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Selective poisoning of active sites for D2 dissociation on platinum
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A B S T R A C T

We have examined the reactivity of D2 on CO-precovered Pt(5 3 3) employing supersonic molecular

beam techniques and compare our results to D2 dissociation on the bare surface. At very low kinetic

energy, reaction probability is reduced linearly with increasing CO-precoverage at step edges. Diffusion

of molecularly bound hydrogen along the step edge can therefore be excluded. In addition, CO adsorption

at steps increases the barrier to direct dissociation at terrace sites by�14 kJ/mol. A comparison to results

from a previous study [A.T. Gee, B.E. Hayden, C. Mormiche, T.S. Nunney, Surface Science 512, 165 (2002)],

shows different poisoning behaviors by CO and O that may be related to their ability to react with

hydrogen.
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1. Introduction

The ‘active site’ that catalyzes reactions at metal surfaces has
been one of several foci of Ben Nieuwenhuys’ research throughout
his professional life. In order to investigate what such active sites
consist of and how they catalyze reactions, Ben has used traditional
catalytic research employing metallic particles and surface science
techniques on well-defined single crystal surfaces. This combina-
tion is rather unique as most scientists opt to focus their efforts on
a single type of research. Ben’s contributions to the field also cover
a wide range of topics, from oscillatory reactions to three-way
catalytic convertors, employing techniques from high pressure
catalysis with GC–MS detection down to ultra-high vacuum (UHV)
conditions using scanning tunneling microscopy (STM). One of his
two most recent foci is Au catalysis, where again, he used both,
supported particles as well as flat and stepped single crystal
surfaces [1–8].

Steps on otherwise flat single crystal surfaces are often
considered to resemble active sites for dissociation of rather
stable molecules. For methane activation on Ni(1 1 1), the
dissociation probability is two orders of magnitude higher at step
sites compared to terrace sites [9]. For N2 activation on Ru(0 0 0 1),
the difference is even in the range of nine orders of magnitude [10].
Research on the role of step sites with regards to hydrogen–
deuterium exchange was initiated by Somorjai and co-workers. His
group showed that step sites significantly facilitate H–D exchange
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on Pt(9 9 7), Pt(5 5 3), Pt(3 3 2) and Pt(7 5 5) [11–13]. In addition,
they found that the reaction prefers that incident molecules
impinge on the open side of the step edge [12,13].

More recent experimental [14–17] and theoretical [18,19]
research on H2 (D2) dissociation on the active (1 0 0) step site on
various Pt surfaces has deepened our knowledge of the mechan-
isms by which such sites induce reactivity. At low kinetic energy of
impinging H2 molecules, step sites provide an indirect mechanism
to dissociation that is absent on extended flat (1 1 1) terraces.
Surface corrugation converts the velocity component of impinging
hydrogen molecules oriented perpendicular to the surface to a
velocity component parallel to the surface. Hydrogen molecules
become temporarily trapped in molecular chemisorption wells
located at the bottom of the (1 0 0) steps. This molecular precursor
diffuses along the longer axis of the unit cell before dissociating at
the top of the active step site, where no barrier for dissociation
exists (see Section 4.2 and Fig. 5 for more detailed explanation). In
addition, at all kinetic energies, H2 molecules may also react
through a direct mechanism without encountering a barrier to
dissociation when impinging directly onto the top of the active
step site. We have recently shown that the cross-section for this
process is �3.7 Å2 [17]. At high kinetic energy, H2 molecules may
dissociate by a direct mechanism on (1 1 1) terrace sites, which
appears not significantly different from that occurring on extended
(1 1 1) terraces [16–18,20].

Besides active sites required for strongly activated reactions,
poisoning and promoting effects of coadsorbates are crucial to
catalysis [21]. The effects of coadsorbates are not as straightfor-
ward as they might appear prima facie. For example, electroposi-
tive potassium acts as a promoter in the Born-Haber process of
ammonia synthesis [22–24], but as a poison for hydrogen
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dissociation on Pt(1 1 1) [25] and Ni(1 1 1) [26]. Electronegative
oxygen has a coverage-dependent promoting and poisoning effect
for H2 dissociation on Ni(1 1 1) [26], whereas it primarily poisons
the indirect reaction channels created by (1 0 0) step sites on the
Pt(5 3 3) surface [27].

