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Abstract

The diffusion of adsorbed O atoms on a CO-covered Ru(0001) surface has recently been explained by
a "door-opening" mechanism which is driven by fluctuations in the CO layer. Here we analyze how this
mechanism changes at a higher CO coverage and therefore lower concentrations of empty sites. High-
speed scanning tunneling microscopy was used to track the motions of the O atoms. A statistical model
based on nearest-neighbor jumps and uniform hopping probabilities into the six equivalent directions
of the Ru(0001) lattice describes the data well. Surprisingly, the extracted hopping rates, which involve
site exchanges with CO molecules, are faster than the site exchanges at the lower coverage. Density
functional theory calculations were performed to explain these observations. The configurations of the
CO molecules around the adsorbed O atoms obtained at the higher CO coverage are disordered.
Displacements of CO molecules cost less energy than displacements in the ordered (\Bxﬁ)R30°
structure of the previous study. In addition, the activation energies for the jumps of the O atoms are
lowered by enhanced O/CO repulsions. The atomic processes are thus faster at the higher coverage,

but the general features of the door-opening mechanism remain valid.
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Introduction

Surface diffusion of adsorbed particles is an essential step in heterogeneous catalysis. It determines
the frequency at which the reacting particles on a catalyst surface collide with each other and the
speed at which they can move to an active site. Less obviously, assumptions about the speed of surface
diffusion also underlie microkinetic models of catalytic reactions. Microkinetic models are based on
rate equations which contain the coverages 0; of the adsorbed species i as variables.!* By using
coverages it is implicitly assumed that the occupation probability of a given adsorption site is identical
to the global coverage. A necessary condition that this assumption is fulfilled is that surface diffusion,
which mixes the adsorption layer, is fast. More precisely, it has to be faster than the other steps of a
catalytic reaction, i.e., all the adsorption, reaction, and desorption steps, which permanently disturb

the statistical occupation of the adsorption sites.

The assumption of fast surface diffusion is probably always fulfilled when adsorbate coverages are low.
In these cases the fact applies that the hopping barrier seen by an adsorbed particle, i.e., the activation
energy to jump from one adsorption site to the next, is low, at least for the typical metals used as
catalysts.* However, at the high pressures of industrial catalytic processes, coverages of coadsorbed
reactant species and intermediates may be appreciable. Under these conditions, the speed of surface
diffusion may not be determined by a hopping barrier but by the availability of empty sites.
Macroscopic diffusion coefficients in fact suggest that, as coverages of coadsorbates increase, the

surface mobility of a tracer particle can decrease strongly.>°

However, in a recent study we have observed a new 2D lattice diffusion mechanism that can keep
surface mobility of an adsorbed particle high in a relatively dense coadsorption layer.'™ 12 On a
Ru(0001) surface, individual O atoms adsorbed in a layer of coadsorbed CO molecules travel through
the CO matrix by, as we termed it, a door-opening mechanism. According to this mechanism, the O
atoms, which are adsorbed in vacancies of the CO layer, are intermediately trapped in cages formed
by the neighboring CO molecules. However, there are rapid density fluctuations in the CO layer, and
when such a fluctuation happens near the position of an O atom, a "door is opened", through which
the O atom can leave its cage on a low-energy path. The mechanism is different from the standard
vacancy mechanism known for diffusion in 3D lattices!® and also observed for 2D systems of metal
surfaces with alloyed-in atoms of a foreign metal.’*¢ In the standard vacancy mechanism, a tracer
atom can only jump to a new site when a mobile vacancy of the host lattice comes close to the tracer
atom. By contrast, in the door-opening mechanism, fluctuations happen permanently at all locations,
and the statistics and the directions of the hopping events are different. The mechanism is also
different from other diffusion mechanisms observed on adsorbate-covered solid surfaces.'” 8 In the
mentioned case of O atoms in a CO matrix on a Ru(0001) surface, the resulting mobility of the O atoms

was almost as high as on the bare Ru surface.1* 12

Here we present a study by high-speed scanning tunneling microscopy (STM) in which we have

investigated how the door-opening mechanism changes when the CO coverage is increased. In the

previous study the CO molecules formed a (\Bx\ﬁ)R30° structure with a CO coverage of
2
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0.33 monolayers (ML).1> 12 Hence, 2/3 of the CO adsorption sites were not occupied. Empty sites are
required both for the fluctuations of the CO layer and for the jumps of the O atoms. By increasing the
CO coverage to higher values than 0.33 we had expected that the mobility of the O atoms would
decrease because more sites are blocked by CO molecules. Surprisingly, we find the opposite, the
diffusion is faster than at ®¢g = 0.33 ML. It is even faster than on the bare Ru(0001) surface without
any coadsorbed CO. To understand these observations, the energetics of the diffusion process was
evaluated by density functional theory (DFT). The individual atomic steps extracted from this analysis
are different in detail from those at O¢g = 0.33 ML, but the general physical effect that fluctuations
enable diffusion is in line with the door-opening mechanism. That the mechanism remains valid also

in this more complex situation suggests that it may play a general role in catalytic reactions.

Experimental

The experiments were performed in an ultra-high vacuum (UHV) chamber at a base pressure below
1x 10 mbar. In addition to the STM, the system is equipped with facilities for Auger electron
spectroscopy (AES) and low-energy electron diffraction (LEED). The home-built beetle-type STM has
specially been designed for studies of the dynamics of surface processes. It combines temperature
variability with video-rate imaging. A sample mounted to the STM can simultaneously be cooled by
liguid He and radiatively heated by a filament; temperatures between 50 and 500 K can be adjusted in
this way. At the same time, the STM can be operated in a fast mode in which it produces movies at
frame rates of typically 10 frames s. Frame rates of up to 50 frames s have also been realized.
Scanning the tip in the constant-height mode together with several modifications of the setup, in
particular of the STM electronics and of the data acquisition system, allow for this video-rate imaging.

