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Abstract

Understanding heterogeneous catalysis at the atomic level requires detailed knowledge of the reactivity of different surface
sites toward specific bond breaking and bond making events. We illustrate a new method in such investigations. We use a
macroscopically curved Pt single crystal containing a large variation in density of highly kinked steps of two different chirali-
ties. Scanning tunneling microscopy maps the entire range of surface structures present on the 31° section surrounding the
Pt(111) apex. Whereas most of the surface shows the expected characteristic arrays of parallel steps, hexagonally-shaped,
single-atom deep pits remain after cleaning procedures near the apex. Their orientation is indicative of the different chiralities
present on the two sides of the crystal’s apex. These unintended defects locally raise the surface defect concentration, but are
of little consequence to subsequent reactivity measurements for D, dissociation and H-D exchange as probed by supersonic
molecular beam techniques. We quantify absolute elementary dissociation and relative isotopic exchange rates across the
surface with high spatial resolution. At low incident energies, elementary dissociation of the homonuclear isotoplogues is
dominated by the kinked steps. H-D exchange kinetics depend also mostly linearly on step density. The changing ratio of D,
dissociation to H-D formation, however, suggests that anisotropic diffusion of H(D) atoms is of influence to the measured
HD production rate.
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Abbreviations 1 Introduction

Pt Platinum

Ar Argon Many studies in catalytic surface science make use of high
STM  Scanning tunnelling microscopy symmetry, low Miller index planes of metal single crystals
LEED Low-energy electron diffraction [1]. While they are the simplest types of surfaces to describe
™ Terrace width theoretically, experimentally a perfect, defect-free flat sur-

face as described by theory, cannot be produced. Further-
more, real life chemical reactions at surfaces, such as they
occur in heterogeneous catalysis or environmental chemistry,
occur on surfaces featuring a multitude of sites [2-5]. Under-
coordinated sites on surfaces, such as steps, kinks, edges
and corners, are often found to be more reactive towards
dissociation of reactant molecules and may be responsible
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chemical reactions, oscillations in reactivity, and restruc-
turing of facets can be studied under a rather wide range of
experimental conditions. For example, nanocrystalline Pt
field emitter tips were used to elucidate different catalytic
rates and processes for NO and NO, reduction on Pt facets
[8—15]. There, tips were specifically shaped to expose facets
of interest. Kruse continues to study different catalytic pro-
cesses and different metallic and alloy catalysts.

Another approach to studying the influence of surface
heterogeneity to surface chemistry and catalysis employs flat
single crystals of planes vicinal to low-Miller index direc-
tions. This is particularly useful in studies that require a
macroscopic flat area of a single surface structure, e.g. one
with a fixed number density of particular types of steps and/
or kinks. Molecular beams, often used to study the dynam-
ics of (activated) adsorption and overall reactions with con-
trol over the kinetic energy of the reactant(s), require such
larger flat areas characterized by a single surface unit cell
[16]. The lower symmetry of these unit cells make them
more challenging to study with accurate theoretical methods.
Nonetheless, the dynamics of molecule-surface collisions
with vicinal surfaces have been subject of several theoretical
and experimental studies, some even including rovibrational
state-selection of the incident molecule [17-23].

The approach using vicinal surfaces requires that the same
reaction is studied on several different surface structures to
extract site-specific reactivities [24—28]. Comparing reac-
tivities of single crystals with varying number densities of
particular types of terraces, steps, or kinks may yield direct
and quantifiable evidence for the influence of each particu-
lar type of site on the reaction. Experimentally, this is tedi-
ous, though. Subtle differences may be difficult to identify
or hidden between variations in, e.g., contamination levels
or sensitivity to surface restructuring of the various crystal
surfaces. Deliberately introducing various levels of sputter
defects to a nearly perfect single crystal surface presents a
shortcut to the approach [29, 30]. It unfortunately grants
poor control over the types of defects that are introduced.

Curved surfaces of single crystals have recently been re-
invented as a powerful tool to elucidate the role of specific
surface sites in catalytic reactions [31-33]. While in the past
many different types of curved surfaces have been used, in
the last decade the predominantly used shapes are a small
section of a cylinder and a dome [31]. Most commonly, the
crystallographic orientation is chosen to exhibit a low—Miller
index surface at the apex. The macroscopic curvature of the
crystal results predominantly from monoatomic steps occur-
ring with increasing frequency when moving away from the
apex. Depending on the azimuthal angle, these steps may be
atomically straight or kinked. This curved crystal approach to
studying the influence of surface structure in catalysis strongly
resembles the nanocrystal approach employed by Kruse—both
use a single sample that contains a range of surface structures.

