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Abstract

The unique potential of scanning tunnelling microscopy (STM) as a tool for
determining the elementary steps of surface catalytic reactions at an atomic
scale is highlighted using selected representative results obtained in studies of

adsorption and reactions on the Rh(110) surface. The Rh(110) surface

was

chosen as a prototype of a flexible catalyst, due to its propensity to reconstruct
in the presence of adsorbates. Both dissociative adsorption of simple molecules
and oxidation reactions involving adsorbed oxygen layers are considered. It was
demonstrated that a combined approach where STM was used in conjunction
with other experimental techniques and ab initio calculations yields a thorough

description of the underlying reaction mechanism.
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1. Introduction

Advances in heterogeneous catalysis have become a key issue for providing both new
energy sources and environment protection. In this respect, fundamental research at surfaces
and interfaces should provide in-depth knowledge of all catalytically relevant processes,
capturing events at the atomic scale. Successful exploitation of this knowledge enables further
development and improvement of catalysts’ performance.

Catalytic processes can generally be subdivided into a sequence of interrelated events:
adsorption of the reactants, surface and subsurface diffusion, interaction between adsorbed
species, and desorption of products. Since real catalysts are complex systems, mainly powders,
often composed of metal particles supported or encapsulated by an oxide matrix or suspended
in colloidal solutions, simplified model systems, such as metal single crystals or thin films, are
used to study the single events involved in the surface reactions. This fundamental ‘bottom-up’
approach to catalysis has been one of the major subjects of surface science, enabled by the
continuous development of a great variety of surface sensitive methods.

In this context scanning tunnelling microscopy (STM) has proven since its early days to
be an extremely powerful technique. In the years 1992—-1994, the pioneering papers on STM
studies of catalytic reactions on metal surfaces, addressing the mechanisms of simple surface
reactions at the atomic scales, appeared in the literature [1-3]. A wealth of similar studies
followed [4-7], moving towards more complex reactions, involving organic molecules [8—11].
With continuous improvement of the quality of STM imaging, the STM has been used with
success for studies of more complicated oxide surfaces (see for example [12]), supported metal
clusters [13, 14], and so-called ‘inverse model catalysts’ [15].

One of the advantages of STM is its capability of imaging features at different length
scales, from a few microns down to a few nanometres, which makes it possible to investigate
different dimensional aspects of the same phenomenon. This possibility has been exploited,
for instance, in the case of the water formation reaction on a Pt(111) surface [16]. In this
study, the propagation of the reaction fronts was followed on large length-scales, while small-
area images provided information about the reaction mechanism inside the reaction front at an
atomic scale. Thus the two approaches (large scale/small scale) allowed the authors to give a
complete picture of the process. This study is also an excellent illustration of the potential of
STM for direct imaging of the dynamics of surface reactions during their evolution.

Another distinct characteristic of STM, which makes it a unique tool, is that it can
provide atomic-scale structural information on a surface in different environments, i.e. in
vacuum, atmospheric pressure and liquids. In fact, the recent high-pressure STM studies
demonstrated that the relation between surface structure and catalytic activity can be fully
explored [17-22]. Another very important field is electrocatalysis, where STM yields
information both on the structural determination of electrode surfaces and of adlayers in
solution [23] and on reactions in solution (see for example [24]). The application of the
technique, complemented by other tools, contributed to gain new insight into performance
of realistic catalytic systems, such as fuel cells [25, 26], electropromoted reactors [27], and
corrosion processes [28].

In brief, STM is a very powerful technique for studying surface reactions at the atomic
level and its applications are expanding beyond catalysis and corrosion phenomena, because it
is recognized that the structural modifications induced by surface reactions affect dramatically
the surface properties.

Besides all these positive features, however, we should note that STM images do not
provide information on the chemical identity of the ad-species, which requires complementary
techniques and theoretical simulations for unequivocal interpretation of the data.
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Rhodium is widely used in catalytic applications. Heterogeneous Rh containing catalysts
are mounted in car converters, where Rh is the key element for promoting NO dissociation [29].
This application is certainly the most relevant since it accounts for more than 85% of the global
worldwide rhodium demand [30].

Among the low indexed Rh single crystal surfaces, the (110) surface is a perfect example
of a flexible surface [31], which easily reconstructs upon chemisorption. On Rh(110), hence, it
is possible to study how a surface restructures, changing its reactivity, as a reaction proceeds. In
this report, we concentrate in particular on oxygen and nitrogen involving reactions. Since these
reactions have already been studied with a wide range of experimental techniques [32, 33],
STM data can be interpreted in detail, yielding a great amount of information. The interest in
the interaction with oxygen and nitrogen can be traced back first of all to the important role of
rhodium in the selective conversion of NO to N,. On a more fundamental side, both adsorbates
form strong bonds with rhodium atoms, inducing competitive reconstructions, and it has been
possible to investigate the influence of such competitiveness on reactivity. Furthermore, oxygen
gives the possibility to follow the whole transition from low adsorbate coverage on a metal
substrate to surface oxides, which play a decisive role in the reactivity of a surface, as shown,
for example, for ruthenium [34-37]. In this contest, UHV studies of simple surface reactions
are still essential to gain precise knowledge of the detailed mechanism of the overall processes.

The review is organized as follows. Section 2 summarizes the existing knowledge about
the interaction of the rhodium surface with oxygen and nitrogen, which was the basis for
the investigations of the surface reactions described in section 3. Section 3 is the essential
part of the review describing results obtained by our group and other laboratories concerning
dissociative adsorption (section 3.1) and reactions of oxygen adlayers (section 3.2). Conclusive
remarks, highlighting the role of STM in elucidating reaction mechanisms, and an outlook on
future developments to expand the exploration range of STM in studies of surface reactions are
the topics of sections 4 and 5, respectively.

2. Adsorbate induced Rh(110) structures

In the following, we describe firstly the structures generated by oxygen adsorption on the
Rh(110) surface and then those produced by nitrogen. It will be shown that both adsorbates
induce missing row reconstructions of the surface but the details of the interaction are markedly
different. While oxygen preserves the close-packed metal rows, without being incorporated
within the metal layer but simply decorating the rows, nitrogen is incorporated between
the metal atoms, preventing the formation of close-packed metal rows. As a consequence,
reconstruction occurs in different directions: (1 x n) type for O and (n x 1) for N. Differences
and analogies with other transition metal fcc (110) surfaces are finally reported.

2.1. Interaction of oxygen with the Rh(110) surface

On Rh(110), dissociative adsorption of molecular oxygen occurs at temperatures above 100 K,
with atomic oxygen forming a variety of ordered structures [32]. O, adsorption at 100 K <
T < 300 K does not involve any substrate reconstruction. When the coverage approaches
1 ML, an ordered (2 x 1) p2mg-O structure is observed. Figure 1(a) shows an STM image and
a schematic model of the structure. In this structure O atoms sit in threefold sites along the
[110] rows in a zigzag fashion and are therefore coordinated by two surface atoms and a second
layer Rh atom [38—40].

If the temperature is high enough to allow the diffusion of Rh atoms on the surface
(~400 K), O induced structures involve a reconstruction of the substrate [41]. In particular,
as the O coverage increases, the surface undergoes (1 x n) reconstructions (n = 2-5), where
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Figure 1. STM images and corresponding models of oxygen structures on Rh(110): (a) (2 x
1) p2mg-0O on unreconstructed substrate; (b) (2 x 2) p2mg-O on (1 x 2) substrate; (c) c(2 x 8)-O on
(1 x 4)and c(2 x 6)-O on (1 x 3) (right side of the STM image); (d) (10 x 2)-O (inset: zoom of the
segments). (Image parameters: (a) 2.3 x 4.1 nm?, Vg = +0.16 V,I = 0.46nA; (b)3.8 x 7.0 nm?,
Vg = +0.36V, I =0.95nA; (c) 8.9 x 3.3nm?, Vg = +0.54 V, I = 1 nA; (d) 17.5 x 11.4 nm?,
Vg = +0.60 V, I = 0.71 nA. Inset: 4.2 x 4.4nm?, Vg = 4+0.63 V, I = 1.02nA.)

one close-packed [110] row out of 7 is missing and all the remaining rows are decorated by O
in threefold sites in a zigzag fashion. O coverage of 0.5 ML, 0.67 ML, 0.75 ML, and 0.8 ML
leads to (1 x 2), (1 x 3), (1 x 4), and (1 x 5) reconstructions of the substrate, resulting in
(2 x2)p2mg,c(2 x 6),c(2 x 8), and c(2 x 10) oxygen structures respectively.

Selected representative oxygen-induced structures on Rh(110) and the corresponding STM
images are shown in figure 1. Figure 1(b) shows an STM image and the model of the
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(2 x 2)p2mg-0O structure. The metal close-packed rows are imaged as bright rows, while
oxygen atoms are imaged as depressions (which is the usual contrast for this adsorbate on
metal surfaces) and are responsible for the zigzag appearance of the rows. As the image clearly
shows, the zigzag phase is generally preserved between adjacent rows [42, 43].

Figure 1(c) illustrates the c(2 x 2n)-O structures, which are obtained by dosing more
oxygen on the (2 x 2)p2mg-O at T > 650 K. In these structures, zigzag oxygen atoms are
in phase within the small terraces between consecutive missing rows but in antiphase between
adjacent terraces [44].

