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Spectroscopic Link between Adsorption Site Occupation
and Local Surface Chemical Reactivity

A. Baraldi,1,2 S. Lizzit,3 G. Comelli,1,2 M. Kiskinova,3 R. Rosei,1,2,* K. Honkala,4 and J. K. Nørskov3
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In this Letter we show that sequences of adsorbate-induced shifts of surface core level (SCL) x-ray
photoelectron spectra contain profound information on surface changes of electronic structure and
reactivity. Energy shifts and intensity changes of time-lapsed spectral components follow simple rules,
from which adsorption sites are directly determined. Theoretical calculations rationalize the results for
transition metal surfaces in terms of the energy shift of the d-band center of mass and this proves that
adsorbate-induced SCL shifts provide a spectroscopic measure of local surface reactivity.
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FIG. 1 (color). (a) Surface components of the Rh3d5=2 core
level spectra for O=Rh�100� at �0 � 0, 0.185, and 0.375 ML
oxygen coverages. The gray component Rh0 originates from the
clean surface Rh atoms, while Rh1;4 and Rh2;4 peaks originate
from surface Rh atoms which bind to one and two oxygen
atoms, respectively. (b) Oxygen coverage dependence of the
three peaks’ integrated areas, obtained by fitting a sequence of
spectra (recorded in situ during the uptake experiment). The
areas have been normalized to the initial clean peak area.
It has long been known that many transition metals
behave as selective and highly efficient catalysts for a
large number of industrially relevant chemical reactions.
One of the most important long-term goals of surface
science is to provide a thorough understanding, at the
atomic level, of the complex phenomena taking place at
the surface of such catalysts [1–3]. The chemical reac-
tivity of catalytically active sites on surfaces is deter-
mined by the local electronic structure, which in turn,
depends on local geometry and atomic composition [4].
To design surfaces with prescribed catalytic properties, it
is crucial to develop experimental methods allowing the
determination of adsorption sites and their time evolution
in the presence of reactants, while simultaneously giving
a measure of the local surface reactivity. An experimental
technique with these capabilities would have a far reach-
ing impact in such diverse fields as surface physics and
technology and chemical and biological catalysis and
could lead to a decisive step towards the possibility of
designing novel catalytic materials.

Here we show that sequences of high resolution x-ray
photoelectron spectroscopy surface core level (SCL)
spectra [5], obtained in situ during a chemisorption ex-
periment on transition metals, contain a detailed descrip-
tion of the geometrical structure of adsorption sites and
represent fingerprints of the instantaneous configuration
of populations of adsorbates which evolve on the surface.
Density functional theory (DFT) calculations allow us to
rationalize and generalize these results in terms of the
surface atom-projected d-band center of the metal sub-
strate and to correlate SCLs to local changes of surface
chemical reactivity [4].

In Fig. 1(a) we report the surface components of a
selection of rhodium 3d5=2 core level spectra measured
in situ [6] at the SuperESCA beam line (ELETTRA) at
three different oxygen coverages, during oxygen adsorp-
0031-9007=04=93(4)=046101(4)$22.50 
tion on Rh(100). The spectra (chosen from a long se-
quence) have been fitted to show the different surface
components that arise during oxygen exposure [7]. The
bulk peak, which remains essentially unchanged (and is
not relevant to our discussion), has been omitted for
simplicity. The starting condition of the experiment is
an atomically clean Rh(100) surface with a single surface
peak (Rh0) at a binding energy shift of �645� 20 meV,
with respect to the bulk component. Oxygen adsorption
leads to the appearance of a new core level component at a
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shift of �425� 20 meV. Since at low coverage oxygen
adsorbs on this surface on fourfold sites [8], we denote
this adsorption configuration as C1;4 and the new peak as
Rh1;4. In this notation the first index represents the number
of adparticles to which the substrate atom is bound, while
the second denotes the number of substrate atoms to
which the adparticle is bound.

Upon increasing the oxygen coverage, a third surface
component appears while the p�2� 2�-O ordered struc-
ture starts converting into the denser c�2� 2� structure
[at �0 � 0:22 ML (monolayers)], as observed by low
energy electron diffraction [9]. The new peak (at �210�
20 meV) is due to Rh atoms in the C2;4 configuration
(shown in the bottom panel of Fig. 1(a)] and is therefore
named Rh2;4.

We now focus on the behavior of the integrated inten-
sities of the Rh0, Rh1;4, and Rh2;4 peaks as a function of
oxygen coverage, shown in Fig. 1(b). We show in the
following that these functions contain detailed informa-
tion on the global kinetics of site occupation during
chemisorption.

