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We present the results of high-energy resolution core level photoelectron spectroscopy experiments
paralleled by density functional theory calculations to investigate the electronic structure of highly
undercoordinated Pt atoms adsorbed on Pt�111� and its correlation with chemical activity. Pt4f7/2
core level binding energies corresponding to atoms in different configurations are shown to be very
sensitive not only to the local atomic coordination number but also to the interatomic bond lengths.
Our results are rationalized by introducing an indicator, the effective coordination, which includes
both contributions. The calculated energy center of the valence 5d-band density of states, which is
a well known depicter of the surface chemical reactivity, shows a noteworthy correlation with the
Pt4f7/2 core level shifts and with the effective coordination. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2841468�

I. INTRODUCTION

The primary role of defect sites in determining the sur-
face chemical reactivity1–12 is a well-established experimen-
tal and theoretical result of surface science with great rel-
evance for the design of new catalysts. In the case of N2

dissociation on Ru�0001� it has been shown that the activa-
tion energy barrier is 1.5 eV higher on the flat surface than
that at steps, yielding at 500 K an adsorption rate that is at
least nine orders of magnitude lower on the terraces, as the
dissociation is largely influenced by the presence of steps.1

Similar results have been found for NO decomposition on
Ru�0001� �Refs. 2 and 3� and for H2 dissociation on
Si�001�.13

Industrial heterogeneous catalysts, which usually consist
of highly dispersed transition metal �TM� nanoparticles ex-
posing different facets and a large number of low-
coordinated atoms, may undergo at the typical working tem-
peratures morphological changes that increase the number of
surface defects. It has been found that for many surfaces in
the 400–1000 K temperature range the density of low-
coordinated atoms, such as adatoms, is in the percent range
and strongly depends on temperature. Actually, on a surface
in thermodynamic equilibrium the thermal adatoms en-
semble can be considered as a two-dimensional lattice gas in
equilibrium with the step edge.14 The population of thermal
adatoms on Si�001� has been estimated to be 0.01 and 0.03
ML at 920 and 1170 K, respectively, with an adatom forma-
tion energy of 0.35 eV.15 In the case of Ag�110�, steps are
found to be an efficient adatom reservoir at room tempera-
ture and in ultrahigh-vacuum conditions, with a single site

detachment rate along the step of 3 atoms /s,16 which is in-
dependent on the step length. It is important to remark that
an adatom concentration of a few percent is sufficient to
dominate the overall reaction rate in a catalytic process: the
low adatom concentration can indeed be compensated by the
higher reaction rate due to the lower activation barriers. For
instance, it has been found that the first methane dehydroge-
nation process is highly favorite at the Rh-adatom site on
Rh�111� with respect to step or terrace sites17,18 and that
single TM adatoms deposited on oxides can activate the C–H
bond scission,19 the acetylene ciclomerization,20 and the CO
oxidation.21

Another relevant contribution determining the chemical
reactivity is the surface strain, as demonstrated by experi-
ments and theory. Gsell et al.22,23 found preferential oxygen
and carbon monoxide adsorption on the stretched regions
obtained through subsurface argon implantation on
Ru�0001�, while the strong correlation between calculated
chemisorption/dissociation energies and surface strain first
reported by Mavrikakis et al.24 has been confirmed in more
recent investigations.25–27 The first microscopic evidence of
the strain effect on the reaction kinetics has been reported by
Wintterlin et al.28 who measured an enhanced NO dissocia-
tion probability at the local expanded areas of the Ru�0001�
dislocations. In the case of a supported nanoparticle catalyst
it has been observed that adsorption on small size clusters
can induce a considerable stress in the surface region.29 In
any case, the existence of strain, originated by surface de-
fects or by the interaction with the support, seems to be a
general feature of surface catalysts.

In the present paper, we report on the properties of
highly undercoordinated Pt atoms, such as adatoms and ad-
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dimers, deposited on Pt�111�. By using high-energy reso-
lution core level photoelectron spectroscopy experiments and
ab initio density functional theory calculations, we have been
able to define a reliable indicator that takes into account the
effects on surface core level shift �CLS� and the local elec-
tronic structure of both coordination and strain. This is im-
portant in view of the expected30–33 strong correlation be-
tween surface structure and reactivity.

