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ARTICLE INFO ABSTRACT

Keywords: Industrial catalysts are often comprised of nanoparticles supported on high-surface-area oxides, in order to

Rhodium maximise the catalytically active surface area and thereby utilise the active material better. These nanoparticles
(S:tep? . expose steps and corners that, due to low coordination to neighboring atoms, are more reactive and, as a
atalysis

CO Oxidation
X-Ray photoelectron spectroscopy
Density functional theory

consequence, are often assumed to have higher catalytic activity. We have investigated the reaction between CO
and preadsorbed O on a stepped Rh(553) surface, and show that CO oxidation indeed occurs faster than on the
flat Rh(111) surface at the same temperature. However, we do find that this is not a result of reactions at the step

sites but rather at the terrace sites close to the steps, due to in-plane relaxation enabled by the step. This insight
can provide ways to optimize the shape of the nanoparticles to further improve the activity of certain reactions.

1. Introduction

An automotive catalytic converter transforms poisonous exhaust
gas into comparably less harmful gas. Especially, the three-way cata-
lysts in petrol-driven cars oxidize CO and unburned fuel to CO, and
H,0, and simultaneously reduce NO, to N3 and O3 [1-3]. However,
understanding these processes on an atomic level is still challenging,
especially as it is difficult to study the active surface of a complex in-
dustrial catalyst. In order to fill this knowledge gap, single crystals are
often studied, under well-controlled conditions, as model systems.
These studies are most often performed on flat low-index surfaces,
although steps and other defects are believed to govern much of the

activity on real catalysts that are based on oxide supported nano-
particles [4-15]. A common approach to study the effect of steps is to
use vicinal surfaces with low-index terraces separated by a large
number of periodic steps [5,14,16-18].

Atoms along steps have fewer neighbors than atoms on flat surfaces,
hence they are assumed to be more reactive. That vicinal surfaces indeed
are more reactive has been found in several studies [18-25]. Especially,
relevant for CO oxidation over Rh(553), both CO and O are found to
adsorb preferentially on steps at low coverages [5,18]. There is, how-
ever, a widely spread semantic misconception between reactive (tending
to react chemically) and catalytically active (promoting a catalytic re-
action). Especially, a too reactive surface will not be catalytically active
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since the reactants will bind too strongly to react with each other, as
described by the Sabatier principle [26].

In this paper, we studied the reaction between CO and preadsorbed O
on a stepped Rh(553) with in-situ X-Ray Photoelectron Spectroscopy
(XPS) and Density Functional Theory (DFT) coupled with kinetic Monte
Carlo (kMC) simulations. We find that the reaction rate is faster on Rh
(553) than on flat Rh(111), showing that the stepped surface is indeed
more catalytically active. The reaction on the stepped surface Rh(553)
happens in sequences and slows down after removing 25% and 50% of
the O, and towards the end of the experiment, the O coverage seems to
converge towards 25% of the initial coverage. Furthermore, our results
show that the reaction occurs on the terraces, while the O atoms bound
to the step edges are significantly less prone to react with CO. Hence, the
stepped Rh(553) surface is indeed more catalytically active; however it
is not the steps that are more active but rather the terraces in the vicinity
of the steps.

2. Experimental and computational methods

The measurements were done at the XPS station of beamline i311 at
the MAX IV laboratory in Lund, Sweden [27]. The single crystals were
cleaned by cycles of Ar* sputtering (1.5 kV 20 mA, 20 min at room
temperature, 2 x 1077 mbar) and annealing (950°C for 2 min) followed
by oxygen treatment (1 x 10~® mbar during temperature ramps 250°C -
700°C - 250°C) in order to remove any carbon from the surface. Residual
O was removed by flashing the sample to 900°C. The cleanliness of the
surfaces was checked by Low Energy Electron Diffraction (LEED) and
XPS, which indicated a well ordered structure without any impurities.
The surface was exposed to gases by backfilling the chamber.

The spectra were fitted using Doniach-Sunji¢ lineshapes convoluted
with Gaussian lineshapes. A linear background was also subtracted from
the spectra. The binding energy scale was calibrated against the Fermi
edge. The O 1s spectra were measured with a photon energy of 650 eV,
while the C 1s spectra were measured at 360 eV.

