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Reaction mechanisms following gas-surface collisions may differ depending on the site of impact. On stepped Pt
surfaces at least three dissociation mechanisms have been suggested to occur in parallel. Using supersonic
molecular beams and a curved Pt single crystal, we unravel these site-dependent contributions and quantify
absolute reaction cross sections using these mechanisms’ different dependencies on kinetic energy in the range of
0.7 to 13.4 kJ/mol. A sum of three dissociation mechanism probabilities fits our data well and allows us to
extract absolute cross sections for indirect and direct non-activated dissociation at steps. We find good agreement
with theoretical predictions.

1. Introduction

Many bulk industrial chemical processes rely on heterogeneous
catalysis. A fundamental understanding of catalytic reactions may aid in
improving these processes, making them more efficient or sustainable.
Different surface sites on catalytic particles are known to have different
abilities toward bond breaking and bond making events. Their contri-
butions to the total reactivity therefore vary [1]. Steps and other defects
on the surface are often regarded to play a major role in these reactions
due to their low coordination. Such defects, however, are challenging to
study separately, as there is no surface that consists of defects alone.
Experiments, therefore, often use multiple stepped single crystal sur-
faces, as those have a well-defined defect (step) density with atomically
flat terraces in between the steps.

The dissociation of molecular hydrogen (Hz) on platinum (Pt) is a
model system for catalytic reactions. Density functional theory (DFT)-
based reaction dynamics studies of this reaction on Pt(211) [2,3] iden-
tified three dissociation mechanisms (see Fig. 1). On the terrace, reac-
tion barriers exist causing one dominant mechanism: direct activated
dissociation (1). At the steps, two mechanisms lead to dissociation. In-
direct dissociation via a dynamic precursor happens if the molecule is
briefly trapped in the cusp of the step (2). On the top of the step edge,
non-activated direct dissociation occurs (3). While other mechanisms
have been proposed [4,5], results of most experimental studies and the
various expected dependencies fit this model very well [4,6-8].

The dissociation of molecular hydrogen on Pt(111) has been studied
in even greater detail than stepped surfaces, and reactivity dependencies
are well known [9-12]. The dissociation probability is isotope-
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independent and increases nearly linearly with incident energy over a
wide collision energy range [9,12,11]. It shows a complex angle
dependence with respect to the crystal’s normal along both high sym-
metry azimuthal axes [9,4,10,11]. The relative reactivity of steps and
terraces has been also studied [13] for several flat single crystal surfaces
with different step densities of the A-type step (the step being a {100}
facet). While collision energy dependencies were generally determined,
the velocity vector for molecules incident on these stepped surfaces was
mostly oriented along the surface normal. As the angle between the
surface normal and the Pt(111) terraces and steps varies with step
density and the angle dependence is known to be complex, disentangling
contribution of steps and terraces to reactivity is far from
straightforward.

Here, we cleanly separate the reactivity of steps and terraces and
determine the reaction cross section of two of the suggested dissociation
mechanisms shown in Fig. 1. We experimentally determine the initial
reaction probability of D, on a continuous range of Pt surfaces using a
curved Pt single crystal [8,14]. We use seeded supersonic molecular
beams to vary the average collision energy between 0.7 and 13.4 kJ/mol
and detect reactivity over a very small area on this crystal to circumvent
convolution with the continuous range of step densities. All measure-
ments are done under the same experimental conditions and at normal
incidence with respect to the {111} terraces. Using both sides of the apex
of the curved crystal, we also distinguish between A-type and B-type (i.e.
{110} faceted) steps with average terrace widths ranging from 6 to
hundreds of atom rows.
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2. Methods

The model proposed by Baerends and coworkers [2] is illustrated in
Fig. 1. The initial reaction probability (so) of Hy on Pt behaves like the
weighted average of the reaction probabilities on the step and on the
terrace [8]:

S0 = f;‘tepsonep +fterruce50terruce (l)

where fiip and fierrace are the fractions of the surface covered in steps and
terraces. We express the fraction of steps in terms of step area (Ayp), step
width (Wgep), i.e. the unit step length along the edge, and step density
(dstep):

Agiepd,
f:g[gp _ stepUstep (2)
W:tep
Thus, we can find the step reaction cross section, defined as SosepAstep,
if we know the step width, the step density of the surface and the
contribution of the terrace to sg:

So — f;erracesOtermce (3)