First of all we note that the signature of the initial
adsorption site is directly given by the derivative �@Rh0�=
�@�� calculated at low coverage, as we describe hereafter.
As shown in Fig. 1(b), upon starting oxygen exposure,
Rh1;4 grows linearly with increasing oxygen coverage, at
the expense of the Rh0 intensity. This is a consequence of
a conservation rule which must hold for surface atoms.
For each new oxygen atom adsorbed in the C1;4 configu-
ration, the intensity contribution of four surface Rh atoms
moves from Rh0 to Rh1;4. From this simple observation, it
follows directly that for initial adsorption in a fourfold
site we must have �@Rh0�=�@�� � �4. A fit of the data
gives �@Rh0�=�@�� � �4:2, clearly confirming the ad-
sorption site of O on Rh(100). We will show in the
following that this link between the initial derivative
and the adsorption site symmetry generally holds for
atomic chemisorption on transition metals.

We note that the binding energy shift of the Rh1;4
component with respect to Rh0 is �E1;4 � �220 meV,
while the shift of the Rh2;4 peak is �E2;4 � �435 meV.
Therefore, within the experimental error

�E2;4 � 2�E1;4: (1)

We repeated the experiment for the O=Rh�111� system,
taking a sequence of about 150 SCL spectra during oxy-
gen chemisorption, and found that three new surface
peaks arise in sequence upon increasing oxygen exposure.
Oxygen is known to adsorb on Rh(111) in threefold sites
[8,10] (i.e., in a C1;3 configuration using our notation). In
this case, for each new adsorbed oxygen atom, the inten-
sity contribution of three Rh atoms should shift from Rh0
to Rh1;3. Experimentally we find �@Rh0�=�@�� � �3, a
value that again pinpoints with a high level of confidence
the site of adsorption. Generalizing our results, for initial
adsorption on a site with j-fold symmetry, we should have
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� �j �j � 1; . . . ; n�; (2)

where n represents the maximum n-fold site symmetry on
the surface of choice. In principle we may expect also
�@Rh1;j�=�@�� � j. Usually however, photoelectron dif-
fraction effects may influence Rh1;j��� and obscure its
initial derivative property, while Rh0 is only marginally
affected because emission from bare surface atoms is free
from focusing effects generated by adparticles [11]. A
survey of the recent SCLS (surface core level shift) lit-
erature [12,13] shows that Eq. (2) holds in all the cases
where approximate values of the initial derivative can be
inferred from the published data. The simple rule ex-
pressed by Eq. (2) represents therefore a completely new
and straightforward experimental method for determin-
ing the symmetry of the initial site of chemisorption.

With reference to Rh0, the binding energy shift of the
first peak Rh1;3 appearing upon oxygen exposure is
�E1;3 � �345 meV. The shifts of the second and third
peaks are �E2;3 � �780 and �E3;3 � �1120 meV,
respectively.

Again, within the experimental error bars we have

�Ei;3 � i�E1;3 �i � 1; 2; 3�: (3)

In other words, for both O=Rh�100� and O=Rh�111�, the
energy shifts of the SCL peaks occurring with increasing
coverage are multiples of the energy shift of the first peak.
We can generalize Eqs. (1) and (3) into the following:

�Ei;j � i�E1;j �i � 1; . . . ; j; j � 3; 4�; (4)

where �Ei;j is the SCL energy shift of a substrate metal
atom in the adsorption configuration Ci;j, measured with
respect to the clean surface core level binding energy.

A survey of the literature [14–17] shows that Eq. (4)
holds with good approximation for all the atomic adsorp-
tion systems tested, although its generality had remained
unnoticed so far. Table I summarizes our present data as
well as previous work. The result expressed by Eq. (4)
demonstrates an additivity property of the energy shift of
a transition metal SCL caused by the individual contri-
butions of different fractions of adsorbate atoms.

This property is clearly an initial state effect [5] orig-
inating from the electronic structure of the system. Final
state effects, due to screening processes of the core hole,
are known to be important for a quantitative understand-
ing of the experimental values of SCLSs [18]. Never-
theless, although they are by no means negligible, exten-
sive DFT calculations [15] have shown that for transition
metal adsorption systems they are not large enough to
obscure initial state trends, as first pointed out by Citrin
et al. [19].

We conclude that time resolved sequences of
SCL spectra such as the ones reported in Fig. 1(b) and
interpreted through Eqs. (2) and (4) represent dynamical
fingerprints of instantaneous configuration popu-
lations of adsorbates forming on a surface during chem-
isorption [20].
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TABLE I. Core level shifts observed in different Ci;j configu-
rations. The last column reports the linear correlation coeffi-
cients R.