The first-principles calculations were performed using density
functional theory (DFT) as implemented in the VASP package [28-30].
The interaction between the valance electrons and the core follows the
projector augmented wave (PAW) method [31]. PAW potentials with
the valence state 2s and 2p for O and C and 4d and 5s for Rh have been
employed. A plane wave basis with a kinetic energy cut-off of 400 eV
was used. The exchange-correlation (XC) interaction was treated at the
level of the generalized-gradient approximation (GGA) using the
xc-functional of Perdew, Burke, and Ernzerhof (PBE) [32]. The Rh(111)
and Rh(553) surfaces were modeled as slabs with a vacuum region of 20
A added between the periodic images. The slabs of Rh(111) and Rh
(553) were 5 and 15 atomic layers thick, respectively. A 6 x 6x 1
k-point grid for Rh (111) and 6 x 3 x 1 for Rh (553) were adopted. The
atomic positions were optimized until the forces were smaller than 0.03
eV/A. CO oxidation barriers and diffusion barriers of O atoms migration
were calculated via the climbing image nudged elastic-band (CI-NEB)
method[33].

All kMC simulations were performed with the kMCLib v1.1 software
package [34,35]. kMCLib is a framework for lattice KMC, which allows for
arbitrarily complex elementary processes to be included in the simula-
tions. Rates can be given as input before the simulation starts or can be
updated on-the-fly during the simulations via a rate calculator interface
written in the Python programming language (see SI for details).

The Rh(111) is the close-packed terrace, while the Rh(553) surface
consists of 5 atoms wide terraces (including the atoms partly hidden un-
derneath the steps) with monoatomic steps exposing a (111) microfacet.

Exposing this surface to 1 L (1 Langmuir = exposure corresponding
to 1 s at 1 x 107® Torr or 1.3 x 10® mbar) of O, at liquid nitrogen
temperature results in a coverage of 0.4 ML (1 ML = the same number of
atoms as in the substrate surface layer, including the atoms partly hid-
den under the steps) and the detection of a single peak at 529.5 eV in the
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O 1s spectrum, as shown in the top left panel of Fig. 1A. The oxygen
structure exhibits a (2 x 1) periodicity on the (111) terraces and a zigzag
pattern along the step edges, as shown in Fig. 1B [5]. This yields four
different adsorption sites; two on the terraces (denoted O2 and O3), one
above (01), and one below (04) the step edge. All of these are effectively
three-fold hollow sites and indistinguishable in the O 1s spectrum. As
expected, the corresponding C 1s spectrum has no peak. This structure is
the starting point of the experiment in this paper.

Exposing the clean Rh(553) surface to 0.75 L of CO results in a (2 x
2)-2CO structure with CO in on-top as well as hollow sites on the (111)
terraces [36], as shown in Fig. 1C. Along the steps, the CO molecules
initially adsorb in on-top sites but move towards bridge or hollow sites
upon increasing coverage [20]. The model shows only CO in bridge sites
along the steps for simplicity; however, a low intensity corresponding to
CO in on-top sites at steps is found in the C 1s spectra for CO on clean Rh
(553) surface.

Fig. 1 D shows the model of the surface after the experiment, where
the oxygen atoms on the terraces are removed and replaced by a
(\/§ ><\/§)R30° structure of CO. The O atoms underneath the steps are,
however, still present.

3. Results
3.1. XPS

Fig. 2A and B shows in situ O 1s spectra from the reduction of the
oxygen covered Rh(553) surface by CO at room temperature. The CO
pressure was initially 1 x 10~° mbar, but was increased to 1 x 1078
mbar after an exposure of 0.9 L. Fig. 2A shows how the O coverage is
reduced and gives room for CO to adsorb on the surface, but during this
experiment, not all O is removed from the surface. Fig. 2B shows
selected spectra during the reduction, fitted in order to get information
on adsorption sites and coverages. In the O 1s spectrum, we cannot
distinguish between CO adsorption on step or terrace, but the CO mol-
ecules adsorb almost exclusively in on-top sites.

Fig. 2C shows the development of the different peak areas, expressed
as estimated coverage calibrated against a maximum O coverage of 0.4
ML. The most striking feature of this plot is the different reaction rates
indicated by the dashed curves. These dashed curves are intended as
guides for the eyes only. After the removal of approximately 25% and
50% of the oxygen, the reaction rate drops slightly, and although we did
not reach full convergence, the reduction seems to converge towards the
removal of 75% of the oxygen. This indicates that the four oxygen sites
show different catalytic activity and that one of them is inactive under
these conditions.