In all cases, therefore, threefold sites appear to be the most stable sites for oxygen
adsorption on the Rh(110) surface, even though stable structures where oxygen adsorbs in pairs
in short bridge sites were evidenced at low coverage and low temperature [45, 46].

The situation is remarkably different when further oxygen is dosed on the (2 x 2) p2mg-O
structure at slightly lower temperatures (400-600 K). In this case a structure with (10 x 2)
symmetry and high oxygen coverage forms, which is easily converted into the ¢(2 x 8)-O when
the temperature is increased above 700 K [47], due to loss of oxygen for desorption or diffusion
into the bulk. In figure 1(c) an STM image of the (10 x 2)-O surface is shown. It is characterized
by a quite regular segmentation of the close-packed [110] metal rows, with segment ends almost
aligned in the [001] direction, and by the presence of small, unreconstructed areas. In the
inset, a zoom on the segments is presented. Each segment is composed on average by eight
protrusions, with an internal distance 1/9 larger than the lattice constant, i.e. 3.0 A instead of
2.7 A. According to the model (see the figure), each protrusion represents a single rhodium
atom and therefore the internal distance between adjacent protrusions is a measure of the
surface strain. On both sides of the segments, oxygen atoms bind symmetrically in threefold
sites, which, due to the strain, are more and more distorted towards the ends of the segments.
The oxygen/surface rhodium atom ratio is therefore >2 (leading to an overall O coverage of
0.9 ML) and can be considered as a reason for the surface strain, which is relaxed by ejection
of two out of ten metal atoms. The unreconstructed areas result from the condensation of the
ejected Rh atoms and are covered by 1 ML of oxygen in the (2 x 1) p2mg-O structure.

As already stated, all these structures require for their formation an elevated dosing
temperature or a surface annealing after a low temperature exposure, indicating that this is
an activated process.

In order to obtain O coverages higher than 1 ML using molecular oxygen, it is essential to
work at high pressure: a recent paper by Dudin er al showed that when exposing the surface
to O, at pressures in the range of 107* mbar and 7 ~ 750 K a surface oxide forms [48].
The morphology of the oxide film grown in O, ambient is complex, consisting of microscopic
patches of different Rh and O atomic density, i.e. close to RhO, and Rh,O3. The authors proved
that it is conversely possible to prepare a laterally uniform surface oxide in UHV by exposing
the Rh(110) surface to atomic instead of molecular oxygen, thus excluding the O, dissociation
step. The surface oxide has a ¢(2 x 4) periodicity and can be described as an O—Rh-O trilayer
with a quasi-hexagonal arrangement of atoms in each layer. The Rh—Rh distance is reduced
with respect to the Rh(110) substrate, leading to a metal density of 1.25 ML in the trilayer.
Since there are two oxygen layers in the trilayer, the total O coverage is 2 x 1.25 ML.

2.2. Interaction of nitrogen with the Rh(110) surface

Formation of an ordered nitrogen overlayer on Rh(110) requires temperatures in the 430-480 K
range and can be obtained either by NHj dissociation or by NO + H; reaction [32, 49-51].
Two ordered structures with (3 x 1) and (2 x 1) symmetries form at a coverage of ~0.33 and
0.5 ML respectively. Both these structures involve an (n x 1) missing row reconstruction of
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Figure 2. Models of nitrogen structures on Rh(110). Left, (3 x 1)-N; right, (2 x 1)-N.

the substrate, with Rh—N-Rh chains along the [001] direction, separated by two or three lattice
constants in the [110] direction. Nitrogen atoms sit in long bridge sites (see figure 2) [52-54].

2.3. Comparison with other transition metal fcc (110) surfaces

Several transition metal (TM) fcc (110) surfaces undergo reconstruction upon oxygen
adsorption [4]. In particular, Cu(110), Ni(110) and Ag(110) exhibit (n x 1) reconstructions
with added Me—O rows elongated in the [001] direction [55]. These reconstructions, therefore,
differ substantially from the structures induced by oxygen on Rh(110) but closely resemble
those induced by nitrogen on the same surface, with adsorbates sitting in long bridge sites
between metal atoms in added chains. Conversely, O adsorption on Pd(110) results in missing
row reconstructions where [110] metal rows are removed and O atoms occupy threefold sites
in a zigzag fashion along the remaining Pd rows [56, 57]. This is the same ‘building block’ as
found on the Rh(110) surface, which points to a comparable oxygen—metal interaction for the
two substrates.

In the case of other transition metals, such as Pt, Au and Ir, the clean surface is already
reconstructed but it can undergo further rearrangement upon oxygen adsorption. In particular,
on the Pt(110) surface, which is (1 x 2) reconstructed in its clean state, high coverage
oxygen adsorption leads to a (12 x 2)-O structure very similar to the (10 x 2)-O structure
on Rh(110) [58]. Indeed, both structures are characterized by the presence of strain along the
close-packed metal rows, which leads to a quite regular segmentation, with two missing metal
atoms, and by adsorption of O atoms in threefold sites on both sides of the metal ridges, so that
each metal surface atom is coordinated with four oxygen atoms.

3. Surface reactions on Rh(110)

Surface reactions on Rh(110) have been extensively studied by STM in the last ten years. Two
approaches have been used: either different amounts of reactant species have been deposited
on the surface, which has subsequently been monitored by STM, or measurements have been
performed during exposure. Both methods can give detailed information on the morphology
of the surface during the reaction and on reaction mechanisms but in all cases a complete
understanding of the processes requires combination with information from other techniques
or from theory. For this reason, in the following description of STM studies of surface reactions,
contributions from experiments by other techniques will be highlighted.

In this review we concentrate on reactions involving nitrogen and oxygen, which are not
only important for real catalysis, but also allow us to demonstrate the capability of scanning
tunnelling microscopy to study at the atomic scale processes such as surface restructuring,
which are directly related to the reactivity. In particular, the attention is focused on two
categories of reactions: dissociative adsorption and reactions of adsorbed oxygen layers.
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Figure 3. Oxygen dissociation. Sequence of STM images during exposure to molecular oxygen
(po2 = 2 x 10719 mbar, T = 390 K): (a) clean Rh(110) surface; (b) mixed added + missing row
reconstruction from step edges (1080 s after (a)); (c) troughs dug on the terraces (680 s after (b));
(d) (2 x 2) p2mg-0 surface (440 s after (c)). The black dot marks the position of the same defect in
all images. (Image parameters: 20.5 x 18.6 nm?, Vg = +0.42 V, I = 1.29 nA, 40 s/image.)

3.1. Dissociative adsorption on Rh(110)

Dissociative adsorption of molecules containing oxygen and/or nitrogen often involves a
surface reconstruction, as highlighted in the previous section. The mechanism of this process
involves events occurring at atomic scale, which makes the STM the instrument of choice.

In the following, the three cases of oxygen, nitrogen and competitive O/N dissociative
adsorption will be presented, with an emphasis on the role of the induced surface
reconstructions.

3.1.1. Oxygen. As described in section 2.1, oxygen adsorption at high temperature (~400 K
or above) induces a reconstruction of the substrate with missing rows in the [IIO] direction.
A detailed STM study, investigating the dynamics of this process [59], followed previous
spectroscopic measurements [60].

Real-time high-resolution x-ray photoelectron spectroscopy (XPS) measurements during
exposure of the surface to molecular oxygen at 570 K revealed that the O 1s spectrum of atomic
oxygen is peaked at a binding energy of 529.95 eV at coverage below 0.1 ML, while an abrupt
shift to 530.25 eV occurs above 0.1 ML [60]. The 530.25 eV O 1s peak corresponds to oxygen
atoms adsorbed in threefold sites. It characterizes the adlayer until saturation, indicating that all
adsorbed O atoms are involved in the growth of Rh—O chains. The adsorption site of O atoms
at low coverage has not been determined but the authors suggest that the 529.95 eV peak stems
from Rh—O nuclei formed when the O adatoms trap Rh atoms released by the onset of surface
reconstruction, and the STM results described below further corroborate this hypothesis.
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By STM imaging it was possible to follow the adsorption process during continuous
0, exposure at 390 K [59]. The step edges of the clean surface (figure 3(a)) are not
stable at 390 K, as metal atoms are seen to detach and attach in an even balance between
subsequent images. This dynamics changes with the introduction of oxygen: the number
of detaching Rh atoms significantly increases, leading to almost squared steps with borders
aligned along either the [001] or the [110] direction. Concomitantly, bright dashes (BDs)
appear, homogeneously distributed over the images. Their height is comparable with that of
rhodium atoms, so they were interpreted as diffusing Rh—O units, temporarily intercepted by
the STM tip.

The first stage of the oxidation is hence characterized by an O-induced detachment of Rh
atoms from the step edges and a long-range mass transport in Rh—O units, which condense
in added rows starting from defects, mainly step edges. As soon as new Rh atoms in added
rows are imaged, they already have a zigzag appearance, indicative of oxygen atoms sitting
in alternate threefold sites, as in the (2 x 2) p2mg-O structure. When the coverage is about
0.1 ML, the detachment of kink atoms is substantially reduced and missing rows are dug starting
from step edges to provide further Rh atoms. The reconstruction proceeds thus with a mixed
missing + added row mechanism (see figure 3(b)).