Technical details have been published previously.*?

The Ru(0001) sample was prepared by Ar ion sputtering [1 kV, p(Ar) = 6.4 x 10> mbar, ion current at
the sample 4.2 yA, 10— 15 min] and oxidation of carbon, the main contaminant. For oxidizing higher
amounts of carbon, oxygen pressures of 2.7 x 107 mbar were applied for 10 — 15 min at 910 K, while
for lower carbon coverages 2 — 20 L of O, were dosed at 298 - 423 K. [Dosages are given in Langmuirs
(L), with 1 L =1.33 x 10°® mbar s.] Then the sample was flash-annealed to 1700 K to desorb remaining
oxygen. This preparation sequence was repeated until the sample was clean in AES. Shortly before
starting the STM experiments, the sample was again flash-annealed to 623 K to remove CO that may

have readsorbed from the residual gas during cooling down after the high-temperature flash.

A difficulty with the preparation of Ru samples is the overlap in AES of the main KLL peak of carbon at
~272 eV with the MNN peak of ruthenium at 273 eV. Residual carbon was therefore determined
indirectly. The KLL peak of graphitic carbon is strongly asymmetric whereas the Ruyyy peak is almost
symmetric, so that the asymmetry of the overall peak can serve as a measure of the (graphitic) carbon
coverage.?%-22 Other forms of carbon cannot be detected by this method, but in the STM, after

prolonged sample preparation, no identifiable contaminants were observed, except for low coverages

3

ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Physical Chemistry

of N atoms (®y = 0.002 ML), the origin of which could not be clarified. To prepare the layers of CO

molecules with embedded O atoms, O, and CO were adsorbed by backfilling the chamber.

To extract the trajectories of the diffusing O atoms from the STM movies special software was applied
that can identify, localize, and track mobile adsorbed particles. It makes use of a wavelet-based
algorithm and has been described in a recent publication.?

Calculational method

The potential energy surface (PES) of the adsorbed O atoms and CO molecules on the Ru(0001) surface
was determined by periodic density functional theory (DFT) calculations using the VASP software
package.?* Exchange-correlation effects were evaluated using a revised version of the Perdew-Burke-
Ernzerhof (RPBE) functional®®, and the ionic cores were described by the projector augmented wave
(PAW) potential.?® The electronic wave functions of quasi-one-particle states were expanded up to
350 eV using a plane-wave basis set. Van der Waals interactions between the adsorbed particles and
between the adsorbates and the first layer of the Ru slab were included by employing the
semiempirical D3 dispersion correction scheme, as suggested by Grimme.?”- 22 By combing RPBE

functional and D3 corrections, adsorbate/metal surface interactions can be evaluated accurately.?®-3!

The Ru(0001) surface was modeled by a slab consisting of three atomic layers with optimized bulk Ru
lattice parameters a = 2.74 A and ¢ = 1.58. The topmost Ru layer of the slab and the adsorbates were
fully relaxed to optimize local energy minimum configurations with a force convergence criterium of
0.01 eV/A. The first Brillouin zone was integrated using a 3x3x1 k-point mesh for the (6 x 6) surface
unit cell. The slabs were separated by 15 A of vacuum, and a compensating dipole field was used to

correct the surface dipole to avoid any spurious interactions between the periodic images.

The CO-covered surface was modeled by CO molecules at on-top sites, and the coverage was varied
from 0.02 to 0.75 ML. Several ordered CO structures were considered, namelya (3x3),a (2x2), a
(ﬁxﬁ)RSO% and a (2\/§x Z\B)R30° structure, and also many locally disordered CO structures.
The CO molecules adsorb in an upright manner through the C atom when the neighboring Ru sites are
free of CO molecules. When CO molecules are placed on adjacent Ru sites, the molecules tilt away
from each other to reduce repulsive interactions. The disordered configurations were constructed by
adding or removing CO molecules from ordered structures and/or by displacing CO molecules from
sites in the ordered structures to neighboring sites. Altogether 105 different CO configurations were
analyzed. The CO adsorption energies of the various structures (E.4s) are treated as relative values,

i.e., with respect to the adsorption energy of an isolated CO molecule on the bare Ru(0001) surface:

Etot — Eru(0001) — NcoEco — noEo

Eqas =
Nco

Eo¢ is the energy of the total system, Ery(ooo1) is the energy of the uncovered Ru(0001) slab, E¢o and
E( are the adsorption energies of an isolated CO molecule and O atom, respectively, and n¢g and ng
are the numbers of the respective particles in the cell. DFT calculations tend to overestimate the
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adsorption energy of CO by 0.3 eV with respect to the gas phase.3'3® However, by referring to an
isolated CO adsorbate, as is done here, this error can be neglected. In practice, by defining E ;45 in this
way, it becomes identical to the interactions between the particles. The activation barriers of the

particle jumps are calculated by the nudged elastic band method3* with four images.

Results and discussion

In the experiments it turned out that, in the temperature range where the moving O atoms could be
tracked by the STM (239 to 280 K), the surrounding CO matrix could not be resolved, a result of the
fast fluctuations of the CO layer. To nevertheless get information about the CO matrix, preparatory
experiments at lower temperatures were performed. The O/CO layer was prepared by gas dosing when
the crystal, which was still mounted to the sample manipulator, cooled down after the final flash
annealing. When the temperature had decreased to approximately 370 K, 0.05 L of O, were dosed,
and when the temperature had further fallen to approximately 345 K, 50 L of CO were dosed. Dosing
at these still somewhat elevated temperatures made it easier preparing CO layers with defined
coverages in a controlled way, whereas dosing at lower temperatures quickly led to CO phases with
higher coverages than intended here. Moreover, the formation of metastable phases was avoided in
this way. After dosing, the sample was transferred to the liquid He-cooled STM where the temperature

further decreased to 70 K.