Looking at the total O coverage, the oxygen coverage is reduced by
50% after a dose of approximately 5 L. CO. A similar experiment per-
formed on Rh(111) is shown in the supplementary material, showing
that after exposure to 55 L. CO, the O coverage is reduced by slightly less
than 50%. This shows that, for reaction with the first 50% of the O, the
stepped surface is about ten times more active than the flat surface.

In order to get more information about the final structure, we
evacuated the chamber, cooled down the sample to liquid nitrogen
temperature, and measured detailed O 1s and C 1s spectra as shown in
the middle panel of Fig. 1A. As compared to the corresponding spectra
from CO adsorbed on the clean Rh(553) surface (bottom of Fig. 1A), the
resulting total O 1s signal is slightly more intense in the spectrum with
preadsorbed oxygen, due to the coexistence of O and CO on the surface.
In contrast, the corresponding C 1s spectrum is clearly lower in intensity,
showing that the oxygen is blocking CO adsorption sites. From the fitting
of the C 1s spectra, it is clear that significantly less CO is adsorbed on the
steps, and what is still adsorbed is found in a different adsorption site
(on-top) as compared to when CO was adsorbed on the clean Rh(553)
surface (three-fold hollow/bridge). This strongly indicates that the O
atoms that are left on the surface are bound to the steps rather than to
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Fig. 1. XPS and models of the Rh(553) surface with adsorbed O and CO.
(A) XPS of the Rh(553) after exposure to O (top), after partial reduction of the
chemisorbed O phase by CO (middle), and after exposure of the clean surface to
CO (bottom). The chemisorbed O atoms always adsorb in three-fold hollow
sites, resulting in a single peak in O 1s. In the O 1s spectra, we can distinguish
between CO molecules in on-top or hollow/bridge sites, but not between CO
molecules on the terrace or step. This can instead be done in the C 1s spectra.
(B) Rh(553) with five atoms wide (111) terraces separated by monoatomic steps
with (111) microfacets. Exposure to oxygen results in a (2 x1) structure on the
terraces and a zigzag structure along the step edges at a saturation coverage of
0.4 ML. (C) CO molecules initially adsorb in on-top sites on both the terraces
and the step edges. After saturation with 0.75 L of CO, however, a (2 x 2)-2CO
structure with CO molecules in on-top as well as hollow sites is found on the
(111) terraces, while on the steps, CO molecules have shifted toward bridge
sites [19,20]. (D) After reducing the O covered surface with CO at room tem-
perature, there is still about 0.1 ML O left. While this does not seem to affect the
signals from CO on terraces, CO bound to the steps are, to a larger extent, found
in on-top sites rather than hollow or bridge. Hence, the remaining oxygen atoms
are found at or close to the steps.

the terraces. Hence, although the stepped surface is more active than the
flat one, it seems it is not the steps themselves that are active but rather
the flat terraces in the vicinity of the steps.

3.2. Calculations

The adsorption energies of O and CO are determined by the reactivity
of the Rh facet. On Rh(111), the calculated O absorption energy at a
coverage of 0.25 ML and in a p(2 x 2) structure is -2.07 eV, while at 0.5
ML and in a p(2 x 1) structure, it is -2.01 eV. The decrease in adsorption
energy is a result of lateral interactions, e.g., sharing of Rh atoms. On the
Rh(553) surface, there exist four distinct hep adsorption sites for oxygen.
The first is directly above the step (01), followed by two terrace sites
(02, 03), and finally, a site directly below the step (04), see Fig. 1B. For
a single O atom, the most favorable site is O1, with an adsorption energy
of -2.12 eV, followed by -2.01 eV (02), -1.97 eV (03) and -1.79 eV (04).
There is, however, a co-adsorption effect on the step sites that results in
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stronger binding of -2.36 eV and -1.94 eV for O1 and O4, respectively, if
the other site is also occupied. All adsorption energies of oxygen are
presented in Table S1 in the supplementary material.