The macroscopic size of these new curved crystals, however,
allows for much smoother variation of surface structure. They
often exhibit vicinal surfaces with a well-defined, continuous
range of step densities. Although they do not reflect the shape
of actual catalytic particles, the gradual variation in surface
densities of various types of active sites make them ideal to
unravelling individual contributions from such sites to overall
reactivity.

We have recently determined site-specific reaction param-
eters of D, dissociation on stepped and kinked Pt(111) surfaces
[32, 34]. We have used two different curved Pt single crys-
tals with (111) at the apex. One crystal provided close packed
steps of {001} and {110} orientation (A- and B-type steps
respectively) on either side of the apex. The second crystal had
kinked steps consisting of short segments of A- and B-type
interspersed by inner and outer kinks [34]. Due to their orien-
tation, the latter should nominally be fully kinked, however, we
observed a partial reconstruction of the kinked step edges into
slightly longer A- and B-type segments with a reduced kink
density. Specific Pt surfaces are very sensitive to the cleaning
treatment and may be prone to reconstructions and faceting
[35, 36]. On a similar cylindrical Pt single crystal with a [001]
axial direction, Imbihl et al. observed reconstructions and step
doubling on parts of the curved surface [37].

Considering the possible instabilities on vicinal Pt sur-
faces, it is important to fully and in detail characterise the
surface of a curved crystal. This is especially important
when trying to unravel the influence of specific surface sites,
such as kinked steps, that increase the surface free energy.
Here, we present an investigation of the surface structures
along the curvature of a c-Pt(111)[1 15] —31° crystal, i.e.
a 31° curved section of a cylinder with (111) at the apex
and the rotational axis pointing in the [1 15] direction [31].
Determining the densities of intentional and non-intentional
(residual) defects allows us to critically consider what areas
of the curved surface can be used in evaluating absolute
reactivities of specific surface sites. Notably, for this particu-
lar crystal, residual hexagonally shaped defects also indicate
the handedness of the kinked step causing the macroscopic
curvature. We subsequently show that we may extrapolate
the previously reported reactivity of D, dissociation towards
an otherwise unattainable perfect, defect-free Pt(111) sur-
face. We finally show that the H-D exchange rate between
H, and D,, which Norbert Kruse developed as a technique
to determine the surface area of metal catalysts [38], mostly
tracks the elementary dissociation of the reactants.

2 Experimental
The 8 X 7 mm Pt curved single crystal was prepared by

spark erosion and sanding at Surface Preparation Labora-
tories (Zaandam, The Netherlands). The crystal shape is
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depicted in Fig. la. It curves 15.5° to both sides from the
(111) plane at the apex, with a 15 mm radius of curva-
ture around the [1 15] axis. Towards the sides of the crys-
tals, the (111) terraces become shorter as the step density
increases linearly towards the edge (Fig. 1b). Concomitantly,
the terrace width decreases with 1/x, where x is the dis-
tance from the apex. Due to the direction of curvature, the
steps causing macroscopic curvature are in principle the
most highly kinked steps. They are illustrated by purple
spheres in Fig. 1c. The kinked steps consist of alternating
{001 }-oriented and {110}-oriented microfacets, denoted
as A-type (blue spheres) and B-type (red spheres) respec-
tively. Due to the reduced symmetry of the kinked steps,
surfaces with opposite chirality are formed on the two sides
of the crystal. The notation of chirality for kinked steps on
fee(111) terraces, as described by McFadden et al. [39], is
obtained by ordering the microfacets around an inner kink
by their atomic density. Going from the {111} terrace to
the {100} segment to the {110} segment, we observe a

(a) (b)

[111]

Fig.1 a Schematic drawing of our platinum crystal curving per-
pendicular to the (112) plane. Adapted from van Lent et al. [32]. b
Expected terrace widths and step densities along the curvature of
the crystal, calculated for monoatomic height steps, represented in
distance from the apex and angle. The matching results from STM
imaging are shown in the supplementary information. ¢ Crystal struc-
ture of fcc {432} planes showing the kinked step consisting of short
segments of A-type (blue) and B-type (red) steps. The chirality in the
left and right images, identified as (S) and (R) chirality respectively,
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counterclockwise rotation, denoted by (S) in the left depic-
tion of Fig. lc, and vice versa for (R) chirality.