When the reconstruction has already involved a large part of the surface, the rhodium atom
supply from steps is greatly diminished—only a few missing rows can still be dug—and the
long range mass transport is limited—only a few new Rh—O units are created and their diffusion
is slowed down on the reconstructed surface. At this point another, local, reconstruction
mechanism sets in: troughs are created on the terraces and the ejected atoms condense at their
borders in [110] chains, which always appear in zigzag, i.e. they are immediately decorated by
oxygen in threefold sites (figure 3(c)).

The reaction stages described above lead to the formation of a (2 x 2) p2mg-O structure,
which is actually not well ordered at the investigated temperature (390 K), as can be seen
in figure 3(d). Further oxygen exposure at this temperature results in the formation of the
metastable (10 x 2)-O structure. Additional oxygen atoms adsorb in the free threefold sites
along the first layer metal rows, leading to a loss of zigzag appearance. Once a critical coverage
of inserted oxygen is reached, rhodium atoms are ejected from the rows, thus creating the
characteristic segmentation of the final structure. The ejected atoms diffuse along the missing
rows until they nucleate in small unreconstructed areas randomly distributed on the surface.
The length of the segments and their alignment are initially irregular and only in later oxidation
stages does the order increase towards a (10 x 2) periodicity.

In conclusion, the O induced reconstruction is characterized by a strong interaction of
oxygen atoms with step metal atoms. The main mechanism implies erosion of the steps,
inducing a missing row restructuring. Only at a later stage are Rh atoms ejected directly from
the terraces. During the whole process, the removed atoms condense in added rows, which
grow starting from step edges.

It is interesting to compare the reconstruction mechanism induced by oxygen on the
Rh(110) surface with those observed on other transition metal surfaces, such as Cu(110) [55],
Ni(110) [61] and Ag(110) [62]. As stated in section 2.3, on these surfaces no missing rows
are created but added Me—O chains form. Similarly to the case of rhodium, two different
reconstruction mechanisms are present: (i) metal atoms are released from the steps; (ii) troughs
are dug on the terraces. The weight of the two mechanisms depends on the specific substrate:
while on Cu mechanism (i) predominates and mechanism (ii) comes into play only at later
reconstruction stages, similarly to the case of Rh, on Ni the two processes compete from the
beginning. Finally, on Ag, only mechanism (i) was found. In all the cases mentioned above, the
removed metal atoms diffuse on the terraces until they condense with oxygen in added rows.
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Figure 4. Ammonia dissociation. STM image acquired after exposure at 430 K, showing [001]
oriented added Rh—N strings mainly starting at step edges.

This takes place homogeneously all over the surface and not only at step edges as occurs on the
Rh surface.

3.1.2. Ammonia. We present now a study on ammonia adsorption, where N-driven missing
row reconstructions set in.

The clean Rh(110) surface has been exposed to NH3 at 430 K and the resulting structures
have been investigated by LEED and STM [52]. A previous TPD/LEED/AES (Auger electron
spectroscopy) study evidenced that NH3 dissociates and hydrogen desorbs at 7 < 400 K [50],
leaving pure N layers behind. LEED initially shows faint streaks in the [110] direction followed
by the development of streaky (3 x 1) and (2 x 1) patterns with increasing N coverage, indicating
incomplete (n x 1) reconstructions. This is confirmed by STM images, which show bright Rh—
N strings, elongated in the [001] direction, like the ones in figure 4: as the coverage increases,
first strings of various lengths with large separation appear, followed by longer chains separated
by three or two [110] lattice constants. Even at high exposure, (3 x 1)-N and (2 x 1)-N islands
coexist with areas where the density of chains is lower.

Concerning the reconstruction mechanism, step edges seem to be the main source of metal
atoms. The condensation in added rows is apparently controlled by the mobility of Rh atoms:
a lower concentration of Rh—N chains (bright strings) is present on the terraces with respect to
the steps, as can be seen in figure 4, indicating that steps are the preferred nucleation centres.
A minimum length of three Rh atoms is required for the nucleation of Rh—N rows.

In conclusion, similarly to oxygen, nitrogen preferentially interacts with metal atoms at
steps, but while oxygen induces a mixed missing + added row reconstruction, N induced
reconstruction is of added row type, i.e. no missing rows are dug from step edges. This
difference might be traced back to the fact that while in the case of oxygen the metal/adsorbate
chains are oriented in the [IIO] direction, Rh—N chains are elongated in the [001] direction.
In order to dig missing rows, therefore, nitrogen should break the close-packed rows, which is
most likely energetically unfavourable.

3.1.3. Nitrogen monoxide. NO dissociation is another surface reaction representing the earlier
STM studies on the Rh(110) surface [63, 64]. As already reported above, oxygen and nitrogen
induce missing/added row surface reconstructions in the [001] and in the [110] directions
respectively, thus NO dissociation is an example of competitive restructuring.

In STM experiments, the sample was exposed to NO at 400 K to avoid molecular
coadsorption, and quenched to room temperature (RT) before measuring [63]. At low coverage
(~0.3 ML), a (3 x 1) LEED pattern with streaks in the [001] direction suggests the onset of
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Figure 5. Nitrogen monoxide dissociation. STM images acquired after exposure at 400 K: (a)
N + O layer (~0.2 ML) where (3 x 1)-N islands dominate and only a few long Rh—O chains in the
[1 iO] direction are present; (b) N + O layer (~0.5 ML) where (2 x 1)-N and (1 x 2)-O reconstructed
islands coexist; (c) N 4 O layer of ¢(2 x 4)-N + O structure with corresponding structural model.

an N-driven reconstruction, confirmed by STM observations (see figure 5(a)): islands of [001]
oriented Rh—N chains with a preferred separation of three [110] lattice constants dominate
the images but [110] oriented fairly long Rh—O strings are also present. These strings are
longer than the [001] elongated chains; nevertheless, their spacing is random, which leads to
the streaks in the LEED pattern. The length and the number of the rows indicate a comparable
nucleation and growth rate for Rh—N chains, in contrast to the fewer but longer Rh—O chains,
that points to a growth rate higher than the nucleation rate in the latter case. Rough estimations
indicated that almost all N atoms participate in the formation of chains, while only a small
fraction of O atoms is involved in Rh—O chains. The remaining oxygen is suggested to be
disordered on the surface or to have penetrated subsurface.

At N + O coverage ~0.5 ML, N- and O-driven reconstructions involve similar fractions of
the surface: as shown in figure 5(b), the surface is equally shared between (2 x 1)-N and (1 x 2)-
O islands, indicating a ~0.5 ML local coverage both for nitrogen and for oxygen. (2 x 1)-N
islands are smaller than (3 x 1)-N islands at ~0.3 ML, pointing to a compression of Rh—N rows
due to growing (1 x 2)-O islands that compete for a surface area. The Rh—O chains grow fast
along the close packed direction, causing segmentation and shortening of the Rh—N rows.

When the coverage is further increased, a c(2 x 4) LEED pattern appears and STM images
of the surface show a (1 x 2) reconstruction of the substrate, with long [110] zigzag chains (see
figure 5(c)). This structure is still a mixed N 4 O overlayer: oxygen removal by reaction with
CO results in a (2 x 1)-N layer, while N desorption leads to a (2 x 2) p2mg-O layer. Images of
the (2 x 2) p2mg-0 and the c(2 x 4)-N + O structures differ only in the relative phase between
adjacent rows: in phase for the pure oxygen layer, in antiphase for the mixed layer, due to the
presence of nitrogen adatoms. As unambiguously determined by LEED I/V results [54], N
atoms sit in long bridge sites (see the model in figure 5(c)).
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Dynamical measurements provided further information about the initial stages of the
reaction [64]. In this study the images were acquired during NO exposure while the sample
slowly cooled down to room temperature. At very low coverage, the nucleation and growth
of Rh—N units take place mainly on the terraces, where troughs are dug in the [001] direction
to make Rh atoms available in adjacent areas. Only in regions close to steps are metal atoms
supplied by the step edges, which increase their roughness at higher coverage. The observed
behaviour indicates that the presence of oxygen changes the mechanism of the N-induced
reconstruction from added-row type starting from the step edges [52] (see section 3.1.2)
to a mixed missing/added-row mechanism, as in the case of O induced reconstruction (see
section 3.1.1). This fact indicates that the steps have higher affinity for oxygen than for nitrogen.
The nucleation of Rh—O rows starts later and their growth occurs preferentially from step edges,
thus one layer below added Rh—N rows.

The transition from a N-driven (3 x 1) reconstruction to an O-driven (1 x 2) reconstruction
proceeds via the intermediate state of coexisting (2 x 1)-N and (1 x 2)-O islands. Careful
analysis of the images suggested a short range mass transport for the conversion to the c(2 x 4)-
N + O structure which starts from the edge of the (2 x 1)-N islands.

3.2. Reactions of adsorbed oxygen layers on Rh(110)

Most of the catalytic surface reactions involve adsorbed species. Often the adsorbed species
are one of the reactants and are exposed to the other reactant in the gas phase. For model
system studies, this approach is particularly suitable when the substrate has a strong propensity
to reconstruct, such as in the case of Rh(110), as it makes it possible to start from a well defined
situation, where the surface structure is very well characterized.

