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Typically, heterogeneous catalysts are based on nanometer-
sized active particles, dispersed on an inert support material.
In many cases it is assumed that the unique reactivities of such
surfaces arise from the simultancous presence of different
active sites. On a molecular level, however, knowledge of the
reaction kinetics of such systems is scarce (see e.g. refs. [1, 2]
and references therein).

Herein, we present first direct evidence for the different
activity of coexisting sites on a well-defined supported-
nanoparticle system. As a model reaction we choose the
decomposition of methanol on well-ordered Pd crystallites.
For this reaction system two competing decomposition path-
ways exist (Figure 1): whereas dehydrogenation to CO
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Figure 1. Schematic representation of the supported Pd nanoparticles and
the blocking of defect sites by carbon species during methanol decom-
position.

represents the dominating reaction channel,* ¥ slow carbon -
oxygen-bond breakage leads to formation of adsorbed carbon
and CH, species.**! With increasing carbon coverage the rate
of carbon —oxygen-bond breakage drops rapidly, whereas the
kinetics of dehydrogenation is hardly affected. We show that
on ordered Pd crystallites these carbon and hydrocarbon
species preferentially block defect sites on the particles such
as particle edges and steps (see Figure 1). From this, we
conclude that activity for carbon—oxygen-bond breakage is
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drastically enhanced at the particle defect sites, whereas this is
not the case for the dehydrogenation pathway. This type of
detailed investigation is made possible by two factors:

1) We employed a supported model catalyst, which, in
contrast to real catalysts, is characterized by a lower and
controllable level of complexity and which is suitable for the
application of most surface-science experimental techniques
(see refs.[1,2,7 8] and references therein). The model
surface used is based on a well-ordered Al O; film on a
NiAl(110) single crystal.’l On this model support, Pd particles
are grown under well-controlled conditions in ultra-high
vacuum (UHV). The geometric and electronic structure as
well as the adsorption properties of these particles have been
characterized extensively.""! Briefly, the Pd aggregates
represent well-shaped crystallites with an average size of
approximately 6 nm. They grow in the (111) orientation and
predominantly expose (111) facets as well as a small fraction
of (100) facets. In Figure 2a a scanning tunneling microscopy
(STM) image of the Pd particles is shown and a schematic
model is displayed in Figure 1. Further structural details can
be found in the literature.!"’]

2) Kinetic measurements were made on these model
surfaces by using molecular-beam techniques (e.g.
refs. [2, 15, 16]) which provide a unique way to derive de-
tailed kinetic information, for example, by enabling us to
modulate reactant fluxes in a flexible way, determine exact
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Figure 2. a) STM image of the Pd particles grown at 300 K on ALOY/
NiAl(110) (20 nm x 20 nm), from ref. [17]; b) RAIR spectra for CO
adsorbed on Pd/ALOy/NiAl(110) (sample temperature 100 K, after CO
exposure at 300 K); R=reflectivity open symbols: immediately after

preparation; solid symbols: after prolonged exposure to methanol at
440 K.

reaction probabilities, or detect reaction products in a
collision-free manner. To perform such experiments on
supported model catalysts, we used a molecular-beam system
which allows up to three beams to cross on the sample surface
and perform time-resolved reflection —absorption IR spectros-
copy (TR-RAIRS) and angle resolved/integrated gas—phase
detection, simultaneously.!'”l Recently, we have applied the
molecular-beam approach to the CO oxidation on supported
model catalysts.I': ¥l Here, we focus on the methanol decom-
position as a first example of a more complex reaction system.

In brief, molecular adsorption of methanol is followed by
the formation of methoxy species on the Pd particles. This first
intermediate is stable up to temperatures of 200 K. At higher
temperatures, decomposition proceeds by two competing
reaction pathways. Dehydrogenation as the dominating
reaction channel results in rapid formation of CO. Depending
on the rate of CO formation and desorption (i.e. the surface
temperature), a significant steady-state coverage of adsorbed
CO is built up, which can be monitored by in situ TR-RAIRS
(IR at 440 K: #(C=0) =1900, 1840 cm™1).

