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ABSTRACT: Previous work has shown that tracer diffusion of CRET ! I ! I ! {700
adsorbed O atoms on a CO-covered Ru(0001) surface is driven by " x
fluctuations of the CO clusters. Here, a study is presented on the & 600
question of whether this diffusion mechanism is suppressed at CO M : Diffusi 1 -
saturation. Experiments were performed using high-speed scanning A & THI0R HEDCROn ]
: ’ - 30r NG of a single oxygen §
tunneling microscopy (STM). Hopping rates of O atoms were = A atom bewesh 20 400 §
extracted from atomic trajectories, and an activation energy was / g
; . 20} CO clusters .
determined from temperature-dependent data. The energetics of the 3
embedded O atoms in the CO layer was evaluated by density functional ” 55
theory (DFT). DFT was also used to determine the structures
occurring during the O/CO exchange process. CO at saturation forms o | | L , 100
densely packed 2D clusters on the Ru(0001) surface, which is known °© 1 20 3 4 50 6 70 8

from previous work. The present STM data show that the trajectories of .

the O atoms are restricted to the narrow gaps between the CO clusters but that the atoms still move by randomly hopping between
neighboring hcp sites. The molecular structures of the clusters change as the O atoms move. Surprisingly, the mobility is higher than
at lower CO coverages. DFT shows that, as an O atom jumps from an hcp site to a neighboring hep site via an intermediate fcc site,
several CO molecules at the edges of the clusters are displaced, leading to low-energy hopping pathways for the O atoms. The O
atoms walk on “flickering paths” driven by fluctuations of the CO clusters. CO displacements cost more energy than at the lower
coverages, but this effect is overcompensated by a reduced hopping barrier of the O atoms at the high CO coverage.

B INTRODUCTION

Self-diffusion of adsorbed particles on a solid surface is a simple
sequence of hopping events as long as the surface is largely
empty and the particles only rarely collide with each other. In
this limit, diffusion is described by a random walk of
noninteracting single particles. However, in all applied surface

several tracer diffusion mechanisms that have analogs in 3D
solids.” For example, Pb atoms adsorbed on interstitial sites of a
Ge(111) surface performed direct site exchanges with
neighboring Ge atoms,® a mechanism discussed for 3D solids
(although usually regarded as unfavorable because of the high
activation barrier).” In and Pd atoms embedded in the top layer

processes, such as in heterogeneous catalysis, film growth, and
electrode reactions, an adsorption layer is present and diffusion
becomes complex. Even at low coverages, lateral interactions
between the adsorbed particles play a role for diffusion, and at
higher coverages collective site exchanges become dominant."

Several scanning tunneling microscopy (STM) studies have
shown how interactions between adsorbed particles may
influence particle mobility on partially or fully covered surfaces.
For example, at low coverages, O atoms adsorbed on a Ru(0001)
surface and N atoms on an Fe(100) surface displayed hopping
rates and directions that were considerably affected by
interactions from single adsorbed atoms on neighboring
sites.”” The influence of neighboring atoms extended over
several lattice constants. When adsorbed particles formed small
groups or islands, collective jumps were observed. For example,
chains of CO molecules on a Cu(110) surface were more mobile
than individual molecules.*

On fully covered surfaces, diffusion of adsorbed particles is
entirely mediated by collective processes. STM studies revealed
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of a Cu(100) surface and Pb atoms in a Cu(111) surface moved
by site exchanges with thermal vacancies in the terraces of the
host lattices.”~'" A vacancy mechanism is the most frequent
diffusion process in 3D solids.” In an electrolyte solution,
substitutional S atoms on a Br-covered Cu(100) surface showed
exchange processes with neighboring Br atoms that resembled
the so-called interstitialcy mechanism in 3D solids, and on the
Cl-covered surface a ring-like exchange mechanism was
observed, which is also known from 3D solids.>""

In previous work, we have investigated tracer diffusion of O
atoms through a CO layer on a Ru(0001) surface by means of
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STM, density functional theory (DFT), and kinetic Monte
Carlo (kMC) simulations.'”"” At a coverage of ® = 0.33
monolayers (ML, defined as adsorbed particles per Ru surface
atom), the CO molecules form an ordered (4/3 x \/3)R30°
structure. However, the diffusion of O atoms through this 2D
solid has no analog in 3D solids but proceeds by, as we called it, a
door-opening mechanism. It is based on the much higher jump
rates of CO molecules than of the O atoms, leading to structural
fluctuations of the CO layer around a minimum energy
configuration. The fluctuations frequently open low-energy
paths on which an O atom can jump to a neighboring site. After
the O atom has jumped, neighboring CO molecules quickly
rearrange to the minimum energy configuration, completing an
O/CO site exchange. The process is efficient, and the O atoms
move through the CO layer almost as fast as on the empty Ru
surface. Mechanisms of this type, which are based on a flexible
matrix of coadsorbed particles, may be relevant for catalytic
reactions as they justify the assumption of microkinetic catalysis
models that surface diffusion is fast and not rate-limiting,
regardless of coverage.

We further demonstrated that the O diffusion rate on the
Ru(0001) surface was even higher at an increased CO coverage
(® = 0.47 ML)."* The finding was explained by the disorder of
the CO layer at this coverage, enabling yet faster fluctuations
than in the ordered layer. In addition, the surface bonds of the O
atoms are weakened by the stronger repulsive interactions
between the O atoms and the CO molecules at the higher CO
concentration. The O/CO site exchange still follows the door-
opening mechanism, like in the ordered structure. In a further
study, it was shown that O atoms at domain boundaries of the
( \/ 3 x 4/3)R30° structure, where the layer is disordered in
narrow, fluctuating stripes along the boundaries, move faster by
one order of magnitude than in the ordered domains, confirming
the role of fluctuations."

