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Abstract
Since the 1970s core level spectroscopy has played a key role in elucidating the energetics,
structure and kinetics of solid surfaces. This paper reviews recent experimental results which
illustrate the breakthroughs achieved by using this technique with x-rays produced by third
generation synchrotron radiation light sources. Examples regarding the interaction of atomic
adsorbates, the role of surface defects, the thermal stability of solid surfaces and simple surface
chemical reactions outline the potential of high energy resolution core level photoelectron
spectroscopy as a tool for determining electronic, geometrical and chemical properties of clean
and adsorbate covered Rh and Pt solid surfaces.

(Some figures in this article are in colour only in the electronic version)
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1. Introduction

In the last 15 years, great research efforts have been
devoted by the surface science community to improving
the performance of experimental methods, with the aim
of gaining deeper insight into the local geometrical and
electronic properties of gas–solid interfaces. Besides the
obvious interest in understanding the fundamental physical
and chemical properties of solid surfaces, one of the ultimate
goals is the development of new functional materials with
novel properties, e.g. the next generation of nanostructured
catalysts. To this purpose, in parallel with the extraordinary
development of imaging methods such as scanning tunnelling
microscopy (STM), atomic force microscopy (AFM), low
energy electron microscopy (LEEM), scanning photoemission
microscopy (SPEM), recent advances have pushed forward the
limits of conventional spectroscopic methods typically used
to probe the electronic and geometrical structure of solid
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surfaces. Among the latter methods, core level photoelectron
spectroscopy is certainly one of the most commonly used
techniques to shed light on the nature of chemical bonds at
solid surfaces [1]. Since core levels are quite compact, and
do not take part directly in bonds but are affected by them, the
changes in core electron binding energies can be used as a local
probe of the variation in the electrostatic potential of atoms
located in different chemical and geometrical environments,
reflecting the variations in their chemical properties [2]. In
contrast with other spectroscopic methods commonly used to
investigate gas–surface interfaces, such as infrared absorption
spectroscopy (IRAS) and high resolution electron energy loss
spectroscopy (HREELS) [3, 4], core level spectroscopy is
equally sensitive to the binding energy changes of both the
adsorbate and substrate atoms. This offers the possibility
to use a spatially averaged experimental technique to obtain
information about the local electronic structure of surface
atoms with different geometrical and chemical coordination.

The advent of third generation synchrotron light sources
such as ALS (Berkley, USA), MaxLAB (Lund, Sweden),
SLS (Villigen PSI, Switzerland), BESSY (Berlin, Germany)
and ELETTRA (Trieste, Italy) has significantly advanced
the investigation of gas–surface interfaces and has triggered
a new class of core level photoelectron spectroscopy
experiments [5–7] exploiting the extraordinary properties of
the soft x-ray radiation produced in these facilities: energy
resolution down to the 20 meV range [8], high brilliance, which
yields an increase of almost three orders of magnitude in flux at
the sample with respect to conventional anode based sources,
and an enhanced surface sensitivity and photoemission cross
section due to photon energy tunability. Complementary
theoretical analysis of core level binding energies, often
performed within the density functional theory [9, 10] or using
ab initio self-consistent field Hartree–Fock wavefunctions for
atomic clusters [11], are found to reproduce with high accuracy
both the trends and the magnitude of the experimental binding
energy shifts and are widely used to discuss the origin of the
different contributions to the measured core level components.

This article does not intend to provide a comprehensive
review of this subject, but instead to give a personal view of
the recent progress obtained by using high energy resolution
core level spectroscopy with synchrotron radiation in the
study of a number of phenomena occurring on clean and
adsorbate covered solid surfaces. The results will be
described considering the new insights into the nature of
the chemical bond, the electronic structure and the surface
reactivity provided by experiments performed on single crystal
rhodium- and platinum based surfaces, which have been used
as prototypical model systems. These transition metals (TM)
are the major active constituents of a large range of materials
used in heterogeneous catalysis.

Among the catalysts used in car exhaust gas purification
via the 2NO + 2CO → N2 + 2CO2 reaction, Rh exhibits
high activity and excellent selectivity towards N2 production.
Moreover, Rh is a transition metal relevant for the formation
of cyanide intermediates [12, 13] and in the formation of
N2O [14], a gas which contributes to ozone layer depletion
and to the greenhouse effect [15]. Platinum is among the

noble metals that dissociate O2 molecules and is therefore an
efficient oxidation catalyst. Deposited on silica it is used in
the production of sulfuric acid, in the cracking of petroleum
products and in the conversion of methyl alcohol vapours
into formaldehyde [16]. Recently Pt has attracted increased
attention in the development of Pt based fuel cell-powered
systems [17]: in this case Pt is used for oxidation and/or
methanation of CO, sometimes in the form of bimetallic alloys
with Ru [18].

The paper is organized as follows. In the next section I
discuss the interaction with the surface of atomic adsorbates
relevant in catalysis, with particular emphasis on oxygen,
nitrogen, sulfur and hydrogen; section 3 contains a description
of the synchrotron radiation results concerning the formation
of surface Rh oxides. The investigation of surface defects
such as steps and highly under-coordinated atoms, like
adatoms and dimers, will be described in section 4, while the
possibility to tune the CO dissociation reaction probability with
artificially constructed nanostructured Rh surfaces is examined
in section 5. The electronic structure and the thermal stability
of missing row reconstructed Rh surfaces, probed by real-time
photoelectron spectroscopy, are considered in section 6. The
monitoring of the first layer surface composition of bimetallic
Pt–Rh catalysts during a chemical reaction is outlined in
section 7.

The concluding remarks emphasize future developments
in this field, in particular concerning the improvements of data
acquisition speed and enhanced surface sensitivity to probe
transition metal nanoclusters deposited on supports.

2. The interaction of atomic species with
solid surfaces

Surface science has proven that a multiple experimental
techniques approach, paralleled by theoretical calculations, is
often needed to obtain a complete picture of the gas–solid
surface interface systems under investigation. Ideally, to reach
a thorough understanding of these phenomena, one would like
to obtain chemical sensitivity at the atomic length scale for
both atomic and molecular species and on the timescales of
elementary kinetic surface processes. Both are challenging
tasks.

Indeed the low sensitivity of vibrational techniques
such as HREELS and IRAS to catalytically relevant atomic
adsorbates, imposes severe limits to the quantitative chemical
determination of atomic species, which are fundamental
participants in a large variety of chemical reactions.
Furthermore, these experimental methods, which are among
the best methods to probe the molecular interactions in
complex model systems [19, 20], lack sensitivity to the
electronic structure modifications of the first layer atoms
induced by molecular and/or atomic adsorption. This impedes
the simultaneous detection, identification and characterization
of the geometric and electronic structure modifications of
the catalyst’s first atomic layer during chemical reactions,
which are a prerequisite for the understanding of the reaction
mechanisms. In this respect, the contribution of high energy
resolution x-ray core level spectroscopy has been relevant
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since the first experiments on polycrystalline solid surfaces in
1973 [21, 22].

The ability to distinguish the adsorption sites of molecules
chemisorbed on long range ordered solid surfaces dates back
to the seventies when the group of D Menzel was the first
to make quantitative use of adsorbate x-ray photoelectron
spectroscopy (XPS) on single crystal surfaces, to disentangle
different C 1s core level components originating from CO
molecules adsorbed on different sites on W(110) [23, 24].
After those pioneering experiments, XPS was extensively
applied on transition metal surfaces to probe the molecular
bonding configuration of adsorbed layers, such as CO
on Ni(100) [25, 26], Pt(111) [27, 28], Pd(111) [29],
Rh(111) [30, 31] and NO on Rh(110) [32] and Pt(111) [33].
As first pointed out by Mårtensson and Nilsson [34] the core
level binding energy (BE) shifts of molecular systems can be
understood on the basis of total energy considerations, the
major contribution arising from the changes in the energy of
the core ionized state. For example, it was found for a large
number of carbon monoxide adsorption systems that the O 1s
BE decreases with increasing CO coordination to the substrate,
in the order BE(on-top) > BE(bridge) > BE(hollow), in the
range 530.5–531.6 eV, too large to be explained just in terms
of initial state effects.