Figure 1(a) shows an STM image obtained after this procedure. It was recorded in the standard slow,
constant current mode and shows a characteristic "leopard skin" pattern of partially open rings. The
pattern mainly represents the layer of CO molecules that, at 70 K, is almost frozen, so that the structure
could be resolved. The embedded O atoms are hard to see in these low temperature data —a few, very
dark sites in figure 1(a) are likely positions — but the oxygen becomes apparent in the blurred CO layer

at higher temperatures (see below).

Similar images have been obtained by Chen et al. in a low-temperature (4.5 K) STM investigation of
pure CO phases on Ru(0001).3* In this study, the authors could distinguish two states of the tunneling
tip, a metallic one and one with a CO molecule at the apex of the tip. When the tip had an attached CO
molecule, the adsorbed CO molecules on the Ru surface appeared as simple maxima (bright in the
constant current data). When the tip was metallic, the contrast was more complex. The STM image of
figure 1(a) is similar to the images taken with the metallic tip. When we follow the interpretation of
the Chen study, a full, slightly hexagonally deformed bright ring [figure 1(b), red mark] represents a
cluster of seven CO molecules adsorbed on neighboring (1 x 1) sites [figure 1(c)]. The center CO
molecule of the cluster appears dark and the outer six molecules appear bright, and the edges of the
hexagon are rotated by 30° with respect to the positions of the outer six CO molecules. Similar images
(of the pure CO layer) have also been reported by Lechner et al.3¢ Previous work by electron stimulated
desorption of ions angular directions (ESDIAD) and DFT showed that the outer CO molecules of the

clusters are tilted by a few degrees away from the center CO molecule.?” 38 This difference in bonding
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geometry may explain the different imaging of the center and the outer CO molecules by the STM.
Incomplete rings and smaller fractions of rings would accordingly represent clusters of only six or fewer
CO molecules [figures 1(b) and (c)]. That all CO molecules in the structure occupy on-top sites is based

on previous vibrational spectroscopy studies.3% 40

PLLLOSLLL OSL &

Figure 1: Partially disordered (Z\B x Z\B)R30° CO structure on the Ru(0001) surface. (a) Large-scale STM
image of the surface with o = 0.47 ML, recorded in the constant current mode (70 K, tunneling voltage

V¢ =-1.00V, tunneling current I = 3 nA,). (b) Small-scale STM image under the same conditions as in (a); the
red hexagon marks a cluster of seven CO molecules. (c) Structure model of the area shown in (b); CO molecules
indicated in blue, Ru atoms in grey.

Figure 1(a) shows that the CO clusters are not randomly distributed but arranged in a hexagonal,
partially ordered pattern. Its periodicity and orientation with respect to the metal surface it close to a
(Zﬁx Z\B)R30° structure, a well-known CO structure on Ru(0001) from LEED experiments.*% 42 For
the perfect (Z\Bx Z\B)R30° structure a structure model has been proposed by McEwen and Eichler
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and by Chen et al. that consists of complete clusters of seven CO molecules, arranged in the same
manner as the incomplete clusters in figure 1(c).3> 38 The CO coverage of the perfect (Z\B X Z\B)RBO"
structure is 7/12 = 0.58 ML. For the present study, we can conclude that the described preparation
leads to a CO layer that, when cooled to 70 K, displays an incomplete (Z\B X Z\B)R30° structure. Like
the perfect (Z\Bx Z\B)RBO" structure it is formed by clusters of CO molecules, but the clusters

contain fewer than seven molecules.

Figure 2 shows two STM frames from a movie of the same state of the surface as figure 1 (70 K),
recorded in the fast mode. That the noise level is higher and the pixel resolution lower than in the
standard slow, constant current mode is typical of the fast mode.?® Nevertheless, one can recognize
the same "leopard skin" pattern in figure 2(a) as in figure 1(a) (not the same surface area). The contrast
isinverted, i.e., CO appears dark, a result of the constant height mode in which the contrast is inverted
when the tunneling voltage V. is switched from a positive to a negative value (the movie was recorded

with a negative ;).

Figure 2(b), which is from the same movie and surface region, was taken two images earlier than (a).
Before this frame, the contrast was the same as in figure 2(a). Then, while recording the frame of
figure 2(b), the tunneling tip suddenly changed (arrow mark), after which the contrast was different.
This contrast change resembles the observations by Chen et al. when a CO molecule became attached
to the tip;® the tip change resolved in figure 2(b) may indicate such an event. With the changed
contrast, the ring fragments that appear empty in figure 2(a) display an additional dark dot in their
centers, and the more or less continuous rings and ring fragments have separated into well-defined
atomic features. Obviously, with this state of the tip the individual CO molecules are resolved. This
allowed us to construct precise models of the CO configurations, and figure 2(c) shows the
configuration in the marked regions of the STM images. The model confirms the above proposal that
the CO molecules form hexagonal, partially ordered arrangements of clusters. As the clusters contain
fewer than the ideal seven molecules, the CO coverage is lower than O¢g =0.58 ML of the perfect
(Z\Bx Z\B)R30° structure. The coverage is approximately 0.47 ML, and all oxygen diffusion

measurements were performed with CO coadsorption layers of this coverage.