Among the reactions on adsorbed layers, those involving oxygen have deserved special
attention since they are of particular interest for oxidative catalysis, due to the high affinity
of rhodium for oxygen and to the fact that oxygen is very often present in relevant surface
reactions. Several studies addressed the reactivity of oxygen adlayers on Rh(110) exposed to
gases that undergo oxidation.

In the following, three different oxidation reactions, involving carbon monoxide, ammonia
and hydrogen respectively, will be presented.

3.2.1. Carbon monoxide oxidation. ~Carbon monoxide oxidation to CO, is one of the most
widely studied surface reactions [65, 66]. Its practical importance and simplicity have allowed
fundamental issues of the catalytic phenomena to be tackled. On the Rh(110) surface this
reaction has been experimentally investigated both with spectroscopic techniques [67] and with
atomic scale microscopy [2, 68]. A more detailed understanding of the underlying reaction
mechanisms has been possible with the help of theory [68].

In 1993, Leibsle et al presented the first STM images of the Rh(110) surface after exposure
of a mixed ¢(2 x 6)/c(2 x 8)-O layer to CO at room temperature [2]. They evidenced the
presence of blurred, bright stripes, starting at [001] step edges and limited by [110] missing
rows, where the reaction is going on. The bright appearance was attributed to patches of clean
or CO covered rhodium and the fuzziness to vibrating or translating CO molecules. Weighting
the reacted areas corresponding to the different reconstructions, the ¢(2 x 8)-O structure was
found to be six times more reactive than the c(2 x 6)-O. A mechanism that involves nucleation
of the reaction at [001] step edges was proposed, as only there free Rh sites are available for CO
adsorption. The reaction then propagates in a one-dimensional manner, in the [110] direction,
along the narrow terraces between adjacent missing rows, which are typical of the ¢(2 x 2rn)-O
structures.
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Figure 6. Carbon monoxide oxidation. (a) The reaction at low temperature. Two species of
CO molecules are present. Patches of COp and COg are indicated. (b) The reaction at room
temperature. ‘Christmas garlands’ form starting from step edges. (c) Structural model showing the
different CO species present on the surface at LT (left) and at RT (right). (Image parameters: (a)
160K, 16 x 14nm?, Vg = —0.1 V, I = 1 nA; (b) 300 K, 42 x 36 nm?, Vg = +0.5V, I = 1 nA.)

Later on, the CO oxidation on Rh(110) was an issue of other investigations. XPS
measurements [67] indicated a vigorous reactivity of the c¢(2 x 8)-O structure at T > RT.
Conversely, if the exposure is carried out at 200 K, only 25% of oxygen is removed quickly
and afterwards the oxidation rate levels off with a final O coverage of 0.36 ML remaining on
the surface. At low temperature (LT) the ongoing reaction is accompanied by the appearance
in the XPS spectra of a CO species not present at RT and strongly affected by the presence of
co-adsorbed oxygen.

The XPS results suggest the existence of two different reaction mechanisms for the
oxidation of the ¢(2 x 8)-O structure at RT and at 200 K. Indeed more recently a combined
STM-—density functional theory (DFT) study confirmed this hint [68]. After exposure of the
¢(2 x 8)-0 surface to CO at 160 K, bright features attributed to CO molecules are present all
over the surface, anywhere along the close-packed metal rows, in remarkable contrast with
the mechanism found by Leibsle et al at RT. At LT, therefore, a distinct reaction pathway
holds, which is quenched at higher temperatures. STM images coupled with DFT calculations
allowed description of this reaction mechanism in detail. Two kinds of CO molecules are
imaged, as shown in figure 6(a): a first species, COj,, lies in chains, with double Rh—Rh
distance periodicity, along the borders of the terraces (i.e. adjacent to the missing rows). These
molecules sit in free threefold sites, without removing the initial oxygen atoms, which act as
a template for CO adsorption. With nice agreement between experiments and theory, the COx
molecules are slightly tilted towards the missing rows. A second species of CO molecules,
named COg, appears brighter and is adsorbed on oxygen vacancy sites, mostly located towards
the centre of the terraces. DFT calculations assigned to COp molecules a twofold adsorption
site on the rhodium rows enclosing the terraces, slightly moved from the short bridge towards
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the inside of the terrace. These findings are consistent with XPS results [67], since CO4 can be
identified as the characteristic LT CO species strongly affected by co-adsorbed oxygen, while
the presence of COp can explain the growth of a peak at a binding energy similar to the one of
CO on the clean surface.

DFT calculations then allowed depiction of the complete LT reaction pathway. A third
species of CO, COc, adsorbed on top of rhodium atoms on the fully oxygen covered terrace,
exists as a mobile precursor at the investigated temperature. Three possible final states for CO¢
molecules are possible: either they desorb, or move to the free threefold sites along the borders
of the terraces and convert to CO, without reacting, or they react with oxygen atoms in the
middle of the terraces, thus creating free adsorption sites where further CO molecules adsorb
as COg. The overall reaction can nucleate homogeneously on the surface but it stops working as
the oxygen coverage decreases, since it requires a special configuration of three neighbouring
oxygen atoms to proceed. Due to the short-lived nature of CO¢, only CO,4 and COp molecules
can be resolved in the images. The model in figure 6((c)—Ileft) summarizes schematically the
three CO species that are involved in the LT reaction mechanism.

At RT, instead, STM images by Castellarin-Cudia et al confirmed the results of Leibsle
et al. The reaction nucleates at steps and propagates along the narrow terraces of the c(2 x 8)-
0. CO molecules are not imaged sharply but have a spiky structure, resembling Christmas
garlands, due to a strong interaction with the scanning tip (see figure 6(b)). Near the central
line of the terraces, though, the molecules are better resolved, without any fuzziness, indicating
a more stable CO adsorption site. These latter molecules are identified as a COp species in DFT
calculations (see figure 6((c)—right)). The room temperature reaction mechanism is explained
with the removal of oxygen atoms from the central metal rows at step edges. As soon as free
adsorption sites are created, CO molecules adsorb as COp, which react with further central
oxygen, and the reaction thus proceeds along the terrace. In the reacted areas, COp molecules
have mostly CO neighbours, which explains the binding energy different from the one at LT
(related to COg) observed in XPS measurements [67]. When all the central oxygen atoms
are removed with this reaction mechanism, 0.25 ML of oxygen is left on the surface, in fair
agreement with XPS data [67].

The quenching of the LT reaction pathway at higher temperatures can be explained by the
short lifetime of the CO¢ species.

3.2.2. Ammonia oxidation. The ammonia oxidation reaction is a case of a reaction where the
final structure of the surface layer is determined by the final reaction products, since it leads not
only to the formation of water, which immediately desorbs, but also of nitrogen atoms, which
stay on the surface. In a combined STM/LEED/XPS/TPD study, Kiskinova et al investigated
the reaction on the Rh(110) surface starting from a c(2 x 8)-O layer [69]. The transition from
the O-driven to the N-driven phase was found to occur through an intermediate metastable
surface phase that cannot be formed by either of the reaction participants alone.

The reaction was carried out at 380 K and the sample was subsequently cooled down
to 300 K. According to the reaction stoichiometry, 2NH; + 30,9 = 3H;O, + 2Nq, after
complete removal of oxygen, 0.5 ML of N remains on the surface, which, at slightly higher
temperatures, should lead to a (2 x 1) reconstruction of the substrate (see section 2.2). However,
after the reduction the LEED experiments showed a weak c(2 x 6) pattern and XPS and
TPD experiments confirmed that only nitrogen is present on the surface. Corresponding STM
images showed that the flat terraces are covered by short segments, elongated in the [001]
direction, consisting of three bright protrusions, as shown in figure 7. Line profiles along the
segments revealed that their length is consistent with the presence of three Rh atoms, while
profiles across the segments showed a corrugation consistent with a (2 x 1) reconstruction. The
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Figure 7. Ammonia oxidation. STM images acquired after exposure of the ¢(2 x 8)-O surface to
NHj3 at 380 K and corresponding structural model. The intermediate c¢(2 x 6)-N structure, made of
a long range quasi-hexagonal arrangement of trimers, is better resolved in the image on the right.
Delocalized N atoms, supposed to be present in the region between trimer edge Rh atoms (according
to [69]), are not indicated in the model.

trimers are arranged in the [110] direction in a zigzag fashion, thus leading to a quasi-hexagonal
superlattice and a ¢(2 x 6) symmetry.

It is remarkable to note the similarity between the Rh—N trimer structure and the segmented
Rh-O structures, i.e. the (10 x 2)-O (described in section 2.2) and the structures in mixed
K + O adlayers [70]. In particular, the c(2 x 6)-N structure resembles the c(8 x 2)-K 4 O
structure that is formed by oxidizing the Rh(110) surface in the presence of potassium, except
for the orientation of the segments: along the [001] direction in the c(2 x 6)-N and along
the [110] direction in the ¢(8 x 2)-K 4+ O. This prompts a general tendency for the Rh(110)
surface to form intermediate, metastable structures involving a segmentation of the topmost
metal layer. The direction of the segments is determined by the reconstructive action of the
adsorbates, i.e. along the [001] direction for N—-Rh segments and along the [110] direction for
O-Rh segments.