The situation is rather different when atomic species are
involved in processes at the gas–solid surface interface: in this
case core levels are not always the best tool to determine the
adsorption site of these atomic species. Adsorbates such as O,
N and S are often located in the same adsorption site and their
1s or 2p levels are not very sensitive to the variations in the
adsorbate–metal bond or to adsorbate–adsorbate interactions.
For example the O 1s core level BE of O/Rh(111) [35] and
O/Ru(101̄0) [36], varies from low to saturation coverage, by
only −110 and 75 meV, respectively. Following a different
approach, high energy resolution photoelectron spectroscopy
with synchrotron radiation can be used to probe the shifts of the
substrate core levels induced by the adsorbed atomic species,
offering the unique possibility to identify in a direct way the
atomic adsorption sites and to evaluate the changes in the local
environment of the substrate atoms. Indeed the core level
binding energies of the first layer atoms are not the same as
in the bulk, giving rise to so-called surface core level shifts
(SCLS) [37], which can be measured with high precision for
both clean and adsorbate covered surfaces by combining the
high energy resolution of modern electron energy analysers
with the use of soft x-ray monochromator based beamlines.
In parallel surface core level binding energy shifts can be
calculated with a high level of accuracy using DFT, as a
total energy difference of the neutral and the core ionized
final state [5]. The comparison between experimental and
theoretical results is a key ingredient to obtain an unambiguous
determination of the geometrical and chemical environment of
atomic and molecular species at solid surfaces.

SCLSs usually range from a few meV to more than 1 eV
and arise from two contributions: an initial state effect, which
reflects the changes at the surface in the electronic distribution
of the neutral system before the excitation, and final state
effects, originating from the screening of the core–hole created

Figure 1. Rh 3d5/2 (left) and Pt 4f7/2 (right) core level spectra
corresponding to (100) (bottom) and (111) (top) surfaces. By
decreasing the first layer atomic coordination n the surface core level
shift increases by about 36%, as predicted by the tight-binding
model.

at the surface and in the bulk. Initial state effects on clean TM
such as Rh and Pt are mainly due to the reduced coordination
of the surface atoms with respect to the bulk, which results in
a narrowing of the surface d band around its centroid. The
d band is electrostatically shifted in order to keep surface and
bulk atoms at the same chemical potential, thus moving surface
components towards lower binding energy for d bands which
are more than half filled, as for rhodium and platinum [38].
Figure 1 shows Rh 3d5/2 and Pt 4f7/2 core levels of Rh and
Pt (100) and (111) surfaces, with first layer atom coordination
n equal to 9 (FCC(111)) and 8 (FCC(100)). The d band
narrowing is determined by the number of broken bonds with
respect to the bulk of the top layer atoms, which are 3 and 4 for
the (111) and (100) surfaces, respectively.

The small energy differences which have to be measured
call for a resolution smaller than 100 meV, typically in
the photon energy range between 100 and 500 eV, where
the shallow 3d5/2 core levels of 4d TM (such as Rh) or
4f7/2 core levels of 5d TM (such as Pt) are found. These
experimental requirements can be fulfilled only by using the
tunable wavelength x-ray beam produced by undulator based
synchrotron radiation light sources. As a further advantage
with respect to conventional Al or Mg Kα x-ray sources,
enhanced sensitivity to first layer atoms can be achieved by
maximizing the overall cross sections and minimizing the
inelastic electron mean free path.

In the following I will illustrate: (i) how high resolution
core level photoemission can be used to identify in a direct
way the adsorption sites of different atomic adsorbates on Rh
surfaces, (ii) how the modifications in the electronic structure
of adsorbate–substrate complexes, monitored at different
coverages, can be correlated with the changes of chemical
reactivity via the shift of the d band centre, and (iii) the
importance of including the contribution of second layer atoms
to accurately disentangle the different core level components.

2.1. O, N and S adsorption on Rh(100)

Oxygen, nitrogen and sulfur are light atomic species involved
in a well number of chemical reactions and their interaction
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Figure 2. Evolution of the Rh 3d5/2 core level spectra during oxygen uptake on Rh(100) (T = 300 K, hν = 380 eV), shown as sequence of
spectra (bottom) and two-dimensional image (top), Rh1 (orange) and Rh2 (yellow) lines are a guide to the eye to show the development of
intensity changes at particular binding energies. (b) Rh 3d5/2 core level components as obtained from the fits of the spectra measured at
oxygen coverage of 0, 0.18 and 0.37 ML. The Rh0 component originates from the clean surface atom, while the Rh1 and Rh2 peaks originate
from the surface Rh atoms single and double bonded to oxygen. (c) Oxygen coverage dependent intensity of the three components, as
obtained by fitting the spectra reported in (a).

with Rh surfaces strongly influence different factors that
control catalytic activity and selectivity.

Besides its importance as an archetypal model, the
relevance of the oxygen interaction with Rh is connected to
its importance in catalytic CO oxidation, as a product in
nitric oxide dissociation and in the first step of surface oxide
formation (see section 3) [39]. The oxygen–Rh bond can be
understood in terms of a strong covalent bond between the
O 2p orbital and the metal d band, which is paralleled by a
considerable charge transfer from the metal substrate to the
electronegative adspecies. The charge redistribution in the
valence band results in a modification of the core level binding
energy of the surface atoms.

Extensive real-time measurements of the Rh 3d core level
have been performed in order to understand the evolution of
the local configuration of the oxygen atoms, along with the
variations of the electronic structure of the substrate Rh atoms.

Figures 2(a) shows a sequence of Rh 3d5/2 spectra
measured at different coverages during oxygen exposure at
room temperature [40].

As previously reported in figure 1, the Rh 3d5/2 spectrum
corresponding to the clean (1×1) Rh(100) surface is composed
of two main peaks [5, 41]: the higher binding energy
component at 307.15 eV, Rhbulk, originating from the second
and deeper layers, and the lower binding energy peak at
−660 meV from Rhbulk, Rh0, due to the topmost Rh atoms.

In order to evaluate the position and the intensity
of the different oxygen-induced surface core level shifted
components, a fit of the spectra has been performed
using Doniach–Šunjić (DS) function [42] convoluted with
a Gaussian. The DS function is the line shape which is

commonly used to fit the core level spectra of solids, such as
beryllium [8, 43], alkali [44] and TM [5, 41, 45].

All the spectra in the uptake series in figure 2(a) can be
accurately fitted using only the bulk and surface peaks and
two additional components. Distinct modulation features are
visible in the two-dimensional image (top panel in figure 2(a))
which shows, in a two-dimensional colour scale, the spectral
changes occurring during the uptake process. Oxygen
adsorption at low coverage leads to the appearance of a new
core level component Rh1 shifted by −425 ± 20 meV with
respect to the bulk peak (the yellow component in figure 2(b)),
while the original Rh0 surface peak intensity decreases. Upon
increasing the surface coverage, a further decrease of the
Rh0 component is observed, accompanied by the growth of a
third surface component Rh2 at a binding energy of −210 ±
20 meV (orange component in figure 2(b)): this process takes
place simultaneously with the p(2 × 2) to c(2 × 2) structural
conversion observed by means of spot profile analysis low
energy electron diffraction measurements [40, 46]. The
intensity variation of the different core level components, as
obtained from the analysis of the whole data set, is plotted in
figure 2(c) against the oxygen coverage. For coverages below
0.1 ML, oxygen adsorption induces a linear decrease of the
Rh0 component, which disappears slightly above 0.3 ML. The
first derivative d Rh0/d� calculated for low coverage is equal
to −4.2, thus indicating in a direct way that for each oxygen
atom adsorbed on the surface, the intensity contribution of
about four surface Rh atoms moves from Rh0 to Rh1. The
initial adsorption site for oxygen is confirmed to be fourfold, as
previously determined by LEED measurements [47, 48]. The
Rh1 component therefore originates from first layer rhodium
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Figure 3. Core level shift variations for first layer Rh atoms in
different local environment on both (100) and (111) surfaces, versus
the calculated atom-projected d band shift. The shifts are measured
with respect to the clean surface component.

atoms bonded to a single oxygen atom, while the Rh2 peak,
which grows at coverages larger than ∼0.2 ML, is due to Rh
atoms bonded to two oxygen atoms.