II. EXPERIMENTAL METHODS

The photoemission experiments were performed at the
SuperESCA beamline34 at the third generation synchrotron
radiation source Elettra in Trieste. This beamline is equipped
with an ultrahigh-vacuum chamber �base pressure always
better than 2�10−10 mbar� with standard surface science
techniques for sample preparation and characterization and a
double pass hemispherical electron energy analyzer with a 96
channel detector.35

The Pt�111� single crystal was cleaned by a sequence of
Ar+ sputtering at 300 K, annealing to 1270 K, oxygen treat-
ments in the range of 470–970 K at pO2

=1�10−8 mbar in
order to remove carbon and hydrogen reduction to remove
residual oxygen traces �pH2

=5�10−8 mbar T=300–620 K�.
Surface cleanness was checked by monitoring the contami-
nant signals �C1s, Si2p, S2p, and O1s�. Pt4f7/2 core level
spectra were acquired at three different photon energies �125,
135, and 155 eV� and a sample temperature of 30 K, with a
total energy resolution better than 60 meV. Core level spec-
tra binding energies have been calibrated with respect to the
Fermi energy. Pt was deposited on the clean surface using a
99.995% purity Pt filament source, previously cleaned with
oxygen and hydrogen cycles.

The photoemission spectra have been fitted using a
Doniach-Šunjić �DS� function,36 even if minor problems can
arise, as for Pd,37 because of the Pt change of the density of
states at the Fermi level.38 Although the DS is calculated
with a model density of states of an almost filled rectangular
band, this function is commonly used to fit high-energy res-
olution Pt 4f core level spectra measured with synchrotron
radiation.39

The DS function is a convolution of a Lorentzian distri-
bution �whose full width at half maximum � describes the
finite lifetime of the excited state� with a singularity function
characterized by the � index, which reproduces the asym-
metric line shape due to the electronic final-state screening of
the core hole. The DS function was convoluted with a Gauss-
ian distribution that takes into account the phonon, inhomo-
geneous effects, and the instrumental resolution. A linear
background was also included in the fit.

III. THEORETICAL METHODS

Theoretical calculations were performed within the den-
sity functional theory framework40,41 using the PBE general-
ized gradient approximation42,43 �GGA� as implemented in
the Quantum-ESPRESSO open source distribution.44 The ion
cores were described by ultrasoft pseudopotential.45 The
electron wave functions are expanded in a plane wave basis
setup to a kinetic cutoff energy of 32 Ry. The �111� surface

was simulated by repeating a slab of seven atomic layers and
a vacuum region of 10 Å with the adatom or the ad-dimer
adsorbed on one side of the slab; in the lateral directions we
took a �3�3� in-plane periodicity. The geometry is opti-
mized until the total energy is converged to 10−6 Ry and the
ionic force components on each atom are smaller than
0.001 Ry /bohr.

Integration of the first Brillouin zone �BZ� was done
over a 9�9�1 Monkhorst–Pack grid resulting in 12 special
k points in the irreducible wedge46 for the �1�1� surface
unit cell and equivalent k point samplings have been used
when dealing with larger supercells; in order to deal with the
metallic character of the system and to improve the conver-
gence with respect to the number of k points of the BZ inte-
gration, the contribution from each k point is broadened by
using a Methfessel and Paxton smearing function47 of order
1 with a width �=0.012 Ry.