Annealing the trimer layer to 450 K resulted in a (2 x 1)-N structure without any loss of
nitrogen, as confirmed by XPS and TPD experiments. This indicates that the trimer structure
mediates the conversion from the O-driven (1 x 4) reconstruction to the N-driven (2 x 1)
reconstruction.

A tentative explanation of the conversion mechanism has been proposed by the authors.
The initial (1 x 4) reconstructed substrate constrains the reaction within each group of three
top-layer rhodium rows, which will later originate the trimers. After complete oxygen removal,
a ¢(2 x 6)-N structure forms, consisting of [001] trimers arranged in a quasi-hexagonal
superstructure.



Topical Review R401

The final structure, therefore, carries memory of the original (1 x 4) reconstruction but the
local geometry is severely changed.

Further conversion to the (2 x 1)-N structure involves a shift of the trimers in the
[110] direction, which requires overcoming an activation barrier, for example by raising the
temperature to 450 K.

3.2.3. Hydrogen oxidation. Hydrogen oxidation has been fully characterized on the whole
sequence of O-induced surface structures [71-73, 48], which allows us to compare the reactivity
of the different O adlayers. When an oxygen-covered surface is exposed to hydrogen, water
molecules form and readily desorb, provided the reaction temperature is high enough (above
250 K on the clean surface). In some cases it has been possible, with the help of theory,
to elucidate the mechanism of the formation itself; in other cases the focus was on the overall
propagation of the reaction. The substrate preserves the reconstructed phase when the reduction
of oxygen is carried out at 7 < 400 K. Nevertheless, these clean, reconstructed phases are only
metastable and, at T > 470 K, they convert to the more stable (1 x 1) phase [41]. In some of the
following studies, the reaction temperature was accordingly chosen, to allow the investigation
of the deconstruction mechanism.

Since hydrogen does not interact strongly with the tip, on all oxygen covered Rh(110)
surfaces dynamic STM measurements could be performed. The surface was kept at stable
temperature and molecular hydrogen was let into the chamber while acquiring series of
hundreds of STM images from the same area. Due to a screening effect of the tip, the effective
gas pressure in the proximity of the surface is reduced by an estimated factor of five [59].

In this section, the various studies are presented starting from the O-saturated
unreconstructed surface, where the water formation mechanism has been analysed more
accurately. Afterwards, the reaction on the (2 x 2) p2mg-O surface and the related (1 x 2) —
(I x 1) deconstruction will be addressed. The case of the (10 x 2)-O surface is more
complicated, since the reaction proceeds in two steps and the help of theory turned out to
be essential for a complete understanding. Finally, a brief discussion of the reduction reaction
on the rhodium surface oxide will be given. At the end of the section, we highlight common
trends and analogies between the various surfaces.

3.2.3a. (2 x I)p2mg-O. We start the discussion reporting a recent joint STM-DFT study
on the water production reaction on the unreconstructed Rh(110) surface [71]. The starting
layer consists of the saturated (2 x 1) p2mg-O structure, where 1 ML of oxygen atoms sit in
threefold sites in a zigzag fashion along the close-packed metal rows. A great deal of attention
was devoted to the preparation of the structure, in order to obtain the best-ordered starting
layer. It turned out that an initial reconstruction of the surface already sets in when exposing
the clean surface to molecular oxygen at 7' in the 270-300 K range. Since the aim of the study
was the investigation of the water formation reaction in conditions with no influence of surface
restructuring, it was necessary to prepare the structure at lower 7. Nevertheless, exposure at
low T resultsin a (2 x 1) p2mg-O structure where chain-like defects are present. The best result
was obtained when the exposure was carried out at 200 K, followed by annealing to 260 K (see
figure 8(a)).

This layer was then exposed to molecular hydrogen (py; = 5 x 10~2 mbar on the surface)
at 260 K while scanning. The temperature has been chosen in order to allow the reaction to
proceed on a suitable timescale. After a short induction period, a reaction front, clearly visible
in figure 8(b), crosses the surface. The propagation of the wavefront requires an autocatalytic
process: the H, dissociation is initially possible only at local defects (e.g. steps) while it occurs
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Figure 8. Hydrogen oxidation on the (2 x 1) p2mg-O surface. ((a)—(d)) Sequence of STM images
during exposure to molecular hydrogen (pp2 = 5 X 1072 mbar, T = 260 K). (a) Initial surface. (b)
Reaction front crossing the surface. Behind the front a c(2 x 4) structure forms (630 s after (a)). (c)
Islands of intermediate ¢(2 x 2) structure (175 s after (b)). (d) Final, clean, surface (875 s after (c)).
(e) Atomically resolved STM image and model of the c(2 x 4)-O structure. (f) Atomically resolved
STM image, line profile (along red line), and two alternative models of the intermediate c(2 x 2)
structure. (Image parameters: (a)—(d) 27 x 27 nm?, Vg = +0.14 V, I = 1.58 nA, 35 s/image; (e)
55 x 32nm?, Vg = +0.13V, I = 1.02 nA; (f) 24 x 18 nm?, Vg = +0.46 V, I = 0.59 nA.)
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behind the front, where free sites on the terraces are created, as soon as the reaction starts
propagating.

Behind the reaction front a new structure, composed of pairs of bright protrusions in
a ¢(2 x 4) arrangement, immediately forms (see figure 8(e) for a zoom on this structure).
Comparison with previous STM measurements, which evidenced the existence of pairs of
oxygen atoms in short bridge sites at low 7 [45], suggested that the c(2 x 4) structure is due to a
rearrangement of oxygen after the removal of a fraction of the initial coverage. This hypothesis
has been confirmed by DFT calculations, which found it to be a stable structure, and by related
simulated STM images, which nicely reproduce the experimental ones. As further evidence,
the same layer has been prepared on the clean surface by dosing a lower amount of O, at the
reaction temperature. In the c¢(2 x 4)-O structure, 0.5 ML of oxygen atoms sit in short-bridge
sites, as illustrated by the model in figure 8(e), despite the reduced O-O distance imaged by
STM, which is an electronic and not a topographic effect [45, 46].

On the ¢(2 x 4)-O surface, the reaction proceeds following a new pathway that includes
compression of the dilute O layer. Islands of an intermediate c(2 x 2) structure, appearing
brighter in the STM images, nucleate on the terraces at local defects (see figure 8(c)) and
grow at the expense of the c(2 x 4)-O structure up to a maximum extension that covers
about half of the surface. Afterwards, the islands decay, reducing their size from the borders,
and a clean Rh(110) substrate is restored (figure 8(d)). The c(2 x 2) structure has a quasi-
hexagonal arrangement (see figure 8(f)) and, as a distinctive characteristic that has been crucial
for the identification of the structure, it appears in STM line-scans as composed of double-peak
features.

It is clear that hydrogen is present in the compressed layer but it has not been possible
to propose a unique atomic description for the c¢(2 x 2) structure. Two alternative models,
which can be seen in figure 8(f), have been proposed. The first model, named c(2 x 2)A,
is an O + H coadsorption layer, where 1 ML of oxygen atoms sit in a zigzag fashion along
the close-packed metal rows in antiphase between adjacent rows, so that a quasi-hexagonal O
arrangement results. 1.5 ML of hydrogen atoms bridge neighbouring O atoms in pairs, with
only a weak interaction with the substrate. As a consequence, a quasi-hexagonal hydrogen
bond network results. The second model for the c(2 x 2) structure, named c(2 x 2)B, involves
a mixed OH-H,O layer, similarly to the half dissociated water layers found on Ru(0001) [74]
and Pt(110) [75]. 0.5 ML of water molecules and 0.5 ML of OH groups are disposed in a quasi-
hexagonal arrangement, interconnected by a hydrogen bond network. OH groups sit in roughly
short-bridge sites with H pointing upwards to H,O, while water molecules are placed farther
from the surface, with O atoms above threefold sites and H pointing downwards to the OH
groups. STM images have been simulated for both models but only c(2 x 2)A reproduces the
double peaks in line-scans. Nevertheless, model c(2 x 2)B is much more stable than c¢(2 x 2)A
and there is no barrier for the conversion from c(2 x 2)A to ¢(2 x 2)B, which might kinetically
hinder its formation. The study was therefore not conclusive on the exact atomic description of
the intermediate structure.

Regardless of the actual model of the c(2 x 2) structure, both hypotheses involve 1 ML
of oxygen, either as single atoms or incorporated in molecules. This indicates that all oxygen
atoms initially present on the surface in the c(2 x 4)-O structure (0.5 ML all over the surface)
are included in the c(2 x 2) structure (1 ML local coverage on about half of the surface at
the maximum extension). The c(2 x 4)-O phase is therefore unreactive at the investigated
temperature and has to be converted into the reactive c(2 x 2) before the reaction can proceed.
This conversion involves the formation of a hydrogen bond network.