To test whether DFT reproduces such configurations, calculations of pure CO layers on a Ru(0001)
surface were performed. Figure 3(a) shows the obtained E .4 values as a function of coverage. As
expected, the repulsive interaction energies between the CO molecules generally increase with
increasing coverage, a trend that has also been found in a previous DFT study on a smaller, (4 x 4),
cell.®* The present calculations predict a spread of energies in all cases where various configurations at
the same coverages were analyzed, and also predict that the ordered structures at 0.33 and 0.58 ML

are more stable than the corresponding disordered structures.
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Figure 2: Effect of a tip change on the imaging contrast of the partially disordered (Zﬁx 2@)R30° co
structure. (a) STM image recorded in the constant height mode, probably with a metallic tip (70K, V:=-1.00V,
I =3 nA). (b) Same surface area after a tip change at the marked position (red arrow); probably the tip has an
attached CO molecule. Black features represent individual CO molecules. (c) Structure model of the marked
areas (black frames) in (a) and (b); CO molecules indicated in blue, Ru atoms in grey.
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Figure 3: (a) Adsorption energies of CO relative to an isolated adsorbed CO molecule as a function of CO
coverage for 105 different arrangements. (b)-(g) Energetically favorable local structures of the CO adlayer at
various CO coverages. Red, blue, and green spheres represent CO molecules on (\B xﬁ)R30° sites, inserted

02 03 04 05 06 07
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CO molecules, and molecules displaced from (\E X ﬁ)R30° sites, respectively.

For the ordered (\B x \B)R30° structure [figure 3 (b)] the repulsive interaction is lower than for other
configurations at 0.33 ML because the distances between the molecules are maximum. When the
coverage is slightly increased, the general (\B X \/§)R30° structure is at first preserved and only locally

disturbed by disordered configurations. One additional CO molecule in the (6 x 6) cell is predicted to

adsorb on an interstitial site in the (\/gx\ﬁ)R30° structure [figure 3(c)].

When a second molecule is added on a neighboring interstitial site the system switches to another
arrangement by pushing a CO molecule away from its (\Bx\B)R30° lattice site. A configuration
consisting of three trimers results [figure 3(d)]. This configuration effectively lowers the repulsive
interactions of the disordered configuration and locally anchors the defect. Compared to

configurations with two CO molecules on interstitial sites, it is by 40 meV more stable.

9

ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Physical Chemistry

When the CO coverage is increased further [figures 3(e) and (f)], the layer again switches to a different
type of structure that consists of partial CO rings around a central CO molecule. According to the
relative energies of these structures the ring center sites are filled first, and the ring edge sites are
occupied afterward. At 0.58 ML the rings are complete, and an ordered (Z\Bx 2\/§)R30° structure
consisting of clusters of seven molecules has formed [figure 3(g)]. At the experimental coverage of
0.47 ML, the most stable structure consists of partial rings around a center molecule [figure 3(e)]. The

DFT results are thus in good agreement with the configurations observed by STM [figure 2(c)].

For the diffusion measurements, in order to ensure that the CO coverage of 0.47 ML was the same as
in the preparatory experiments, the adsorption layer was prepared in the same way. After O, and CO
adsorption, the sample was transferred to the STM and cooled to the respective temperature for the

diffusion measurements.

As an example of the type of data obtained, figure 4 shows a series of 12 consecutive frames from a
3731 frames movie recorded at 271 K. (The frames are details from larger areas, and a 1296 frames
section of the original data is shown in the Supplementary Information, movie S1.) The flat, grey
background represents the matrix of CO molecules. The characteristic leopard skin structure is not
resolved. This fact can be understood by the high mobility of the CO molecules and by the disorder of
the layer at this temperature. With a calculated hopping barrier of ~0.3 eV (see below) one estimates
CO hopping rates of the order of 1 — 10 x 10° Hz in the investigated temperature range. These rates
are far beyond the time resolution of the fast mode of the STM, preventing imaging of the individual
molecules. However, vibrational spectroscopy work has shown that the CO molecules remain at on-
top sites in this temperature range, and, at least up to 300 K, no CO is lost by desorption.*° It can
therefore be assumed that the coverage and local structures are similar to those in the preparatory

experiments at lower temperatures (figures 1 and 2).

In principle, the (+/3 x~/3)R30° structure in the previous study was affected by similarly fast
fluctuations, but there the CO matrix could be resolved well in the same range of temperatures.!! The
difference to the present data is explained by the fact that the lattice sites of the (\Bx\ﬁ)RSW
structure are minimum energy positions for the CO molecules. Interstitial positions are less favorable
because of the repulsions between CO molecules on neighboring sites. The molecules rapidly jump
also to these unfavorable sites but reside on (\B xﬁ)RBO" lattice sites for greater fractions of time
than on interstitial sites. Since the STM sees a time average of these fluctuations, a (\Bx\ﬁ)RSW
structure is resolved. By contrast, in the disordered layer at ®¢g = 0.47 ML, many CO configurations
are energetically equivalent, so that the time average of the fluctuations is structureless. This is in
agreement with a previous LEED study according to which CO forms a fluid phase at this coverage and

temperature range.*
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35 Figure 4: Hopping events of O atoms embedded in the CO layer at O¢q = 0.47 ML. The 12 frames are from a
36 movie recorded in the constant height mode at 271 K (V¢ =-0.80V, I; = 3 nA, 10 frames s). The two atoms
37 marked red and violet are O atoms, the atom marked blue is an N atom. Red and purple lines are the

38 trajectories of the O atoms.