In all of these situations, a considerable fraction of the Ru
atoms was empty, e.g., 2/3 of the sites in the (/3 x 1/3)R30°
CO structure. Fluctuations happen easily, and this can explain
why the diffusion mechanism is different from the known
mechanisms in 3D lattices. An open question was therefore how
the mechanism changes when the Ru surface is saturated with
CO. Here we present a study in which we have approached this
problem by increasing the CO coverage to ® = 0.66 ML, the
saturation coverage under ultrahigh vacuum (UHV) below
~300 K.

CO at saturation forms a relatively complicated structure on
the Ru(0001) surface that has been solved only recently.'® The
structure consists of approximately hexagonal arrays of compact,
2D clusters that contain between 7 and 19 molecules. In the
clusters, the CO molecules are densely packed, forming a pseudo
(1 x 1) structure. Because of repulsive interactions between the
CO molecules, only the CO molecules at the center of a cluster
are exactly at on top sites and in upright positions, whereas the
outer molecules are laterally displaced and tilted away from the
center. Between the clusters, single-atom-wide rows of Ru atoms
are not permanently occupied by CO because the shifted and
tilted molecules at the adjacent clusters restrict the space in these
“corridors”. The structure remains thermally stable up to the
onset of CO desorption at ~300 K.

There appears to be hardly any free space for the fluctuation-
driven diffusion of O atoms in this structure. One could,
therefore, expect that the mechanism changes, possibly to one of
the usual tracer diffusion mechanisms in 3D solids. Moreover,
the mobility of the O atoms is expected to be reduced, possibly

even to a degree that the high mobility assumption of catalytic
reaction models breaks down. However, as we show here, this is
not the case. The O atoms are even more mobile than at the
lower CO coverages and also on the clean surface. Experiments
were performed by high-speed STM. Atomic trajectories were
obtained from which hopping rates of the O atoms were
extracted. From temperature-dependent measurements, activa-
tion barriers were determined. DFT calculations were used to
analyze the energetics of the structures involved in the O/CO
site exchanges. We propose that all findings can be explained by
the door-opening mechanism that remains valid even in the
restricted space of the CO-saturated surface.

B EXPERIMENTAL SECTION

Experiments were performed in a UHV chamber (base pressure
<1 X 107" mbar) on an (0001)-oriented Ru single crystal. A
home-built STM setup was used that can work at imaging rates
of up to S0 frames per second and can be operated at sample
temperatures between 50 and 500 K.'” The UHV chamber is
additionally equipped with an Auger electron spectrometer
(AES), alow-energy electron diffraction (LEED) system, an ion
gun for sputtering, a quadrupole mass spectrometer (QMS), and
a sample manipulator.

For surface preparation, the Ru crystal was routinely treated
by cycles of Ar sputtering (1 keV Ar* ions for 10—15 min at
room temperature), flash annealing to 1470 K, oxidation to
remove residual carbon (by dosing 2 X 10”7 mbar O, for 10—15
min at 910 K or, at lower carbon coverages, by dosing 2—20 L of
0, at 298—423 K; 1 L = 1.33 X 107 mbar s), and, finally, flash
annealing to 1700 K. The cycles were repeated until the sample
was clean according to AES. Because in AES the (strongly
asymmetric) carbon KLL peak at 272 eV overlaps with the
(symmetric) Ru MNN peak at 273 K, the coverage of residual C
was determined indirectly, using the asymmetry of the
experimental peak, which follows an established method."* >

Directly before an experiment, the sample was flash-annealed
to 623 K to remove any readsorbed particles. A low amount of
O, was dosed (0.03—0.05 L) at 370 K to prepare a surface with a
low coverage of adsorbed O atoms. Then S0 L of CO were dosed
at 345 K which does not yet lead to CO saturation but protects
the sample from adsorption of contaminants from the residual
gas during cooling. The sample was then transferred to the liquid
He-cooled sample holder of the STM setup, and while the
sample cooled to 70 K, another 15 L of CO were dosed. This
procedure led to saturation with CO (© = 0.66 ML).'

For a diffusion experiment, a certain temperature was set in a
range between 225 and 268 K; the range was limited by the time
resolution of the experiment. When the temperature was
sufficiently constant, recording by STM was started. Images
were taken in the high-speed, constant height mode of the STM
at 10 frames per second. Movies consisting of several thousand
STM images were recorded. The data were analyzed by means of
a multiscale wavelet-based algorithm that identifies and tracks
the mobile O atoms.”' O hopping rates were extracted from the
obtained trajectories.

B COMPUTATIONAL DETAILS

To determine the potential energy surfaces (PES) of the

adsorbed O atoms and CO molecules, periodic DFT

calculations were performed by means of the VASP software
22 . .

package.”™ The electronic wave functions were expanded up to

450 eV using a plane-wave basis set, and exchange-correlation
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effects were computed using a revised version of the Perdew—
Burke—Ernzerhof (RPBE) functional as suggested by Hammer
and Norskov.”> The projector augmented wave (PAW)
potential was employed to describe the ionic cores,” and
Grimme’s semiempirical D3 dispersion correction scheme was
used for the van-der-Waals interactions between the adsorbed
partizcsles2 ;md between the adsorbates and the first layer of the Ru
slab.”~

The Ru(0001) surface was modeled by slabs consisting of
three atomic layers with optimized Ru bulk lattice parameters a
=2.74 A and ¢/a = 1.58. The slabs were separated by vacuum
layers of 15 A, and a compensating dipole field was used to
correct for the surface dipole. The structures of the adsorbates
and of the topmost Ru layer were fully optimized for local energy
minimum configurations with a force convergence criterion of
0.01 eV/A.