With increasing distance from the apex (x), the angle of
curvature o increases as defined by the radius of curvature
R. At the same time, a determines the angle between the
(111) normal and the vicinal surface normal. Therefore,
on a microscopic level, a links the average terrace width
(TW) of the stepped surfaces, to the height between atomic
layers, h=0.226 nm. Figure 1d demonstrates the relation-
ships between macroscopic (x, R) and microscopic (TW,
h) parameters and a. We obtain the following relation to
determine TW along the curved crystal:

_h h _h-(R-¢)
" tan(a) tan(sin-'(x/R)) X

ey

The size and shape of this crystal thus, in principle,
encompasses (111) terrace widths ranging from very large
at the apex to approximately 3 atoms wide at the edges of the
crystal. However, the polished section of the curved surface

Angle from apex (°)
=5 0 5

15 -10 10 15
1000 F— = - ;
0 12
?‘g 800 - 1.0
i3
£ i
S {08 g
s 600} g
¢ 062
& 2
2 400} g
3 04 §
§ [}
200+
& {0.2
0 1 1 I 1 1 L 1 1 1 10.0
“4 -3 -2 -1 0 1 2 3 7

Position (mm)

represent the surfaces on opposing sides of the curvature. d Depic-
tion of a side view of the crystal with a zoom-in of a single terrace
with adjacent step atom to indicate how the terrace width is calcu-
lated. The terrace width, TW, is determined by the height of a step,
h =0.226nm, and the angle a which represents the angle between
the (111) terrace normal and the stepped surface normal, as well as
the angle between the apex and the position along the curvature with
position x and radius R in the equivalent triangle
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tapers toward the outer edges and we can not use the full
width of 7 mm along the entire surface. As discussed below,
we mostly use the available area ranging to approximately 5
atom wide terraces to unravel site-specific reactivities.

The surface of our curved crystal is cleaned and analyzed
initially using a commercial UHV system with a variable
temperature scanning tunning microscope (VT-STM, Omi-
cron). It has been altered in-house and contains, a.o., optics
for Auger Electron Spectroscopy (AES) and Low Energy
Electron Diffraction (LEED). We clean the crystal’s sur-
face by repeated cycles of argon ion sputtering, oxygen or
hydrogen annealing and vacuum annealing. The sample can
be heated radiatively up to ~ 575 K by a homemade W fila-
ment, higher temperatures are reached by electron bombard-
ment when a positive potential is applied to the sample. A
typical cleaning cycle consists of Ar* sputtering at room
temperature, 0.52 keV and 7 pA for a duration of 10 minutes
at1.3 x 107> mbar followed by oxygen annealing at 3 x 1078
mbar and ~ 900 K and finished with vacuum annealing at ~
1200 K. Due to potential sensitivity of the vicinal surfaces
to restructuring and faceting at 1200 K [35, 36], the final
cleaning cycle consists only of sputtering and annealing in
vacuo at a reduced temperature. To reduce the formation of
deep pits during sputtering, the surface temperature is raised
during the last sputtering step, to facilitate adequate subse-
quent annealing. In the STM apparatus, the last cleaning
cycle consisted of Ar* sputtering at an elevated temperature
of 573 K (no electron bombardment) followed by vacuum
annealing at 773 K, each for 5 minutes. Annealing tempera-
tures >700 K ensure increased interlayer Pt atom mobility
on the surface due to evaporation from the step edges [40].
We use the AES and LEED optics to verify the chemical
purity and surface structure of the crystal surface. Results
of the LEED study are shown in the supplementary infor-
mation. For our analysis of intentional and non-intentional
(residual) defects on the surface, the surface is imaged by
STM along the curvature in a single line. Although our sys-
tem in principle allows for cooling of the sample tempera-
ture, all of our STM imaging was performed with the crystal
near room temperature. We have taken ~ 1000 images (2
direction scans per position). Of these, ~150 suitable images
were selected for quantitative analysis. The apex can be eas-
ily located by where the surface steps change in direction.
Distance travelled along the surface is regulated by counting
clicks with a stepping motor.