40 The three bright features in figure 4 represent two O atoms (red and violet dots) and one N atom (blue
42 dot). O and N atoms are imaged similarly but can be distinguished by their mobilities and, in the
43 constant current data, also by their different apparent heights.** 4> The right O atom (violet) has first
45 jumped in frame 3, then again in frames 5 and 6 by approximately 3 A, i.e., by one lattice constant of
46 the Ru(0001) surface. The upper O atom (red) has first jumped in frame 4 by\E lattice constants, then
48 againinframe 8 by Z\B lattice constants, and in frames 10, 11, and 12 by one lattice constant. At 271 K
49 the embedded O atoms are obviously mobile on the time scale of the fast mode of the STM. The N
51 atom does not move in the entire movie, in agreement with the previously determined lower hopping

52 rate of adsorbed N atoms on the (bare) Ru(0001) surface.*

54 For quantitative investigation, longer trajectories were analyzed by means of the tracking software.?
56 Examples from measurements at 239 K and 271 K are shown in figure 5. Figure 5(a), one frame from a
57 movie at 239 K, shows several bright atomic features most of which are identified as O atoms. (The
59 movie is shown in the Supplementary Information, movie S2.) Some of the O atoms have formed small

60 clusters with a (2 x 2) structure. There are also some N atoms and some smaller bright and larger dark
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features of unknown nature, which do not move most of the time. Trajectories were only analyzed for
atoms that could clearly be identified as O atoms and only for those O atoms that are sufficiently far
away [> 2 Ru(0001) lattice constants] from other O atoms and other features to exclude effects of
lateral interactions. When during a trajectory an O atom comes close to a second O atom or to one of
the other features, the trajectory is automatically closed by the software. Usually, the trajectories are

split into several coherent parts by this function.

One of the coherent trajectories of the marked O atom [figure 5(a)] is shown in figure 5(b). The time is
color-coded, and the positions of the O atom identified by the tracking algorithm in successive frames
are connected by lines. A hexagonal pattern appears. The lattice constant of this pattern is
approximately 3 A, i.e., within error margins, the lattice constant of the Ru(0001) surface of 2.71 A.
Directly on the lattice sites, knots consisting of shorter lines represent time periods during which the
O atom is found on the same site. That the positions are not exact points is caused by the finite
localization precision of the tracking algorithm.?® The lines connecting the knots represent events in
which the O atom is found on other lattice sites with respect to the previous frame. An obvious
interpretation of such a trajectory is that the O atom, which occupies an hcp site on the Ru(0001)
surface,*®*” moves across the surface by jumping between the hcp sites of the (1 x 1) lattice of the Ru
surface. The presence of the CO matrix does not seem to change this behavior, which, qualitatively, is
the same as on the empty Ru surface.*® At a higher temperature [271 K, figure 5(c)] more lines connect
the lattice sites whereas the knots contain fewer lines, indicating a higher hopping frequency, as
expected. Occasional lines over \E or two lattice constants that appear at this higher temperature
must not indicate long jumps but can consist of two or more short jumps at shorter times than the

time of 0.1 s for one frame of the movie.

In the (\B X \B)R30° CO structure the oxygen trajectories displayed a distinctly different symmetry.1?
The oxygen positions also formed a (1 x 1) lattice, but when the density of lines connecting the lattice
sites was considered, the pattern was not hexagonal. It displayed a superstructure of equilateral
triangles, each consisting of three (1 x 1) sites, without shared edges and corners; figure 5(d) shows
an example from a measurement at 248 K. The three corners within the triangles are connected by
several lines, whereas usually only one line connects neighboring triangles. The resulting rotational
symmetry is trigonal. This reduced symmetry was explained by the (\B X \B)R30° structure of the CO
matrix. A vacancy in this structure contains three hcp sites arranged in an equilateral triangle which
can be occupied by the embedded O atom. When the O atom jumps between these three sites this
does not involve a site exchange with a CO molecule and happens relatively often, explaining the high
density of lines connecting the corners of the triangles. When the O atom exchanges sites with CO
molecules from the matrix, this leads to a position in a neighboring triangle and happens less often,
explaining the fewer lines to neighboring triangles. Such a symmetry reduction is absent here,

indicating that the configuration in the vacancies of the CO matrix is different.
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Figure 5: Trajectories of single O atoms on the Ru(0001) surface at ¢ = 0.47 ML. (a) Single frame from a movie
at239K (V. =-0.60V, I; =3 nA, 10 frames s). (b) Trajectory of the O atom marked in (a) by the red arrow; the
time evolution is color-coded. (c) Trajectory of an O atom from an experiment at 271 K (V:=-0.80V, I; =3 nA,
10 frames s?). (d) Trajectory of an O atom from an experiment at O =0.33 MLat 248K (V;=-0.22V, I, =3 nA,
10 frames s1).
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The hopping statistics from all trajectories at O¢o = 0.47 ML, recorded at 239 K, 247 K, 258 K, 271 K,
and 280 K, are collected in the histograms of figures 6(a) to (e) (magenta bars). Each histogram is a
displacement distribution P, (x,y), which represents the probability that an O atom detected in one
frame of a movie is displaced by a vector (x,y) from its position in the preceding frame, defined as
(0,0) [the components of the vector (x,y) are in units of the (1 x 1) lattice of the Ru(0001) surface].
In all cases, the probability of finding the atom at the same site, i.e., at (0,0) is highest, and the
probabilities of finding it at nearest neighbor, next-nearest neighbor, etc., (1 x 1) sites decrease with
distance from the origin. This is the expected behavior for diffusional motion. With increasing
temperature, the central bar becomes lower and the bars at longer distances increase. All histograms
display hexagonal symmetry, confirming, with high statistical significance, the qualitative impression
from the trajectories that the jumps happen uniformly in the six equivalent directions of the (1 x 1)
lattice. By contrast, the histograms obtained in the previous study on the (\Bx\ﬁ)RBW structure

clearly reflected the trigonal symmetry of the trajectories.!?