To construct the configurations of the O atoms on the CO-
covered surface, information from the previous study on the CO
cluster structure of the pure CO layer was used.'® Figure 1(a)
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Figure 1. Four of the structure models treated by DFT. (a) Structure
with two compact clusters of 12 CO molecules and one compact cluster
of 7 CO molecules. (b) 12 CO cluster structure with twisted junctions.
(c) 14 CO cluster structure with a vacancy block. (d) 18 CO cluster
structure with a vacancy at a cluster edge. Red and turquoise spheres:
CO molecules, gray spheres: Ru atoms. Further structures in Figure S1.
[(a) is one of the models investigated in ref 16; coordinates available at
10.5281/zen0do.10784616].

shows, as an example, a configuration with two clusters of 12 CO
molecules and one cluster of 7 CO molecules per unit cell. The
model shows the on top positions of the center CO molecules,
the displacements and tilts of the outer molecules, and the rows
of empty Ru atoms (“corridors”) between the clusters. The
triangular CO configurations at the junction points of three
corridors are particularly stable. Other cluster structures only
differ in the number of CO molecules per cluster."®

For oxygen, previous work has shown that the atom occupies
an hep site and that all three Ru atoms forming the hcp site have
to be free of CO molecules.'”~"* Combining this condition with
the structure elements of the CO clusters leads to three types of

configurations, in which the average CO coverages are
comparable to the saturation coverages of the pure CO layer.
In the first configuration [Figure 1(b)], shown for a 12 CO
cluster structure, one corridor junction per unit cell still has a
triangular configuration, but every other junction has a
“twisted”, chiral configuration that provides a CO-free hcp site
for an O atom. In the second configuration [Figure 1(c)], shown
for a 14 CO cluster structure, both triangular configurations at
the junctions are lifted, giving configurations in which vacancies
with more than one hcp site are grouped together (“vacancy
block”). In the third configuration [Figure 1(d)], shown for an
18 CO cluster structure, one CO molecule has been removed
from an edge position of an original 19 CO cluster, providing a
CO-free hcp site in a corridor.

Using these structure elements, surface unit cells consisting of
14, 18, 19, 23, 24, 27, and 30 Ru atoms in the top layer were
constructed [Figure 1 and Figure S1]. In cases where single Ru
atoms were bare, in addition to the corridor, triangular junction,
and twisted junction sites, we also considered modified CO
clusters by adding extra CO molecules. The first Brillouin zones
of the unit cells were integrated using Sx5x1, SxSx1, SxSx1,
4x4xl, 4x4x1, 4x4xl, and 3x3x1 k-point meshes for the
respective surface unit cells.

Adsorption energies of the O atoms on the bare Ru(0001)
surface were between —2.55 and —2.61 eV with respect to gas
phase O, for all unit cells. These low variations, despite the
different sizes of the unit cells, indicate that the interactions
between the O atoms are relatively weak. Obviously, the unit
cells treated here are large enough that the O atoms are
sufficiently separated, so that O coverage effects on the energies
could be disregarded.

The energies of the various structures were therefore treated
in terms of the respective CO adsorption energies E 4. We
define E_4, with respect to the energy of an isolated, adsorbed
CO molecule on the bare Ru(0001) surface [eq 1]:

(g)
Etot B sIab nCOE
Eads = - ECO

fco (1)

E, is the total energy of a slab with adsorbed O atoms and CO
molecules, Eg,, is the energy of an uncovered Ru(0001) or O /
Ru(0001) slab depending on the presence of an O atom, E®) is
the energy of a CO molecule in the gas phase, Eg, is the energy
of an isolated, adsorbed CO molecule on a (6 x 6) lattice on the
Ru(0001) surface, and ngq is the number of the CO molecules in
the cell. EEg is —1.89 eV in this setup, which overestimates the
experimental value by 0.3 eV.”” However, by referring to E%,,
the adsorption energies E,4 only include the interactions
between the adsorbed molecules; the overestimated adsorption
energies of individual molecules cancel out. The activation
barriers of the particle jumps were calculated by the nudged
elastic band method with four images.*

To support the interpretation of the STM data, constant
height images were simulated using the Tersoff-fHamman
approximation.”’ Corresponding to the negative tunneling
voltages (V,) applied in the experiments, the densities of
occupied states were integrated between the Fermi energy (0.0
eV) and energy values —0.2, —0.4, —0.5, —0.8, and —1.0 eV
below Ej. Like in the previous study on the saturated, pure CO
layer, the charges were calculated at distances between 1.6 and
3.6 A above the O atoms of the CO layer in steps of 0.1 A.'®
Images were computed by linearly interpolating the charge grids.

https://doi.org/10.1021/acs.jpcc.5c04653
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Figure 2. (a) STM image of the CO-saturated Ru(0001) surface (® = 0.66 ML) with embedded O atoms. Features with bright dots in the interiors and
dark/bright rims are CO clusters, bright dots are O atoms. (The black feature is probably some carbon species.) T = 227 K, tunneling voltage (V) =
—0.2'V, tunneling current (I,) = 10 nA, constant height mode. (b) Model of the marked area in (a) with an O atom on a corridor site. (c) Model of the
marked area in (a) with an O atom on a twisted junction site. Red spheres: O atoms; blue spheres: CO molecules; lighter blue spheres are the inner CO
molecules that create the fine structure in the STM image; gray spheres: Ru atoms.