As a second pathway, we observe slow breakage of the
carbon—oxygen bonds, which leads to the formation of
adsorbed carbon and hydrocarbon species. This assumption
is corroborated by two observations: First, weak features in
the C—H-stretching-frequency region (IR: 7=2945,
2830 cm™!) indicate the presence of CH,-species. Such hydro-
carbon species have been shown to be stable up to 500 K.
Second, in a temperature programmed desorption (TPD)
experiment we observe desorption of hydrocarbons (M, =15,
700 K) and recombinative desorption of CO (M, =28, 800 K),
which is characteristic for the presence of atomic carbon.*]

It is essential to note that during exposure of the catalyst to
CO under identical conditions no carbon formation is
observed.!"8! From this we infer that the carbon deposits do
not originate from CO decomposition, but from breakage of
the C—O bond during the methanol dehydrogenation process.

The question arises: where on the nanoparticles are the
carbon deposits located? This question is answered by
RAIRS with CO as a probe molecule. The corresponding
spectra for the pristine Pd particles and after prolonged
exposure to methanol are compared in Figure 2b.

For the pristine sample (Figure2b), the spectrum is
dominated by a sharp absorption feature at 1960 cm™' (1)
with a broad low-frequency shoulder (2; 1930-1840 cm™')
and an additional weak feature at 2080 cm™' (3). Previously,
the features between 1930 cm ! and 1840 cm™' (2) have been
assigned to CO adsorbed on bridge and hollow sites predom-
inantly on Pd(111), and the absorption peak at 2080 cm~' (3)
to on-top CO.'" 121 A detailed comparison with previous work
shows that the prominent absorption band at 1960 cm~ (1)
originates from a superposition of bridge-bonded CO on
(100) facets and CO adsorbed at defect sites, such as particle
edges or steps.I'" 12 The contribution of (100) facets, however,
is expected to be small because these facets are the minor
fraction and because of their tilted geometry (as a conse-
quence of the surface selection rule, IR absorption is
attenuated on small, tilted facets, e.g. ref. [21]). Following
these arguments, we assume that the absorption feature at
1960 cm~' is dominated by CO adsorbed on defect sites,




mainly on steps and particle edges (see Figure 1). Note,
however, that the signals are expected to be strongly modified
by dipole-coupling effects.””! As a consequence, the relative
intensities do not directly reflect the relative abundance of the
corresponding sites, but the defect feature at high frequency
can gain intensity at the expense of the regular absorption
signal at lower frequency.

After extended exposure to methanol, drastic changes arc
observed in the spectrum for the adsorbed CO (Figure 2b).
The defect peak at 1960 cm " (1) vanishes almost completely,
whereas the absorption signal in the on-top region (3) strongly
increases (2090 cm™"). All other features in the spectrum, in
particular the region below 1950 cm~! (regular facets), remain
practically unchanged. Although the dipole-coupling effects
mentioned above preclude a straightforward quantification, it
is apparent from these observations that adsorption at particle
defect sites (i.e. steps and edges) is blocked by carbon species
formed by carbon —oxygen-bond breakage. We conclude that
these carbon species formed by the decomposition of
methanol preferentially accumulate at defect sites.

Next the effect of carbon accumulation on the kinetics of
both reaction pathways was investigated. Carbon formation
results in a slowly decreasing CO absorption capacity, which
allows us to follow the process insitu by TR-RAIRS. To
quantify the surface fraction covered by carbon, we calibrate
the integral CO absorption as a function of coverage (Oco:
fraction of Pd surface sites covered by CO; note that in
RAIRS there is no simple relation between coverage and
absorption because of the dipole-coupling effects?!). To do
so, we combine a CO sticking-coefficient measurement and a
TR-RAIRS experiment. The calibration curve is used to
estimate the surface fraction covered by carbon as a function
of exposure time to methanol (0c(1) = Oco(0) — Bco(t), Bca(0):
initial CO coverage). It is apparent that the initial rate of
carbon formation is high, but drops rapidly with increasing
carbon coverage (the calculated rates of carbon formation
re=d(0c0(0) — Oco(r))/dt are given in Figure 3). From this
observation we conclude that the carbon-oxygen-bond
breakage is fast only at the defect sites, which are preferen-
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Figure 3. Estimated carbon coverage asa function of exposure time f to the
methanol beam (derived from TR-RAIRS, surface temperature of 440 K),
0c=0c0(0) — Ocolt) per monolayer, and calculated rates of carbon
formation (carbon —oxygen-bond breakage) and CO formation (dehydro-
genation).

tially blocked during the reaction, but not at the regular facet
sites.