It is important to note that the adsorption site assignment
is based on the behaviour of the intensity of the Rh0

component alone, while the absolute intensity ratio between
the different components may not reflect the true occupancy
of the adsorption sites. Differences can be caused by
strong photoelectron diffraction effects [49], due to the
inequivalent local surrounding of the Rh atoms that are
differently coordinated with oxygen. Indeed these effects are
so strong that they can be used in a straightforward way to
verify the chemical assignment of measured core level shifted
components [50–52].

Further important information provided by these exper-
iments concerns the changes in the local electronic struc-
ture, measured by the variation of the binding energy �E
of atoms in different chemical environments (Rh1 and Rh2)

with respect to the clean component Rh0, which can be ex-
perimentally determined with great accuracy. Indeed, since
�E1 = +220 meV and �E2 = +435 meV, it turns out that
�E1

∼= 2�E2. The same experiment, repeated on the Rh(111)
substrate demonstrates the validity of the additivity property of
the oxygen-induced Rh energy shift caused by the individual
fractional contribution of adsorbates [53].

The changes of CLS of Rh atoms bonded with oxygen
atoms in different configurations are plotted in figure 3
against the calculated atom-projected shift of the d band
centre. The linear behaviour unambiguously proves that the
variation of the CLS is strongly correlated with the changes
of the d band centre position, which is directly related to the
chemical reactivity of d metal surface atoms. However, this
interpretation is based solely on an initial state picture of the
SCLS, i.e. the difference in the single energy eigenvalues of
a surface and a bulk atom core state. This approach neglects
therefore the different contribution of surface and bulk valence
electrons for screening the core hole. Nevertheless, final state
effects, which can make a substantial contribution to the shifts
in the case of surface alloys [54], are of minor relevance for
Rh.

Figure 4. (a) N 1s core level spectra measured at 100 K
(hν = 470 eV), corresponding to adsorbed layers with different
coverage, obtained by annealing the c(2 × 2) saturated surface to
progressively higher temperature. (b) Rh 3d5/2 core level spectra
corresponding to the same layers (N coverage is indicated)
(hν = 400 eV). (c) Intensity evolution of the Rh0, Rh1 and Rh2

components, which correspond to surface Rh atoms respectively
clean, single and double bonded to N atoms. The first derivative of
the Rh0 component is also reported.

A similar experimental approach has been used to study
the interaction of atomic nitrogen on Rh(100), supported by
first-principles theoretical calculations of the surface core level
and d band energy shifts [55]. The major interest in nitrogen
adsorption on transition metals is connected with the catalytic
synthesis of ammonia from N2, while for group VIII metals
like Rh, N2 formation is extremely important as a subsequent
reaction step in NO and NH3 molecular dissociation.

In order to determine the changes in the local nitrogen–
Rh configuration along with the variations in the first layer Rh
electronic structure, the Rh 3d5/2 core level spectra, reported in
figure 4(b), have been measured as a function of the nitrogen
coverage which has been determined by evaluation of the
intensity of the N 1s spectra (figure 4(a)).
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The evolution of the spectral line shape is quite similar
to that found for the O–Rh(100) system. In particular, a
component shifted by −360 ± 20 meV with respect to the bulk
peak, grows with N coverage between the bulk and the clean
Rh0 peak while the clean surface peak intensity decreases.
Upon further increase of the N coverage, a new component
Rh2, very close in energy to the bulk peak, at +10 ± 30 meV,
had to be included in the fit. The integrated intensity of
the different surface core level components is reported in
figure 4(c). The first derivative of the Rh0 components is
equal to −3.9 ± 0.4, thus indicating that the adsorption site
is fourfold hollow, in agreement with theory [56]. The Rh1 and
Rh2 components originate from first layer Rh atoms single and
double bonded with nitrogen.

In order to obtain a deeper understanding of the mea-
sured values of the SCLS, theoretical calculations based
on DFT [57, 58] and using the local density approxima-
tion [59–61] have been performed. The nitrogen overlayers
corresponding to different coverages were modelled, with the
N atom always adsorbed in the fourfold hollow site.

The results of the theoretical calculations of the SCLS,
reported in the right side of figure 5, clearly indicate that there
is a strong dependence of the SCLS on the Rh atom–adsorbate
coordination, as shown in section 2.1 for the oxygen case. As
outlined above, the SCLS of second layer atoms, ranging from
−103 to +159 meV makes it difficult to consider them in
the spectral fitting procedure. As for the O–Rh(100) system,
a close comparison with the experimental results takes into
consideration the �Ei shifts of the nitrogen-induced SCLSs
Ri (i = 1, 2) with respect to the clean Rh0 component. The
experimental values of �E1 = 300 ± 40 meV and �E2 =
670 ± 60 meV are in quite good agreement with the theoretical
ones and indicate that even for the N–Rh(100) systems, the
�E2 = 2�E1 relation holds.

While the shift towards higher binding energy with
increasing N coverage can be qualitatively understood as due
to charge transfer from the surface to the adsorbate, the
quantitative determination of the shift cannot be accounted
for by charge transfer arguments only, as expected for the
adsorption of electronegative species on 4d transition metals
surfaces.

What was found for the N–Rh(100) case is a strong
correlation between the �E values and the valence d band
shift projected onto the surface atoms. The calculated density
of states (DOS) per atom, projected onto the 4d orbitals of
surface, bulk and first layer Rh1 and Rh2 atoms coordinated
with nitrogen, is plotted in figure 5. The nitrogen adsorption
clearly induces a broadening of the Rh d band, along with a
lowering of the DOS in the Fermi level region. This results in
a d band centre Bd shift towards higher binding energies with
increasing nitrogen coverage. The variation of d band centre
with respect to the bulk values (�Bd) ranges from negative
values for the clean first layer atoms Rh0 (−578 meV) to
more positive values in the case of Rh1 (−391 meV) and Rh2

(−70 meV).
The major interest in applying the surface core level

shift approach to sulfur chemisorbed on Rh(100) resides
in the well known, extensively studied poisoning effect

Figure 5. Density of states projected onto the 4d orbitals of the
Rh atoms for all the inequivalent surface atoms at the three studied
coverages, corresponding to the p(2

√
2 × √

2)—0.125 ML,
p(2 × 2)—0.25 ML and c(2 × 2)—0.5 ML nitrogen ordered
structures. Bottom panel corresponds to Rh bulk atoms. Rh0, Rh1

and Rh2 are Rh atoms bound to 0, 1 and 2 nitrogen atoms,
respectively. On the right side, final state SCLS values for the
inequivalent atoms are reported in black, while the displacement
�Bd of the d band average energy with respect to the bulk value is
indicated below (blue).

of this adsorbate [62, 63]. Indeed the presence of S in
natural hydrocarbon sources causes a strong reduction of
the lifetime and performance of Rh based catalysts. By
analysing the rate of CO methanation as a function of S
coverage on Rh, Ru [64, 65] and Ni [66, 67], it was found
that methanation rate and sulfur coverage do not follow a
linear relationship, and a sharp decrease in the catalytic
activity was observed already at low sulfur coverage. It
was suggested that a single sulfur atom may change the
electronic structure in a surface area with a radius of about
10 Å, reducing the catalytic activity of the area through a
long range electronic effect [68]. This was confirmed by
theoretical calculations which have shown that electronegative
atoms induce a reduction of the DOS near the Fermi level,
that can extend beyond next nearest neighbours [69, 70].
Since recent theoretical calculations [71–74] have attributed
instead the S-induced reduction in the chemical reactivity
of Rh and Pt to the poisoning of highly surface reactive
defects such as steps, S–Rh(100) appears to be the ideal
system to investigate with a probe highly sensitive to the local
electronic structure, such as high energy resolution core level
photoelectron spectroscopy [75].