In low-temperature hydrogen fuel cell catalysis, poisoning by
CO is considered a significant problem, as the fuel is preferably
produced by reforming (oxygenated) hydrocarbons. Thus, the
hydrogen feed tends to contain large amounts of CO [28,29]. The
presence of CO in a fuel cell cannot only hamper hydrogen
dissociation at the catalyst, but it can also change properties of the
membrane electrode assembly, like hydrophobility and hydro-
phobicity or proton transportation pathways and water manage-
ment [28].

In this paper, we investigate the poisoning of hydrogen
dissociation by CO at the active (1 0 0) step site on platinum.
We use a Pt(5 3 3) single crystal to provide these (1 0 0) step sites
and investigate how CO interferes with the dissociation of D2 as a
function of CO-precoverage and D2 kinetic energy. We compare our
results to those obtained by Gee et al. [27] for the Ostep-precovered
surface. We also discuss our results with respect to a potential
energy surface (PES) for H2/Pt(2 1 1), and classical trajectory [18]
and quantum dynamical calculations [19] that predict reactivity.

2. Experimental methods

Experiments were conducted using an ultra-high vacuum
(UHV) apparatus equipped with a double differentially pumped
supersonic molecular beam source as described elsewhere [30,31].
During experiments, the base pressure was 2 � 10�10 mbar. The
platinum single crystal (5N5) was cut and polished to within 0.18 of
the (5 3 3) surface (Surface Preparation Laboratory, Zaandam, The
Netherlands). The surface structure of the (5 3 3) plane of a fcc
metal is also described as [4(1 1 1) � (1 0 0)], i.e. a stepped surface
with, on average, 4-atom wide (1 1 1) terraces separated by (1 0 0)
steps. The surface was cleaned by repeated cycles of Ar+

bombardment, annealing at 900 K in 2 � 10�8 mbar O2 and at
1200 K without O2 for several minutes each. In previous studies,
these procedures were found to adequately clean the surface, yield
the expected low-energy electron diffraction (LEED) pattern and
the correct CO and NO temperature programmed desorption traces
[32–36]. Our subsequent experiments on the cleaned surface
involve dosing CO from the background, impinging D2 from a
supersonic molecular beam and finally performing a temperature
programmed desorption (TPD) experiment as described in detail
below.

Onto the clean and well-ordered surface, CO was dosed by
background dosing (1.5 � 10�8 mbar, 100 s) up to saturation at
Tsurf = 300 K. Excess CO was removed by flashing and/or annealing
the crystal at different temperatures for 100 s. Flashing the crystal
to 420 K removes all terrace-bound CO [32]. These procedures
yield in our experience the most reproducible remaining CO
coverage. We have determined the maximum TPD integral for CO
from a series of increasing CO exposures. Others have reported the
maximum CO coverage on Pt(5 3 3) to be 0.63 CO/Pt [33]. As we
cannot determine the absolute coverage of CO independently, we
use ‘‘1 ML’’ for the saturation coverage and use it as a reference for
all other reported CO coverages. We report the coverages as
determined after every individual experiment. Differences be-
tween CO coverages that were or were not impinged upon by D2

are within experimental error. For all TPD measurements, we have
used the differentially pumped quadrupole mass spectrometer
(Baltzers QME 421) at a fixed distance of 5 mm and normal to the
Pt(5 3 3) crystal.

The CO-covered Pt(5 3 3) surface is subsequently exposed to D2

from a supersonic molecular beam, created by expansion of
mixtures of D2 (Linde gas, isotopic purity 2.8) in Ar (Hoekloos, 6N)
or H2 (Hoekloos, 6N) and pure D2. Expansion is performed between
2 � 103 and 4 � 103 mbar through a tungsten nozzle with a
diameter of 60 mm. Two downstream skimmers create a 6 mm
diameter beam impinging onto the center of the 10 mm diameter
Pt single crystal. The kinetic energy of the D2 beam was varied by
changing the nozzle temperature from room temperature to
1300 K and/or seeding ratios. The kinetic energy of D2 is
determined for all beam conditions by time-of-flight (TOF)
spectrometry by varying the neutral flight path length to the
differentially pumped mass spectrometer. The slope of a graph
plotting the flight time versus QMS position provides an accurate
value of the most probable velocity. Kinetic energies reported in
this paper for D2 are calculated from this velocity.