To determine structure-dependent chemical reactivities,
the crystal is mounted in the UHV chamber of a second
apparatus, i.e. a home-built system that also contains mul-
tiple chambers for creating a supersonic molecular beam
[32, 34]. Here, a slightly modified cleaning procedure is
applied, consisiting of repeated cycles of sputtering (Ar™,
1 keV, 1.3 pA, 5 min), annealing in O, (3x1078 mbar,
900 K, 3 min) and annealing in vacuum (1200 K, 3 min).

The technical setup in the second apparatus made it possible
to use electron bombardment during sputtering by applying
a negative potential to the filament used for heating, allow-
ing us to sputter at an elevated temperature of 900 K, fol-
lowed by annealing in vacuum (900 K). As a consequence,
there are likely even less non-intentional defects during
molecular beam experiments than during the STM study.
We then impinge molecules from a supersonic molecular
beam onto well-defined parts of the sample. The molecular
beam is formed by supersonic expansion of gas mixtures
with subsequent skimming of the gas plume and two stages
of differential pumping prior to the beam entering the UHV
chamber that holds the curved Pt sample. The beam’s final
skimmer is rectangular. It projects a 0.126 mm high and 6.0
mm wide beam along the (111) normal onto different parts
of the curved crystal. The height of the beam limits convolu-
tion with the varying step density along the curved surface.

Initial dissociation probabilities for D,, S, (D,), are
determined using the Kind-and-Wells method [41]. A D,
beam anti-seeded with Ar is used. D, molecules impinge
with an average kinetic energy of 9.3 meV as determined
by time-of-flight measurements using a quadrupole mass
spectrometer (QMS) mounted on-axis in the UHV chamber
of the system (UTI100c) with the crystal retracted from the
beam, and the beam being chopped at high frequency into
short pulses in the first differential pumping stage. For the
dissociation probability measurements, the surface is kept at
T, = 155 K. At this temperature, molecular hydrogen sticks
via dissociative adsorption. Recombinative desorption is
avoided by keeping the surface temperature far below the
onset of desorption from Pt(111) and comparable vicinal
surfaces [42-46].

For determining relative HD formation rates, a mixed
beam with equivalent parts of H, and D, is used. Again, it
is anti-seeded with Ar to achieve a similar kinetic energy
as during D, sticking. The crystal is kept at 500 K, i.e. well
above the recombinative desorption temperature of small
surface concentrations of atomic H (D). This high tempera-
ture in combination with the limited flux of molecular H,
(D,) ensures a low steady state atomic H (D) coverage dur-
ing exposure to the beam. Relative HD formation rates are
measured using a second QMS located in the UHV system
(Pfeiffer, QMA200). We open a beam shutter in the second
differential pumping stage to only allow a narrow part of the
surface to be bombarded by the mixed H,—D,-Ar beam. We
wait for a few seconds to obtain a stable current at m/e = 3
as determined by the QMS prior to shutting the beam. Meas-
urements of HD formation are taken for several non-overlap-
ping parts on the surface by moving the crystal relative to the
beam within the course of several minutes. Thereafter the
crystal is cleaned and experiments are repeated using vari-
ous orders and different sections along the crystal’s curved
surface. The QMS signal is corrected for the background
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current obtained at m/e = 3 at the times intermittent to beam
exposure. Relative reactivities are reported as the QMS cur-
rent produced only resulting from HD formation by the crys-
tal’s local surface structure during initial exposure to the
beam. As we have recently demonstrated that HD formation
is more sensitive to structural changes than even LEED [47,
48], the consistent linear increase of HD formation with step
density presented in Fig. 3 confirms that no step doubling or
facetting is occuring.

3 Results and Discussion

3.1 STM Analysis of Intentional and Non-intentional
Defects

We start by describing our general observations from the
STM analysis. At the apex, atomically flat terraces as long as
1500 nm are observed along with areas showing heavy step
bunching. On most larger terraces, single layered vacancy
islands are found in between parallel steps. We attribute this
to the relatively short annealing time at low temperature dur-
ing the last step of our cleaning routine [40, 49]. Towards
~ 100 um from the apex, the number of vacancy islands
per area decreases and less step bunching is observed, how-
ever, step edges still meander slightly. As the step density
increases, gradually the lines straighten out along the inher-
ent step direction. Terrace widths are measured by drawing
lines scans from step edge to step edge, neglecting vacancy
islands as the end of a terrace.

