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The molecular origins of selectivity in methanol decomposition on
Pd nanoparticles
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We have combined multi-molecular beam methods and in-situ time-resolved IR re¯ection absorption spectroscopy (IRAS) to explore the
kinetics of methanol decomposition on a supported Pd model catalyst. The well-shaped Pd nanoparticles are prepared under ultra-high
vacuum conditions on a well-ordered alumina ®lm and have previously been characterized with respect to size, density, and morphology.
Two competing decomposition pathways are observed: Whereas dehydrogenation to CO represents the dominating reaction channel,
CÿO bond scission proceeds at much lower rates and leads to the formation of carbon and hydrocarbon species. Using CO as a probe
molecule, we show via IRAS spectroscopy that these carbon and hydrocarbon species preferentially block defect sites on the Pd particles
such as steps or edges, whereas the (111) facet sites are aected to a lesser extent.
Employing quantitative IR\Sigma AS and steady-state isotope exchange experiments, the reaction rates for both channels are measured
as a function of carbon coverage. It is found that with increasing carbon coverage, the rate of carbon formation drops rapidly, whereas the
kinetics of dehydrogenation is hardly aected. These results demonstrate that the rate of CÿO bond scission is drastically enhanced at the
particle steps and edges, whereas for the dehydrogenation pathway this is not the case.
KEY WORDS: palladium; alumina; methanol; model catalysts; molecular beams; IR re¯ection absorption spectroscopy.

1. Introduction
For many reaction systems it is well known that the
selectivity of supported metal catalysts may sensitively
depend on the particle structure and size. In most
cases, it is anticipated that such size and structure eects
are related to the modi®ed reaction properties of small
aggregates in close contact with the support or the
presence of speci®c reactive sites on the particles such
as certain facets, steps, edges, and corners or interfaces
(see, e.g., [1,2] and references therein). Speci®c cases are
scarce, however, in which the origins of size and structure
dependencies could be uncovered on an atomic level.
This lack of knowledge is a consequence of experimental
diculties arising in studies on real catalysts and the vast
complexity of their surfaces.
In this work we show, for a simple model reaction
system, how particle structure and selectivity are related
on a microscopic level. We consider the decomposition
of methanol on well-shaped Pd crystallites, which proceeds via two competing pathways, CÿO bond scission
and dehydrogenation. It is demonstrated that CÿO
bond scission preferentially takes place at edges and
steps of the nanoparticles, whereas dehydrogenation
does not.
Two experimental factors are combined to obtain this
type of detailed kinetic information: First, supported
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model catalysts are employed, which facilitate a detailed
structural and spectroscopic characterization and,
second, a molecular beam approach to the kinetics is
chosen, which provides detailed and quantitative data.
In the past decade a broad range of supported model
catalysts has been developed, based on either oxide single
crystals [3±5] or thin oxide ®lms [6,7]. The main advantages of these models are the compatibility with most
experimental methods in surface science and a reduced
and controllable level of complexity [2,6]. In the speci®c
model system used in this work, a well-ordered Al2 O3
®lm on an NiAl(110) single crystal is employed as a
model support [8,9]. On this support Pd particles are
grown under well-controlled conditions in ultra-high
vacuum (UHV). Both the geometric and electronic structure as well as the adsorption properties of these particles
have been characterized previously [6,10±15].
In order to correlate structure and adsorption
properties of the model systems on the one hand and
their reactivity on the other, we use a molecular beam
approach, combined with in-situ vibrational spectroscopy. Unique and detailed kinetic information can
be derived from this type of experiment, as has been
demonstrated for the case of CO oxidation (see [16]
and references therein).
Recently, we have extended the approach to methanol
decomposition as a ®rst example of a more complex
reaction system [17,18]. Reactions of methanol on Pd
have attracted considerable attention due to the activity
of Pd catalysts with respect to important processes such
1011-372X/02/1200-0209/0 # 2002 Plenum Publishing Corporation
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as the synthesis as well as the partial and total oxidation
of alcohols. Motivated by potential applications, a
substantial amount of surface science work has been
conducted on the mechanism of decomposition and
oxidation of methanol on transition metal surfaces,
some of which has recently been reviewed by Mavrikakis
and Barteau [19]. In general, it is found that the dominant reaction pathway involves dehydrogenation to CO
as the ®nal product, via a methoxy species as a ®rst
intermediate [20±25]. Some controversy remains, however, with respect to the role of CÿO bond scission as
a pathway competing with dehydrogenation. CÿO
bond activation on a Pd single-crystal surface was ®rst
reported by Levis et al. [26,27] and later observed by
several other groups as well [17,20,22,23,28]. The process
leads to the formation of carbon and hydrocarbon
species. In all studies, the reaction probability for CÿO
bond scission was observed to be low, and it has been
speculated that the process might be related to the
presence of speci®c defect sites [19,23,29].
Here, we present a detailed study on the kinetics of
CÿO bond scission and dehydrogenation on supported
Pd particles, the ®rst results of which have recently been
published elsewhere [30]. Various types of molecular
beam experiments are utilized, including two-beam
isotope exchange experiments and in-situ time-resolved
IR re¯ection absorption spectroscopy (TR-IRAS). It is
shown how the microscopic structure of the supported
Pd particles controls the selectivity toward the two decomposition pathways.
2. Experimental
All molecular beam and IRAS experiments were performed in a UHV apparatus at the Fritz-Haber-Institut
(Berlin), which has been described in the literature
recently [31]. The system oers the experimental possibility of up to three beams being crossed on the sample
surface. The CH3 OH beams (Merck, >99.8%) were
generated by eusive sources based on multi-channel
arrays. For all experiments presented, the beam intensity
was 5:3  1014 cmÿ2 sÿ1 (or 1.5 L sÿ1 , 1 L  10ÿ6 torr sÿ1
corresponds to 3:6  1014 CH3 OH molecules cmÿ2 ). For
the isotope exchange experiments a 12 CH3 OH and a
13
CH3 OH beam (Cambridge Isotope Laboratories,
>99%) of equal intensity (5:3  1014 cmÿ2 sÿ1 ) were
used. Both sources were operated at room temperature.
Beam modulation was provided by a computer-controlled
shutter located inside the second of two pumping stages of
each beam source. To avoid artifacts due to nonhomogeneous coverage, the beam diameter was chosen
such that it exceeds the sample surface. For the CO
sticking coecient measurements, which were performed
at a sample temperature of 300 K using a quadrupole
mass spectrometer (ABB Extrel) not in line-of-sight of
the sample, a CO beam was generated in a third triply