Astep Sostep = 4 step
step

The site-dependent reaction probabilities are characterized by
different collision energy dependencies. We extract the terrace contri-
bution to s, by investigating the kinetic energy dependence of s,. The
reaction probability of Hy on Pt(111) for normal incidence is approxi-
mately proportional to its kinetic energy over a wide energy range up to
at least 25 kJ/mol [9-12], due to the activated direct dissociation
mechanism on Pt(111) with a range of small reaction barriers [15]. The
reaction probability on the steps has two components: one that decays
with increasing kinetic energy (indirect mechanism, illustration 2 in
Fig. 1) and and one that is energy independent (non-actived direct
mechanism, illustration 3 in Fig. 1). It has been shown before that a
function with an exponential and linear component (Eq. 4) fits the en-
ergy dependence of Hy reaction on stepped Pt surfaces well in our energy
range [4,6,7].

step

Elb
sol E| =ae®* +¢c + dE “4)

terrace
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Here, a, b, c and d are constants. We assume that the exponential and
constant components are only due to reaction on the steps, and therefore
constants a and c are proportional to the fraction of the surface covered
in steps. We assume the proportional component is only due to reaction
on the terraces, and therefore d is proportional to the fraction of the
surface covered in terraces. If we isolate and remove the proportional
component, and thereby the full contribution of the terrace, we can
calculate the step reaction cross section with Eq. 3.

3. Results

Fig. 2a and b show sy of Dy on Pt as a function of average kinetic
energy, measured over a range of step densities. so is measured using the
King&Wells method [16]. A molecular beam hits a small rectangular
section along the curved surface of our c-Pt(111)[110]-31° [17] crystal
in vacuum, which is kept at 150 K. The reaction probability is deter-
mined by measuring relative partial pressure of Dy in the vacuum
chamber. The kinetic energy of the molecules in the beam is controlled
by the expansion temperature and anti-seeding with argon. For each
individual section of the curved surface with a certain step density, the
kinetic energy dependence is fitted with Eq. 4. The resulting fits are also
shown in Fig. 2a and b. In Fig. 2c, the data analysis process is exem-
plified for a single data set. The black dots show the sy data for a surface
with step density of 0.62 nm™! and B-type steps. The dashed line shows
the initial fit with Eq. 4. The solid black line shows only the linear part of
this fit. To eliminate the terrace contribution from sy, the part of the fit
proportional to E is removed. This results in the gray data points. It is
illustrated by the difference between the black and gray line. Fig. 2d
shows the kinetic energy distribution in the molecular beam, for each
experiment. This distribution is a fit of data obtained by Time of Flight
measurements [18]. The energy distributions are too broad to resolve
any small details, such as resonances, in the energy dependence of s.
However, if the energy dependence follows Eq. 4, the convolution with
the energy distributions in the beam has no significant effect on the
measured sp (see Appendix A).

Fig. 3 shows the calculated reaction cross section as a function of
kinetic energy. A full-size image is also included at the end of Appendix
A. Some values of the cross section are visualised in the inset, and
compared to the potential energy surface (PES) of Pt(211) as calculated

Fig. 1. The three dissociation mechanisms of H, on Pt determined by [2]. 1) Direct, activated dissociation on the Pt(111) terrace. 2) Indirect dissociation on the
steps. 3) Direct non-activated dissociation on the steps. Blue: A-type {100} step. Red: B-type {110} step.
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Fig. 2. a), b) The sy data as a function of kinetic energy, obtained by King &
Wells measurements. Fitted with Eq. 4. Data for a) all surfaces with A-type steps
and b) all surfaces with B-type steps. ¢) Data set for a single surface with step
density of 0.62 nm™!, with B-type steps. The fit is shown as a dashed line. The
linear part of the fit is shown as the solid black line. The terrace contribution to
o is subtracted from the data points, resulting in the contribution of the steps
only (gray data points). The same transformation is done on the black line,
resulting in the gray line. d) The kinetic energy distribution of the molecular
beam for each measurement.
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by [19]. Two trends are apparent. First, the cross section decreases with
kinetic energy and levels out at a non-zero value. Second, with
decreasing step density the cross section increases. The two reaction
mechanisms on the step can be distinguished on the basis of the first
trend. The energy-dependent indirect mechanism dominates for en-
ergies below 6 kJ/mol. The energy-independent direct mechanism re-
mains as the only mechanism contributing significantly for higher
energies. We note that there are some outliers for low step density sur-
faces. The step contribution to sp is very small on a surface with few
steps, resulting in a large relative error. There may also be a small
contribution from unintended remaining defects near the apex [20].