Our general observations are illustrated in the STM
images of Fig. 2a—d. In (a), in close proximity (7.4 um) to
the apex, the mean terrace width is 458 nm. In this image
only large terraces are present, consisting of a topological
ridge with decreasing steps to either side. The step edges
meander considerably and their overall alignment deviates
significantly from the expected direction along (1 12) (ver-
tical direction in the image). The STM image in Fig. 2b,
19 um from the apex, shows significant step bunching in
combination with large terraces containing vacancy islands.
The largest terrace spans up to 1200 nm, whereas the mean
TW in this image is 211 nm. While still meandering con-
siderably, the steps are more aligned along the direction
determined by the crystal curvature. Vacancy islands are
only observed on wider terraces. In Fig. 2¢ at 135 um from
the apex, step bunching is reduced and we observe a clear
reduction in the distribution of terrace widths. Step edges
now follow the expected direction but still meander slightly.
This difference is likely due (at least in part) to the disap-
pearance of vacancy islands relatively close to a step edge
being “absorbed” by the edge during the final annealing
cycle. Further from the apex large-scale meandering is no
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longer observed and vacancy islands are absent. Figure 2d
shows parallel and equidistant step edges in the expected
direction with an average TW of 4.24 nm and a maximum
terrace width of 5.23 nm.

For a perfect surface as created by the truncated bulk, we
expect the only ’defect sites’ to be the highly kinked step
edges sketched in Fig. 1c appearing in our STM images as
lines running perpendicular to the curvature of the crystal.
As shown in Fig. 2, near the apex the number of defect sites
is increased due to meandering steps and vacancy islands.
By quantifying the lengths of all steps, including those form-
ing vacancy islands in our STM images, we can obtain the
ratio between intentional and unintentional defect sites. We
divide by the expected TW at that position to create a nor-
malized value. The value equals 1 in case the defect density
equals that of an array of steps with an average terrace width
as expected at that position for the ideally truncated bulk. In
case more defects remain, the value increases. The results in
Fig. 2e plot the ratio of total defect sites to expected defect
sites, % a5 a function of distance from the apex (lower axis)

exp

and step density (upper axis). Blue data indicates that the
image(s) used to determine defect lengths contained vacancy
islands. Red data reflect results for images that did not show
these islands. Within the first 30 um on either side of the
apex, we find a significant surplus in defect sites. This is also
where we observe the most vacancy islands. Between 30 and
100 um, as the surface approaches what we observe in
Fig. 2d, the defect ratio approaches 1. Beyond 100 pm from
the apex, the presented data is estimated based on terrace
widths alone as vacancy islands do not occur. The value
fluctuates around 1. These STM-based results and those
shown for the LEED analysis in the supporting information,
allow us to conclude that the applied cleaning procedure for
this crystal yields the expected defect density along the crys-
tal’s curvature from a step density < 0.005 nm~!, i.e. an
expected TW < 200 nm). For wider terraces, significant
numbers of defects, both in the form of vacancy islands and
bunched steps, occur. These increase the expected surface
defect concentration with a factor of ~ 10! very close to the
apex.

3.2 Determining the Chirality of Kinked Surface
Arrays on the Curved Crystal

Figure 2f exemplifies one of the vacancy islands found on
the surface close to the apex. In all STM images we only find
vacancy islands that are a single atomic layer deep, indicat-
ing that during our last sputter step at elevated temperature,
the surface is strictly in a layer-by-layer removal regime.
The subsequent, final annealing step at 773 K, is carried
out at a temperature where vacancy islands on Pt(111) can
assume their thermally equilibrated shape [49]. Clearly,
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Fig.2 Typical STM images obtained close to the (111) apex. a dis- circles represent surfaces with no vacancy islands. Blue triangles rep-