A complete scenario for the second part of the reaction can now be proposed. In the
proximity of defects, hydrogen starts interacting with O atoms of the c(2 x 4)-O structure,
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creating the first nuclei of the c(2 x 2) structure. Due to this condensation, free patches of
metal substrate are created, where further O atoms from the ¢(2 x 4)-O can diffuse, as also
shown in STM images. As soon as O atoms get close to a c(2 x 2) nucleus, they are trapped in
the hydrogen bond network and the island grows. When the conversion between the two phases
is completed, further hydrogenation occurs at the island borders, where water molecules desorb.

3.2.3b. (2 x 2)p2mg-0O. As an example of hydrogen oxidation on a missing row reconstructed
surface, the exposure of the (2 x 2) p2mg-O to H, has been investigated [72]. The exposure has
been performed in the 380-405 K temperature range, which allows the deconstruction of the
metastable (1 x 2) metal substrate after reduction of the oxygen layer, and ensures a timescale
matching the time resolution of the microscope for the restructuring of the surface. The study
can be divided into two parts: in the first part, the reaction itself has been analysed, while the
second one focuses on the dynamics of the deconstruction of the clean (1 x 2) substrate, which
starts after the reaction and develops on a timescale about 40 times slower.

Concerning the reaction mechanism, previous photoemission electron microscopy (PEEM)
studies under steady-state conditions tackled the reduction of an oxygen saturated Rh(110)
surface by hydrogen in the 480-780 K temperature range [76, 77]. Initiated by defects,
the reaction was found to proceed via an elliptical reaction front. The anisotropy of front
propagation changes drastically depending on the experimental parameters. It has to be noted,
though, that in the PEEM experiments the starting surface was not a well ordered structure but
a mixture of reconstructed phases.

STM image series have been acquired while exposing the (2 x 2)p2mg-O surface
(figure 9(a)) to hydrogen with pga = 2 x 1078 mbar (corrected for the tip screening factor).
In agreement with the PEEM results, despite the different starting structure and the 100 K
lower temperature, the reaction was seen to propagate via a reaction front that appears as
finger-like structures in the STM images, after nucleation at steps. The front is markedly
anisotropic, mainly elongated in the missing row direction. On smaller scale images, the
ongoing reaction is evidenced by the appearance of bright dashes constrained on the metal
rows (see figure 9(b)). In a second stage, a contrast reversal occurs, with dark dashes on brighter
metal rows (see figure 9(c)). The dark dashes then become less and less wide and gradually
disappear. The bright dashes have been associated with diffusing oxygen vacancies and the
dark dashes with diffusing oxygen atoms. Based on such identification, the propagation of the
reaction can be explained by the initial removal of a few oxygen atoms, which leave behind
a few oxygen vacancies. The vacancies are mobile (i.e. O atoms can jump into the vacancies
from neighbouring (2 x 2) p2mg-O parts of the row), cluster and increase their number as the
reaction proceeds, until only a few O atoms remain on the rhodium rows. These remaining
O atoms diffuse on the almost O free rows with a diffusion constant similar to that of the
vacancies. Finally, a clean (1 x 2) surface is produced.

Conversely to the STM study of hydrogen oxidation on the (2 x 1)p2mg-O,
unreconstructed Rh(110) surface (see section 3.2.3a), no intermediate reaction products have
been resolved, due to the higher reaction temperature, which allows a fast reaction and the
immediate desorption of water.

The deconstruction of the (1 x 2) substrate in the 400-500 K temperature range had
been previously investigated by He atom scattering (HAS) [78]. Cvetko et al found that
the transformation takes place by the formation of (1 x 1) islands elongated in the [110]
direction. The surface remains flat, with terraces distributed over only two height levels, so that
a monatomic step down necessarily follows a step up. The authors suggest a deconstruction
mechanism based on the pairing of thodium rows, leading to areas where two metal rows in the
upper level are next to two metal rows in the lower level, with an overall (1 x 4) symmetry.
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Figure 9. Hydrogen oxidation on the (2 x 2) p2mg-O surface. Sequence of STM images during
exposure to molecular hydrogen (pp2 = 2 x 10~8 mbar, T = 390 K). (a) Initial surface. (b)
Ongoing reaction. Bright dashes constrained on the metal rows, better resolved in the inset (132 s
after (a)). (c) Ongoing reaction. Dark dashes constrained on the metal rows, better resolved in the
inset. Beginning of the deconstruction process. The arrows indicate the two different deconstruction
mechanisms: holes with neighbouring (1 x 1) islands, formed by the ejected atoms, and row pairing
(352 s after (b)). (d) Deconstructed surface. Areas created by step retraction can also be seen
(2 h 37 min after (c)). (Image parameters: 60 x 60 nm2, Vg = +0.42V, I = 1.32nA, 44 s/image;
insets: 20 x 20 nm?.)

STM time series confirmed the row-pairing mechanism proposed in the HAS experiments,
as shown in figure 9(c). At later stages, even row triplets form, where a (1 x 2) row couples with
a two-row up terrace, but then the pairing mechanism stops, i.e. double missing rows are not
crossed in the deconstruction process. Indeed also in HAS measurements it was necessary to
raise the temperature from 400 to 500 K to let the deconstruction proceed with the coalescence
in larger (1 x 1) terraces. Nevertheless, a second deconstruction mechanism was evidenced
by STM and significantly contributes to the evolution towards a (1 x 1) surface. Single atoms
detach from the (1 x 2) rhodium rows, thus creating holes, which expose (1 x 1) down areas
of the underlying layer (see figure 9(c)). The ejected atoms diffuse along the missing rows
until condensing in small (1 x 1) up islands. Further ejected rhodium atoms diffuse in the
missing rows but they are blocked by the up islands, which therefore grow in the direction
of the holes. Pairs of up and down terraces of approximately the same extensions are thus
created. This second mechanism is of local nature and does not lead to a particular symmetry;
therefore it can hardly be detected with non-local techniques. When the detachment of single
atoms occurs at step edges, the deconstruction mechanism leads to a retraction of the steps (see
figure 9(d)), which unravels large unreconstructed patches of the underlying layer. The ejected
atoms diffuse exclusively in the missing rows of the upper terrace and their condensation into
islands prevents a further retraction of the steps. Both deconstruction mechanisms start mainly
at defects, which indicates that a perfect (1 x 2) surface would probably not deconstruct. In the
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investigated temperature range the final surface always presents the coexistence of limited up
and down terraces, as evidenced by the image in figure 9(d), and an annealing of the surface to
higher T is necessary to obtain a well ordered (1 x 1) surface, with large terraces.

A recent joint high-resolution core-level spectroscopy and DFT study confirmed the role
of defects in the first stages of the deconstruction process, thus supporting the previous
STM observations [79], even though the pairing mechanism was not favoured by the DFT
calculations.

3.2.3c. (10 x 2)-O. In moving towards high local O coverage structures, which are
potentially relevant as intermediates for the surface oxide formation, the (10 x 2)-O structure
represents an important intermediate, since metal atoms are highly coordinated to O and start
to move out of registry. The investigation of the hydrogen oxidation reaction on the (10 x 2)-O
surface allows us, therefore, to address questions on the influence of strain and segmentation
on the reactivity of a surface. As described in section 2.1, in fact, the (10 x 2)-O structure
is characterized by an 11% strain along the close-packed [110] metal rows on the (1 x 2)
reconstructed Rh(110) substrate. Due to the strain, two out of ten rthodium atoms are ejected
from the rows, leading to a segmentation of the surface, with segments separated by ridge
vacancies, quite well aligned along the [001] direction.

After starting exposure of the (10 x 2)-O surface to molecular hydrogen (py, = 1 x 1078
mbar on the surface) at RT, the STM images reveal a reaction front that propagates across
the surface (as indicated in figures 10(a)—(c)) [73]. Close inspection evidenced that the reaction
does not nucleate on segmented areas of the surface but on wide unreconstructed regions, which
are intrinsically part of the surface, mainly at step edges but sometimes also in the middle of
a terrace, and only from these regions does it propagate to the segmented islands starting from
their border, as shown in the sequence of STM images in figures 10(a)—(c). The hydrogen
dissociation barrier and the OH formation barrier at segmented island edges, in the troughs
at segment middle parts, and at ridge vacancies have been calculated by DFT. Indeed, the
calculations confirmed the experimental findings, since the barriers were found to be much
smaller at segmented island edges, where a sufficiently large ensemble of clean Rh atoms is
present.

Going into the details of the reduction, on the wide unreconstructed regions, which are
initially covered by the (2 x 1) p2mg-O structure, the reaction proceeds exactly as on the pure
(2 x 1) p2mg-O unreconstructed Rh(110) surface, with a wavefront removing half of the initial
oxygen atoms and leaving behind a c(2 x 4) arrangement of the remaining atoms. Once the
reaction front crosses the whole unreconstructed area, it attacks the segmented (10 x 2)-O
structure, where it continues its propagation without being affected by the presence of steps or
other defects. At the investigated temperature the front is clearly elliptical, elongated in the
[1 iO] direction.