Threefold i � 1; j � 3 i � 2; j � 3 i � 3; j � 3 R

O=Rh�111�a 345 780 1120 0.998
O=Ru�001�b 386 776 1326 0.995
O=Ru�10�10�c 395 695 	 	 	 0.997
O=W�111�d 317e 660 1050 0.999

Fourfold i � 1; j � 4 i � 2; j � 4 R

O=Rh�100�a 220 435 0.999

aThis work and Ref. [15].
bReference [16].
cReference [14].
dReference [17].
e(e) On W(110) and at low coverage oxygen resides in one of the
corners of the rhombus is a pseudo-threefold site, forming two
inequivalent bonds with W atoms. The value reported for the
C1;3 configuration is a weighted average of two different core
level shifts.
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Figure 2(a) shows changes of SCLS’s induced by oxy-
gen in the various configurations Ci;j formed on Rh(100)
and Rh(111). These changes are measured, in each case,
with respect to the energy of the surface peak of the
corresponding clean surface. Besides the remarkable line-
arity of the shifts, we note that the slopes formed for the
two crystallographic orientations are similar, yet clearly
different (870 and 1120 meV=ML, respectively). This
result must have deep roots at the fundamental level, as
its origin is a direct consequence of the local changes of
electronic structure induced by the chemisorption pro-
cess. To unravel these implications, we have carried out
DFT calculations [22] for the O=Rh�111� and O=Rh�100�
electronic structures at 0.25, 0.50, and 1.00 ML oxygen
coverages.

In Fig. 2(b) we show a plot of the changes of SCLSs
(�SCLS) of Rh atoms in different Ci;j configurations
(each measured from the respective clean surface peak),
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FIG. 2 (color). (a) Surface core level shifts induced by oxygen
adsorption on Rh(111) and Rh(100) versus the Rh-O coordina-
tion i=j. (b) Core level shifts for rhodium atoms in different Ci;j
configurations, versus the calculated atom-projected shift of
the d-band center. The shifts are measured from the corre-
sponding clean surface peak.
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versus the calculated atom-projected shift of the d-band
center, which summarizes the results for both systems.
The graph displays a striking linear behavior and proves
that the correlation between the SCLSs and the d-band
center is very strong and can be regarded as a general
phenomenon.

Previous theoretical work [24,25] has clearly demon-
strated that any induced change of the d-band center
measures a change in chemical reactivity of d-metal
surface atoms. Unfortunately, the task of measuring the
surface d-band density of states and disentangling it from
the bulk contribution is practically impossible. However,
our present results show that for a transition metal, the
SCLS is directly proportional to the surface d-band center
shift, as shown in Fig. 2(b). We have found therefore for
the first time, a quite general and easily accessible spec-
troscopic determination of local changes of surface
chemical reactivity.

As a further proof of this concept we carried out DFT
calculations to estimate the adsorption energy of nitric
oxide on the clean and oxygen precovered Rh(100) and
Rh(111) surfaces. This quantity is important to under-
stand the NO reduction process in the automotive three-
way catalyst [26]. The results are plotted in Fig. 3 versus
the measured oxygen induced SCLSs. The linear correla-
tion coefficient is strikingly close to 1 strongly supporting
the idea that SCLSs provide a measure of changes of local
surface reactivity.

Since the sequential occupation of adsorption sites
exhibits a rich phenomenology, the question arises on
the behavior of SCL energy shifts for molecular adsorp-
tion and for other adsorption geometries. To address this
issue we have carried out the experiment on the
CO=Pt�111� adsorption system. Upon adsorption of CO
on Pt(111), the initial 4f7=2 clean surface core level peak
starts decreasing while a new peak grows at a shift of
�E1;1 � �1410� 25 meV. The initial derivative �@Pt0�=
�@�� is �1 in excellent agreement with the well-known
on-top (C1;1 coordination) adsorption site [13]. At higher
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FIG. 3. Calculated NO adsorption energies versus experimen-
tal changes of surface core level binding energy for Rh(111)
and Rh(100) surfaces with different amounts of preadsorbed
oxygen.
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coverages also bridge sites (C1;2 coordination) start popu-
lating, originating a peak in our spectra at �E1;2 �
�770� 25 meV (i.e., �E1;2 � 1=2�E1;1).

Recent experiments and DFT calculations [27] for CO
adsorption on Rh(111) find a SCL of the Rh3d5=2 peak
at �SCLS � 790 meV for on-top adsorption and at
�280 meV (i.e., �1=3�SCLS) for subsequent threefold
adsorption. It appears therefore that for molecular adsorp-
tion on transition metals the following approximate rela-
tionship holds:

�E1;j �
1

j
�E1;1: (5)

A survey of the literature [27,28] shows that this find-
ing is also quite general although it had remained
unnoted.

Equation (5), together with Eqs. (2) and (4), completes
the new set of rules we have found to hold for SCL, which
completely describes the time and/or coverage evolution
of atomic and molecular adsorption configurations in a
chemisorption experiment.

Summarizing we have shown that high resolution SCL
sequences of spectra of d-band metals contain a wealth of
quantitative information which allow the observation of
the dynamical evolution of a chemisorption process.
Through DFT calculations we have also established a
clear link between SCLS and adsorbate-induced local
changes of surface chemical reactivity. Our findings rep-
resent a very valuable method for interpreting the evolu-
tion of the elementary kinetic phenomena taking place in
a surface chemical reaction. The direct in situ and real-
time measurement of local reactivity changes may prove
decisive for an in-depth understanding of many surface
elementary processes.
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