dierentially pumped source from a supersonic expansion.
By means of a mechanical chopper the beam intensity was
attenuated to 2:2  1013 cmÿ2 sÿ1 and its diameter was
chosen smaller than the sample. Corresponding IR
spectra as a function of coverage were measured under
identical conditions with a beam size exceeding the
sample surface. All IR spectra were acquired employing
a vacuum FT-IR spectrometer (Bruker IFS 66v) at a
spectral resolution of 2 cmÿ1 , using a MIR polarizer to
select the p-component of the IR light only. For the
time-resolved spectra, several isotope exchange cycles
were accumulated to improve the signal/noise ratio. Typically, the total acquisition time per spectrum was 10 s for
the time-resolved spectra and 140 s otherwise.
The X-ray photoelectron spectra (XPS) were recorded
in a second UHV system using a non-monochomatized
Mg K source and a hemispherical analyzer (Specs).
High background pressures during gas exposure were
avoided by using a doser system.
The alumina ®lm was prepared by sputtering and
annealing of an NiAl(110) single crystal, followed by
an oxidation and annealing procedure, the details of
which are given elsewhere [9,32]. Cleanliness and quality
of the oxide ®lm were checked via low energy electron
diraction (LEED) and Auger electron spectroscopy
(AES). Before the experiment, the Pd (>99.9%) was
deposited using a commercial evaporator (Focus, EFM
3) based on electron bombardment (Pd coverage:
2:7  1015 cmÿ2 , sample temperature: 300 K). During
deposition, the crystal was biased with a retarding
voltage in order to prevent ions from being accelerated
towards the sample (point-defect creation). The evaporator ¯ux was calibrated by a quartz microbalance prior to
use. After preparation, the Pd particles were stabilized by
oxygen and CO exposure as discussed previously [13,15].
3. Results and discussion
Before exploring the kinetics of methanol decomposition, it is essential brie¯y to reconsider the structure of
the Pd particles on Al2 O3 /NiAl(110) used in this study.
In ®gure 1 a scanning tunneling microscopy (STM)
image of the model system is displayed. The particles
are characterized by an average size of approximately
5.5 nm and contain about 3000 Pd atoms each. The
majority of particles exhibit the morphology of wellshaped crystallites. These crystallites grow in (111)
orientation and are predominantly terminated by (111)
facets. Additionally, a small fraction of (100) facets are
exposed. For the current study the presence of edge and
step sites is of particular relevance. About one-third of
the top facet atoms are located at the facet edge for the
given particle size. Additionally, steps can be found on
some top facets and contribute to the fraction of defect
sites (compare to model in [33]). Further structural details
are given elsewhere [13].
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Figure 1. (a) STM image (CCT, Constant Current Topography,
3000 AÊ  3000 AÊ) of the Pd particles grown at 300 K on Al2 O3 /NiAl(110);
(b) dierentiated close-up STM image of the Pd particles (200 AÊ  200 AÊ),
from [13].