As the reaction probability is high, minor amounts of
vibrational excitation upon heating the nozzle do not affect the
reaction probability significantly. The reported reaction probabili-
ties may be taken to be that of the vibrational ground state. The
rotational distribution is determined by the expansion tempera-
ture. Rotational relaxation in supersonic expansions of D2 has been
studied in detail for a large range of stagnation pressures and
temperatures [37]. For the expansion conditions employed in this
study up to at least 500 K, the rotational temperature of our beams
is �0.8 of the nozzle temperature. Reaction probabilities are
determined using the King and Wells technique [38] with an inert
flag in the main UHV chamber. All King and Wells measurements
were performed using a second quadrupole mass spectrometer
(Baltzers QME 125), which is located at a large distance and not in
line-of-sight from the molecular beam and single crystal.

Finally, after exposing the surface to the D2 molecular beam, a
TPD experiment is performed with a heating rate of 1 K/s up to
650 K to verify the CO coverage. We have monitored mass-to-
charge ratios (m/e) of 2 (H2), 3 (HD), 4 (D2) and 28 (CO). We do not
find evidence for significant contamination by Hads (<0.05 ML)
during the experiment.

To obtain reproducible results, crystal cleaning by sputtering
and annealing cycles was required after every single experiment
that determined the reaction probability of D2 onto CO-covered
Pt(5 3 3). Failure to clean the surface after such an experiment lead
immediately to significantly lowered reactivity for D2 in the
subsequent measurement, even if it was performed on the bare
Pt(5 3 3) surface. We have not pursued the origin of this
observation in detail.

3. Results

3.1. CO desorption

Fig. 1 presents TPD spectra of CO desorbing from the Pt(5 3 3)
surface. We observe that CO desorbs in two peaks centered at
375 K and 470 K. In previous studies, the two peaks have been
ascribed to desorption from terraces and steps, respectively [33–
36,39]. We have fitted TPD features by a summation of horizontally
shifted Gaussian functions and used their integrals to determine
relative coverages. When applying the procedures described by
Backus et al. [32], we find relative integrals for step and terrace
desorption of 0.41:0.59.

3.2. Dependence of D2 dissociation on CO-precoverage

Fig. 2 presents the absolute reaction probability of D2 on
Pt(5 3 3) for varying CO-precoverages. The kinetic energy of
impinging D2 was 0.8 kJ/mol. Every data point reflects the
measured reactivity from a single King and Wells measurement.
The solid line is the best fit to the data which includes all data
points from uCO = 0 to 0.41 ML. Although the data show significant



Fig. 1. Thermal desorption spectra for different dosages: full coverage (solid line),

0.46 ML (dotted line) and 0.18 ML (dash dotted line).

Fig. 3. Reaction probability of hydrogen dissociation on Pt(5 3 3) measured by Groot

[14] (solid circles) and Gee et al. [27] (open squares). The solid line presents a fit

through the data determined by Groot [14].
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scatter, a linear dependence of the reaction probability on uCO

seems to fit the data well and intersects the x-axis at 0.46 ML and
the y-axis at 0.46. The latter is in excellent agreement with the
absolute reactivity determined previously for the bare Pt(5 3 3)
surface [14,27].

3.3. Hydrogen dissociation on bare Pt(5 3 3)

In Fig. 3, the reaction probability of hydrogen (both H2 and D2)
dissociation on bare Pt(5 3 3) is shown as measured in our lab by
Groot [14] (solid circles), including the best fit to our data and by
Gee et al. [27] (open squares). The data are in excellent agreement,
especially in the low kinetic energy regime. Every data point
measured by Groot is an average of at least five single
measurements. The shape of the curve has been explained in
detail by theoretical studies of H2 dissociation on the related
Pt(2 1 1) surface [18]. The initial decrease in reactivity results from
a precursor-mediated reaction channel that is induced by
molecular chemisorption wells for D2 at the bottom of the step–
terrace border. The linear increase in reactivity at higher kinetic
Fig. 2. Dependence of the reaction probability on CO-precoverage for the

dissociation of D2 (solid circles) on Pt(5 3 3) at a kinetic energy of 0.8 kJ/mol.