To analyze these data a model was used that has originally been constructed for STM data of the
diffusion of O atoms on the bare Ru(0001) surface,*® and, in similar form, for field-ion microscopy (FIM)
data of adsorbed metal atoms.*®* The model assumes that the jumps of an O atom are statistically
uncorrelated. It furthermore assumes that only jumps to neighboring (1 x 1) sites occur, and that they
happen with the same probability in the six equivalent directions of the lattice. Memory effects in
successive jumps and long jumps are ruled out. When these assumptions are fulfilled, a displacement

distribution P (x,y) is predicted that can be expressed as a sum over a product of two terms
Pes(2y) = ), Pey() - wa(,y)
n=20

ﬁto(n), the first term in this product, is the probability that the O atom jumps n times between two
successive frames of a movie. The model does thus not assume that every jump event is resolved but
it allows for arbitrary many jumps between two frames. This probability is given by a Poisson

distribution

. (Tte)™ e
P, (n) =Te 0

[ is the jump frequency, the inverse of the average time the atom resides on an adsorption site. tg is
the time interval of the Poisson distribution, which in the present case is given by the time for one STM

frame, and n is the number of hopping events in this time interval.

The second term in the product, w,(x,y), is the probability that an O atom located at (0,0) in one
frame has travelled to a site (x,y) in the following frame by a combination of n jumps. This factor only
depends on the lattice symmetry, i.e., in the present case, on the hexagonal (1 x 1) lattice of hcp sites

on the Ru surface. w,(x,y) is evaluated by means of the recursion equation
1 ! /
Wn(x'y) = Ewn— 1(X ,_V)
xy
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gi Figure 6: (a)-(e) Displacement histograms of an embedded O atom at five different temperatures at
55 Oco = 0.47 ML. The bars represent the probabilities that the atom has jumped from the lattice site (0,0) in the
56 center of the indicated lattice section (green marks) to one of the lattice sites between two successive frames.
57 Magenta bars are experimental data from the STM movies, blue bars are fits based on the model described in
58 the text. The negative going error bars are not shown for clarity; they are identical to the indicated positive
59 going error bars. (f) Lattice sites used in the recursion equation. The red circle marks an O atom that has
60 travelled to one of the nearest-neighbor lattice sites (x',y") of the site (x,y) by (n — 1) jumps; the arrows

indicate the directions into which it can jump by the nth jump.
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The positions (x',y") in this equation are the coordinates of the six nearest-neighbor sites around the
site (x,y) [figure 6(f)]. The equation expresses the fact that an atom that has travelled to one of the
sites (x',y") by (n — 1) jumps has a chance of 1/6 to jump to the site (x,y) by the n's jump. The five
other, equally likely, jumps from the given site (x’,y") land on other sites [figure 6(f)]. Adding these
probabilities over the six nearest-neighbor sites (x',y") around (x,y) gives w,(x,y). The recursion
equation makes use of the assumption of the model that jumps only occur over one lattice constant
and happen with the same probability in the six equivalent directions of the lattice. The recursion is
initialized by setting wy(0,0) = 1 and all other wy(x,y) = 0. n is then increased in steps of unity to

calculate sets of wy(x,y) values for the various sites (x,y).

Multiplying the spatial factor w,(x,y) by the time factor Pto(n) and adding over all n finally gives Py,
(x,y). Practically, the infinite sum over n can be terminated at a sufficiently high number; in this case
we chose = 10. [The analogue analysis for the (\Bx\B)R30° CO structure was considerably more

complicated because of the two different hopping processes involved.!!]

The only unknown in the resulting expression for P, (x,y) is the hopping rate I'. ' can therefore be
evaluated by fitting P (x,y) to the experimental P, (x,y) histograms. The resulting fits are also shown
in figures 6(a) to (e) (blue bars). The agreement with the experimental values is very good, as one can
also see in the residual plots (Supplementary Information, figure S1). Obviously, the CO molecules may
affect the O atoms by changing the average hopping rate, but they do not influence the lengths and

directions of the jumps or the fact that the jumps are statistically uncorrelated.

The data sets at the five analyzed temperatures provide a set of temperature-dependent hopping rates
['(T). Figure 7 shows an Arrhenius plot of these data (red crosses). A linear regression line gives a good
fit (red line), from the slope of which an activation energy of E* =0.44 + 0.04 eV is obtained and

from the intercept a preexponential factor of '’ = 1089 %08

s1. The low preexponential factor most
likely results from the fact that only five data points are available. When we fix the preexponential
factor at the mean value I'® =102 s obtained with the higher number of data points at

O¢o = 0.33 ML, an activation energy of E* =0.56 + 0.04 eV is obtained (red dotted line).

In the same Arrhenius plot we also show the data from the previous investigation of the diffusion of O
atoms through the (\Bx\ﬁ)RBW CO structure at ©¢g = 0.33 ML.™ As mentioned above, this process
involves two steps, jumps of the O atoms within the triangular vacancies of the CO layer without site
exchanges with CO molecules (shown as blue points in the figure), and exchange jumps with
neighboring CO molecules (shown as green points). Site exchanges with CO molecules are slower than
jumps to the empty sites within the triangular vacancies. The activation energies obtained were
E{ =057 + 0.02eV and E; =0.63 + 0.03eV for the triangular and the exchange jumps,
respectively, in good agreement with the DFT-calculated values; the preexponential factors were rf=

10114204 61309 1) = 10111297 51 close to the expected range of 1012 - 1013 51,
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Figure 7: Arrhenius plot of the hopping frequencies of the embedded O atoms. Red crosses: Data points from
the present study at O = 0.47 ML; the solid red line is a linear regression; the dotted red line is a linear
regression with a preexponential factor fixed at I’ =10''2 Green dots: Data points from the jumps of the O
atoms in the triangular vacancies at O = 0.33 ML; blue dots: Data points from the exchange jumps with CO
molecules at ©¢o = 0.33 ML.1 The 0.33 ML data are adapted with permission from ref.!!; copyright 2019
American Association for the Advancement of Science. Black triangle: Hopping rate of an O atom on the bare
Ru(0001) surface at room temperature.>®