Recently, we have studied the mechanism [17] and the
kinetics [18] of methanol decomposition and oxidation
on Pd/Al2 O3 /NiAl(110). In accordance with the singlecrystal results discussed before (see introduction),
adsorbed molecular CH3 OH was found to dissociate
partially to form methoxy species. This intermediate
rapidly undergoes dehydrogenation to CO at temperatures above 200 K. CO itself desorbs over a broad temperature range with a main desorption feature around
480 K in a temperature-programmed desorption (TPD)
experiment (slightly depending on particle size [15]).
In addition to dehydrogenation, which represents the
dominating reaction channel, there is experimental
evidence for CO bond scission from XPS, IRAS, and
TPD experiments, as summarized in ®gure 2. In a photoelectron spectrum of the C 1s region recorded directly
after preparation, no atomic carbon is found on the
pristine model catalyst (see ®gure 2(a), spectrum 1).
Adsorbed CO, however, is identi®ed via the feature at
286 eV binding energy (BE) and the satellite structure
around 292 eV BE (compare [34,35]). After extended
exposure to methanol a second intense feature around
284 eV BE appears (see ®gure 2(a), spectrum 2). Based
on a comparison with single-crystal data, this low BE
peak can be assigned to the formation of carbon atoms
and hydrocarbon moieties (see [20] and references therein).
It is noteworthy that these carbon species can be easily
removed by exposure to moderate amounts of oxygen at
elevated temperature (see ®gure 2(a), spectrum 3).
Additional evidence for carbon accumulation is provided by IRAS spectra, acquired in situ during exposure
of a continuous CH3 OH beam at a surface temperature
of 440 K (see ®gure 2(b)). As expected, dehydrogenation
leads to a rapid build-up of a steady-state CO coverage,
as identi®ed by the characteristic IR absorption in the
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CO-stretching frequency region. Brie¯y, the main peak
around 1900 cmÿ1 and the shoulder at 1830 cmÿ1 are
assigned to CO adsorbed on dierent types of hollow
sites on (111) facets, with some contributions from
defects and (100) facets. A detailed discussion of the
CO spectra can be found elsewhere (see, e.g., [12,16,36]
and references therein). Here, the most important point
is that with increasing exposure time a slowly decreasing
CO absorption signal is observed. In accordance with the
XPS results, the loss in CO adsorption capacity is
attributed to a slow poisoning of the particles by
carbon and hydrocarbon species. Direct evidence for
the presence of hydrocarbon species is derived from the
spectra of the CH-stretching frequency region, where
weak features at 2945 and 2830 cmÿ1 are observed. Previously, absorption bands at 2887, 2976 [37] and
2920 cmÿ1 [38] have been observed for CH3 on Pd. It
should also be noted that hydrocarbon species formed
via methanol decomposition on Pd have been shown to
be stable at temperatures of 500 K [23].
In addition to the IR data, TPD spectra support the
assumption that both carbon and hydrocarbon species
are accumulated on the model catalyst. Desorption
peaks at 15 amu between 600 and 800 K and at 28 amu
around 800 K are observed after extended methanol
exposure (see ®gure 2(c)). Whereas the ®rst feature
indicates desorption of hydrocarbons, the second feature
is related to recombinative desorption of CO produced
from coadsorbed carbon and oxygen [39] (note that a
background signal at 15 and 28 amu arises from fragmentation of methanol desorbing from the sample
holder and manipulator, see trace at 31 amu in ®gure
2(c)).
It is essential to note that upon CO exposure no
similar poisoning eect is observed on the same Pd
particle system [40]. From this we can infer that the
carbon deposits do not originate from CO decomposition, but from scission of the CÿO bond during the
dehydrogenation process itself.
The question arises whether speci®c sites on the
particles can be identi®ed at which the carbon deposits
accumulate. Here we can take advantage of the large
amount of vibrational data which is available on CO
adsorption on Pd single crystals and supported Pd
particles and use CO as a sensitive probe molecule. For
this purpose a well-de®ned CO coverage is prepared on
the model catalyst by exposing the surface to CO at
300 K (20 L CO). Subsequently, the sample is cooled to
100 K to improve the spectral resolution and an IR spectrum is recorded. The procedure is performed both for
the pristine Pd particles immediately after preparation
and for the partially-carbon-covered sample after
extended exposure to methanol at 440 K (7000 L,
2:5  1018 molecules cmÿ2 ).
The corresponding spectra for the clean and Ccovered surface and a dierence spectrum are displayed
in ®gure 3. For the pristine sample, the spectrum is
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Figure 2. (a) XPS spectra of the C 1s region recorded at 300 K (1) after preparation of the PdPd/Al2 O3 /NiAl(110) model catalyst, (2) after extended
exposure to methanol at 440 K and (3) after oxygen dosage at 500 K followed by CO saturation at 300 K; (b) IR re¯ection absorption spectra recorded
during methanol exposure at 440 K immediately after preparation and after extended exposure to methanol; (c) TPD spectra recorded after extended
exposure to methanol at 440 K.

