off 0.7
Cry 0.4
pax 0.5 0.5
O, adsorption Sg’szeTfo 1.0 1.0
ao, 2 2
ogax 0.25 0.25
Methanol SOeoH eft 0.6
adsorption ameOH 1
€0 0
£CO 1
OMeOH 1
Methanol vMeOH [s-1 1x 10%2
desorption ENEOH [kamor1) 50
Y0 0
Yco
CO oxidation vH 7Y 6.4 x 10° 6.4 x 10°
ELn [kJmoll] 66 66
Methanol Vdehyd [S71] 8 x 1012
dehydrogenation Egepyq[kd mol~1] 45
adehyd 1
Bo -03
Bco —0.25
following set of differential equations:
dOmeoH s FMeoH ;MeOH,
dr = OMeOH,eff — Kdes MeOH
adehyd
- kdehy(ﬂMeOHefrez Y s (10)
dbco agehyd
CcO
o - kdehydMeOHbsen . — kgeddco — kLHb0OCo, (11)
ddo Fo
—— = 250,,efft— — kLnbobco. (12)
dr npd
rco, = kLHbobco. (13)
Here,6see is the fraction of free sites,
0o fco  OMeoH
eree = 1 (14)

T pmax = pgmax ~ pmax
90 QCO QMeOH

187
coefficient,Smeon,eff, iS modeled as
fo fco
_ 0
SMeOH,eff = SMeOH,eﬁ<1 - Soemax - ECOQmaX
o) co
OmeoH | “MeoH
- EMeOHQmT , (15)
MeOH

with the parameters; describing the inhibiting effects of
different surface species on the adsorption of methanol and
ameoH representing the number of sites required by adsorbed
methanol. Adsorption experiments suggest coadsorption of
methanol and oxygen at low temperatusg & 0), a block-

ing effect of preadsorbed CC:dp ~ 1), and a maximal
methanol coverage 6f;a5,, = 1 [42]. For the rate constants

of methanol dehydrogenatid@enyq and desorptiork¥<OH

we write

Edehyd 6o fco
kdehyd= exp| — 1- Bo— — Bco—x
dehyd= Vdehyd p( Ko Bo e Bco fax
OMeOH
— BMeOH - mas )) (16)
OMeoH
and
deeesOH = Vc’;AeeéOHeXp — —des 1-yo max — YCOTmax
kTs 63 o2
OMeOH
- VMeOHQmT))- (17)
MeOH

Here, the coefficientg; andy; model a possible influence
of coadsorbates on the activation energy for desorption and
dehydrogenation, respectively.

Under the reaction conditions applied, the coverage of
methanol and methoxy is small and, therefore, all depen-
dencies on the methanol coverage can be neglected. More-
over, we can apply a steady state approximation to the
methanol/methoxy intermediate, yielding:

0
OMeOH = SpmeoH,eff FMeOH

0 Oco \IMeOH
(1_ 099 — £co co) e
fo fco

X
MeOH _ Bo __ Oco \9dehyd”
kges™ + kdehyt{]- A GCOHR)

(18)

Employing this model, we have simulated both the steady
state and transient experiments for the case of methanol to-
tal oxidation. Here, we have used the kinetic parameters
from the CO oxidation, as far as they appear in the model.
The desorption energy of methanol was estimated as 45—
50 kJmot ™ in a previous study [42] and the activation en-
ergy for dehydrogenation, which in TPD experiments ef-
fectively competes with desorption (see [42] and references
therein), is expected to fall within the same range. All other
kinetic constant we use as fitting parameters.

A typical set of parameters which provides a good fit to
the steady state reaction rates is given in Table 1. A com-
parison of the simulated steady state reaction rates with the

and agdenyd is the number of additional sites required for experimental data is displayed in Fig. 10c. In general, we
the dehydrogenation step. The effective methanol sticking find that the steady state rates are well reproduced by the
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model. The behavior under both oxygen-rich and methanol-

: o Simulation Reaction Rates a
rich conditions, the temperature dependence, and the mag- .20
. X . . CH3;O0H + O,
nitude of the turnover frequencies are well described. This
. . : . — CO, CH;0H
is, however, not the case for the transient reaction behavior. _ .| a0k adsorption

Figure 10d shows a comparison of characteristic transients atw,

xMeoH = 0.65. For the simulation, we find a transient trace |§ 1o [ o~CHsOH - €0z CH,OH
which is characteristic of the CO-rich regime: gfroduc- ) S\ desorption
tion maxima are found both upon admission and upon termi- / \\ _____________
nation of the methanol flux. In the experiment, we observea %057 // \:"\<.—--5;,;5H_, co
pronounced C@peak upon termination, demonstrating that T S~—_

. . . P ~——
the steady state of the reaction is characterized by a large 0.0 = . == . r T .
CO coverage. Surprisingly, there is no rate maximum upon 25 Degree of Rate Control b
admission of the beam. As already discussed in Section 3.4, 5] " ™ ™ CH.00 CO

. . . . . iU &

we find a slow increase in reaction rate instead. 1.5 \ —-04g) & O(a)