A sequence of Rh 3d5/2 core level spectra measured at
different sulfur coverages is reported in figure 6. Below 0.2 ML
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Figure 6. Rh 3d5/2 core level spectra from S–Rh(100) measured at
increasing coverage and at T = 100 K with 400 eV photon energy.
Different spectral components corresponding to different Rh local
configurations are also shown with different colours. On the right,
snapshot structures of sulfur distribution on Rh(100) as obtained in
the MC simulations using the UBU-QEP model at coverages ranging
from 0.05 to 0.5 ML, are reported. Grey atoms correspond to clean
first layer Rh atoms (Rh0), yellow atoms correspond to first layer Rh
atoms single bonded with S (Rh1), red atoms to first layer Rh atoms
double bonded with S (Rh2). A minority population of Rh atoms
triple bonded with S is shown in violet at 0.5 ML in the MC
simulations.

the Rh1 component grows at higher binding energy with
respect to the Rh0 surface peak (SCLS = −440 ± 20 meV). At
higher coverage the increase of Rh1 is accompanied by a strong
decrease of the Rh0 peak, while at larger S coverage a third
component (SCLS −240 ± 20 meV) is required to accurately
fit the data. By comparing the sulfur-induced Rh 3d5/2 line
shape changes with the O- and N-induced spectral variations,
it is straightforward to attribute the third component to first
layer Rh atoms double bonded with S atoms. However this
interpretation does not account for the high spectral intensity
in the bulk region, at about 307.2 eV, revealed by the analysis
of the 0.5 ML spectrum.

Indeed the S-induced Rh 3d5/2 surface core level shifts,
calculated using the same formalism adopted for the nitrogen
case, indicates that Rh2 atoms produce a SCLS of +22 meV,
which cannot be experimentally distinguished from the bulk
peak. The origin of the component measured at −240 meV can
be found in an unexpectedly large contribution of second layer
atoms. The theoretical analysis in fact predicts for the atoms

sitting in fourfold sites just below the first layer S atoms, a
second layer core level shift equal to −235 meV, which has two
origins: a large expansion of the first inter-layer distance and
a substantial electronic charge redistribution also in the second
layer, induced by the S adsorption.

The most relevant result of this investigation is connected
to the S-poisoning effect. DFT calculations for the low
coverage S structure do not report a significant variation in
Rh0 SCLS and d band centre shifts, which exclude a S-induced
long range effect on the electronic structure of the next nearest
neighbour Rh atoms.

This necessitates an alternative interpretation of the S-
induced poisoning effect, which has to be related to the site
blocking effect exerted by sulfur when it strongly chemisorbs
on the catalytically active sites of Rh surfaces, e.g. kinks and
steps.

From the theoretical calculations it was found that, in
contrast to the O– and N–Rh(100) systems, the �E2 = 2�E1

relation does not hold for S–Rh(100). This is due to the large
screening contribution (+162 meV) to the CLS of the Rh2

atoms of the c(2 × 2) structure, while for other different Rh
configurations the absolute value of the final state contribution
remains usually below 100 meV.

These results confirm the paramount importance in
interpreting core level binding energy shifts of the interplay
between experiments and theory, which can take into account
the final state effects due to the different screening capabilities
of the core ionized system at the surface and in the bulk.
Moreover the theoretical results have provided new insights
into the important role of sub-surface species: second layer
contributions to core level spectra can indeed be relevant and
an assignment based exclusively on peak intensities could be
misleading due to photoelectron diffraction effects.

The selected examples of interaction of atomic species
with Rh(100) show that measurements of adspecies-induced
SCLS is a solid experimental approach which can go on with
the investigation of more complex model catalysts. Although
the use of single crystals and the minimum number of
adspecies are substantial simplification for the understanding
of the adsorbate–surface interaction properties, the technique
is mature to be extended to the investigation of two or more
coadsorbed atomic and/or molecular species or to the analysis
of the kinetics of simple chemical reactions where atomic
species play a relevant role.

2.2. Hydrogen on Rh(100)

One of the most remarkable results obtained by surface core
level shift methods in the study of atomic adsorbates is
the determination of the hydrogen adsorption sites on solid
surfaces [76, 77]. Even if in a number of cases diffraction and
spectroscopy based techniques have been successfully applied
to unravel the H–metal bond configuration [78, 79], this
remains in general a difficult problem because of the low
hydrogen scattering cross section and the high surface mobility
of hydrogen atoms. However, following an alternative
approach based on the measurement of the hydrogen-induced
Rh 3d5/2 surface core level shift, it was possible to probe
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Figure 7. Selected Rh 3d5/2 core level spectra measured during
hydrogen uptake on Rh(100) at 150 K. Photon energy: 407 eV.
Different contributions (�, 2�, 3�) shown using different colours
are due to differently hydrogen-coordinated first layer Rh atoms, as
shown in the geometrical models. In all spectra the bulk component
is omitted.

the hydrogen occupation of both fourfold hollow and bridge
adsorption sites on Rh(100) [76].

The core level spectra reported in figure 7, and measured
during hydrogen uptake at 70 K, show (besides the bulk and
surface peaks) the presence of three additional components,
due to the H interaction with the surface. The best fit of the
whole series was obtained using three components shifted by
−545 (yellow, �), −480 (light blue, 2�) and −310 (blue,
3�) meV from the bulk peak respectively, which grow with
increasing hydrogen exposures. By measuring the shift with
respect to the clean surface peak, as for the O–, N– and S–
Rh(100) systems, the new features appear at +80 (�), 145
(∼2�) and 315 (∼4�) meV.

Based on the same model previously applied to other
adsorbates, the feature at � meV can be interpreted as due to
surface Rh atoms bound to a single hydrogen atom adsorbed
in a fourfold hollow site. With the same considerations, the
2� meV peak can be attributed to Rh atoms bound with either
two H atoms in hollow sites or to a single H atom placed in
bridge position. The largest shift can finally be associated with
Rh atoms coordinated either to four hydrogen atoms in fourfold
hollow position or to two H atoms in bridge sites, since the on-

Figure 8. Experimental and simulated curves for the intensity of the
surface core level shifted components assigned to inequivalent first
layer Rh atoms. The grey component Rh0 originates from clean
surface Rh atoms, while the yellow Rh1 and light blue Rh2

components originate from surface Rh atoms which bind to one
hydrogen atom in fourfold hollow sites and in bridge sites (Rh4),
respectively. First layer Rh atoms bonded to two hydrogen atoms
sitting in bridge sites are reported in blue. Snapshot structural models
of the equilibrium configurations as obtained by Monte Carlo
simulations during hydrogen uptake.

top position, which would also be compatible with the model,
is strongly unfavoured energetically.

In order to describe the evolution of the surface
layer during the H uptake, to link the variations to the
observed surface core level components and to distinguish
between the possible atomistic configurations, Monte Carlo
simulations [80, 81] have been carried out. The experimental
and simulated coverage evolution of the differently coordinated
first layer Rh atoms, are in very good agreement, as shown in
figure 8.

As for the O–Rh system, the Rh 3d5/2 peak positions
measured with respect to the clean surface component on
Rh(111) and Rh(100), and associated with the surface species
bonded with H atoms in inequivalent configurations (threefold
hollow, fourfold hollow and bridge), shows a remarkable linear
trend, as reported in figure 9.