The solid line is a fit for the data up to step saturation coverage of CO.
energies results from activated adsorption at terrace sites. When
the linear part of the reactivity is extrapolated to Ekin = 0, a non-
zero value for reactivity is found (namely 0.14) which is due to
hydrogen molecules directly impinging onto the step where no
barrier to dissociation exists [18]. As no isotope effects were
observed experimentally for dissociation onto Pt(1 1 1) [20,40],
Pt(2 1 1) [15], Pt(5 3 3) [14,16,27] and Pt(7 5 5) [14], we find it
reasonable to discuss H2 and D2 dissociation without differentiat-
ing between the two isotopes.

3.4. Dependence of D2 dissociation on kinetic energy for CO-

precovered Pt(5 3 3)

Fig. 4 shows the absolute reaction probability of D2 for a CO pre-
coverage of 0.41 ML as a function of incident energy (solid circles).
For comparison, we have included the best fit to the hydrogen
reaction probability for the bare Pt(5 3 3) surface as determined in
Fig. 4. Reaction probability for hydrogen–deuterium on bare [14] (dotted line),

Ostep-precovered [27] (open squares) and COstep-precovered Pt(5 3 3) (solid circles)

and bare Pt(111) (crosses) [20]. The solid line represents the best fit for the data

points of the CO-precovered surface with measurable reactivity.



Fig. 5. Simplified representation of the potential energy surface for H2/Pt(2 1 1)

(adapted from McCormack et al. [18]).

C. Hahn et al. / Catalysis Today 154 (2010) 85–9188
our lab (dotted line) [14] and the reaction probability on bare
Pt(1 1 1) (crosses), as calculated from a fit given by Luntz et al. [20].
Fig. 4 also shows the reaction probability on the O/Pt(5 3 3)
surface for step edge saturation (open squares) [27]. For D2

dissociation on the CO-precovered surface at step edge saturation,
we observe no reactivity up to Ekin = 13 kJ/mol. At 19 kJ/mol, we
find a reactivity of �0.1 which gradually increases with kinetic
energy up to 30 kJ/mol. Assuming a linear dependence of reactivity
on kinetic energy, we fit the data with measurable reactivity and
find it is well described by 0.016 � (Ekin � 14) (solid line). The
energy-dependent reactivity is obviously very different from all
other data shown in Fig. 4. Decorating steps by CO reduces
reactivity at all energies compared to both the bare Pt(5 3 3) and
Pt(1 1 1) surfaces. It also annihilates the characteristic upturn in
reactivity at low kinetic energy. This is also in contrast to the
reactivity of the Ostep-precovered surface, which shows significant
reactivity over the entire energy range, including the curvature
change at low kinetic energy that is considered indicative of an
indirect reaction mechanism.

4. Discussion

4.1. CO adsorption and desorption

Our CO TPD results shown in Fig. 1 are in general agreement
with previous studies [33–36]. Most TPD studies use flash heating
and find peak desorption temperatures of�400 K and �500 K. Our
studies are performed with a heating rate of 1.0 K/s. Differences in
peak temperatures therefore likely result, at least in part, from
vastly differing heating rates. Tobin and co-workers reported
relative integrals of 0.25:0.38 for step and terrace saturation
[33,35], which equals our relative coverages of 0.41:0.59 within
experimental error. Note that we use relative step and terrace
coverage that sum to ‘‘1 ML’’, whereas Tobin and co-workers use
absolute values and found the maximum CO coverage to be 0.63 CO
per Pt surface atom [33,35].

As all D2 reactivity measurements were performed at a surface
temperature of 300 K, we consider the mobility of CO. As CO is
generally presumed mobile at this surface temperature, the surface
will be in an equilibrated state [41]. Backus et al. [32] studied the
diffusion of CO on Pt(5 3 3) by ultrafast pump-probe vibrational
spectroscopy and found that step-bound CO, which was excited by
a laser pulse to move it to the terrace, quickly diffused back to step
sites [32]. Other studies employing various techniques corrobo-
rated that COstep is by far the more stable species [33,42,43]. From
DFT calculations, the binding energy difference between step and
terrace sites is found to be �0.2 eV. A double peaked 0.4 eV
diffusion barrier hampers movement from the top edge of the step
onto the (1 1 1) plane [32]. In addition, a recent XPS study on the 1-
atom wider Pt(3 2 2) surface showed that, at step saturation
coverage, almost all CO was located at the step sites at 290 K [44].
Therefore, the distribution of CO bound to steps and terraces at
coverages at or below step saturation is strongly in favor of step
sites at 300 K. In our experiments, we assume that when D2

molecules impinge onto a CO-precovered surface, almost all CO
molecules reside at step sites up to uCO �0.41 ML.