In the pseudopotential formalism we used, final-state
core level binding energies can be accurately computed by
describing the excited atom with a pseudopotential generated
in the core-excited configuration. In this formulation the
core-level binding energies, including final-state effects, are
given by the pseudopotential total energy difference supple-
mented by an additive constant that can be determined for
the isolated atom and cancel out when computing binding
energy differences. Initial state contributions can also be ex-
tracted by a frozen-density calculation. Isolated Rh* excited
atoms are simulated by supercells so as to minimize the in-
teraction of the excited atom with its periodic replicas. We
found that a �3�3� in-plane periodicity is sufficient to obtain
a very good numerical accuracy �a few meV�. The estimated
absolute error in the computed surface core level shift is
�30 meV. Details of the method we used can be found in
Ref. 48. The partial density of states we calculate is defined
as the projection of the density of states onto the atomic
wave function �i

at: ni=�n�BZ��E−En�k�����i
at �	n�k���2dk�,

where 	n�k� is the crystal wave function of the nth band at
wave vector k. We define the pth moment of the density of
states ni�E� as 
p=��pni���d�; 
0 and 
1 /
0 give the total
number of states in the band and the center of gravity posi-
tion Bd, respectively.

From bulk calculations we obtain an equilibrium lattice
constant of 3.99 Å in very good agreement with previous
first-principles GGA calculations49–51 and consistent with the
well known GGA bond length overestimation with respect to
the experimental value of 3.92 Å.52 Within the convergence
criterion described above, we found a first to second inter-
layer expansion of 0.9%, comparable with previous
predictions.53

First, we have investigated the preferred adsorption site
for the adatom and addimer because of the two possible
stacking in the �111� direction for a face centered cubic �fcc�
crystal. For the adatom adsorption, the fcc site resulted to be
180 meV lower in energy than the hcp site, in very good
agreement with the previously calculated values of 170 meV
�Ref. 54� and 210 meV.55 Also in the case of the ad-dimer,
the fcc configuration is more stable with an energy difference
of 240 meV with respect to the hcp configuration �300 meV
in Ref. 56�. The Pt self-diffusion has been extensively inves-
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tigated in the past decade due to the interest in the Pt growth
processes; the reported diffusion barrier for the adatom is in
the range of 260–330 meV �Refs. 54, 55, 57, and 58� while
for the ad-dimer results to be 370 meV.56,58 It is possible to
estimate the activation temperature T of the diffusion process
as T= �Ei /kB� / ln�� /��, where E is the diffusion energy bar-
rier, � is the attempt to diffuse frequency
	1012–1013 s−1,57,58 kB is Bolzmann’s constant and �

1 s−1.59 For adatoms and ad-dimers on Pt�111�, diffusion
processes start to become relevant at temperatures above
	100 and 	150 K, respectively. For this reason, the x-ray
photoelectron spectroscopy experiments were performed
at 30 K.

IV. EXPERIMENTAL RESULTS

The bottom panel of Fig. 1 shows the Pt4f7/2 spectrum
from the clean Pt�111� surface: the high binding energy �BE�
component at 70.92 eV, indicated with the dashed black line,
is originated from the bulk atoms, while the surface compo-
nent �gray line� is shifted by 420 meV toward lower BE. The
best set of line shape parameters corresponding to bulk �B�
and surface �S� components, �B�S�=0.42�0.38� eV, �B�S�
=0.215�0.14�, GB�S�=0.09�0.075� eV, has been kept fixed for
all the series of spectra.

In Fig. 1, we plot also the Pt4f7/2 core level spectra
measured after Pt deposition exposures ranging from
20 to 60 s. The unambiguous clean surface component inten-
sity drop and the corresponding intensity increase in the bulk
BE region indicate that something is changing on the sur-
face. At first sight new features at low BE are not evident,
but an analysis with only two components clearly reveals a
low BE shoulder which grows with the deposition time in-
dicative of the presence of a new peak at about 70 eV. After
a careful analysis, four distinct components at −120, −420,
−590, and −970 meV from the bulk peak can be resolved at
low Pt coverage, while at higher Pt coverage there is an
upshift of the lowest BE component with a resulting CLS of
−890 meV. For high Pt coverage also the bulk peak shifts by
about 30 meV toward higher BE. During the fitting proce-
dure only the intensity and BE position are allowed to vary.

In order to estimate the Pt adspecies coverage, we have
run a simulation of the deposition process assuming a ran-
dom distribution model of the Pt atoms adsorbed on the sur-
face, assuming the diffusion process is negligible since the
experiment was performed at 30 K: a 20% drop in the Pt
clean surface component intensity corresponds to an adspe-
cies coverage of 0.07 ML.