The major drawback of using the SCLS approach to
study the H interaction with TM surfaces is the small shift
induced by H atoms if compared with the changes induced
by other adsorbates such as those presented in section 2.1.
The difficulty to disentangle differently shifted components
makes a constraint on the application of this technique: only
simple systems, such as flat and defect-free surfaces, were
successfully probed until now. However a possibility to extend
the application of this method can be found in the study
of H interaction on ultrathin films (1 or 2 layers) of TM
pseudomorphically grown on metal or oxide substrates: here
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Figure 9. Rh 3d5/2 core level shift variations for first layer Rh atoms
in different local environments on both (100) and (111) surfaces
plotted against the number of shared hydrogen atoms per surface
Rh atom. The shifts are measured with respect to the clean surface
component.

higher accuracy in the determination of the H-induced core
level components can be easily reached thanks to the absence
of bulk components.

3. The formation of surface oxides

Significant experimental and theoretical research work has
focused in the last few years on the initial oxidation of
TM surfaces, motivated by the importance of this process
in technological applications such insulating thin films in
microelectronics, layers to protect against corrosion, and
catalysis.

After the formation of an oxygen chemisorbed layer, the
onset of sub-surface penetration often takes place above a
critical coverage, as reported for Ag(111) [82]. For other
systems, oxygen exposure at high pressure results in the
formation of surface oxides with a structure totally different
from the corresponding bulk oxides [83] and with a significant
increase in the chemical reactivity [84]. The situation is quite
complicated in the case of Rh surfaces. Here high energy
resolution core level photoelectron spectroscopy, accompanied
by complementary information based on STM, surface x-
ray surface diffraction and DFT calculations, has provided
a significant contribution to understanding Rh surface oxide
formation [85, 86].

On Rh(100), high pressure oxygen exposure results in the
development of a hexagonal c(8 × 2) LEED pattern, which
is a coincidence lattice of two different structures. High

Figure 10. O 1s and Rh 3d5/2 core level spectra corresponding to the
c(2 × 8) structure formed by heavy oxidation of the Rh(100) surface.
The O 1s spectrum (left) shows two components of similar intensity,
shifted by 1.10 eV and originating from interface and surface oxygen
species. The Rh 3d5/2 spectrum (right) reveals, apart from the bulk
peak, two components, corresponding to interface and oxide species,
respectively.

energy resolution core level photoemission measurements
revealed that the Rh 3d5/2 core level spectrum, shown in
figure 10 (right), is formed by the bulk peak (Rhb) and
two additional components, S and I, shifted by +730 and
−320 meV with respect to Rhb. The higher binding energy
component is due to surface Rh atoms highly coordinated
by oxygen, while the lower binding energy peak originates
from Rh at the interface between the Rh surface and the
hexagonal oxide structure. The O 1s core level spectrum
of figure 10 (left) shows two components shifted by 1.1
eV and with similar intensities, originating from inequivalent
oxygen atoms. Photon energy dependent measurements
have unambiguously demonstrated that the higher binding
energy component is due to the interface O atoms. The
results of the data analysis indicate that the surface oxide
has a trilayer RhO2 structure, very similar to that found on
Rh(111) [85]. Close comparison of photoemission results with
LEED, STM, surface x-ray diffraction (SXRD) experiments
and DFT structural calculations allowed a model for the
oxygen-induced c(8 × 2) structure to be constructed, with an
in-plane lattice constant of 3.07 Å and with the oxygen atoms
at the interface located in the on-top site of the Rh substrate.
A further convincing proof of the reliability of this structural
model comes from ab initio calculations of the core level shifts
of the inequivalent oxygen and Rh atoms.

These and other experiments performed on other Rh, Pd,
Ag and Pt surfaces provide convincing evidence that core
level spectroscopy has played a vital role for probing the
different chemical environment of transition metal atoms at
surface oxides and to test state-of-the-art theoretical models at
the atomic scale. Besides the presence of differently shifted
BE components, the technique can provide the chemical
composition in terms of oxygen and transition metal relative
abundances.

4. Surface defects

There are several highly reactive sites on solid surfaces.
Among them steps represent a particular class, where usually
a strong reduction of the dissociation energy barrier occurs.
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This has been first demonstrated by Ertl’s group for NO
on Ru(0001) [87]: STM images have shown an enhanced
concentration of adsorbed nitrogen atoms near the steps after
exposure to NO. The reason of this effect can be found in the
reduced coordination of the atoms at the steps which results in
a smaller d band width. This, in turns, implies that the d band
centre is shifted upwards compared to the other surface metal
atoms. According to the Hammer–Nørskov model [88, 89]
these atoms, and more generally under-coordinated atoms at
solid surfaces, should be able to bind adsorbates more strongly
than others. Recent experiments have also shown that steps
influence not just the chemical activity, but also the selectivity
in reactions involving multiple reaction pathways, as in the
case of ethylene decomposition on nickel [90]. Typically
the properties of under-coordinated atoms at solid surfaces
are investigated my means of microscopy techniques such
as STM [91] and field ionization microscopy [92] which
are unique tools for resolving the atomic scale structure
of surfaces. More recently the under-coordinated atomic
configurations have been successfully explored by means of
high resolution core level spectroscopy.

4.1. Stepped Rh surfaces

The possibility to identify step Rh atoms has been firstly
demonstrated by Gustafson et al [93], who have studied the
difference in the core level binding energy between flat (111)
and vicinal (553) Rh surfaces. The latter is formed by (111)
terraces, five atoms wide, separated by monatomic (100) steps.

The Rh 3d5/2 core level spectrum of the (553) Rh surface,
shown in figure 11, was fitted with four components: besides
the bulk peak at higher binding energy, the spectrum shows
two other components at lower binding energy, originating
from terrace (T) and step (S) atoms. However, by using just
two surface components it is not possible to obtain acceptable
fits and a fourth component labelled U, with a binding energy
very close to the bulk peak, had to be added. Photon
energy scans were taken in order to understand the origin of
the U component, which was finally assigned to the atoms
underneath the (100) steps.

The binding energy shifts of the S, T and U components
vary almost linearly with the respective coordination number,
even if the T component differs among different vicinal
surfaces. This was attributed to in-plane relaxation on the
terraces of the vicinal surface due to different tensile stress on
(553) and (15 15 13) surfaces, which can induce small core
level binding energy shifts.

The higher reactivity of stepped surfaces was finally
demonstrated by the analysis of the different core level
components after exposing the surface to small amounts of
oxygen at room temperature. The comparison of the Rh 3d5/2

spectra corresponding to clean and adsorbate covered surfaces
shows that changes in the S and T components are consistent
with oxygen atoms occupying every second of the threefold
hollow sites along the steps formed by two S atoms and one T
atom.

This experiment has shown that core level spectroscopy
can provide a direct observation of the active sites in a catalytic

Figure 11. Rh 3d5/2 core level spectrum from the Rh(553) surface.
The surface components S, T and U originate from differently
coordinated first layer atoms sitting on the (111) terraces (T—red),
on the steps—(100) microfacets—(S—blue) and underneath the step
(U—green), as shown in the upper panel.

material. This finding opens up the possibility to study
interesting kinetic processes at step atoms.

4.2. Rh adatoms and ad-dimers on Rh surfaces

More recently, the interest in the electronic structure of atoms
in special sites on Rh surfaces has been extended to highly
under-coordinated atoms, such as adatoms and ad-dimers,
which can exist in appreciable concentrations at elevated
temperatures because of the evaporation from kink sites at
steps [94, 95]. Spectral components originating from atoms
with several different coordination numbers, i.e. with the
nearest neighbour number n equal to 3, 4 and 5, have been
detected by measuring the core level shift induced by Rh
adatoms and ad-dimers adsorbed on the (100) and (111) Rh
surfaces at low temperature (T = 20 K) [96].

The Rh 3d5/2 spectrum, reported in figure 12, correspond-
ing to a low coverage (0.035 ML) of Rh adatoms deposited
on Rh(100) can be fitted using the bulk and surface compo-
nents used for the (1 × 1) clean surface, and two additional
components at −1030 and −400 meV with respect to the bulk
peak. These spectral features are assigned to adatoms (yel-
low atoms with n = 4) and to the surface atoms coordinated
to the adatoms (blue atoms with n = 9), respectively. For
larger Rh deposition times, two extra components at −810 and
−145 meV have to be included in the fit in order to obtain
a residual with negligible structure. The two components are
interpreted as due to the formation of ad-dimers (n = 5 and
n = 10).