4.2. Mechanisms towards hydrogen dissociation

Before discussing our results for the effect of CO adsorption on
the active (1 0 0) step site, we summarize some general aspects of
hydrogen dissociation on stepped platinum surfaces. It has been
known for some time that step sites significantly increase
reactivity of metal surfaces towards isotope exchange (see for
example the review by Somorjai [45]). In recent years, the most
detailed understanding of the mechanisms by which hydrogen
dissociates at active step sites resulted from high-dimensional,
theoretical studies. For H2/Pt(2 1 1), a surface consisting of 3-atom
wide (1 1 1) terraces separated by (1 0 0) steps, McCormack et al.
[18] calculated a state-of-the-art potential energy surface (PES).
The contours of this PES in the X–Y plane are reproduced
schematically in Fig. 5. Large solid circles indicate the platinum
atoms of the unit cell. Atoms #1 and #2 are the top and bottom
edge atoms in the step, respectively. Atom #3 is located
approximately at the center of what is generally considered the
terrace. Light grey areas represent attractive interaction between
molecular hydrogen and the surface, while dark grey areas indicate
repulsive interaction. Within the attractive region, molecular
chemisorption wells (dash dotted lines, indicated by letters A and
B) stabilize a molecular precursor. Barrier-free dissociation of H2

occurs only at #1 step edge atoms.
The authors observe three reaction pathways in classical

trajectory [18] and quantum mechanical dynamics [19] simula-
tions of H2 dissociation. The first mechanism is an indirect, non-
activated mechanism, dominating at low kinetic energies. It
involves a mobile precursor moving from wells B to A before
dissociating at a Pt atom #1. The second is a direct, non-activated
mechanism for molecules impinging directly onto a Pt atom #1.
The third is the direct, activated channel, dominating at high
kinetic energies for molecules impinging at Pt atom #3. While the
two non-activated channels dominate reactivity at low kinetic
energies, the contribution of the indirect pathway decreases
rapidly with increasing kinetic energy. This latter dependence
reflects a decreasing trapping probability in molecular chemisorp-
tion wells with increasing kinetic energy. The combination of these
three mechanisms causes the characteristic energy-dependence
for the absolute reactivity, which starts high, decreases initially
with increasing kinetic energy before ultimately increasing again.
An experimental study by Groot et al. [15] employing a Pt(2 1 1)
surface and supersonic molecular beam techniques supports the
findings by McCormack et al. [18] for this particular surface
although the absolute values for reactivity differ slightly.

The energy dependence of reactivity on Pt(5 3 3) shown in Fig. 3
indicates that the same mechanisms also operate on the surface
consisting of 1-atom longer terraces. Comparing experimental data
for Pt(2 1 1) [15] and Pt(5 3 3), the relative contribution of the
indirect dissociation pathway to the overall reactivity is reduced
slightly. A more detailed study that investigates the influence of
terrace length will be published elsewhere [17]. That study
concludes that a quantitative model based on these three reaction
mechanisms reproduces the observed reactivity on 3-atom wide
Pt(2 1 1), 4-atom wide Pt(5 3 3) and 6-atom wide Pt(7 5 5)
surfaces. The quantitative agreement between data shown in
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Fig. 3 taken by two different laboratories confirms that we may
also compare data for O- and CO-precovered surfaces from the
same laboratories quantitatively.