4. Discussion
4.1. Energy dependence of indirect mechanism

There are several explanations for the decay of the reaction cross
section for the indirect mechanism. Since the cross section is the product
of the area of the active site and the sticking probability (Eq. 3), a change
in either of these parameters results in a change in the cross section. For
indirect dissociation, the molecule needs to be trapped in the potential
well in the cusp of the step (see Fig. 1) prior to dissociating at the top of
the ledge. Quantum mechanical effects, such as rotationally mediated
selective adsorption, could play a role. Predictive calculations show
resonances in this energy regime [21,3]. These are not likely to show in
our data, as the kinetic energy distributions in our measurements are
rather broad, our beams contain multiple rotational states, and the
surface temperature is substantial. A simple hard cube model [22], used
for predicting trapping probabilities in a square potential well, predicts
the energy dependence very well (see Appendix A). This suggests that
the sticking probability, Sosep, may be energy dependent. On the other
hand, if the depth of the potential well is not of a single value, but varies
across the surface, low-energy molecules can be trapped on a larger
surface area than high-energy molecules. Hence, the active area (Ayep)
may also be energy dependent. While the potential calculated by Baer-
ends and coworkers suggests a variable depth of this well, our experi-
ments cannot unravel whether one or both are energy dependent.

0.6 . .
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4.2. Cross section for indirect mechanism

Although we can not distinguish between potential origins for the
energy dependence of soy,p, We can semi-quantitatively compare the
reaction cross section for our highest step density surface with the
calculated potential energy surface (PES) from Ref. [19] for Pt(211).
This PES shows the potential energy of a Hy molecule 0.2 nm above the
Pt(211) surface. The potential energy is minimized with respect to the
rotation and stretch of the molecule. In the calculations, the molecule
does not vibrate or rotate, and Van der Waals interactions are not taken
into account. The solid line rectangle in the inset in Fig. 3 represents the
cross section for indirect dissociation at the step for the lowest collision
energy and highest step density (0.57 nm™1). It has a value of 0.13 nm?,
and is compared to the PES. For comparison, the attractive area in the
PES is 0.12 nm?. Note that this area also includes the terrace and top of
the step. The PES was calculated for Pt(211), which has A-type steps and
a step density of 1.56 nm ™!, hence representing a higher step density
than our data. We consider the agreement quite reasonable. The reaction
cross section for a step density of 0.15 nm™ is included as a dashed
rectangle. The step-density dependence of this part of the reaction cross
section suggests that the area capturing molecules at the cusp increases
with lowering step density.

4.3. Cross section for non-activated direct dissociation at the step

Since the direct dissociation mechanism occurring for impingement
on the upper edge of the step is non-activated, a molecule landing in the
active area has a dissociation probability of 1. Therefore its reaction
cross section is equal to the area of the active site. We calculate this area
for a step density of 0.57 nm ™! and A-type steps by taking the average
value of the cross section for kinetic energies above 6 kJ/mol. We find
that it is 0.018 nm?2. This value is shown in Fig. 3 as the solid black line
passing horizontally through our data. In the inset, we compare the area
to the PES as the (solid line) circle with the calculated area over the
active site on top of the step. We find very good agreement between our
data and the theoretical model. Our calculated area covers the area on
the PES below the level of the two saddle points near the bottom of the
step. At the same time, for much lower step densities, the same cross
section appears larger (dashed line through our data and the inset). This
suggests that the PES of lower step density surfaces not only has an
enlarged area for indirect dissociation, but also a larger barrier-free area
on top of the edge atom as compared to the PES calculated for Pt(211).

4.4. Step density dependence of cross section

There are a few explanations for the step density dependence of the
reaction cross section for A- and B-type steps. A first consideration is that
along the curvature of the crystal, the step arrays show both decreasing
terrace width and decreasing terrace width variation with increasing
step density. Auras and Juurlink recently reviewed such effects for a
curved single crystal surface [17]. As molecules are either reflected or
adsorbed to the surface, we need to consider how reflection by diffrac-
tion into the gas phase and adsorption by diffraction into a physisorbed
state are affected by these variations. While the diffraction intensities for
scattering of atoms from corrugated surfaces has been examined [23],
we are not aware of studies that quantify integrated diffracting in-
tensities for molecular scattering on the dependence on these two var-
iables. On the other hand, the increased scattering angles caused by the
smaller grating at increased step density, could only increase scattering
into the physisorbed state. This would also increase the measured Sy, not
decrease it as we observe. Hence, diffractive scattering is unlikely the
origin of the observed variation of the reaction cross section with step
density.