tance to apex: 7.4 um; mean TW: 211 nm, max TW: 1200 nm, b resent images with vacancy islands. f Vacancy islands with slightly
distance to apex: -19 pm; mean TW: 148 nm, max TW: 357 nm, ¢ deformed hexagonal shape. The relative length of {001} and {110}
distance to apex: -135 pm; mean TW: 8.7 nm, max TW: 24 nm, d microfacets (A- and B-type steps) is determined by their line free
mean TW: -800 um; mean TW: 8.4 nm, max TW: 22 nm. e Defect energies. Step types are indicated in the image and allow the determi-
ratio of line defects and vacancy islands as a function of distance nation of chirality at inner corners and subsequently allow us to deter-
from the apex (with expected step density indicated on top axis). Red mine the chirality of stepped surfaces on either side of the crystal
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Fig.3 D, sticking probability, S, (black circles) and HD formation
(red circles) across the curved crystal. Expected step densities (bot-
tom axis) are calculated as a function of distance from the apex (top
axis). The blue shaded region in the center highlights the region of
the crystal where the defect ratio on the crystal is above 1, and thus
the observed step density exceeds the expected step density. The low-
est two circles, measured at the apex, are shifted to the actual step
density probed by the molecular beam at the apex. Grey shaded areas
indicate where the molecular beam becomes wider than the single
crystal’s surface; data in the grey areas are not included in any fits.
Solid lines are fits to the data including points up to 1 mm from the
center. Dashed lines are fits including data up to 2.6 mm from the
center, i.e. all data in the white area of the plot. Fit lines are extrapo-
lated to a step density of zero, as well as to step densities at the outer-
most parts of our crystal

the annealing time was not sufficient for all vacancies to be
removed. The equilibrium shape can be determined as the
Wulff construction of {001} and {110} facets. The length
ratio between short and long edges (at equilibrium) then
correlates to the line free energy of A- and B-type steps, as
shown by Michely et al. [49] We have analysed 20 different
vacancy islands at 10 locations close to the crystal’s apex.
The average ratio of long-to-short edge was determined as
0.65 £ 0.06. This agrees very well with the value obtained
by Michely et. al at a similar annealing temperature. Since
{110}/B-type steps are energetically favoured [50], we can
identify the longer step edges as B-type steps and shorter
edges as A-type steps.

All of the many vacancy islands appearing in our STM
images have the same relative orientation. In combination
with the identification of step types forming these islands,
we can determine the chirality of stepped surfaces on either
side of the crystal. First, we identify the chirality of the cor-
ners inside the vacancy islands. We then realize that the left
side of a vacancy island reflects the steps on the right side
of the curved crystal and vice versa. In Fig. 2f, the short
edges are marked, in blue, with {001} and the long edge
with {110}, in red. We notice that the right corner of the
vacancy island, which steps down towards the left, has a
clockwise rotational chirality, denoted (R). Vice versa, in the
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left corner we observe a counter-clockwise chirality denoted
by (S), stepping down towards the right of the crystal. The
inherent vacancy defects near the (111) apex of our crystal
thus enables us to determine the chirality of the crystal’s
sides, opening the possibility for controlled chiral adsorption
and reactivity experiments.

3.3 D, Dissociation and HD Formation
on the Curved Crystal

The detailed insights into the structure of the kinked surfaces
along our curved crystal provide a background to revisit pre-
viously determined dissociation probabilities for D, on this
this crystal [34]. Sy(D,) has been shown to be nearly tem-
perature independent between 100 and 350 K for Pt(111) and
vicinal surfaces.[51-55] We therefore expect no appreciable
differences between the surface structures found in the STM
study at room temperature, and during the molecular beam
study at 155 K. Figure 3 shows in the bottom half of the
graph the absolute dissociation probabilities of D, versus
step density. The grey shaded areas indicate the part of the
curved crystal that has a reduced width due to tapering of the
crystal’s edges. The molecular beam is wider here than the
crystal. Our measurements in this range, therefore, do not
necessarily reflect the actual dissociation probability accu-
rately. We omit the data in these regimes from our analysis
and arguments.

The dissociation probabilities in Fig. 3 increase approxi-
mately linearly from the (111) surface towards higher step
densities at the sides of the crystal. We find no significant
difference between the left and right sides of the crystal.
This is expected for D, dissociation, as there is no reason
to assume enantiomeric selectivity. The STM analysis pre-
sented in Fig. 2e shows that when terraces are narrower
than 200 nm, the ratio of total defects over intended defects
hovers around 1, i.e. unintended contributions to the defect
density are absent. Furthermore, STM images in this range
predominantly show rather well-defined arrays of terraces.
We may thus safely conclude that indeed the increasing reac-
tivity results from the linear increase in step density.