For an integration range 0f 0.0 to —1.0 eV and at a distance of 2.5
A, the simulated images agreed well with the experimental data.

B RESULTS AND DISCUSSION

Configuration of the Embedded O Atoms in the
Saturated CO Layer. Figure 2(a) shows one frame from an
STM movie recorded at 227 K on the saturated CO layer with
embedded O atoms. One can see a roughly hexagonal pattern of
features of various sizes, each displaying a few units of a
hexagonal inner fine structure. The periodicity of the fine
structure is 3.3 A, slightly larger than the lattice constant of
Ru(0001) of2.70 A. The features represent the compact, 2D CO
clusters known from the saturated, pure CO layer, and the size
variations reflect the variable numbers (7—19) of the CO
molecules in the clusters.'® The fine structure reflects the inner
CO molecules, and the more or less structureless space between
the fine structure elements reflects the displaced and tilted outer

molecules. There is no contrast from the corridors between the
clusters.

In addition to these features, several bright spots can be
identified in Figure 2(a). These are absent on the pure CO layer
and can therefore be interpreted as embedded O atoms. We
mention that, in the constant current STM mode, adsorbed O
atoms on metal surfaces usually appear dark, but in the constant
height mode at negative tunneling voltages V, the contrast is
inverted.”” Similar images have been obtained in all experiments.

Figures 2(b) and (c) show schematic models of the two
marked areas in Figure 2(a). The O atoms occupy 3-fold sites,
consistent with the expected hcp sites, and the surrounding CO
clusters show some differences to clusters without oxygen. In
one case [Figure 2(b)], one CO molecule in a corridor is missing
from the edge of a cluster, and the resulting CO-free hcp site is
occupied by an O atom. In the second case [Figure 2(c)], a
twisted junction site between three CO clusters is CO-free and

https://doi.org/10.1021/acs.jpcc.5c04653
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occupied by an O atom. These cases correspond to two

configurations treated by DFT [Figure 1(b) and (d)].
Simulated STM images (Figure 3), confirm the models.

Figure 3(a) shows a simulated image of a structure with clusters

12CO+10 18C0+1O

L3407 p‘

r"*

Figure 3. Simulated STM images of CO cluster structures with
embedded O atoms. Inverted contrast like in the experiment; bright
dots are at the positions of the inner CO molecules; bright intermediate
spaces are at the positions of the outer CO molecules, and the brightest
dots are at the positions of the O atoms. (a) and (c) Simulations of the
models shown in Figure 1(b) and (d) with adsorbed O atoms on the
CO-free hep sites. (b) Simulation of one of the models shown in Figure
S1. (d) to (f) Simulations of three of the models shown in Figure S1
with adsorbed O atoms and single additional CO molecules.

1OCO+1CO+1O 14CO+1CO+10

Y

of 12 CO molecules [Figure 1(b)] and O atoms that occupy the
twisted junction sites. The three central maxima in each unit of
the simulated image are caused by the three inner CO molecules
of the clusters, the weak modulation between the clusters is
caused by the nine outer molecules, and there is no contrast

from the empty corridors. The bright spots at the corners of the
unit cells are at the positions of the O atoms on the twisted
junction sites. Figure 3(b) is equivalent, with 16 CO molecules
per cluster and O atoms on the twisted junctions. Figure 3(c) is a
simulation of a configuration with 18 CO molecules [the CO
configuration of Figure 1(d)] with O atoms on the corridor sites.
Figures 3(d) to (f) show configurations with embedded O atoms
and single CO molecules added to sites in vacancy blocks. In all
cases, the simulations are in good agreement with the
experimental images.

Diffusion of the Embedded O Atoms. Movies recorded
with the high-speed STM show that the embedded O atoms are
mobile in the investigated temperature range (225 to 268 K). As
an example, Figure 4 shows three images recorded with time
intervals of 0.2 and 0.5 s on the same surface area, together with
models of the marked areas (227 K). In the first frame, two O
atoms (black and red arrows) occupy twisted junction sites with
opposite chirality [Figure 4(a) and (d)]. In the second frame,
the lower atom has moved to a corridor site, and the upper atom
is still at the same position [Figure 4(b) and (e)]. At the same
time, the number of CO molecules in the cluster below the
displaced O atom has increased from 12 to 13. One CO
molecule has left a site at the corridor (creating the CO-free hep
site for the O atom) and two originally empty Ru sites at the
upper edge of the cluster are occupied by CO. There are further
changes at the cluster above the displaced O atom. In the third
frame, the lower O atom has jumped again, this time to a twisted
junction site [Figure 4(c) and (f)] with opposite chirality to the
original configuration [Figure 4(a) and (d)]. This jump is
accompanied by changes in several clusters in the marked area
which effectively create the CO-free hcp site for the O atom at
the new twisted junction. The O atom thus moves by hopping
between CO-free hcp sites, and during these jumps, the

Figure 4. Series of STM images during jumps of an O atom. (a—c) STM images from a movie of the CO-saturated Ru(0001) surface (® = 0.66 ML)
with embedded O atoms; all three images from the same area; time intervals between frames are 0.2 and 0.5s. T =227 K, V, = =02V, [, = 10 nA,
constant height mode, frame rate 10 s, arrows mark two O atoms. (d—f) Models of the marked areas in (a—c). Red spheres: O atoms, blue spheres:

CO molecules, gray spheres: Ru atoms.
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Figure S. Trajectories of O atoms obtained with the tracking software. (a) All trajectories from an STM movie recorded at 245 K. V,= —0.2 V, I, =3 nA,
constant height mode, frame rate 10 s™". (b) Trajectory of a single O atom from the data set of (a). (c) All trajectories from an STM movie recorded at
259 K. V, = =02V, I, = 3 nA, constant height mode, frame rate 10 s". (d) Trajectory of a single O atom from the data set of (c).

molecules at the edges of several CO clusters change positions.
(Movie S1 shows a full movie.)