A systematic analysis shows that no sets of parameters 1 / R —
can be found which simultaneously provide a good descrip- gz;gzggr F€2192C0 cow) o, co)
tion of both steady state and transient kinetics. The are two X 0.0 e
possible explanations for this disagreement. First, the es- 05
sential steps in kinetic description might be missing or the 1'0
model might not provide the necessary flexibility, e.g., with 1'5 \\\\\\\
respect to coverage dependencies of kinetic parameters. Sec- ] @ T d

-2.0

ond, the failure to describe the transient behavior might in- 00 01 02 03 04 05 06 07 08 09 1.0
dicate a breakdown of the mean-field approach. Xopor
Specifically, we may consider two contributions to the ob-
served discrepancies: (1) First we may invoke the formation Fig. 11. (a) Calculated rates for different reaction steps during methanol
of carbon species. In previous work, we have shown that oxidation; (b) calculated degree of rate control of different reaction steps
L . (Ts =440 K).

slow C—O bond scission may occur at defect sites on the

particles and the resulting carbon and hydrocarbon speciesD
specifically block these sites [43]. As a result, we may expect
a slow variation of the dehydrogenation rate upon exposure

;0 (ranrethgr;% Iaipgg'n?gicst-lgthngf:-Srlletr;]tebSZﬁV?rré hgx\g‘_analysis of the steady state behavior, which is reasonably
ver, we i W lentl ' ydrog well described by the kinetic model. In Fig. 11a, we have

tion rate rather than a dec'rease', Wh_'Ch would be e,XpeCtedeotted the predicted rates for different reaction steps as
as a consequence of partial poisoning of the particles bya function of xyeon. Additionally, we may analyze the
carbon. Moreover, we have observed that carbon accumuinetics in terms of the rate control of different steps. We

lation is effectively suppressed at larger oxygen fluxes [42]. follow the definition by Campbell [60,61], who defines the
Thus, it appears unlikely that the specific transient behavior degree of rate contrdi,c; of a given step as

is due to slow carbon formation alone. (2) As a second non- '

mean-field effect, we may consider island formation. Upon y . _ ﬁ(ﬂ) ] (19)
admission to methanol after extended oxygen exposure, the r \ dk; Kegi

reaction starts from particles, which are fully covered by an Here, k; is the rate constant of stepandr is the reaction
oxygen adlayer, initially. Approaching steady state, partial rate. The derivative is determined at constant equilibrium
oxygen and partial CO coverages are established, with is-¢onstantkeq;. The degree of rate control with respect to the
landing behavior depending on the specific reaction condi- (ota| oxidation of methanol, i.e., the rate of €@rmation,
tions. In many cases, surface reactions have been observegds getermined numerically, is displayed in Fig. 11b.

to proceed only at specific sites of such adsorbate islands. \we find that at high oxygen fluxesxeon < 0.3),

As an example, Bowker found for methanol oxidation on g3 fast chemisorption/desorption equilibrium of methanol is
Cu (110) that the reaction proceeds only at specific bor- established. The reaction rate is low, as adsorbed oxygen
der sites of oxygen islands, which are rare on the oxygen-inhibits the dehydrogenation process. (In our model both this
saturated surface [51]. Consequently, the reaction, which isis due to the coverage dependence of the reaction barrier
initially slow, shows autocatalytic behavior, similar to what and due to a site blocking effect. Taking into account the
is observed in this work (see Section 3.4). A correspond- microscopic insufficiencies of the model, however, these
ing refinement of kinetic models is possible on the basis of details should not be taken too literally.) The rate controlling
Monte Carlo simulations, as has been demonstrated, e.g., fostep is dehydrogenation, i.e., the breakage of the first C—H
the case of CO oxidation on Pt (111) at low temperature [59], bond. As expected, oxygen has a negative degree of rate

ut additional microscopic information on the reaction struc-
tures formed is needed.
As a final point in the discussion we come back to an
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control, i.e., a strongly inhibiting effect on the reaction. If
we proceed toward larger methanol flux@s3 < xmeoH <
0.7), we are approaching the transition between oxygen-
rich and CO-rich steady states. As for the CO oxidation,
the transition point coincides with the maximum of the
COy production rate(xmeon < 0.45). At xmeon > 0.45,

CO desorption starts to compete with CO oxidation, leading 4.

to the evolution of CO as a second product. The analysis
of the degree of rate control shows a complex situation

with several processes such as methanol chemisorption,
dehydrogenation, CO oxidation, and oxygen adsorption

having similar influences on the total rate, which sensitively

depend on the reactant fluxes. At high methanol fluxes

(xmeoH > 0.7), dehydrogenation to CO starts to become the

dominating pathway. As expected, the step with the highest
degree of rate control is the adsorption of oxygen under these
conditions. Finally, it is noteworthy that—in agreement with

order to determine the rate of methanol dehydrogenation
to CO under steady state conditions as a function
of surface temperature and reactant flux. It is found
that under conditions of low oxygen flux, methanol
dehydrogenation to CO proceeds with rates similar to
those of methanol total oxidation at high oxygen flux.
Microkinetic simulations of the experiments have been
performed on the basis of a mean-field model. The
model was constructed in a two-step procedure, includ-
ing the steady state and transient experimental data for
both reaction systems, CO oxidation and methanol ox-
idation. Validity and limits of the mean-field approach
are discussed in connection with deviations found with
respect to the oxygen-induced inhibition effect in the
transient response.
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