For the O-precovered surface, Gee et al. [27] found that oxygen
atoms bound to (1 0 0) steps result in a lowered reaction
probability compared to the bare surface at all kinetic energies
(see Fig. 4). They explain their results for the bare and Ostep-
precovered surface in terms of four pathways to dissociation in
contrast to three found by McCormack et al. [18]. Gee et al.
distinguish between an unaccommodated molecular precursor
state, contributing to reactivity below �14 kJ/mol and an
accommodated molecular precursor state contributing only below
�3 kJ/mol [16,27]. Their results for the Ostep-precovered surface
are interpreted to indicate that O bound to the top of the (1 0 0)
step edge blocks the channel that is active up to �14 kJ/mol while
the channel below �3 kJ/mol remains open. This explains the
change in curvature of the reactivity near 3 kJ/mol. They observe
that this latter channel even stays active when the terrace is
partially covered with oxygen. Direct, activated dissociation on the
(1 1 1) terrace is not significantly affected by oxygen atoms bound
to the step as the reactivity at high kinetic energy nearly equals
that in value and slope of the Pt(1 1 1) surface.

4.3. Dependence of D2 dissociation on CO-precoverage

We interpret our results in Fig. 2 in terms of the two relevant
mechanisms as proposed by McCormack et al. for dissociation of
hydrogen with low kinetic energy. At Ekin = 0.8 kJ/mol, an activated
mechanism at the terrace may be neglected entirely and we only
consider the direct and indirect mechanisms that lead to
dissociation at the step edge. In previous studies [14,15,17] we
have not found the surface temperature dependence observed by
Gee et al. and we see no need to distinguish between different
types of precursors. Fig. 2 shows that the reactivity of slow moving
D2 molecules is linearly dependent on the CO coverage at the step.
The linear fit to the data indicates that at a relative CO coverage of
0.46 reactivity has dropped to zero. This value is very close to 0.41
at which step edges are saturated with CO.

First, we consider the direct mechanism. As CO is chemically
bound to the step edge by approximately 2 eV, it is safe to assume
that non-activated, direct dissociation of hydrogen at the same site
is blocked. Previous experiments in our group investigated
hydrogen dissociation on CO-precovered Ru(0 0 0 1) [46]. Here,
we found that CO sterically blocks non-activated on-top dissocia-
tion with a blocking radius of �2.5 Å. This blocking radius is
independent of energy up to �35 kJ/mol. It seems reasonable that
the same steric mechanism with a similar blocking radius
contributes linearly to the decrease in reactivity on the (1 0 0)
active step site on Pt(5 3 3). Experiments using He atom scattering
of individual CO atoms on Pt(1 1 1) also found a hard core
scattering radius of 2.5 Å [47]. In Fig. 6 we present a schematic side
Fig. 6. A schematic side view of Pt(5 3 3) with the surface planes for the terrace, step

and macroscopic surface forming a triangle and a model for steric blocking by CO

(dashed lines).
view of CO bound to the Pt(5 3 3) surface. Here, we neglect that at
high coverages, CO molecules bound to the (1 0 0) step have been
reported to be tilted by �108 from the indicated terrace normal
towards the surface normal [34].

To explain the linear dependence of reactivity on CO coverage
up to step saturation, also the indirect contribution to reactivity
must scale linearly with CO coverage. If trapped hydrogen
molecules can sample multiple sites along the step edge, the
reactivity dependence would be non-linear with CO coverage. In
particular, from the Kisliuk model for dissociative adsorption [48]
one would expect a reactivity that remains much longer close to
the value found for uCO = 0 ML, especially at very low coverages. At
coverages close to step edge saturation, the reaction probability
would decrease steeply. As our results are in contradiction to this
behavior, diffusion of a molecular hydrogen precursor along the
step edge can be strictly excluded. This is also in line with results
from theoretical studies of H2 dissociation that find little diffusion
along the X-axis of the unit cell (see Fig. 5) for molecules
dissociating via a precursor mechanism on the bare Pt(2 1 1)
surface [18]. The origin of that is the diffusion barrier between the
deepest molecular chemisorption wells (type A in Fig. 5). In our
COstep/Pt(5 3 3) case, the indirect mechanism to H2 dissociation
may be affected by steric blocking of the entrance channel to
molecular chemisorption, but also by electronic effects that reduce
or remove the attractive wells in the D2/Pt(5 3 3) potential.