In the case of CO, four different sites are studied on both facets.
According to the calculations, the stable adsorption site for CO on Rh
(111) is the hcp site, while bridge/top site(s) is the most stable one(s) on
Rh(553). The experimentally observed stable adsorption sites for CO on
Rh(111) are on-top and hollow sites, which is different as compared to
the DFT results. The difference can be attributed to the drawbacks of the
used XC functional [37]. However, as adsorption sites do not signifi-
cantly affect the relative values of reaction barriers for CO oxidation, the
DFT results can still be used to study the reaction qualitatively. The
adsorption energies of CO is slightly larger on Rh(553) than on Rh(111),
-1.96 eV and -2.05/-2.04 eV, respectively. All adsorption energies for CO
are shown in Table S2, and our values agree well with what is reported in
the literature [20,38].

Fig. 3 A shows the calculated reaction barriers controlling the CO
oxidation for Rh(111), as well as, Rh(553). On the p(2 x 1) structure of
adsorbed oxygen on Rh(111), the barriers were calculated to be 0.96 eV
and 0.90 eV for removal of the first and second O atom, respectively. On
Rh(553), the picture becomes much more complex, owing to the exis-
tence of four distinct O adsorption sites. Here the lowest barrier for
removal of the first oxygen was calculated to be only 0.74 eV and was
found for the O2 site. The lowest barrier for direct removal of the second
oxygen (on site O3) was calculated to be 1.04 eV. However, a lower
barrier of 0.78 eV was found for oxygen in O3 via diffusion to the O2 site
(the diffusion barrier between site O3 and O2 is only 0.47 eV).

This indicates that the removal of oxygen from both O2 and O3 is
expected to be fast as compared to the (111) surface. The third oxygen
(situated in O1) also diffuses (barrier of 0.81 eV) to O2 before per-
forming CO oxidation with a barrier of 0.93 eV, which is similar in
height to what was calculated for the (111) surface. Finally, the fourth
oxygen atom (0O4) diffuses away from the step, with a barrier of 1.13 eV
before it reacts with CO with a barrier of 1.18 eV. Both these barriers are
significantly higher than the ones found for Rh(111).

The differences in reaction barriers directly explain the experimental
results, with half of the O atoms being removed more easily than on Rh
(111) (with a change in reaction rate after 25%), the next 25% being
removed with a speed comparable to Rh(111) and the final 25% not
being removed within the time frame of this experiment.

For further analysis, a kMC model was set up based on the reaction
landscape obtained from DFT calculations. All elementary processes,
together with the barrier values, included in the kMC model are shown
in Table S3. The kMC results of O coverage vs time at T = 298.15 K are
shown in Fig. 3 (B-C). It is clearly seen that the removal of O from the
surface displays three distinct regions. The first 25% of the O atoms are
removed very quickly (within 2 s) from the O2 sites. When this process is
complete, these sites are refilled by diffusion from O3 (faster), as well as,
from O1 (slower) sites as seen by the increased coverage. Especially the
removal of atoms from O3 sites, via 02, is still reasonably fast, and after
about 200 s, 50% of the O is removed. From here, however, the reaction
rate slows down significantly, and it takes about 5000 s before the O
atoms originating in O1 sites are removed (Fig. 3 (C)). Finally, the O
atoms from the step bottom sites (O4) take no part in the CO oxidation
reaction at the simulation temperature. Although the reaction rates do
not match perfectly, the general behavior is in good agreement with the
experiments and confirms the interpretation of the reaction process.

4. Discussion

Our results show that the reaction between CO and preadsorbed O
happens faster on the stepped Rh(553) surface than on the flat Rh(111)
surface. This agrees with the general assumption that surfaces with
under-coordinated step atoms, since these are more reactive, are more
catalytically active. At a closer look, however, this is rather surprising
since higher reactivity means that the reactants are bound more strongly
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Fig. 2. In situ XPS O 1s spectra during the reduction of Rh
(553)-0 structure by CO at room temperature. The CO

pressure was 1 x 10™° mbar until a dose of 0.9 L, then
increased to 1 x 10~8 mbar. (A) The live measurement as a 2D

plot. (B) The selected spectra decomposed in order to follow
the reduction process. (C) the development of the different
components, extracted from fitting all the spectra in (A). The

dashed curves indicate the three regimes of reduction speed
from 0.4 to 0.3, 0.3 to 0.2, and 0.2 to 0.1 ML, respectively. The

last 0.1 ML of O is not removed within the time of the exper-
iment under the present conditions. The coverage is estimated
by assuming an initial coverage of 0.4 ML (see Fig. 1A). In O 1s

we cannot distinguish between CO on terraces or steps.
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to the surface, which should make the reaction more difficult. Indeed,
our results show that the reaction does not occur on the steps but rather
on the terraces in the vicinity of the steps.