In order to extend the range of coordination number, Rh
adatoms have also been prepared on Rh(111). At an adatom
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Figure 12. Rh 3d5/2 core level spectra corresponding to clean (left), 0.035 ML (central) and 0.095 ML (right) Rh covered surfaces. Dashed
curves correspond to bulk and second layer atoms, while coloured curves originate from Rh atoms with different coordination.

Figure 13. (a) Experimental and calculated Rh 3d5/2 core level shifts
versus the coordination number n. (b) Calculated CLSs versus the
effective coordination ne described in the text. Second layer atoms of
Rh(111) and Rh(100) are also included. (c) Linear dependence
behaviour of the d band centre binding energy position as a function
of the effective coordination number ne.

coverage of 0.04 ML, a core level component shifted by
−1080 meV was found, and attributed to single adatoms with
coordination n = 3.

The results of the experimental core level shifts from
both surfaces are plotted in figure 13(a) as a function of the
coordination number, which ranges from 3 to 12.

A quantitative understanding of the origin of the different
core level components has been obtained on the basis of
DFT calculations, and the agreement between theoretical and
experimental results reported in figure 13(a) is remarkably
good. Even if the core level shift behaviour follows
approximately a linear trend, it is apparent that the low
coordination data points are positioned on a different line with
respect to the higher coordination data.

This has been explained as due to a strong interplay
between the coordination number n and the local bond strain.
Indeed calculations found a large relaxation of about −7%
taking place at low coordinated adatom and ad-dimers sites,
due to the reduced symmetry.

The calculated core level shift data are plotted therefore
in figure 13(b) against the effective coordination ne(i) =∑

j ρat
Rh(Ri j)/ρ

at
Rh(Rbulk), where the sum is calculated over all

the nearest neighbours j of atom i and ρat
Rh(R) is the calculated

spherical charge density distribution of an isolated Rh atom as a
function of the distance R from the nucleus. Ri j is the distance
of the j nearest neighbour from the i atom and Rbulk the bulk
interatomic distance.

The linear behaviour of the CLS versus ne(i) in the plot
integrates the contribution of both the coordination number n
and the interatomic distances. Moreover, since the effective
coordination is proportional to the calculated d band shift,
as shown in figure 13(c), the CLS measurements can be
considered, for the systems where final state contributions
can be neglected, good spectroscopic fingerprints of the local
chemical reactivity. Finally these experiments confirm that
core level spectroscopy with synchrotron radiation is a valuable
tool to investigate highly under-coordinated configurations of
TM atoms, foreshadowing possible applications of this method
to the study of nanostructured surfaces as in the case of oxide-
supported metal nanoclusters.
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Figure 14. Model for rhomboidal pyramids determined from the SPA-LEED data [101, 102] and for the high temperature ripples and low
temperature ripples. Atomic coordination numbers are also reported, with n = number of nearest neighbours.

5. Carbon monoxide dissociation on nanostructured
Rh surfaces

Along with the basic interest in understanding the mechanism
involved in dissociative adsorption of heteroatomic molecules,
CO interaction with transition metal surfaces assumes
a significant role in heterogeneous catalysis since the
dissociation process is a key step in the syngas and in the
Fisher–Tropsch reactions [97].

Experimental and theoretical investigations report that the
carbon monoxide chemical reactivity strongly increases on
corrugated surfaces and that CO dissociation is sensitive to the
structure of the substrate: steps and kinks drastically modify
the reaction paths on solid surfaces and appear to be the
most active sites for the C–O bond breaking [98, 99]. On
Rh, detailed calculations [100] based on DFT report reaction
barriers which strongly decrease when passing from the flat
Rh(111) surface (Ea = 1.17 eV) to steps (Ea = 0.30 eV) and
kinks (Ea = 0.21 eV).

The tuning of the morphology and the step distribution
of a Rh(110) surface by controlled irradiation of the surface
with a Xe ion beam at a few hundred eV [101, 102]
open up the possibility to test and compare with high
accuracy the CO catalytic reactivity of non-equilibrium
periodic nanostructures such as nanoscale ripples oriented
along different crystallographic directions and rhomboidal
nanopyramids [103, 104]. A structural model of these
nanostructured surfaces, showing the geometry and the under-
coordinated step sites, is presented in figure 14.

In order to probe the carbon monoxide decomposition
process C 1s and O 1s core level spectra were measured after
CO exposure at T = 200 K up to saturation. Figure 15(a)
shows the evolution of the C 1s spectra measured at 250 K
after annealing of the saturated layer at different temperatures.

The presence of two components at 286 and 285.55 eV reflects
the occupation of two different adsorption sites, which are
assigned to CO adsorbed in on-top and bridge sites. Upon
a temperature increase, C 1s spectra drastically change: the
two components lose intensity due to CO desorption, and a
lower binding energy component assigned to atomic carbon
and oxygen originating from dissociated CO, grows in intensity
at about 283.6 eV. In agreement with experiments performed
on defect-free Rh surfaces, on-top CO is the only species
present on the surface above 450 K. After heating to 563 K,
∼10% of the initial CO has converted into atomic carbon, as
shown in figure 15(b). The core level data acquired with an
initially lower CO coverage show that when bridge-bonded CO
is absent, atomic C still grows, as a product of dissociation
of on-top CO. In this case the fraction of dissociated CO
after annealing represents 22% of the total CO, i.e. a much
larger than the value obtained for the CO saturated layer. The
tendency to a higher dissociation probability for a lower initial
coverage is confirmed by the results obtained with a very low
initial on-top coverage. Because of the high sensitivity of core
level spectroscopy it is possible to measure the temperature
behaviour of a very low initial coverage, 0.03 ML: here
80 ± 14% of the molecules undergo dissociation upon surface
annealing.

The CO reactivity was probed also for different
nanostructures, in particular ripples running along [1–10]
(high temperature ripples) and [001] (low temperature ripples),
which are endowed with a high density of steps as shown in
figure 14. For both structures about 4% of the saturated CO
layer undergoes dissociation.

In contrast with the (111), (100) and (110) flat Rh surfaces
which present first layer atoms with coordination n equal to
9, 8 and 7 respectively, the rhomboidal nanopyramids are
composed of a large number of fivefold and sixfold coordinated
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Figure 15. (a) Evolution of the C 1s core level spectra after
annealing of the CO saturated layer prepared on the rhomboidal
pyramids at different temperatures and quenching at 250 K. The
peaks at 286 and 285.55 eV correspond to CO in on-top (orange) and
bridge (green) sites, respectively. The component at about 283.6 eV
is due to atomic carbon. The inset show possible inequivalent on-top
and bridge adsorption sites. (b) Plot of the normalized C 1s intensity
versus annealing temperature for a CO saturated layer prepared on
the rhomboidal pyramids at T = 200 K relative to the CO species in
on-top and bridge sites. Atomic carbon is shown in black.

atoms. Therefore the high reactivity of Rh nanopyramids
towards CO dissociation is linked to the availability of
under-coordinated Rh atoms, with CO molecules occupying
preferentially on-top configurations, as schematically reported
in figure 14 (bottom).

What turns out to be peculiar in the case of nanopyramids,
with respect to the ripples morphology, is the very high
density of kinked microfacets, produced by the steps running
along [1–12], which provide a high density of low coordinated
atoms (yellow n = 5 and orange n = 6 atoms in figure 14).
The local atomic configuration of the microfacets, represents
an open morphology (the nearest neighbour number is 6 with
only one next nearest neighbour). With decreasing initial
CO coverage, the density of free under-coordinated Rh atoms
increases, which results in a higher fraction of dissociated
CO. A comparison of different nanostructures shows that the
reaction site for CO dissociation is the on-top configuration
at the kinked step edges where Rh atoms have the lowest
coordination.