Longer trajectories of the O atoms were recorded by means of
the tracking software. Figure 5(a) and (c) shows, as examples,
trajectories from a 652-frame movie at 244.5 K and from a 765-
frame movie at 259 K, respectively. (The data have been drift-
corrected as described before.”") Colors mark trajectories of
different O atoms or interrupted trajectories of given atoms
when the tracking software has intermittently lost the atoms. As
expected, the trajectories at 259 K are longer on average than at
244.5 K (the two movies cover about equal time periods). At the
higher temperature, the trajectories display a characteristic
honeycomb pattern, which obviously replicates the cluster
structure of the CO layer. Such trajectory patterns have also
been observed in experiments in which the CO structure was not
well resolved. It can be concluded that the O atoms mainly move
along the corridors between the junctions of the clusters and
only rarely enter the interiors of the clusters. In Figure 5(c), the
honeycomb pattern partially displays two parallel lines,
indicating that the O atoms can travel along the corridors on
two pathways. Despite the variations in cluster sizes and shapes,

18720

their average positions remain unchanged over the periods of the
STM movies.

Figure 5(b) and (d) shows trajectories of single O atoms from
the data sets of Figure 5(a) and (c). Color codes represent time.
At the lower temperature, the trajectory shows “nodes” of short
lines which correspond to time periods in which the atom is
found on the same adsorption site, and the number of visited
sites is low. At the higher temperature, the atom spends less time
on an adsorption site, often just the time of one frame, and the
number of visited sites is higher. Jumps are mostly one lattice
constant long; occasional longer displacements at the higher
temperature can be explained by successive single jumps.

For statistical analysis of the trajectories the previously
described procedure was applied."” It includes checks that a
bright feature identified by the software actually represents an O
atom, and that trajectory sections in which two O atoms are
more closely spaced than approximately 7 A are removed. Data
from altogether 15 temperatures in a range between 225 and 268
K were analyzed, each measurement consisting of several
thousand STM images (Table S1). The results are displayed as
displacement histograms between successive STM images.
Figure 6(a) and (b) shows examples from two temperatures,
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Figure 6. Displacement histograms of O atoms on the CO-saturated Ru(0001) surface. (a) and (b) from data sets at 234 and 261 K, respectively. Pink
bars are from the experiments, blue bars from the fits with eq 3. Bar heights are relative counts of displacements from (x, y) = (0.0) to sites with
coordinates x and y between successive images; the origins in (2) and (b) are at the highest bars.

Figure 7. Diffusion model of O atoms on the CO-saturated surface. (a) Simplified lattice. Black dots are hcp sites, and the red honeycomb pattern
marks hep sites accessible to oxygen. (b—f) Structure models of the junctions and corridors of the cluster structure, respectively.

234 and 261 K (pink bars). As expected, the displacement
distribution is broader and flatter at the higher temperature, but
both histograms appear hexagonal.

Analysis of the Displacement Histograms. Like in the
previous work,>'* the hopping probability of the O atoms was
assumed to be given by a Poisson distribution [eq 2]

@)
R == @

D, (n) is the probability that an O atom jumps 7 times in the time

period t, between two successive STM frames (0.1 s in the
present case). To obtain an experimentally accessible quantity,

P, (n) has to be multiplied by w,(x, ), the probability that an
atom travels to a given site with coordinates (x, y) by a
combination of n jumps. w,(x, y) is a geometry factor that
depends on the symmetry of the lattice. It is evaluated by a
recursion equation. Summing the product of P, (1) and w,(x, y)
over all n gives P, («, y), the probability that the O atom has
moved to a site with coordinates (x, y) between two successive
STM images. P, (x, ) corresponds to the experimental quantity
plotted in the histograms.

For diffusion on a hexagonal lattice, w,(x, y) has a simple

form."* In the present case, the O atoms do not move on a
hexagonal lattice, but on a partially ordered honeycomb network
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defined by the CO clusters [Figure S(c)]. A further complication
is that the sizes and shapes of the clusters are not uniform and
change with time. Including these effects in the setup of a
recursion equation w,(x, y) in a precise way is not possible, but a
simplified model lattice can at least capture basic elements of the
actual process. The model we chose consists of a hexagonal
lattice of hcp sites [Figure 7(a), black dots] superimposed by a
periodic honeycomb network that defines the hep sites that are
actually accessible to the O atoms [Figure 7(a), red lines]. The
honeycomb lattice reflects the experimental observation that the
O atoms only occupy sites between the clusters, whereas the
interiors of the clusters are largely excluded. Structure models of
the two configurations at the junctions of this model lattice and
of the three configurations at the corridors are shown in Figure
7(b,c) and (d—f), respectively. Size variations of clusters and the
two parallel trajectories along the corridors were not included.
The hopping rate I was assumed to be equal for all sites. The O
paths on this network are treated irrespective of the fact that CO
molecules have to be displaced for each jump event, as indicated
by the arrows in Figure 7(b—f). These CO displacements are
implicitly contained in the obtained hopping rates.