On (10 x 2) areas, the passage of the reaction front removes only half of the initial oxygen
coverage. The reaction propagates in a zigzag fashion along each segment, reducing one
threefold O atom per couple, as shown in the sequence of images in figures 10(d)—(f) and
clarified by the models in figure 10(g). DFT calculations attributed the zigzag propagation
to thermodynamic effects: the lowest binding energy among the oxygen atoms adjacent to
the first oxygen vacancy was indeed found for the O atom extending the zigzag. As soon as
half of the oxygen is removed, the strain is locally relieved. At room temperature this strain
removal induces a transient short-range mobility of Rh atoms, which results in an alteration of
the initially regular superstructure of the segments, clearly visible in figure 10(f).

At the atomic scale, the propagation of the reaction front can thus be explained as due to the
formation of new ensembles of less-oxidized rhodium atoms where further molecular hydrogen
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Figure 10. Hydrogen oxidation on the (10 x 2)-O surface. (a)-(c) Sequence of large-scale STM
images during exposure to molecular hydrogen (py2 = 1 x 1078 mbar, T = 300 K). White lines
mark the position of the reaction front. (a) Nucleation of the reaction on unreconstructed areas at
step edges (770 s after starting exposure); (b) the reaction involves the whole unreconstructed area
and starts propagating to the segmented (10 x 2) (140 s after (a)); (c) the reaction continues its
propagation on the (10 x 2) surface (210 s after (b)). (d)—(f) Sequence of small-scale STM images
during exposure, showing the details of the propagation of the reaction front along the segments,
evidenced by the formation of a zigzag. When the second reaction step takes place, also the zigzag
oxygen is removed and the segment appears locally brighter (time between images: 35 s). (g)
Propagation mechanism of the reaction front along a single segment. Starting from a segment end,
one out of two oxygen atoms is reacted off, proceeding in a zigzag fashion. As soon as an O atom
is removed, the strain is locally released. (Image parameters: (a)—(c) 38 x 35 nm?, Vg = +0.64V,
I = 0.46 nA, 35 s/image; (d)—(f) 6 x 10 nm?, Vg = +0.53 V, I = 0.86 nA, 35 s/image.)

(This figure is in colour only in the electronic version)

can dissociate: on wide unreconstructed areas this is a consequence of the reorganization of O
atoms in the c(2 x 4)-O structure, while on the (10 x 2) part of the surface it is related to
a combination of the effects of strain and segmentation. As soon as the O coverage on the
segments is reduced, in fact, the strain removal enlarges the ridge vacancies, thus exposing
new patches of clean metal. The formation of free adsorption sites for hydrogen dissociation is
therefore the autocatalytic step.

As described above, behind the reaction front, half of the initial oxygen atoms are still
present. The reaction requires thus a second step to be completed. On the unreconstructed
areas of the surface, the process continues by the nucleation of ¢(2 x 2) islands as on the
pure (2 x 1)p2mg-O layer as soon as the front propagates to the segmented areas. On
the segments, the second reaction step nucleates homogeneously all over the surface. Such
a different behaviour has been confirmed by DFT calculations proving that H, dissociation
occurs everywhere on the surface, in the enlarged ridge vacancies and in the (1 x 2) troughs.
Nevertheless, STM results evidenced that the complete oxygen removal on each single segment
can start only from the ridge vacancies and from these special active sites it propagates to the
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middle part of the segment. Again DFT calculations corroborated the experimental findings,
showing that H atoms can only adsorb in the enlarged ridge vacancies, from which OH
formation takes place. With such a mechanism the reaction proceeds, more slowly than in
the first reaction step, until a clean, segmented, (1 x 2) rhodium surface is produced.

The second reaction step on the (10 x 2)-O surface closely resembles the reduction reaction
on the (2 x 2) p2mg-O surface (see section 3.2.3b and [72]), the only difference in the initial
surface being the presence of the segmentation. Thus, by comparing the two systems it is
possible to unravel in a straightforward way the influence of the presence of segmentation
on reactivity. On the two surfaces the reaction mechanism is the same, with nucleation at
steps (ridge vacancies can in fact be considered as nano-step edges) and a slow propagation.
Nevertheless, when carrying out the reduction at the same reaction temperature, the second
reaction step on the (10 x 2)-O surface turns out to be much faster than the reduction of
the (2 x 2) p2mg-O structure. This difference can be rationalized by taking into account the
segmentation: ridge vacancies, in fact, provide a larger number of step edges as nucleation
centres; moreover, on a single segment two active sites are present, one at each end, which
halves the time needed for the reaction to cover the whole segment length. We can therefore
conclude that the presence of the segmentation accelerates the reduction reaction by multiplying
the number of active sites.

3.2.3d. Surface oxide. The final step in the characterization of the reactivity of oxidized
Rh(110) surfaces regards the reduction of the surface oxide, which is the subject of a recent
XPS/STM study [48]. This system offers the opportunity to determine whether the mechanisms
that apply to the adsorption systems also hold for the case of a fully oxidized surface. As already
stated in section 2.1, the surface oxide is made by an O—Rh-O trilayer, containing 1.25 ML of
Rh and 2.5 ML of oxygen. The reduction therefore involves a major rearrangement of metal
atoms.

XPS measurements acquired while exposing the surface to molecular hydrogen at 320 K
showed that the onset of the reaction is preceded by a long induction period (~30 L H,
exposure) during which the O 1s and Rh 3ds/, spectra remain unchanged. Once the reaction
starts, the oxide components are removed in a very narrow exposure window, leading to a final
O Is spectrum similar to those of adsorption phases. Complete reduction of the remaining
adsorbed oxygen requires us to increase the temperature to ~360 K.

The long induction period and the very fast conversion of the surface oxide to adsorption
phases have been confirmed by STM experiments carried out at 370 K (py» = 1x 1078 mbar on
the surface) (figure 11). As in the XPS experiments, the starting surface presents a coexistence
of surface oxide regions with islands of adsorption phases (figure 11(a)). Only after ~18 L of
H,; does a first new feature appear in the images: bright dashes homogeneously distributed over
the oxide regions. The similarity of these bright dashes to those found during the initial stages
of the O induced reconstruction of the Rh(110) surface (see section 3.1.1), associated with
diffusing Rh—O units, points to a similar interpretation. The authors suggest that a possible
source of mobile Rh—O units on the surface oxide regions is a destabilization of the thin oxide
film by highly mobile H atoms penetrating the subsurface after dissociation on the same active
sites during the induction period. After a few images (~7 min), the bright dashes disappear
and a c(2 x 4) array of depressions, attributed to O and/or Rh vacancies, appears on the
oxide regions. In the immediately following image (32 s later, ~0.3 L additional H, dose),
a very sharp reaction front crosses the surface, clearly dividing it into a non-reduced region
ahead of the front and a partially reduced region behind the front, as shown in figure 11(b).
The partially reduced region consists of a complete rhodium layer and a few added rows
that are covered by the remaining oxygen. This structurally different phase results from the
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Figure 11. Hydrogen oxidation on the surface oxide. Sequence of STM images during exposure to
molecular hydrogen (pyz = 1 x 1078 mbar, 7 = 370 K). (a) Initial surface, characterized by the
coexistence of ¢(2 x 4) surface oxide areas and islands of adsorption phases, as the (2 x 1) p2mg
area in the centre (42 min after starting the exposure). (b) Reaction front (indicated by the arrow),
converting the surface oxide into adsorption phases. Diffusing Rh atoms are imaged immediately
behind the reaction front for a few scan lines (35 s after (a)). (c) Reaction on the adsorption phases,
evidenced by the presence of dark dashes on the metal rows (35 s after (b)). (Image parameters:
11 x9 nmz, Vg = —0.6 V, I = 0.20 nA, 35 s/image.)

rearrangement of the 1.25 ML rhodium atoms originally present in the surface oxide; after a
few seconds (corresponding to a few scan lines) of transient mobility of Rh atoms, the added
row reconstruction is stabilized by chemisorbed oxygen. Simultaneously to the surface oxide
regions, the passage of the reaction front also involves the coexisting adsorption islands of the
initial surface.

After the conversion of the oxide phase to adsorption phases, the reduction continues with
a slower rate by following the same reaction pathway as on the (2 x 2) p2mg-O surface [72]
(figure 11(c)).

In conclusion, it appears that the reaction takes place mainly close to the borders between
adsorption and surface oxide phase, the latter playing an active role in the overall reaction
mechanism, as indicated by the formation and ordering of defects before the reaction front
passage.

3.2.3e. Trends and analogies. From the detailed description of the hydrogen oxidation
reaction on Rh(110) surfaces at different oxidation states we can infer some general
conclusions.

On all investigated surfaces, which range from adsorption systems to surface oxide, the
reaction propagates as a wavefront, which implies the presence of nucleation centres and a
propagation mechanism. The rate-limiting step is the H, dissociation and the OH formation,
which occur exclusively at defects. An atomic description of the defects which play the role of
the active sites is in general not available, as, on the theory side, this would require an enormous
number of DFT simulations of different configurations, while, from the experimental point of
view, it is not easy to pinpoint them in the STM images. Nevertheless, in some cases it was pos-
sible to identify specific configurations that act as nucleation centres for the reaction front. This
holds for example for the (10 x 2)-O, where STM findings were confirmed by DFT calculations,
and for the (2 x 2) p2mg-0O, where STM measurements on large scale images allowed the onset
of the reaction to be observed. In both cases it appears that the active sites are defects such as
monatomic step edges of macro- or nano-lateral dimensions. The need for defects for the nu-
cleation of the reaction indicates that a perfectly ordered, defect-free, oxygen-covered Rh(110)
surface would be unreactive towards dissociative adsorption of H,. It is interesting to note that
this holds not only for saturated structures, such as the (10 x 2)-O (0.9 ML on the missing row
reconstructed substrate), the (2 x 1) p2mg-O (1 ML on the (1 x 1) unreconstructed substrate)
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and the surface oxide, but also for lower coverage ones, such as the (2 x 2) p2mg-O structure
(0.5 ML on the (1 x 2) reconstructed substrate) and the c(2 x 4)-O structure (0.5 ML on the (1 x
1) unreconstructed substrate—the second part of the reduction of the (2 x 1) p2mg-O surface).