In conclusion the possibility to form nanostructured
surfaces with high density of low coordinated atoms, as for
Rh(110), opens up the possibility to artificially increase the

Figure 16. Rh 3d5/2 core level spectra from the (1 × 1) and (1 × 2)
missing row reconstructed Rh(110) surfaces recorded at T = 100 K.
Different colours in the top geometrical models (top) represent atoms
with different coordination and geometrical arrangements:
A—orange and B—yellow atoms (n = 7), C—blue atoms (n = 9).

surface reactivity in a controlled way. In this respect core
level spectroscopy can provide new insight into the elementary
steps involved in the dynamics of molecular dissociation on
surface defects: thanks to the high photon flux, the presence of
different chemical and geometrically coordinated species can
be accurately probed even when the populations are in the per
cent range.

6. Thermal stability of reconstructed surfaces

By exploiting the brilliance of the x-ray radiation produced
by synchrotron radiation facilities together with the energy
tunability and high energy resolution, core level spectroscopy
has developed into a time dependent method, thus allowing the
evolution of surface processes to be followed on a timescale
of seconds [105–107]. This data acquisition time is actually
limited by different contributions arising from photon flux,
transmission of electron energy analysers and electron detector
efficiency.

An example of the application of the real-time surface
core level shift measurements is the study of the thermal
stability of metastable solid surfaces, such as the (1 × 1)

Pt(100), which reverts to the hexagonal phase at temperatures
above 390 K [108], and the (1 × 2) missing row Rh(110)
reconstructed surface [109]. The latter, which can be obtained
by hydrogen titration of the (2 × 2)p2mg oxygen structure, is
thermodynamically unstable and converts into the (1×1) phase
upon annealing.

In the (1 × 1)-Rh(110) phase, the Rh 3d5/2 spectrum
reported in figure 16 shows a component with a core level shift
of −675 meV (A-peak) relative to the bulk peak, while the
spectrum of the (1×2) structure shows two surface components
at −715 (B) and −445 meV (C), which are interpreted as due to
first layer atoms and atoms in the (111) micro facets oriented
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Figure 17. (a) Time evolution of the B-type Rh 3d5/2 surface core
level shifted population (see figure 14) measured at different
temperature. The curves are fitted using an exponential decay with
constant τ = ν exp(−EA/kBT ). (b) Arrhenius plot obtained by
measuring the decay constant τ at eight different temperatures.

along the [11̄0] troughs, respectively. Indeed the shift of the
blue component is very close to the value found for the Rh(111)
surface [110, 111]. DFT calculations yield results that are in
very good agreement with these experimental findings.

In order to measure the activation energy for this surface
transformation, the population of differently coordinated
surface atoms at the surface was monitored as a function
of time at different substrate temperatures. In particular the
intensity of the B component, which is a fingerprint of the
(1 × 2) structure, was characterized in detail.

Figure 17(a) shows some of the decay curves of the B
component measured at different temperatures. The intensity
decay has been fitted using the function �(t) = A exp(−tτ ),
with τ = ν exp(−EA/kBT ) where EA is the activation energy.
By fitting the Arrhenius plot in figure 17(b) an activation
energy EA = 0.95 ± 0.13 eV was extracted.

This value is in remarkable agreement with the activation
energy for the (1 × 2) deconstruction process calculated on the
basis of the climbing image nudged elastic band method, which
takes into account the presence of surface defects [109].

The only mechanism which can quantitatively explain the
experimental findings is the crumbling of the added atomic
rows, ignited at a surface step (process A in figure 18, with
and energy barrier of 1.14 eV), in agreement with STM
experiments [112]. This step is followed by atomic diffusion
along the missing row, as sketched in B in figure 18, a process
with an activation barrier of 0.70 eV.

Figure 18. Schematic model of the deconstruction microscopic
mechanism of the (1 × 2)-Rh(110) surface as obtained by DFT
calculations. The atoms at the steps move via an exchange
mechanism (A) into the troughs and subsequently diffuse (B) along
the [11̄0] direction.

These studies confirm the capability of core level
spectroscopy to monitor the time and/or temporal evolution of
surface processes which are confined exactly in the first atomic
layer of a transition metal. This field of research can include
the determination of the thermal stability of metal–oxide and
oxide–oxide interfaces, the interdiffusion across the interface
and the processes of interfacial segregation.

7. Bimetallic alloy surfaces: surface segregation
during a chemical reaction

Alloy catalysts often display superior properties in terms of
selectivity and reactivity with respect to catalysts based on
pure monometallic materials. Rh and Pt are the main active
components in catalysts used for the production of nitric acid
via ammonia oxidation, widely used in the manufacture of
nitrate fertilizers or in the production of N-containing products
such as plastics and dyestuffs. The lifetime of these bimetallic
catalysts is superior to that of monometallic Pt catalysts due to
the suppression of self-poisoning by carbonaceous deposits.

PtRh catalysts are also used for the synthesis of hydrogen
cyanide, usually via mixtures of NH3, CH4 and air and are the
fundamental constituents of automotive three-way exhaust gas
catalysts which have been used since 1983 [113–115]. The use
of Pt and Rh in the automotive three-way catalysts is based
on the fact that Pt is an excellent catalyst for oxidation of CO
and hydrocarbons, while Rh is an efficient catalyst for NO
reduction to N2. Their performance strongly depends on the
surface structure and composition of alloy particles, which is
known to vary under different working conditions.

Model systems, such as single crystals in an UHV
environment, can provide fundamental information about the
properties of bimetallic catalysts and in particular about the
adsorbate-induced modifications of the surface composition.
In spite of the obvious technological interest, the determination
of the first layer atomic population during a chemical reaction
still remains a very demanding task. High surface sensitivity to
the surface chemical composition of both adsorbed species and
first layer atomic bimetallic elements has to be available on the
same timescale of the surface reaction.
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Figure 19. Rh 3d5/2 (hν = 400 eV) and Pt 4f7/2 (hν = 200 eV) core
level spectra measured from the clean Pt50Rh50(100) surface. In both
spectra, the higher binding energy components correspond for both,
Rh and Pt, to bulk atoms, while lower binding energy peaks originate
from first layer atoms.

In this respect high energy resolution core level pho-
toemission has been successfully applied for the determi-
nation of the population and the chemical configuration of
Pt50Rh50(100) first layer surface atoms, along with the cor-
responding variations in the sub-surface composition and the
segregation process during a chemical reaction [116], all being
key factors in determining the chemical properties.

As for the clean monometallic(100) surfaces, Pt 4f7/2

and Rh 3d5/2 core level spectra measured from the PtRh(100)
surface present two components, as shown in figure 19. The
higher binding energy peak is due to the bulk atoms, while
the lower binding energy components, shifted by −705 (Pt)
and −575 (Rh) meV from the corresponding bulk peaks,
originate from first layer atoms. Chemically resolved STM
images [117] with atomic resolution have indeed proved that
no long range order exists on this surface and that only a
limited tendency towards clustering takes place. Therefore
the existence of sharp, well resolved core level components
related to surface atoms is a clear indication that core level
binding energies are not strongly affected by the different local
chemical environment, but are mainly determined by electronic
effects. Indeed it is the reduced coordination of surface atoms
on the (100) surface which produces a d band narrowing at the
surface, resulting in a surface component which is shifted to
lower binding energies. A further chemical and geometrical
contribution to the shifts can be understood by comparing
the corresponding shift in the clean Pt(100) and Rh(100)
surfaces. On Rh(100), without considering the contribution of
the second layer which brings the shift to −600 meV [96], the
SCLS is about −650 meV [41, 118]). On Pt(100) a recent
investigation of the metastable (1 × 1) surface [108] reported
a Pt 4f7/2 SCLS of −570 meV. This indicates that, while the
absolute Rh 3d5/2 SCLS diminishes in the alloy surface, on Pt
the effect is reversed. The major contribution to the shifts,
excluding final state effects which have been found to play
a minor role on Pt and Rh surfaces, is attributed to modified
electronic properties of the surface atoms via ligand effects

induced by the in-plane and second layer surface atoms nearest
neighbours.