At the higher coverage in the present study, the motion of the O atoms through the CO layer
necessarily involves site exchanges with CO. It is therefore quite surprising that the hopping rates (red
crosses) are higher than the exchange jumps at the lower coverage (green points). The hopping rates
at 0.47 ML almost coincide with the rates of the triangular jumps from the data at O¢g = 0.33 ML that
do not involve sites exchanges with CO (blue points). Moreover, when one extrapolates the regression
lines (both of them) through the 0.47 ML data points to 300 K one finds that the hopping rate is even
somewhat higher than the hopping rate of O atoms on the bare Ru(0001) surface measured at room

temperature (black triangle).>°

Figures 8 and 9 show results of the DFT calculations performed to explain these observations. A general
result is that, in the presence of the O atom, the E 45 values are higher [figure 8(a)] than for the pure
CO layers [figure 3(a)], i.e., the repulsive interactions between O and CO are higher than between the
CO molecules. This is in agreement with previous findings of a weaker binding of CO on an interstitial
site in the (2 x 2)O0 structure.> Figures 8(b) - (g) show how these interactions affect the configurations
around the O atom. In all cases the O atom occupies an hcp site. The three Ru atoms forming the hcp

site are blocked for the binding of CO, which leads to a vacancy in the CO layer.
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Figure 8: (a) Adsorption energies of CO relative to an isolated adsorbed CO molecule in the presence of one
coadsorbed O atom as a function of CO coverage for 85 different arrangements. (b)-(g) Energetically favorable
CO arrangements around an O atom (grey sphere) at increasing CO coverages. Red, blue, and green spheres
represent CO molecules on (ﬁx\ﬁ)R30° sites, inserted CO molecules, and molecules displaced from

(3 x+/3)R30° sites, respectively.

Which configuration is formed inside the vacancy depends on the CO coverage. At a coverage close to
0.33 ML, where the CO layer forms the (\Bx\ﬁ)R30° structure [figure 8(b), Ocy = 0.31 ML], six CO
molecules form a relatively large cage around the O atom. The cage contains three hcp sites that can
be occupied by the O atom, and jumps between these sites caused the fast triangular motion at this
coverage.'’ When the coverage is increased, one CO molecule intrudes into the cage, and at
BOco =0.36 ML two CO molecules have intruded [figures 8(c) and (d)]. Both molecules form trimer
configurations with CO molecules at the rim of the cage, the same trimers as in the pure CO layer at

moderately increased coverages [figure 3(d)]. Despite the presence of the O atom, the configuration
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with two CO molecules inside the cage is by 0.13 eV more stable than when the molecules are put on
interstitial sites in the (\E x \B)R30° layer outside the cage (not shown).

When the CO coverage is increased further — figures 8(e), (f), and (g) show optimized configurations at
O¢o =0.42, 0.50, and 0.56 ML — the additional CO molecules adsorb in the CO layer outside the cage.
There they form the same filled-ring structures as in the pure CO layer [figures 3(e) - (g)], whereas the
configuration with two intruded CO molecules inside the cage remains unchanged. The cage is smaller
than at 0.33 ML, which has consequences for the mobility of the O atom. In order to jump, the O atom
needs a suitable target site, a neighboring hcp site which is completely free of CO molecules. The two
intruded CO molecules effectively block these target sites within the cage. Consequently, triangular
jumps do no longer occur in the coverage range between 0.36 and 0.56 ML, in agreement with the

absence of triangles in the trajectories recorded at 0.47 ML.

However, the O atom can move when the CO molecules at the rim of the cage are intermediately
displaced. For the calculations, determining preferred local configurations during such processes is
made difficult by the many, almost degenerate possibilities to arrange the CO molecules. What
simplifies the problem is the fact that the local structures within the cage are independent of coverage

between 0.36 and 0.56 ML and that the target site always has to be an empty hcp site.

We therefore focus on one particular configuration for which we analyze several scenarios [Figure 9(a)
—(c), ©co = 0.36 ML]. In the first scenario [figure 9(a)], at first the more distant of the two CO molecules
in the cage moves from a trimer site to an interstitial site. This step, which has an activation energy of
0.33 eV and increases the ground state energy by 0.06 eV, creates an empty hcp site. Then the O atom
can jump, which happens in two steps, first to an intermediate fcc site with an activation energy of
0.61 eV, and then to the empty hcp site with an activation energy of 0.65 eV (both activation energies
are with respect to the initial configuration). In the other two scenarios [figures 9(b) and (c)], one of
the CO molecules at the rim of the original cage moves first, connected with activation energies of 0.25
and 0.29 eV, and with 0.11 and 0.15 eV higher ground state energies, respectively. The jumps of the O
atom via the intermediate fcc sites are connected with activation energies of 0.66/0.73 eV and
0.71/0.67 eV, respectively. The last configurations in figure 9 all have higher energies than the initial
configurations, but subsequent rearrangement processes in the CO layer can restore the original
ground state energy. Because the CO jumps have activation energies of only ~0.3 eV, these processes
are very fast in the considered temperature range. In the final configurations, the O atom has, in effect,

performed a site exchange with a CO molecule.

Note that the activation energies of the initial CO displacements do not contribute to the total
activation energies. In kinetics terms, these very fast first steps represent preequilibria to the actual O
hopping that only contribute by increasing the ground state energies [e.g., by 0.06 eV in figure 9(a)].

The total activation energy values given in figure 9 contain these initial increases.
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Figure 9: Hopping mechanisms of an O atom with two CO molecules in the cage. (a) — (c) Three different
scenarios starting from the same configuration. The grey sphere represents an O atom. Red, blue, and green
spheres represent CO molecules on (\/gxﬁ)R30° sites, inserted CO molecules, and molecules displaced from
(\/g xﬁ)R30° sites, respectively. The energy profiles are indicated below the configurations.