On this simplified lattice, recursion equations w,(x, y) can be
formulated (SI). Five different geometry factors are obtained,
one for each starting position on one of the five different types of
sites on the honeycomb lattice. A difficulty for the analysis is that
one cannot decide which of these sites is the respective starting
position. The irregular shapes of the individual trajectories
[Figure S5(b) and (d)] illustrate this problem. An averaging
method was therefore applied (SI). It was assumed that the O
atoms initially either occupy, with equal probability, one of the
two different junction sites, so that the two corresponding
geometry factors can be averaged to give an averaged geometry
factor wi'(x, y) for the junction sites. Or, the O atoms initially
occupy, with equal probability, one of the three different
corridor sites, and averaging the three corresponding geometry
factors gives an averaged geometry factor wS(x, y) for the
corridor sites. Which fraction of atoms initially occupy junction
sites or corridor sites was a priori not clear and left open. P, (x, y)

is then given by eq 3:

B(x,y) = 3 B, ) + (1 — (e, )]
- 3)

where P, (1) is taken from eq 2, and the expression in square

brackets is the geometry factor for the honeycomb lattice. fis the
fraction of atoms that initially occupy a junction site; we treat it
as a second fitting parameter, in addition to the hopping
frequency I contained in f’to( n). Summing was performed up to
n=10.

Figure 6(a) and (b) shows, as examples, fits of P, (x, y) (blue

bars) to the experimental histograms at 234 and 261 K (pink
bars). Very good agreement is found, and the residual plots
correspondingly show low values (Figure S2). The agreement
confirms the assumption of the model that the O atoms move by
random jumps between neighboring adsorption sites. For the
hopping rates, the fits give ' = 0.3127 s™" and " = 2.7370 s at
234 and 261 K, respectively, and for the fraction of atoms at the
initial junction sites, the fits give f = 0.25 and 0.61, respectively.
For comparison, we also performed fits with a recursion
equation on a simple hexagonal lattice. The hopping rates, I' =
0.3112s7 " and ' =2.6427 s~ at 234 and 261 K, respectively, are

almost identical to the values on the honeycomb lattice,
indicating that the choice of the exact lattice and, thus, the
simplifications of the model lattice, are uncritical. For all other
measurements, application of eq 3 led to similar good fits to the
experimental histograms. Table S1 lists the obtained I" and f
values. f shows no systematic trend with temperature, and the
average over all measurements, (f) = 0.47 + 0.18, indicates no
significant difference between the occupation probabilities of
the junction and corridor sites (the value for exact uniformity
would be 2/5).

The hopping rates increase with temperature as shown in the
Arrhenius plot (Figure 8). The plot contains measurements
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Figure 8. Arrhenius plot of hopping frequencies of O atoms on the CO-
saturated Ru(0001) surface. Red and pink data points are from two
separate experiments, linear regressions shown as full lines, and dark red
data points are from a control experiment with a higher O coverage.
Dotted lines are linear regressions with preexponential factor I’ fixed at
10"* 571, Black square: data point from adsorbed O atoms on the bare
Ru(0001) surface at room temperature, taken from ref.>

from two separate full experiments (red and pink data points)
and three data points from a control experiment with a higher O
coverage (dark red data points). That the two full data sets are
displaced with respect to each other, despite nominally identical
conditions, is probably caused by an error in the reference
temperatures. However, both sets are well fitted by linear
regressions (solid lines), giving almost identical activation
energies, E* = 0.46 + 0.04 eV and 0.47 + 0.02 eV, respectively,
and preexponential factors, [ = 10°* * %% 5™ and 1000 * 4571,
respectively. The hopping rates from the control experiment are
in the same range, demonstrating that the method of excluding
too closely spaced O atoms works well. We additionally applied
linear regressions with fixed preexponential factors at [’ = 10"
s~!, the average value from previous experiments at 0.33 ML of
CO where a higher number of data points was available.'” With
this constraint, the linear regressions still fit the data well (Figure
8, dotted lines), but the activation energies increase somewhat,
to E* = 0.55 and 0.53 eV, respectively.

Table 1 relates the Arrhenius parameters to the parameters
from the previous work. At CO saturation (© = 0.66 ML), the
experimental activation energies are in the same range as at 0.47
ML, and with the fixed preexponential factor they are somewhat
lower. They are distinctly lower than at 0.33 ML, independently
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Table 1. Activation Energies and Preexponential Factors as Functions of CO Coverage”

E,co [eV] for

exp. E* [eV] exp.T°[s7'] exp. E* [eVg for O J‘ump initial CO displ,  E4co [eV] of config. E, . [eV]for Ojump  E [eV],
© [ML] for O jump  for O jump  with fixed I’ at 10'"* 57" DFT with displ. CO, DFT after displ. CO, DFT DFT ref
0.33 0.63 + 0.03 10!t £ 07 0.64 0.30 0.16 0.62 0.78 12, 13
0.47 0.44 +0.04 108208 0.56 0.25-0.33 0.06—0.15 0.55-0.56 0.65-0.73 14
0.66/0.63  0.46 +0.04  10%3*% 0.55 this
0.26 0.24 0.4 0.6
0.66/0.63  0.47 + 0.02 10100 = 04 0.53 S o work

“Experimental activation energies E*, preexponential factors I'° and activation energies with fixed preexpontential factor at I'® = 10''* s™!. DFT-
calculated activation energies for the initial CO excitation E, oo and calculated energies of the excited states Eqco. DFT-calculated activation
energies E, , for the jump of an O atom to a CO-free fcc site after displacement of a CO molecule. Total energies E, of the transition states with

respect to the minimum energy configurations. (E, is not in all cases exactly the sum of Eq o and E

when some following steps are energetically

2,0x

higher.) The two coverage values 0.66 and 0.63 ML in the last two rows are from the experiment and from the calculations, respectively.

of the preexponential factor. (For 0.33 ML there are two
different jump processes; we here only consider the one
connected with an actual O/CO site exchange.12’13) The
preexponential factors only show small differences. Equivalently,
the absolute hopping rates at CO saturation (table S1) are in the
same range or somewhat higher than at 0.47 ML, and they are
distinctly higher than at 0.33 ML.">"* When we extrapolate the
regression lines in the Arrhenius plot to room temperature—
here a data point exists for O atoms on the bare Ru(0001)
surface (Figure 8, black data point)*—then we find that the
hopping rate on the CO-saturated is even higher than on the
CO-free surface. Quite surprisingly, the mobility of the
embedded O atoms on the CO-saturated surface is not only
not reduced but even enhanced compared to lower coverages
and also to the bare surface.