Another explanation is that the effective size of the step in its
contribution to dissociation is so large that two separate step edges
overlap at higher step densities. This is possible when there is some
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diffusion of the D, molecules across the surface. The standard model for
precursor-mediated dissociation, e.g. as applied in recent studies of CH4
dissociation on Ir(111) [24-26], includes the possibility of diffusion.
Jiang and coworkers include diffusion as originally described by Comsa
et al. for hydrogen dissocation on Pt [5,27]. This approach was already
shown to predict the opposite temperature dependence for our system
[8]. Jackson and coworkers omit specific description of diffusion and
define the probability to dissociative sticking as the product of the
incident energy-dependent trapping probability, Pyqp, and the fractional
chemisorption rates out of the trapped state, k./(k. +kq) [24,25]. A
surface temperature independence, as we observe, could reflect similar
barriers to desorption and chemisorption from the trapped state. How-
ever, McCormack et al. [2] have shown that there is only fast, short-
range diffusion of trapped molecules on Pt(211), mainly from the po-
tential wells at the cusp to the top of the step. Their work did not yet
include a Van der Waals correction to the DFT-based PES. It may require
such interactions to fully address whether short-range diffusion on the
(111) terraces contributes to dissociation. Another point of discrepancy
between H; and heavier molecules may be that the trapping mechanism
for Hy seems to rely to a significant extent on T — R energy transfer due
to a lack of strong coupling to phonons. Heavier gas phase molecules
may rely more on phonon excitation to get trapped [28]. We cannot
completely rule out diffusion as an explanation for the step density
dependence of the indirect mechanism. However, we can for the direct
mechanism. Diffusion requires trapping, and trapping probabilities
decrease with increasing collision energy. The cross section of the direct
mechanism is constant with collision energy, so diffusion does not play a
role there.

A third possibility is that the shape of the potential energy surface
changes such that the area of the active sites decreases with increasing
step density. Smaller active sites for higher step densities would explain
the lower reaction cross section. We used a simple hard cube model to
predict the trapping probability of a molecule in a potential well on a Pt
surface. We find that the energy dependence of the reaction cross section
for different step densities matches the hard cube predictions for
different potential well depths (see Appendix A). This suggests that the
potential energy surface of the step may be step density dependent. We
think that this is the most plausible explanation for the step density
dependence of the reaction cross section. For the indirect mechanism,
diffusion could also play a role.

4.5. A- and B-type steps

Fig. 3 and additional figures in Appendix A also show that there is a
difference in cross section between the A- and B-type steps. This is not
surprising for the low kinetic energies, where the indirect mechanism is
dominant. The potential well causing the indirect mechanism lies at the
bottom of the step. The bottom of the A type step consists of the atoms
neighbouring the top atoms. The bottom of the B-type step consists of
the atoms neighbouring the top atoms, plus one extra row of atoms,
resulting in a larger step area. Therefore it is not surprising that the
potential well of the B-type step is larger. However, the difference in A-
and B-type steps also appears at higher kinetic energies, where only the
direct mechanism plays a role. For each kinetic energy, we have calcu-
lated the average ratio of the cross sections of the A- and B-type steps.
We find values ranging from 1.1 to 2.5, with a ratio of approximately 1.2
for the lowest energies (see Appendix A). The ratio of the reactivity of A-
and B-type steps has been determined before at 0.9 kJ/mol and was
found to be approximately 1.5 [8,14] This is larger than our value, and
the difference is possibly due to differences in data analysis methods.

5. Conclusions and outlook
In conclusion, we have used the model from Ref. [2] shown in Fig. 1

to calculate the reaction cross section of D, dissociation on two types of
steps on Pt. We find that the reaction cross section of the direct
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dissociation mechanism on the top of the step agrees very well with the
PES from Ref. [19]. The reaction cross section of the indirect mechanism
on the bottom of the step is larger than the active area on the PES. This is
in line with the general trend we observe in our data, where the reaction
cross section decreases with increasing step density. Comparison of the
results with hard cube model predictions reinforces the hypothesis that
the PES of the step may depend on step density. For the indirect
mechanism, diffusion may also play a role. Theoretical calculations of
highly stepped surfaces, such as Pt(211), may not be sufficient to predict
reactivity at lower step densities. We also find that the reaction cross
section differs between the two step types, which agrees with previous
research [8,14]. It is important to keep in mind that these results were
obtained with a relatively simple model that assumes no interaction
between steps and terraces (see Egs. 1 and 4). Although the model fits
the data well, there is no guarantee that it is correct. There may be some
short-range diffusion around the steps that does not show a strong
temperature dependence. Theoretical calculations for larger unit cells
and longer terraces could help us gain a better understanding.
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