The linear dependence of COstep on D2 dissociation presents an
interesting contrast to the effect of other poisons, such as K on
Pt(1 1 1) [25]. Brown, Luntz, and Shultz found large range
poisoning of direct, activated D2 dissociation by K with a cross-
section, SK, ranging from 70 to 430 Å2. These values were obtained
by fitting S0(uK) = S0 � exp[�n � uK] for various kinetic energies of
D2 and realizing that n equals the ratio of SK and the unit cell area,
Auc; n = SK/Auc. When we apply the same strategy and fit
S0(uCO) = S0 � (1 � n � uCO), we find SCO = 55 Å2. This would
correspond to a blocking radius of 4.2 Å for CO, much larger than
2.5 Å found for D2/CO/Ru(0 0 0 1) and He scattering experiments
for CO on Pt(1 1 1) [47]. However, at the low kinetic energy under
consideration here, there are two operative mechanisms on the
Pt(5 3 3) surface which are both confined to a small area of the unit
cell. Therefore, we do not consider the calculation of SCO based on
the entire area of the unit cell to yield a physically meaningful
value.

4.4. Dependence of D2 dissociation on kinetic energy for step-

saturated CO

Fig. 4 shows that step-saturation by CO removes all measurable
reactivity up to at least a kinetic energy of 13 kJ/mol. Clearly, the
indirect mechanism and non-activated direct mechanism, requir-
ing non-occupied Pt atoms at steps, have been poisoned effectively
at uCO = 0.41. If these mechanisms were the only ones affected, the
remaining direct, activated mechanism would yield reactivity at a
value proportional to the fraction of the unit cell still available for
this mechanism. This is the fraction of the (1 1 1) terrace that is not
sterically blocked by (overhanging) COstep molecules. From the
schematic in Fig. 6, the accessible fraction of the (1 1 1) terrace may
be expected to be significant. Similar to the case of O/Pt(5 3 3), a
linear dependence on reactivity starting at the origin would be
observed with a slope resembling that for H2/Pt(1 1 1). However,
our results in Fig. 4 clearly contradict this. We conclude that the
direct mechanism occurring at the terrace is affected by the
presence of CO at the steps. It appears that CO adsorbed at the step
at step-saturation coverage induces a significant barrier to
dissociation at the terrace.

The similarity between the slopes of the reaction probability’s
energy dependence at high kinetic energy for the CO-precovered
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and bare Pt(5 3 3) surfaces provides a suggestion how the direct,
activated mechanism is affected. Similar slopes are generally
interpreted to indicate that the distribution of barriers for activated
adsorption is comparable. The shift of the linear dependence and its
intersection with the x-axis at 14 kJ/mol then indicate that the
barrier distribution has shifted by the same 14 kJ/mol upward
relative to Pt(1 1 1). Similar interpretations of shifts in barrier
distributions are common in state-resolved reactivity studies (see
e.g. [49]).

For Pt(1 1 1), Brown et al. suggested that the long-range
poisoning effect by K toward D2 dissociation also resulted from an
increased barrier to dissociation [25]. The electropositive character
of K lowers the work function, F, by setting up a strong dipole field
at the metal-vacuum interface. This results in a more extended
evanescent decay of Pt 5 s electrons into the vacuum which
increases the D2-metal distance to the location where Pauli
repulsion starts dominating the interaction. As the Born-Oppen-
heimer approximation holds for hydrogen–platinum interaction
[50] and the avoided crossing of the strongly attractive atomic D
potential with the repulsive molecular D2 potential is moved
further away from the surface, an increased barrier is expected
from the K-induced dipole at the surface. Poelsema et al. also found
a decrease in the work function when CO adsorbs to Pt(1 1 1) steps
on surfaces vicinal to Pt(1 1 1) [51], suggesting that a CO-induced
dipole field causes the observed increased barrier to dissociation of
hydrogen. However, other theoretical studies have previously
addressed promoter and poisoning issues and argued, e.g., the
importance of surface states [52].

4.5. Comparison of step-saturated O and CO poisoning of hydrogen

dissociation

To compare the poisoning effects of step-bound O and CO
toward hydrogen dissociation, we present a schematic of the
Pt(5 3 3) surface in Fig. 7. For the schematic indication of binding of
atomic oxygen and molecular CO to the steps, we have used
adsorption sites as suggested by previous experimental studies
[27,33,34,39,53–58]. Oxygen occupies bridge sites at the top of the
step edge and CO sits atop of every step edge Pt atom. When step
edges are saturated, the CO:Ptstep and O:Ptstep coverages are 1:1
and 1:2, respectively.