DFT Calculations. DFT calculations were performed to
explain this result. Figure 9 depicts the calculated energies [as
CO adsorption energies E 4, eq 1] of all considered CO cluster
structures with and without coadsorbed O atoms as a function of
CO coverage. All values are positive because E, 4 is relative to an
isolated adsorbed CO molecule and there are repulsive
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Figure 9. Energies of structures vs CO coverage from the DFT
calculations. Black dots: compact, pure CO cluster structures (almost
the same values as in ref 16; slight offsets are explained by a somewhat
different setup of the calculations); blue squares: pure CO structures
with twisted junctions; blue diamonds: pure CO structures with
vacancy blocks; blue star: pure CO structure with vacancies at cluster
edges; red squares: structures with O atoms on twisted junction sites;
red diamonds: structures with O atoms on vacancy block sites; red star:
structure with O atoms on vacancy sites at the cluster edges.
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interactions in all structures. Without O atoms, compact CO
cluster structures (black dots) are the most stable configurations
at a given CO coverage, as previously reported.'® (This is except
for the data at ® ~ 0.7 ML, which is beyond the experimental
saturation coverage.) Cluster structures with bare hcp sites
(examples are shown in Figure 1) are less stable (blue data
points). This difference is explained by the fact that in order to
create a bare hcp site at a given CO coverage, one has to
concentrate the molecules into larger clusters, which generally
lowers the adsorption energy per CO molecule.'® Within the
structures with bare hcp sites, twisted junction configurations
(blue squares) are more stable than vacancy block config-
urations (blue diamonds). This fact suggests that one can
modify the shape of a cluster by putting CO molecules on sites
that are different from sites in the corridors, triangular junctions,
or twisted junctions. A configuration with a bare hcp site at a
cluster edge (blue star) is similarly stable as the twisted junction
configuration for the same cluster size of 18 CO molecules (® =
0.67 ML).

With O atoms on the CO-free hcp sites, all energies increase
(red data points), a result of the relatively strong repulsion
between O and the CO molecules. Configurations with O atoms
on the twisted junctions (red squares) are more stable than
configurations with O atoms in the vacancy blocks (red
diamonds); the difference is more pronounced at low coverages.
As shown for two 18 CO cluster structures (® = 0.67 ML), the
energy of a configuration with O atoms at corridor sites (red
star) is comparable to the configuration with O atoms at twisted
junction sites (red square). This fact is in agreement with the
experimental finding that the occupation probabilities of the
junction and corridor sites [expressed by the factor fin eq 3] are
about the same.

To probe the dynamics of the O jumps, a 12 CO twisted
junction structure (® = 0.63 ML), with an O atom on the CO-
free hcp site, was chosen as starting configuration (Figure 10,
first model, Oy,/ 12CO). 1t is a local energy minimum, and
there are no CO-free 3-fold sites to which the O atom can jump.
To create a CO-free site, one of the neighboring CO molecules is
displaced to a corridor site (Figure 10, second model). The
activation energy, E, co = 0.26 eV, is comparable to the value at
0.47 ML and marginally lower than at 0.33 ML (Table 1). The
energy Eq o of the resulting Oy, .,/ 12c0® configuration is 0.24
eV higher than the starting configuration. This increase is
significantly higher than at the lower coverages (Table 1), but
this is what is expected as the CO molecule has to be placed on a
site in the narrow corridor where the repulsion by the
neighboring CO molecules is strong. The barrier to move the
CO molecule back is only 0.02 eV. It can, therefore, be assumed
that the initial excitation of the CO structure is in equilibrium.
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Figure 10. Energy diagram of an hcp — fcc — hep jump of an O atom on the CO-saturated Ru(0001) surface. Models correspond to the six levels on
the energy profile; oxygen atoms are indicated as blue spheres, otherwise same color code as in Figure 1.

By displacing the CO molecule, a channel to a CO-free fcc site
has been opened. One could, additionally, create a CO-free hcp
site, but then two CO molecules have to be displaced, which
costs 0.54 eV, making this sequence less probable. More likely is
that the O atom first jumps to the CO-free fcc site (Figure 10,
third model, O,./12 CO®). The activation energy for this step,
E, .. =0.45 eV, is distinctly lower than at the lower CO coverages
(Table 1). We explain this fact by the changing distances
between the CO molecules and the O atom along the path of the
jump. In the Oy, ,/ 12CO™ configuration, the distances between
the CO molecules and the O atom are, on average, shorter than
in the transition state (which is approximately the bridge site
between the hep and the fcc sites). Hence, as the O atom moves
from the energy minimum to the transition state, the repulsion
by the CO molecules and thus the activation energy decreases.
Such an effect also occurred at © = 0.47 ML,"* but in the present
case the effect is stronger because of the higher CO coverage.
For the absolute energy of the transition state E,, the two effects
of the high CO coverage, an increase of E4 o and a decrease of
E, ., partially cancel out, but the decrease of E, ,, is higher than
the increase of Ejco. The resulting value, 0.69 eV, is therefore
lower than at the lower coverages (Table 1).