dominated by a sharp absorption feature at around
1960 cmÿ1 . A broad low-frequency shoulder starts at
approximately 1930 cmÿ1 and extends to approximately
1840 cmÿ1 . Additionally, a weak feature at 2075 cmÿ1 is
observed. Previously, these absorption bands have been
discussed in detail and assigned in the following

manner [12,16,36]: The features between 1930 and
1840 cmÿ1 are assigned to CO adsorbed mainly on
hollow sites on Pd(111), whereas the absorption peak
at 2075 cmÿ1 is related to on-top CO, presumably on
Pd(111) facets and on defects. The most interesting
feature is the intense band at 1960 cmÿ1 . A detailed
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Figure 3. IR re¯ection absorption spectra of the CO stretching frequency region for Pd/Al2 O3 /NiAl(110), taken at a sample temperature of 100 K after CO
exposure at 300 K (20 L). Open symbols: immediately after preparation; solid symbols: after extended exposure to methanol at 440 K (7000 L). Solid line:
dierence spectrum for the two situations.

comparison with previous work [12,36] shows that this
absorption corresponds to a feature which as a function
of coverage appears in the range between approximately
1950 and 2000 cmÿ1 . It was suggested that this signal
originates from a superposition of bridge-bonded CO
on (100) facets and defect sites such as particle edges
or steps [12,36]. Taking into account the morphology
and epitaxial orientation of the Pd particles, the contribution of (100) facets, however, is expected to be minor
(as a consequence of the metal surface selection rule,
which is also valid for suciently thin metal-supported
oxide ®lms, the IR absorption is attenuated on facets,
which, like the (100) facets, are tilted with respect to
the surface normal; see, e.g., [41]). Following these arguments, we assume that the absorption feature at
1960 cmÿ1 is dominated by CO adsorbed at defect
sites, mainly at particle edges and steps (compare
®gure 1). This assignment has recently been corroborated by a density functional theory (DFT) study investigating CO adsorption at dierent sites of Pd
nanoparticles [42]. In this work, CO was found to
adsorb strongly at bridge sites on particle edges and
the corresponding species was assigned to the absorption feature under discussion.
If an equivalent IR experiment is performed after
extended exposure to methanol at 440 K, drastic changes