One of the most interesting outcomes of the surface
core level shift measurements on bimetallic surfaces is the
quantitative determination of the first layer composition.
Indeed, using the relation a1 IPts + a2 IRhs = 1, where
IPts and IRhs are the intensities of the Pt and Rh surface
components, it is possible to determine the value of the
a1/a2 ratio, which depends on photoemission cross sections,
photoelectron kinetic energies and emission angles. This
allows the evaluation of the surface composition as a function
of time under different conditions such as surface temperature,
adsorbate coverage, chemical composition and reaction time.
The clean surface is found to be strongly Pt enriched
(86%) in very good agreement with previous experimental
findings [117, 119, 120] and with theoretical results, were a
segregation energy of 0.25 eV/atoms has been found for a Pt
impurity atom segregating in Rh [121].

Prior to the reactivity measurements, the oxygen
(hydrogen)-induced Pt 4f7/2 and Rh 3d5/2 surface core level
shifted components have been measured by O2 (H2) uptake
experiments using a supersonic molecular beam [122]. These
experiments revealed an unexpected Pt surface segregation for
oxygen coverages below 0.3 ML (evaluated by monitoring
the O 1s signal), while Rh segregation occurs only for larger
oxygen exposures, when Rh atoms double coordinated with
oxygen start to form, indicating that only above a critical
coverage the higher O–Rh bond strength dominates over the
reduction of surface energy per segregated Pt atoms.

Acquisition times down to 15 s/spectrum for Pt 4f, Rh 3d
and O 1s core level spectra allow the surface and sub-surface
composition to be monitored as a function of time while
the 2H2 + O2 → 2H2O chemical reaction is going on, and
water production in the gas phase is recorded simultaneously.
Reaction cycles were made by exposing the sample to a
constant hydrogen pressure, while modulating the oxygen
flux with the shutter of the molecular beam, which allows
reproduction of the gas exposure with high accuracy.

The variations of the clean and oxygen-induced surface
components at 520 K, reported in figure 20, unambiguously
show that Rh first layer depletion occurs also during the
chemical reaction, as long as the surface coverage of oxygen
remains below about 0.2 ML. The out-of-phase behaviour of
the overall Pt and Rh surface population is also confirmed
by the out-of-phase behaviour of Pt and Rh bulk populations,
a clear fingerprint of the adsorbate-induced segregation
phenomenon. Similar qualitative trends can be observed in a
wide temperature range between 330 and 520 K, as reported in
figure 21, with a Rh enrichment ranging from 14 to 31%. An
interesting result is that such an increase in the Rh population
cannot be obtained in a hydrogen ambient only. This was
therefore tentatively explained by considering the contribution
to surface segregation of another short lifetime surface species,
such as OH.

This example demonstrates the value of the surface core
level shift approach with its ability to distinguish between
differently coordinated first layer metal species in a simple
chemical reaction, even if the assignment of short-lived
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Figure 20. Time evolution of the clean and oxygen-induced Rh 3d5/2

and Pt 4f7/2 core level components, corresponding to the different
chemical configurations sketched in the top model, measured during
the 2H2 + O2 → 2H2O chemical reaction at T = 520 K from a
PtRh(100) surface.

intermediate species remains somewhat speculative at the
present time. An important technological imperative is to
obtain a sufficient understanding of the properties of binary
alloys which could permit optimization of the performance
of bimetallic catalysts. We are, however, a long way from
realizing this objective: core level spectroscopy will be one
of the most helpful approaches to obtain an understanding

of fundamental issues, such as the relationship between
their geometric and electronic structure and the kinetics of
adsorbate-induced surface segregation.

8. Outlook

In this review I have illustrated, with various examples, the
strength that high energy resolution core level spectroscopy
with synchrotron radiation has demonstrated in a wide range
of systems, which can provide a valuable testing ground for the
study of new, complicated surfaces. Indeed, many challenges
still exist in this field. An important one is to expand the
investigations to more complex systems such as nanostructured
multicomponent alloys surfaces and nanoclusters, which are
formed by small agglomerate of atoms, deposited on solid
surfaces. The nature of these systems requires experimental
techniques, such as core level spectroscopy, which can give
information on a local scale. The unique and non-scalable
thermodynamic, electronic, magnetic and structural properties
which characterize these nanostructured atomic aggregates due
to their highly reduced dimensions can be investigated by
using core level spectroscopy. Although a broad range of
phenomena has been studied in the last few years, in many
cases a deeper insight was hampered by the lack of an adequate
surface sensitivity and time resolution.

To this purpose, new electron energy analysers are
currently under development [123], with the purpose of
increasing electron detection efficiency, in particular using
time-delay detectors. Up to two orders of magnitude higher
detection sensitivity can be obtained which would allow us
to reveal very small densities of surface atoms or to improve
the data acquisition time, down to the limit of ms/spectrum
range, where the finite transit time of electrons in the electron
energy analysers becomes important. This, in combination
with the use of supersonic molecular beams, will open new
opportunities to probe fast and/or non-linear kinetic processes.
The studies of intermediate species, which form when high
pressure gas pulses impinge on the sample, or the study of the
kinetics of thermally activated surface processes, by imposing
a fast temperature perturbation on the system, will then both be
possible. Perhaps the pulsed nature of synchrotron radiation is

Figure 21. Time evolution of the Pt and Rh surface components at 330, 400 and 520 K during the 2H2 + O2 → 2H2O chemical reaction
taking place on the PtRh(100). Oxygen coverage is shown as a grey curve.
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an extraordinary opportunity to perform time-delayed pump–
probe experiments to probe short-lived intermediate species in
chemical reactions.

A new data acquisition time domain in the range of
ms/spectrum will open the doors also to the investigation of
self-sustained oscillatory chemical reactions which occur on
many transition metal surfaces [124]. Furthermore, the advent
of differentially pumped electrostatic lens systems [125]
should make it possible to perform in situ studies of chemical
reactions in the ms timescale at atmospheric pressure, an
important step in the process of bridging the so-called ‘pressure
gap’. This new level of insights covering the complete range
between UHV and ambient conditions can be achieved with
coordinated team efforts using core level spectroscopy as part
of a multi-method approach.

Certainly one of the most challenging and interesting
future developments of core level spectroscopy would be to
improve the experimental performance at high photoelectron
kinetic energy (Ekin > 1000 eV) [126]. This would be
an important achievement to enhance the elemental bulk to
surface sensitivity and to perform high energy resolution
measurements in forward-scattering regime. Ultimately one
would like to carry out investigations by probing the local
chemical surface structure and composition in a time-resolved
manner using photoelectron diffraction. The next generation of
high brightness/ultrafast free-electron lasers, which is expected
to explore the photon energy range up to that of hard x-
rays, will probably allow this additional step. However the
role of high photon flux in selectively producing chemical
reactions via core or valence level excitations and the effects
of radiation damage to samples in general is still not clear.
The first moves in this direction have already shown that using
stroboscopic techniques, it is possible to obtain a quantitative
characterization of the interatomic potential energy surface of
highly excited solids [127].

Finally, I want to mention the recent, remarkable progress
of ab initio simulations based on density functional theory
which widens the possibility of comparing with high accuracy
experimental results and theoretical calculations: indeed
the next generation of nanostructured solid surfaces will
require an even closer collaboration between experimentalists
and theoreticians in the field of core level photoelectron
spectroscopy.

In spite of the progress made recently by various
experimental methods, the best strategy to reach a deep
understanding of surface structure and gas–surface interactions
processes will undoubtedly remain, for many years to
come, the combination of several experimental techniques,
providing a wealth of complementary information: the unique
capabilities of high energy resolution core level spectroscopy
will naturally bring its contribution to new knowledge.
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