All total activation energies are lower than the values calculated for the O/CO exchange on the
(\Bx\ﬁ)RBW structure (0.78/0.71 eV with respect to the initial configuration).!* There are two
reasons for this. First, at the higher coverage, scenarios are possible, in which the first displacement of
a CO molecule costs less energy than for the (\Bxﬁ)R30° structure. For example, in figure 9(a) the
ground state energy only increases by 0.06 eV, compared to 0.16 eV for the (\Bx\ﬁ)R30°
structure.! This reduction results from the fact that at the higher coverage the CO molecules already
occupy unfavorable sites, so that a displacement has a smaller effect. Second, for the jump of the O
atom, after the initial displacement of a CO molecule, the starting position is already energetically
uplifted with respect to the (\B x\B)RBOC’ structure because the O atom is coordinated to more CO
20
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molecules. At the same time, the transition state, roughly the bridge site between the hcp and the fcc
sites, is less affected by CO because the distances to the neighboring CO molecules are larger. In effect,
the barrier is lowered. Moreover, in the experiment, the scenario with the lowest barrier contributes

disproportionally strongly because the barrier appears exponentially in the Arrhenius equation.

At 0.47 ML, the local configurations are more complicated and require more CO jumps to open a
diffusion path. However, because of the low activation energies of the CO jumps of ~0.3 eV these
processes are fast and not rate-limiting. For the ground states many initial fluctuations in the ring-like
CO clusters are even energetically neutral. The activation energy is therefore reduced further, which
should bring it close to the value calculated for the triangular jumps in the cages of the (\B X \B)RBO"
structure (0.56 eV).!! The experimental finding that the exchange jumps at the higher coverage are
similarly fast as the triangular jumps at 0.33 ML (figure 7) can thus be understood. That the jump rate
is even somewhat faster than on the bare metal surface is caused by the repulsion between O and CO.
Finally, with regard to symmetry, the individual CO configurations in figure 9 only have low
symmetries. However, as the experiment averages over many possible, quickly fluctuating CO

configurations, the overall symmetry of the displacement histograms is hexagonal (figure 6).

The enhanced mobility of the O atom at the higher CO coverage is thus the result of a higher probability
of fluctuations in the CO layer and of an enhanced repulsion between the O atom and the CO
molecules. The former aspect is supported by previous experiments on the mobility of adsorbed CO
on Ru(0001) using laser-induced thermal desorption (LITD).>? With this method a macroscopic CO self-
diffusion constant was measured that increased with CO coverage. This may appear counterintuitive

at first but is in good agreement with the interpretation of the present data.

Conclusions

In this study, individual adsorbed O atoms on a Ru(0001) surface in a dense layer of CO molecules were
investigated by STM. The CO coverage of approximately 0.47 ML was higher than in a previous study
on the ordered (\Bx\ﬁ)RSW structure at 0.33 ML, and the layer was disordered.

High-speed STM experiments on the diffusion of the O atoms through the CO layer show that certain
features of the diffusion mechanism are the same as in the previous study, but that there are also
marked differences. Similarly as at the lower coverage, the O atoms move by statistically uncorrelated
jumps, and they only hop between nearest neighbor hcp sites on the (1 x 1) lattice of the Ru(0001)
surface. Differently from the lower coverage, the motion of the O atoms only consists of one type of
jump and the jumps occur with the same probability into the six equivalent directions of the (1 x 1)
lattice. In the previous study a combination of two different jump types was required to describe the
data. A second difference is that the jump frequency, which involves exchange processes of the O atom
with CO molecules, is significantly higher than the O/CO exchange processes on the (\/gx\B)RSW

structure.

21

ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Physical Chemistry

The DFT calculations performed in this study explain these observations. They show that the vacancy
in the CO layer, a cage occupied by the O atom, is smaller at the enhanced coverage, suppressing the
motion within the cage that caused the second type of jumps at the lower coverage. Fluctuations in
the surrounding disordered CO layer cost less energy than at the lower CO coverage or are even
energetically neutral. Configurations in which the O atom can leave the cage are therefore more likely.
Moreover, the enhanced repulsion between the O atom and the CO molecules at the higher coverage

lowers the activation energy for the jumps.

In detail, the atomic steps underlying the motion of the O atom through the CO layer are different from
those at the lower coverage. However, like at the lower coverage, the O atom can only move through
the CO layer when the cage of neighboring CO molecules opens by a local fluctuation. The door-

opening mechanism is therefore still operative.

The situation investigated here, relatively strongly bound particles moving through a disordered layer
of mobile molecules, should be characteristic for many catalytic reactions at the usually employed high
pressures and temperatures. The mechanism may therefore play a more general role in catalysis. An
example is the cobalt-catalyzed Fischer-Tropsch synthesis, an industrial process by which
hydrocarbons are formed from mixtures of CO and H,. According to the often-assumed reaction
mechanism, the reaction is initiated by the dissociation of CO molecules on the metal surface.>® C and
O atoms are formed in an adsorption layer that mainly consists of CO molecules, leading to a situation
similar to the one analyzed here. Even the CO coverages are comparable - for a Co(0001) model catalyst
coverages between approximately 0.4 and 0.5 ML have been predicted for industrial reaction
conditions - and the layer is also disordered.>* We therefore predict that the surface diffusion of the O

and C atoms in this reaction should not be restricted by the CO layer.
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Supplementary Information

STM movie of single oxygen atoms in a CO adlayer at 0.47 ML and 271 K (AVI)

oNOYTULT D WN =

STM movie of single oxygen atoms in a CO adlayer at 0.47 ML and 239 K (AVI)

Residual plots of the displacement histograms of figure 6
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