The next question to ask is whether the second reaction
pathway, that is, the methanol dehydrogenation, is affected by
carbon accumulation in a similar manner? For experimental
reasons,?! the dehydrogenation rate is determined in an
isotope-exchange experiment combined with surface detec-
tion by TR-RAIRS. The setup comprises a ?CH;OH beam
and a CH;OH beam of equal intensity. Switching between
the two beams, we follow the exchange between the dehy-
drogenation products "CO and BCO (IR at 440K:
#(2C=0)=1900, 1840cm™'; #(PC=0)= 1860, 1800 cm™)
and determine the time constants for CO exchange 7¢o on
the clean and the partially carbon-covered catalyst. Morcover,
we can use the steady-state coverages of CO (see above) to
derive the corresponding rates of CO formation (or methanol
dehydrogenation) as rco = 0coTco ' (Figure 3).

It is apparent that whereas the rate of carbon - oxygen-
bond breakage drastically decreases with increasing carbon
coverage, the rate constant for CO exchange remains nearly
unaffected by this process. The decrease in the dehydrogen-
ation rate simply reflects the decrease in the carbon-free Pd
surface area. Quantitatively, we find that the ratio between
the rates of dehydrogenation and carbon —oxygen-bond
breakage reo/rc increases from 30 on the pristine sample to
approximately 1000 on the carbon-contaminated sample.

In conclusion we have presented the first direct evidence
for the different activity of various reactive sites coexisting on
a well defined supported metal catalyst. Combining molec-
ular-beam methods and TR-RAIRS, we have investigated the
kinetics of methanol decomposition on well-ordered Pd
crystallites. Two competing reaction pathways are observed,
the rapid dehydrogenation to give CO and the slow carbon—
oxygen-bond breakage leading to formation of carbon and
hydrocarbon species. Employing CO as a probe molecule, it is
shown the carbon-oxygen bond breakage occurs preferen-
tially at particle step and edge sites, whereas this is not the
case for dehydrogenation.

Experimental Section

All experiments were performed in a UHYV molecular beam apparatus at
the Fritz-Haber-Institute (Berlin) which allows up to three beams to be
crossed on the sample surface.'”! The CH;OH beam (Merck, >99.8%) and
the "CH,OH beam (Cambridge Isotope Laboratories, >99%) are
generated by effusive multichannel-array sources. For all methanol experi-
ments the surface temperature was 440 K and the beam intensity was 5.3 x
10" moleculesem-2s-". The RAIR spectra in Figure 2 were recorded (at
100 K after CO saturation at 300 K) before and after exposure to a
methanol dose of 2.5 x 10' moleculesem 2. The rates given in Figure 3 for
the partially carbon-covered sample correspond to a similar methanol dose.
For the isotope-exchange experiments, beam modulation was provided by
computer-controlled shutters located inside the second pumping stages of
the beam sources. For coverage calibration, CO sticking-coefficient
measurements were performed using a quadrupole mass spectrometer
(ABB Extrel) and a beam generated from a supersonic expansion (2.2 x
10" moleculesem2s~, sample temperature 300 K). All IR spectra were
acquired employing a vacuum FT-IR spectrometer (Bruker IFS 66v) at a
spectral resolution of 2 cm ™.

The aluminum oxide film was prepared by sputtering and annealing of a
NiAI(110) single crystal, followed by an oxidation and annealing proce-
dure, the details of which are given elsewhere!?! Cleanliness and quality of
the oxide film was checked by LEED (low-energy electron diffraction) and




AES (auger electron spectroscopy). Before the experiment, Pd (>99.9%)
was deposited by evaporation from a rod by using a commercial evaporator
(Focus, EFM 3) based on electron bombardment (Pd coverage: 2.7 x
10% ¢m~2, sample temperature: 300 K). The evaporator flux was calibrated
by a quartz microbalance prior to use. After preparation the Pd particles
were stabilized by oxygen and CO exposure as discussed previously." >
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