We note two striking differences between the energy-dependent
effects of step-saturated O and CO. First, the reactivity at low kinetic
energy is not completely blocked for O and an indirect reaction
Fig. 7. Schematic of Pt(5 3 3) with adsorbed O and CO at the step edges.
pathway remains operative, whereas for CO no reactivity can be
detected. Gee et al. find reason in a temperature dependence of the
reactivity at low kinetic energies to state that an accommodated
precursor mechanism causes the reactivity below 3 kJ/mol [27].
Although in itself this may be plausible, the occupancy of Pt atoms at
the steps in both situations (doubly bound O in a 1:2 ratio and singly
bound CO in a 1:1 ratio) makes it difficult to see how hydrogen may
dissociate at the step, even if a long-lived precursor is present. The
authors do not discuss how or where H2 reacts at low kinetic energy
with O poisoning all step sites. We suggest that direct reaction of H2

with Ostep to form OH + H or H2O may underlie the observed
reactivity. On Pt(1 1 1), formation of OH and water from adsorbed O
with impinging H2 was already identified by Mitchell and White
using high resolution electron energy loss spectroscopy [59]. The
formation of water on Pt(5 3 3) was studied by Skelton et al. [60].
They monitored the formation of water from adsorbed O and H at
various coverages. For the bare Pt(5 3 3) surface, they observe that
when the step sites are covered by O, the reaction with H from
terrace sites occurs at temperatures even below 180 K at the lowest
H coverages. Multiple other reaction pathways open up at higher
temperatures. Similar results were recently obtained by our group
[61]. The literature provides, to the best of our knowledge, no reason
to expect that step-bound CO reacts with H or H2. This may be the
cause for the discrepancy observed at low kinetic energy.

The second striking difference is the variation in reactivity
when direct dissociation dominates. For CO-covered steps an
increased barrier to reaction is present at the terraces that appears
absent for O-covered steps. As the steric blocking radius for O and
CO may be expected to be comparable, a similar fraction of the
terrace is accessible for molecular hydrogen. The much higher
reactivity of the O-decorated surface than suggests that either
oxygen has, unlike CO, little effect on the interaction between
hydrogen and the Pt(1 1 1) terrace or a direct reaction path
between H2 and O provides a chemical route to reaction at all
energies. As Gee et al. noticed that reactivity was also observed at
low kinetic energy when more than the steps were covered by O,
the latter seems an appealing option.

5. Conclusion

Preadsorption of CO at (1 0 0) step edges of Pt(5 3 3) modifies
Pt’s ability to dissociatively adsorb hydrogen in different ways.
First, both direct and indirect pathways for D2 dissociation at
low kinetic energies are poisoned. The observed linear depen-
dence of reactivity on step edge CO-coverage indicates that
diffusion of molecularly bound hydrogen along the step edge
does not occur. Second, step-bound CO induces a significant
barrier for direct, activated reaction at the terrace. By analogy to
the effect of potassium, we suggest that this may be the result of
the strong dipole field created by CO that affects the location
where Pauli repulsion becomes dominant for H2/Pt. Finally, from
a comparison of the poisoning effects toward hydrogen
dissociation by O and CO bound to the active (1 0 0) step, we
conclude that these poisons show different behaviors which
may, at least in part, be caused by their differing ability to react
with H and/or H2.

Acknowledgements

This research was financially supported by The Netherlands
Organisation for Scientific Research (NWO) through the research
programs Excellent Chemical Research (ECHO) and Advanced
Sustainable Processes by Engaging Catalytic Technologies (AS-
PECT) of Advanced Chemical Technologies for Sustainability
(ACTS). The authors kindly acknowledge the Foundation for
Fundamental Research on Matter (FOM) for use of equipment.



C. Hahn et al. / Catalysis Today 154 (2010) 85–91 91
References

[1] C.J. Weststrate, E. Lundgren, J.N. Andersen, E.D.L. Rienks, A.C. Gluhoi, J.W. Bakker,
I.M.N. Groot, B.E. Nieuwenhuys, Surface Science 603 (2009) 2152.
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