V. THEORETICAL RESULTS AND DISCUSSION

For an unambiguous assignment of the experimental
CLS components and for a deep understanding of the elec-
tronic properties of the investigated system, we have per-
formed theoretical calculations of the CLS. The experimental
�−420 meV� and theoretical �−410 meV� clean surface CLS
are in very good agreement. The second layer contribution,
which is found in the calculations at +80 meV with respect
to the bulk component, seems not to affect in a determinant
way the surface CLS �SCLS� evaluation, indicating a low
sensitivity to the subsurface contribution in the present ex-
perimental conditions.

In Table I, we list the calculated Pt adspecies induced
CLS together with the experimental CLS for all the Pti

FIG. 1. �Color online� Pt4f7/2 core level spectra measured on the clean and
differently Pt covered Pt�111� surface. The black dashed line and the gray
line indicate the bulk and the clean surface components, respectively, while
the blue, green, and red curves correspond to adatoms or ad-dimer Pt3-4,
larger cluster PtN, and substrate atoms Pt10, respectively. The shown spectra
were collected at 125 eV photon energy and at T=30 K. The spectra were
measured at normal emission.

TABLE I. Calculated and experimental core level shifts �meV� relative to
the Pt4f7/2 bulk core level enrgy position for the different Pt on Pt�111�
atomic configurations. The inequivalent Pt atoms are illustrated in Fig. 2.
The calculated d-band center shifts Bd are also reported in the right col-
umn. For the Pt9 configuration we have listed only the average CLS value
among the inequivalent species.

Structure Pt atom
Full
calc. Expt. Bd

Clean Pt9 −410 −420 −550
II-layer −80 −30

Adatom on �3�3� Pt3 −990 −970 to −890 −970
Pt9 −340 −440 −520
Pt10 0 −200

Ad-dimer on Pt4 −870 −970 to −890 −800
�3�3� Pt9 −400 −390 −490

Pt10 −170 −120 −290
Pt10 +30 −150
Pt11 +190 +80
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�i=3,4 ,9 ,10,11� configurations depicted in Fig. 2. From the
calculated adatom and ad-dimer CLS �−990 and −870 meV,
respectively�, we deduce that the experimentally determined
shift of the lowest BE component of around +70 meV from
low to high Pt coverage originates from the superposition of
the two low undercoordinated photoemission contributions;
we suppose that, although the enhancement of the ad-dimer
population for longer deposition time produces the observed
shift, the two peaks are too close in energy and with too low
intensity to allow us a proper deconvolution in the data
analysis. The experimentally resolved component between
the surface and the bulk peak can be assigned to one of the
two geometrically inequivalent Pt10 substrate atoms �see Fig.
1� bonded to the ad-dimer: indeed, the theoretical calculation
shows that these two atoms produce shifts of +30 and
−170 meV, respectively, the latter one being closer to the
−120 meV component found in the experiments. Although
the ad-dimer peak cannot be resolved, the presence of ad-
dimers on the surface already from the lowest Pt coverage
�0.07 ML� is confirmed by the presence of the −120 meV
component. The reasons of the experimentally unresolved
Pt11 photoemission contribution, which the theory predicts at
+190 meV, can be found in �i� line shape and/or background
modifications induced by the very close spin orbit splitted
component Pt4f5/2 BE of 74.29 eV or �ii� in its very low
intensity contribution: as reported in Fig. 2, the addition of
an ad-dimer yields to four Pt10-type atoms but only to a
single Pt11-type substrate atom. In any case we believe that
the experimental +30 meV shift of the bulk component men-
tioned in the Sec. III is just due to the increased Pt11 popu-
lation.

Finally, in the experimental spectra we resolved a further
component in the BE range between the Pt9 and the Pt3,4

with an estimated shift of −590 meV, very different with
respect to every calculated Pti shifts originated by single ada-

toms or ad-dimers. From the plot of theoretical Pt-induced
CLS versus coordination’s number, reported in Fig. 3�a�, we
tentatively assign this contribution to atoms with five or six
nearest neighbors that could be obtained from Pt adatom
attached to a step edge or from trimers, i.e., cluster of three
atoms. Since our sample contains less than 1% of steps, we
believe that the major part of that contribution arises from
trimers.