It would be interesting to understand whether some of the features observed in detail for
the case of Rh apply more generally to other TM surfaces. The similarity between the (10 x 2)-
O structure on Rh(110) and the (12 x 2)-O structure on Pt(110), which therefore expose similar
configurations at the atomic scale, suggests that the findings on Rh could have a more general
value. Extension of this kind of studies, which couple atomic scale experimental probes with
DFT calculations, to other systems, involving different metal substrates, is needed to deter-
mine the generality of this conclusion on the role of defects, which could have a key impact in
understanding the behaviour of real catalysts, where defect sites are abundant.

Concerning the crucial step for the propagation of the reaction in the presented cases, it can
always be traced back to the creation of free patches of rhodium atoms. Nevertheless, this result
is obtained in different ways on the different surfaces, ranging from a simple rearrangement of
remaining adsorbates after a partial removal to the formation of a hydrogen bond network
to a combined strain removal-segmentation effect. Whenever different phases coexist on the
surface, the reaction front propagates uniformly on different regions, which points to a similar
efficiency of the different mechanisms that produce clean rhodium patches. This conclusion
on the need for bare metal patches to dissociate H, might be relevant for other surfaces
where it could account, for example, for distinct changes in the water production rate, as on
Ru(001) [80].

Coming back to the hydrogen oxidation reaction on the Rh(110) surface, as a general rule,
at T > RT the reaction front is elliptical, elongated in the close-packed [1 10] direction, while
it becomes more isotropic at lower temperatures. This suggests that the propagation velocities
are closely related to the anisotropy of the substrate, regardless of the adsorbed layer.

Another common feature for some of the investigated surfaces is that the front removes
only half of the adsorbed oxygen. This holds for the highest coverage (2 x 1)p2mg-O and
(10 x 2)-O structures. In both cases, the reaction follows a completely different pathway for
the completion of the reduction. Even on the surface oxide the reaction proceeds in two stages,
conversion of the oxide phase into a chemisorbed phase and complete reduction in a second
stage. This common behaviour results from the interplay of different effects: the flexibility of
the rhodium surface, which can easily change its structure during the reaction, the high oxygen
affinity of Rh, which binds O more strongly at lower coverage, and the possible formation of
hydrogen-bond networks.

4. Conclusions

The reviewed STM investigations of surface reactions on Rh(110) demonstrate the interrelation
between the reactivity of this surface and the tendency of the substrate to reconstruct, when
oxygen or nitrogen containing species are present as reactants or reaction products. The
structural rearrangements accompanying the surface reactions are dynamical processes in
continuous evolution. They depend on the adsorbate coverage and temperature, and influence
the reactivity by, for example, exposing particular active sites or by affecting the diffusion.
All these effects are of local nature and can hardly be accounted for by surface science
techniques that yield information integrated over large areas of the surface. For this reason
a local technique that is able to investigate the surface on the atomic scale, such as scanning
tunnelling microscopy, can be particularly useful, providing unprecedented detail and revealing
new reaction pathways. Moreover, the systems described in this review clearly demonstrate the
capability of STM to follow reaction dynamics on specific regions of the surface.
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Nevertheless, as the presented results have illustrated, the combination of local and non-
local techniques and theoretical support is essential for an unambiguous determination of
surface processes, combining details on the atomic scale with large-scale information on the
surface chemical composition and linking the surface dynamics with the advancing chemical
reaction. In clarifying reaction mechanisms, the contribution from theory, and its comparison
to experimental data, often turned out to be crucial.

There are still limits, though, on the amount of information that can be inferred on surface
reactions. First of all, the intermediate steps in catalytic processes occur on a timescale
that is too fast to be accessible with the present typical STM acquisition times (of the order
of a few seconds or more): only the final stage of the dynamic processes can be revealed.
This is evident, for example, in the catalytic oxidation of hydrogen on reconstructed Rh(110)
surfaces (see sections 3.2.3b and 3.2.3c), where no reaction intermediates (OH) were imaged
but only the final situation after oxygen removal can be observed. In surface science this
problem is usually sidestepped by decreasing the temperature, thus slowing down the process.
This solution, however, has intrinsic drawbacks, because the reaction can follow different
pathways at different temperatures, as shown for the carbon monoxide oxidation (section 3.2.1).
Moreover, in the case of CO + O/Rh(110), even the LT reaction occurs in steps that cannot
be directly followed with typical frame rates. Another limit of this LT approach is that the
surface structure can be different at low and at high temperatures, despite the similar adsorbate
coverage, especially in the case of activated substrate reconstruction, as for Rh(110).

Another limiting factor for understanding the mechanism of catalytic reactions is the lack
of chemical resolution at the atomic scale, as was clearly seen for the water formation reaction
on the (2 x 1) p2mg-O/Rh(110) surface, presented in section 3.2.3a.

Finally, a fundamental restriction is the so-called pressure gap. Real catalytic processes
occur at high pressure, where the actual phase of the surface can be dramatically different, due
to the thermodynamic contribution of the gas phase to the surface free energy of the surface
layer in the energetics through the chemical potential [81]. Furthermore, at these pressures the
contaminants may play a crucial role [82].

5. Outlook

At the end of this topical review, we want to address some ongoing developments of the
technique, which are promising for new deep insights into surface processes.

As outlined in the conclusions (see the previous section), one of the limits of present STM
investigations of dynamical processes is a too low frame rate. This problem has been tackled
by a few research groups in the last years, who developed fast STMs for UHV [83-87] and
for electrochemical [88-90] applications. These new instruments allowed achieving frame-
rates up to 10-25 Hz. More recently, Frenken developed a new microscope capable to go
at video rate and beyond (200 Hz) [91], which will open new perspectives in the study of
dynamical processes. Nevertheless, all the cited fast STMs are special, home-built, instruments,
which rules out a wide spreading among research groups; new commercial fast microscopes are
required for an effective impact in surface science. A parallel approach, which we are pursuing
in our laboratory, is the development of fast units, which can be used as a retrofit to commercial
instruments.

A hint to solve the problem of the lack of chemical resolution in STM experiments
on catalytic reactions might come from inelastic tunnelling spectroscopy (IETS) [92]. This
technique, which was first applied by Ho [93], exploits the injection of electrons from the
tunnelling tip to detect vibrational modes of molecules as in high-resolution energy loss
spectroscopy (HR-EELS), enabling the combination of real space imaging and chemical
analysis at the atomic scale, and has already been used to identify reaction products [94].



R412 Topical Review

Vibrational excitation by STM can also be used to manipulate single molecules on the
surface [92, 95]. This allows controlling chemical reactions at the single molecule level, by
inducing the single basic reaction steps, which can therefore be fully characterized [96, 97].

Nevertheless, up to now IETS has only been performed at low temperature (a few kelvin)
and thus with systems far away from real catalytic conditions. Recently, Sloan and Palmer have
been able to dissociate a single molecule by atomic manipulation at room temperature [98],
which might open new perspectives for the future.

Chemical resolution, hence, is still a weak point in the application of the STM technique
for the study of surface reactions, especially concerning the characterization of ad-species
in intermediate phases. Conversely, chemical contrast for the investigation of alloy surfaces
is already a matter of fact. The research group of Varga, in fact, nicely demonstrated
that it is possible to discriminate in STM images between different substrate atoms, due
to topography effects, differences in the LDOS (local density of states) and/or tip—surface
interaction [99, 100]. The knowledge of the surface composition and chemical ordering also
turned out to be essential for the understanding of adsorption on alloys, which is determined
by chemical affinity, the ensemble effect and/or the ligand effect. This is a very promising field
for the application of STM, as multi-component model systems are more and more considered
to mimic more closely the situation typical of real catalysis.

Finally, we want to say a few words with respect to the pressure gap. In this respect, STM
offers the clearest promise, as one of the few surface science techniques directly applicable in
non-UHV conditions. There is a growing effort towards the development of high-pressure
microscopes to study catalytic reactions at pressures ranging from UHV to atmospheric
pressure [101-104]. In particular, the ‘Reactor-STM’ by Frenken is able to simultaneously
determine the surface structure by STM and the reaction kinetics by online mass spectrometry:
studies on the Pt(110) and the Pd(100) surfaces showed that the CO oxidation reaction exhibits
bistability and oscillations in the kinetics that can be traced back to a cyclic metal-oxide phase
transition [21, 22]. Experiments like these are opening the way to model studies of catalytic
reactions in more realistic conditions, even though efforts have still to be made to achieve
atomic resolution under reaction conditions.
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