are observed in the spectra (see ®gure 3). The defect peak
at 1960 cmÿ1 vanishes almost completely, whereas the
absorption signal in the on-top region strongly increases
(2085 cmÿ1 ). All other features in the spectrum, in particular the region below 1950 cmÿ1 (regular facets), remain
nearly unaected (see dierence spectrum in ®gure 3).
From this observation it is concluded that the carbon
species have a pronounced in¯uence on adsorption at the
particle steps and edges only. Here, however, the CO
adsorption behavior is strongly modi®ed, including a
reduced adsorption energyÐmost probably a change
in the adsorption site. A more detailed characterization
of the carbon species itself is not possible on the basis
of the present data. It is noteworthy, however, that
carbon adsorption on Pd clusters was recently investigated theoretically and similar adsorption energies for
surface and subsurface species were found [42]. An
in¯uence of these carbon species on the CO adsorption
behavior was predicted, which is compatible with the
eects observed experimentally.
It should be kept in mind, however, that the IR
signals originating from the regular facets and from
the defects are expected to be strongly modi®ed by
dipole coupling eects [43]. As a consequence, the relative intensities do not directly re¯ect the relative
amount of CO adsorbed at the corresponding sites (see
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Figure 4. (a) IR re¯ection absorption spectra of the CO stretching frequency region for Pd/Al2 O3 /NiAl(110) as a function of exposure time to the methanol
beam (beam intensity: 5:3  1014 molecules cmÿ2 sÿ1 ; surface temperature of 440 K); (b) integral absorption in the CO stretching frequency region as a
function of exposure time.

[36] and references therein). Instead, the defect feature
at high frequency is expected to gain intensity at the
expense of the absorption signal originating from the
facets. Although the coupling eects preclude an exact
quanti®cation, it is apparent from these observations
that adsorption at particle defect sites (i.e., steps and
edges) is blocked or strongly modi®ed by carbon species,
which preferentially accumulate at these sites during
methanol decomposition.
In the second part of this study, we explore how the
kinetics of the two reaction pathways is aected by the
carbon accumulation process. First we focus on the rate
of CÿO bond breakage. In order to quantify the fraction
of the surface poisoned by carbon, we proceed as follows:
First, time-resolved IR spectra are recorded during
methanol decomposition. The corresponding spectra
are displayed in ®gure 4(a). As discussed before, we
observe a slowly decreasing absorption in the CO
stretching frequency region. Quantitatively, this eect

is shown in ®gure 4(b), where the integral absorption in
the CO region is displayed as a function of exposure
time.
In order to convert the integral absorption into
coverage, a calibration procedure is applied. For this
purpose, the integral CO absorption is estimated as a
function of coverage by combining a CO sticking
coecient measurement and TR-IR spectroscopy. As
the result of this type of experiment, the IR absorption
is obtained as a function of surface coverage. A corresponding plot for the CO/Pd/Al2 O3 model catalyst is
displayed in ®gure 5(b). As previously observed for
other systems (see e.g., [41] and references therein), the
integral absorption increases rapidly with coverage in
the low coverage regime, whereas at high coverage the
dependence becomes much weaker. The calibration is
used to estimate the amount of CO present on the
partially carbon-covered samples CO t and the surface
fraction covered by carbon (CO 0 ÿ CO t, where
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Figure 5. (a) Change in the CO coverage as a function of exposure time to the methanol beam (intensity: 5:3  1014 molecules cmÿ2 sÿ1 ; surface temperature
of 440 K) as derived from the IR spectra displayed in ®gure 2; (b) integral CO absorption signal as a function of CO coverage, extracted from a combined
sticking-coecient/TR-IRAS experiment.

CO 0 is the initial CO coverage). The result is shown in
®gure 5(a) as a function of exposure time to the methanol
beam. It is apparent that initially the rate of carbon
formation is high, but the process decelerates rapidly
with increasing carbon coverage. Additionally, a rough
estimate of the rate of carbon formation
RC  d CO 0 ÿ CO t=dt can be derived from these
data (see ®gure 5(a)). On the pristine model catalyst a
rate of Rclean
 10ÿ3:35  0:13 sÿ1 is calculated, whereas
C
on the partially-C-covered catalyst the rate drops to a
C-poisoned
value of RC
 10ÿ5:20  0:13 sÿ1 (after exposure to
the methanol beam for 4000 s at 440 K, 2  1018
molecules cmÿ2 , 6000 L). This observation indicates
that CÿO bond breakage is fast only at the defect sites,
which are preferentially poisoned with increasing
carbon coverage, but not at the regular facet sites.
The last question to ask is whether the second reaction
pathway, i.e., the methanol dehydrogenation, is aected
by carbon accumulation in a similar manner. Here, we
are facing the experimental problem that the fragmentation pattern of CH3 OH containing m=e  28 as a main
fragment and the low reaction probabilities prevent
direct rate measurements via the gas phase. As demonstrated previously, the problem can be circumvented by
performing isotope exchange experiments combined
with TR-IRAS [18]. The setup is schematically displayed
in ®gure 6(a). We expose the sample to a constant ¯ux of
methanol, switching between a 12 CH3 OH beam and a
13
CH3 OH beam of equal intensity. Formation of CO
via methanol dehydrogenation and CO desorption
result in an exchange of 12 CO and 13 CO on the surface,