We observe that the linear behavior of Fig. 3�a� �linear
correlation coefficient R=0.92�, predicted from fundamental
arguments within the tight binding framework, holds only
partially: more precisely, the data points relative to low and
high coordination numbers do not follow a linear behavior.
In analogy with the Rh case,60 we calculated the effective
coordination of the i site defined as neff�i�=�i exp�b�Rbulk

−Rij��, where the sum runs over all the j nearest neighbors,
Rij is the distance between atoms i and j, Rbulk is the bulk
interatomic distance, and b is the decay constant calculated
by fitting the isolated atom charge density decay. In this way,
it is possible to take into account relaxation effects and as-
sign larger weights to closer atoms. This relation derives
from a similar approach used in the embedded atom
method,61–63 which successfully reproduces the metals cohe-
sive energy; in particular, the charge density at each site is
approximated by a superposition of atomic charge densities
of the nearest neighbor atoms where the charge density dis-
tribution is well described by an exponential function in the
range of the considered interatomic distance. In Fig. 3�b�, the
theoretical calculated CLS are plotted against the effective

FIG. 2. �Color online� Top view of the structural models for the Pt /Pt�111�
surface for the adatom �a� and the ad-dimer �b� configurations. All the in-
equivalent Pti atoms are denoted with different colors. The corresponding
calculated CLSs are reported on the right. Note that atoms in different local
geometrical configurations can have the same atomic coordination.

FIG. 3. Calculated CLSs for the homometallic adsorption of Pt on Pt�111�
plotted vs the atomic coordination number �a� and vs the effective coordi-
nation neff �b�.
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coordination neff showing a better overall linear behavior
although the slight dispersion �linear correlation coefficient
R=0.96�.

During the past ten years, several experiments have con-
firmed the relevance of the d-band model introduced by
Hammer and Nørskov.30–33 It is nowadays commonly ac-
cepted that the surface d-band center �Bd� controls adsorbate
chemisorption energies and is a good indicator of the surface
chemical reactivity since it is correlated with the activation
barriers for molecular dissociation, as determined for a wide
range of pure and alloyed TM surfaces. More recently theo-
retical calculations pointed out the influence of low-
coordinated atoms on the corners and edges of the
nanometer-sized Au nanoparticles which represent the active
sites for chemical reactions.64 Therefore, we calculated the
d-band center shift corresponding to each individual atomic
configuration in order to evaluate its relation with the mea-
sured CLS.

Figure 4�a� shows the local electronic density of states
projected onto the Pt 5d orbital of the Pti atoms. As expected,
the d-band center �thick marks� shifts toward the Fermi level
when decreasing the coordination number from 12 �bulk� to
3 �adatom�: this is even more evident in Fig. 4�b� where we
have plotted the d-band center displacement Bd=Bd

bulk

−Bd
surf as a function of the effective coordination neff. The

overall linear behavior suggests that, as for the Rh case,60 the
effective coordination number can be considered as a good
indicator of the local chemical properties of Pt atoms, repre-

sented by the d-band shift Bd. Indeed Fig. 5 points up the
linear relationship between the CLS and the d-band shift.
This result proves that, for the systems where the core-hole
screening contributions are not important, the CLSs are good
spectroscopic fingerprints of the local chemical reactivity
changes.65,66

VI. CONCLUSIONS

In a recent paper,60 we have shown the correlation be-
tween the CLS and both the effective coordination neff and
the d-band center displacement in the case of Rh adsorption
on Rh�100� and Rh�111�. Here we adopted the same ap-
proach extending our investigation to Pt�111�. We found that
the linear relationship between CLS and neff holds also for
this system. Moreover our experiments confirm that high-
energy resolution core level spectroscopy is a valuable tool
to investigate highly undercoordinated configurations of TM
atoms, preluding possible applications of this method to the
study of nanostructured surfaces as in the case of oxide-
supported metal nanoclusters.
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