In Fig. 2e, we found that the defect density did not reflect
the expected value very close to the apex. The blue shaded
area in the plot marks this range of the curved crystal’s
surface. The observed number of defects is considerably
higher than the expected step density. The size of this area
is clearly very small in comparison to the range over which
the apparent linear dependence of the dissociation probabil-
ity appears. This area may be even smaller during molecular
beam experiments, when the last annealing step was carried
out at a slightly higher temperature than before STM imag-
ing. In fact, it is already twice smaller than the area covered
by rectangularly-shaped molecular beam. Consequently,
although the defect density may be one order of magnitude
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higher than the expected value in the blue shaded area, the
absolute defect density that the beam probes at the center is
on average still very small, and reactivity in the area close
to the apex is expected to mostly be due to dissociation at
the terraces. The quality of a fit that includes the data at or
near the apex is not influenced much by the increased defect
density.

The slope extracted from a linear fit to the data represents
the reactivity of the step in a somewhat odd unit of nm. It
represents the average length measured normal to the edge
over which the step influences the impinging molecule such
that it leads to dissociation [32]. Multiplied by the unit cell
width, we obtain the absolute differential reaction cross-sec-
tion in nm? for the kinked step at the determined collision
energy [34]. To improve upon the value determined earlier,
we now include the dissociation probability measured at the
apex, but displace it parallel to the x-axis to the position
that reflects the same defect density as determined by STM
imaging. Also, we note that, although the data seem linear
with defect density over the regime that we may include in
our analysis, some curvature appears beyond ~ 1.5 mm from
the apex. Hence, we successively apply a linear fit function
to increasing data from the apex. A fit that only includes the
data up to 1 mm from the apex represents those data very
well with a slope of 0.764 nm (averaged over both sides).
This fit overestimates reactivity at positions further away
than 2 mm from the apex. Hence the fit adequately covers
the reactivity dependence on step density from ’infinite’ to
~ 6 atom wide terraces. Including additional data up to 2.6
mm from the apex, corresponding to an average of 4.5 atom
wide terraces, gives a slope of 0.510 nm.

The cause for the non-linearity is not clear at this time.
We consider that our measurements may miss a small
amount in the measured reactivity for narrower terraces as
the local surface area is quite reactive. Judging from the
original data, we do not believe this to be true though. Also,
some physical process may lower the chance for a molecule
to dissociate when terraces are very narrow. It is well-known
that the grating formed by the step arrays for several tran-
sition metals becomes better defined, i.e. shows reduced
terrace width distributions, with decreasing terrace width
[56, 57]. We wonder whether improved molecular diffrac-
tion from these highly ordered areas near the edge causes
increased scattering at the expense of dissociation.

Reversing the direction of extrapolation, we consider our
fits at the center of the plot, i.e. at a step density of absolute
zero. We thus obtain the reactivity for a “perfect”, i.e defect
free (111) surface. Being able to do so is a great advantage
when comparing measured reactivities to those obtained in
theoretical studies. Such comparisons usually have to accept
that while experimental studies will always be carried out on
a surface having a residual defect density, theoretical studies
are usually computed on perfectly constructed (111) surfaces

and cannot easily capture the effect of statistical defects.
For the initial sticking probability of D, we reach slightly
different values for zero step density, namely 0.026 + 0.06
and 0.014 + 0.03 for the fits involving the data up to 1 mm
from the apex. For the fits over the wider range, up to 2.6
mm from the apex, we find 0.075 + 0.03 and 0.050 + 0.02.
While there is some disparity between those values, they
indicate the range in which to expect sticking probabilities
for a perfect (111) surface. The initial sticking probability S
experimentally obtained closest to the apex, 0.039 + 0.013,
falls within that range.

The upper half of Fig. 3 shows HD formation resulting
from a mixed H,/D, molecular beam. These data again show
a linear increase with step density. Both sides of the apex
also yield nearly identical results. Here, we carry out linear
fits once more, first for the data within 1 mm of the apex,
then for the range up to 2.6 mm from the apex. We note that
the data does not show the same curvature as the Sy(D,)
data. The fits show a similar slope and offset, regardless of
the included fitting range.