From the O../12CO® configuration, the O atom could then
jump back to the original site, or several CO molecules rearrange
in several consecutive random steps, each with a slightly lower
activation energy than for the back jump, to give the
configuration O/ 12cO® (Figure 10, fourth model). It has
the same symmetry and optimized structure and energy as the
0;../12CO® configuration. From there, the O atom can jump
to a neighboring CO-free hcp site (the OhCP/IZCO(b)

configuration, Figure 10, fifth model). Finally, one CO
displacement leads to a new energy minimum configuration
(Figure 10, sixth model), which is equivalent to the starting
configuration. As a result, the O atom has moved by one lattice
constant between two hcp sites. In the intermediate states of this
process, when the O atom is on the fcc site and the CO
molecules rearrange quickly, the outcome can, of course, be
different and lead to a different final configuration, e.g., one in
which the O atom is on an hcp site in a corridor. (In the
experiment, this is the more likely result as the O atoms move
along the corridors.) In any case, the scenario is based on
fluctuations in the CO layer and follows the door-opening
mechanism known from the lower coverages; it only differs with
respect to the detailed excitations of the CO layer.

The scenario is in agreement with the experimental
observations. The experiments have shown that the motion of
the O atoms is correlated with changes in the positions of CO
molecules at the cluster edges. The fact that the experimental
trajectories only show O atoms on hcp sites is consistent with
the high energy of the intermediate fcc site and the
corresponding short lifetime. The calculated energy of the
transition state maximum E,; is somewhat higher than the
experimental activation energies E¥, but this has similarly been
found at the lower coverages (Table 1). (Because of the pre-
equilibrium of the initial CO fluctuation, the experimental E*
corresponds to E,, which contains the energy to create the
configuration with the displaced CO, E4co.) When the
experimental activation energy is corrected for a fixed
preexponential factor, then the agreement is quite reasonable.
Moreover, the calculations reproduce the experimentally
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observed trend that the activation energies decrease with
increasing CO coverage (Table 1). In sum, the increased
mobility on the CO-saturated layer can be explained by two
counteracting effects: Fluctuations are made more difficult by
the restricted space in the saturated layer, but at the same time
the jump barrier is lowered by the increased repulsive
interactions between the O atoms and CO molecules, and this
effect predominates.

B CONCLUSIONS

Adsorbed O atoms on a Ru(0001) surface which is covered with
a saturated layer of CO molecules (® = 0.66 ML) are highly
mobile. High-speed STM movies recorded at temperatures
between 225 and 268 K reveal that the O atoms perform random
jumps between neighboring adsorption sites, like on the empty
surface and at lower CO coverages. In contrast to these
situations, the atomic trajectories are restricted to the gaps
between the close-packed clusters of CO molecules that form
the saturated layer. When O atoms move in these gaps, the
jumps are accompanied by site changes of CO molecules at the
edges of several adjacent clusters. Despite the narrow space
between the clusters, the mobility is even higher than at lower
CO coverages, because the activation energy for the jumps of the
O atoms in the multidimensional potential energy surface is
lower.

The energy profile obtained by DFT shows that a jump event
of an O atom is initiated by displacing a CO molecule to an
unfavorable site between the clusters. In this way, a path is
opened on which the O atom can jump from its hcp site to an
empty fcc site. Random rearrangements involving several
successive CO jumps can then create a path to an empty
neighboring hcp site. After the O atom has jumped to this site,
further CO displacements restore a stable configuration. The
process can be seen as a walk on a “flickering path”, driven by CO
fluctuations between the clusters. It is quite similar to the door-
opening mechanism previously derived for lower CO coverages.
At the high CO coverage, repulsions between the O atoms and
the CO molecules are higher, which alters the energy landscape
from that at the lower coverages, giving a lower activation energy
and an increased mobility.

We can conclude that the assumption of a high, not rate-
limiting diffusion of adsorbed particles, the basis of microkinetic
models of catalytic reactions, is valid up to saturation of the
adsorption layer. We have shown this for the specific example of
tracer diffusion of O atoms on a CO-saturated Ru(0001)
surface, but similar systems, such as the cluster structure formed
at 0.70 ML of CO on the Ir(111) surface,” can be expected to
show the same effect. In how far this conclusion can be
generalized is not an easy question to answer. The “flickering
path” process is based on the fact that even the saturated CO
layer still constitutes a “soft grid” that facilitates easy
fluctuations. Adsorption systems that contain sufficient numbers
of empty sites may be predicted to show similar effects. When we
restrict ourselves to tracer diffusion of coadsorbed particles in
layers of adsorbed CO molecules, we find that the van-der-Waals
diameter of CO is larger than the lattice constants of all usual
low-index metal surfaces. Coverages of 1.00 ML, conditions
under which molecular displacement should, in fact, be
suppressed, are generally not accessible, even at high pressures.
On the other hand, CO at saturation can form other types of
structures than clusters, e.g., moiré structures in which the
molecules form close-packed layers that display a lattice
mismatch with the underlying metal surfaces. Such structures

have, e.g,, been observed for CO on Pt(111) and Co(0001)
surfaces.”™*> Coverages are comparable to the cluster structures,
but because of the uniform spacings between the CO molecules
in such layers, there are no defined empty adsorption sites that
are required for the type of fluctuation-driven mechanism
described here. Fluctuations may still be possible, but these
probably happen in the form of homogeneous compressions of
the CO layers. It might be interesting to see how tracer diffusion
of coadsorbed atoms is affected in such cases.
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