and the corresponding time constant for CO exchange
tCO can be determined by TR-IRAS. A typical exchange
experiment is displayed in ®gure 6(b). The stretching
vibrations of 12 CO and 13 CO with maxima at 1900 and
1860 cmÿ1 , respectively, can be distinguished clearly. In
order to extract the exchange kinetics from these data,
we calculate an average absorption frequency for each
spectrum (®gure 5(c)). From the time dependence of
the average absorption frequency, which shows an
exponential behavior, tCO is determined. In this
ÿ1:01  0:13 ÿ1
manner, we obtain 1=tclean
s
for the
CO  10
C-poisoned
ÿ0:85  0:17 ÿ1
pristine sample and 1=tCO
s
on
 10
the partially C-covered surface (methanol exposure
2:5  1018 molecules cmÿ2 , 7000 L, surface temperature
440 K). As a second point, the CO steady-state coverage
can be estimated as clean
and
CO  0:15  0:07
C-poisoned

0:04

0:02
from
the
static
CO
spectra
via
CO
the coverage±absorption relationship used before (see
®gure 5(b)). From both pieces of information, the CO
coverages and the exchange time constants, the rates of
CO formation (or methanol dehydrogenation) are
clean clean
ÿ1:820:35 ÿ1
derived as Rclean
s on the
CO  CO =tCO  10
C-poisoned C-poisoned
C-poisoned
clean sample and RCO
=t


 CO
CO
10ÿ2:220:39 sÿ1 on the carbon-poisoned sample.
The results for the two reaction pathways show that
the ratio between the rate of dehydrogenation and the
rate of CÿO bond scission RCO =RC increases from 30
on the pristine sample to 1000 on the carboncontaminated surface. This eect is a consequence of
the rapidly-dropping rate of CÿO bond scission with
increasing carbon coverage. At the same time the
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Figure 6. (a) Schematic setup of the isotopic exchange experiment for CO formation/desorption rate measurements; (b) TR-IR re¯ection absorption spectra
for the 13 CH3 OH/12 CH3 OH recorded during an isotopic exchange experiment (440 K); (c) rates and time constants for CO formation/desorption on the Pd/
Al2 O3 /NiAl(110) model catalyst directly after preparation (solid symbols) and after extended exposure to methanol at 440 K (7000 L) (open symbols) as
determined from the average IR absorption energy in the CO stretching frequency region (see text).

decrease in the rate of dehydrogenation is moderate only
and roughly re¯ects the decrease in the C-free Pd surface
area.
4. Conclusions
In this study, we have employed molecular beam
methods coupled with TR-IRAS to investigate the
selectivity and kinetics of methanol decomposition on a
supported Pd model catalyst. The model surface was prepared under UHV conditions on a well-ordered alumina
®lm on an NiAl(110) single crystal and it is characterized
by well-shaped Pd crystallites exposing predominantly
(111) facets and a small fraction of (100) facets.
1. Two pathways of methanol decomposition are
observed: rapid dehydrogenation to CO and slow
CÿO bond scission leading to formation of carbon
and hydrocarbon species. Accumulation of these
carbon and hydrocarbon species is proven by XPS,
IRAS, and TPD.
2. Employing CO as a probe molecule, it is shown that
the carbon and hydrocarbon species formed during
CÿO bond scission are not evenly distributed over
the model surface but preferentially accumulate at

defect sites on the Pd particles, i.e., at steps and at
particle edges.
3. Via TR-IRAS and isotope exchange experiments it is
shown that with increasing carbon and hydrocarbon
coverage, the rate of carbon accumulation drops
rapidly, whereas the kinetics of dehydrogenation
remains largely unaected. From this it is concluded
that CÿO bond scission preferentially occurs at
particle step and edge sites, whereas this is not the
case for the dehydrogenation.
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