Similar studies have previously been performed on vicinal Pt surfaces
[39-42]. The general behavior is found to be similar, with both CO and O
preferentially adsorbing on the step and a higher activity on the stepped
surfaces. In contrast to the present results, the studies of Pt identified two
different active sites, corresponding to O2, on the terrace as in this study,
and O4 underneath the step. This difference is most likely explained by
the type of step investigated; the Rh(553) surface with so-called B-type
steps hosts O4 in a three-fold-hollow site, whereas the reported (533),
(211), and (311) surfaces of Pt expose A-type steps with O4 being in
four-fold-hollow sites. O generally prefers three-fold-hollow sites and is
consequently more strongly bound and more difficult to remove in the 04
sites on Rh(553). The model of A and B-type steps are demonstrated in
the supplementary material.

A recent study of CO oxidation over a curved Pd crystal under real-
istic conditions shows, in analogy with our results, that the reaction
starts at a lower temperature on the stepped parts of the surface than on
the flat (111) facet [43]. Due to the broken bonds, surface atoms
generally want to be closer together than atoms in the bulk. Unless there
is a surface reconstruction, however, the only distances that may change
are the out-of-plane distances, while the in-plane distances between
surface atoms, as well as adsorbates, are unchanged. Near a step, the
atoms may also contract in the surface plane, resulting in adsorption

sites being closer together. This in turn leads to lower adsorption energy
for CO, which hence desorbs, allowing oxygen to adsorb and start the
reaction, at a lower temperature.

Hence, CO starts to desorb at a lower temperature on the stepped
surfaces, allowing oxygen to adsorb and start the reaction.

In the case of Rh(553), there are in-plane contractions ranging be-
tween 0.3% to 1.8%, which further stress the importance of steps in
heterogeneous catalysis, although in the case of CO oxidation on Rh
(553) not to introduce uncoordinated sites but instead to release strain
in the accompanying terrace. As a consequence, some of (553) terrace
sites are more catalytic active as compared to the (111) terrace sites.

Our results also emphasize the role of diffusion in the catalytic reac-
tion. Although only one of the O adsorption sites on Rh(553) has a lower
reaction barrier than Rh(111), the reaction is significantly faster all the
way to the removal of 50% of the O. This indicates that the number of
active sites may not be as important as one would think, if there is a
possibility for reactants in nearby adsorption sites to diffuse to the active
site. This is especially so since highly active sites are occupied for very
short times before the reaction occurs, and the site is vacated again. This
is supported by recent studies of CO oxidation over Pt(111) and Pt(322),
showing three different reaction paths; one for the flat (111) terraces, one
direct path at the step and one including diffusion to the step [44,45].
These studies also conclude that, at relatively low temperatures, the steps
dominate the reaction through the diffusion pathway.
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Fig. 3. Combined DFT and kMC simulation of the reduction of the chem-
isorbed oxygen phase on Rh(553). (A) DFT calculated reaction energy
landscapes on the stepped Rh(553) surface. The dashed curves separate
different regions corresponding to removing different O atoms from the surface.
(B) kMC simulation results of O coverage vs. time on Rh(553) at T = 298.15 K
in the first 100 s. The coverage evolution with time of total surface O atoms, O
atoms at different surface sites, and bare surface sites is plotted in the same
figure. (C) Changes in coverage of the individual species over a period of
5000 s.

5. Conclusions

We have found that the reaction between CO and preadsorbed O
proceeds faster on a stepped Rh(553) surface than on flat Rh(111),
indicating that the stepped surface is more catalytically active than the
flat one. In contrast to what one might assume, however, the reaction
does not occur on the step edges but the terraces. These results stress a
common misconception that higher reactivity of under-coordinated
atoms automatically leads to higher catalytic activity, while, due to a
stronger bond to the surface, it actually might lead to lower activity. In
addition, however, the step allows for in-plane relaxation of the atomic
structure on the terrace, which in turn lowers the reaction barriers on
the terraces in the vicinity of the steps. We also find that the number of
active sites is not as crucial as one might first expect if reactants can
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diffuse from nearby adsorption sites to the active sites. This insight can
provide ways to optimize the shape of catalytic nanoparticles to further
improve the activity of certain reactions.
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