For HD to be produced, the following elementary reac-
tions are relevant:

H, + 2% = 2H,4
D, + 2% = 2D,
H,4 + D,y — HD

ads

The two equations expressing the dissociation of H, and
D, are equilibria as the surface bound H,4, and D, 4, atoms
produced by dissociation of H, and D, may desorb with their
original partner or another atom of the same isotope. Only if
they encounter and desorb with an atom of the other isotopic
type, is HD formed, as expressed in the third reaction. For
the dissociation equilibria, the probability for dissociation
equals S,.

To understand the relative kinetics of HD formation,
several aspects are important. First, for the kinetic energy
used here, there is also no significant temperature depend-
ence to reactivity. This is important as we will compare
the dependence in dissociation measured at 300 K to the
H-D exchange at 500 K. Second, none of the supersonic
molecular beam studies of hydrogen dissociation on Pt(111)
and stepped Pt surfaces has ever reported an isotope effect,
while all surfaces show a slightly different kinetic energy
dependence [51-55, 58]. As we use a single beam containing
both H, and D,, their velocities are (nearly) identical. Their
values for S, at the conditions used here, therefore, differ.
For a single surface type, e.g. Pt(111), we can estimate the
instantaneously produced surface concentrations of H, 4, and
D,y from S and the flux. However, the measured reactivity
along the curved surface may be considered a combination
of the reactivity on (111) planes and steps. The previously
reported kinetic energy dependencies for Pt(111) and highly
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stepped surfaces are inverted, but vary with the surface. On
Pt(111), reactivity only increases with kinetic energy, while
on all stepped surfaces the reactivity initially drops with
kinetic energy prior to it increasing again. This makes it
difficult to unravel the ratio of produced H,4, and D 4, from
the impinging molecules. We make no attempt to estimate
them here. However, it is unlikely that the expected statisti-
cal 1:2:1 ratio of H,:HD:D, product formation is achieved
in our experiments as a result of unequal concentrations of
Hads and Dads'

On the other hand, we note that the rate of HD forma-
tion increases only by a factor of 3.4 over the entire range
from the apex to the edge where our molecular beam fits
onto the crystal’s surface, i.e. at 4-5 atom wide terraces.
The dissociation probability measured in the same range
increases by at least a factor of 7.5, depending on the exact
value used for S, at Pt(111). HD production, therefore, does
not track the change in elementary dissociation. We interpret
this observation as possibly suggesting that the higher bind-
ing energy of H(D) atoms at steps limits their mobility and
diffusion, hence increasing the chance to desorb with their
original partner. Shifting the balance in the two equilibria of
the homonuclear isotopologues puts formation of the hetero-
nuclear isotopologues at a disadvantage, reducing the rate
of HD formation relative to the dissociation. The impact of
diffusion on the rate of product formation was recently also
implied in a study of CO oxidation on Pt(111) and stepped
surfaces [22]. There also, steps break the symmetry of the
(111) plane and cause diffusion to be non-isotropic.

4 Outlook and Conclusion

We have presented a structural analysis of a curved Pt single
crystal with (111) at the apex and kinked surfaces towards
the sides. We find that, with the applied cleaning procedure,
most parts of the surface are cleaned thoroughly and form
ordered stepped arrays. Using the equilibrated shape of
residual vacancy islands near the apex, we can identify A-
and B-type steps within the kinked step edges and determine
the chirality of stepped surfaces on either side of the apex.
This opens possibilities for chemical experiments probing
chiral activity. The unintentional defects in close proxim-
ity to the apex are abundant, but do not significantly affect
experiments that probe chemical reactivity towards achiral
reactions, i.e. D, dissociation and HD formation. For both
reactions we find a (nearly) linear increase with step density.
For the dissociation, it reconfirms that steps provide much
higher dissociation probabilities than terrace sites and that,
over a wide range, the measured reactivity may be taken as a
linear sum of individual contributions by steps and terraces.
A slight deviation from linearity at the highest step densities
may be indicative of improved diffractive scattering from

@ Springer

highly ordered step arrays or another mechanism that lowers
reactivity. The linearity of the entire range, but consider-
ably lower dependence on step density for HD production,
may indicate anisotropic diffusion caused by higher binding
of H (D) atoms at steps sites. Lastly, we note the potential
of curved crystals to extract reactivities for perfect, defect-
free flat surfaces, such as (111), forging an important bridge
between experimental and theoretical results.
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