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Integrated X-ray photoelectron spectroscopy and DFT
characterization of benzene adsorption on Pt(111),
Pt(355) and Pt(322) surfaces†

Renqin Zhang,za Alyssa J. Hensley,a Jean-Sabin McEwen,*ab Sandra Wickert,zc
Erik Darlatt,c Kristina Fischer,c Matthias Schöppke,c Reinhard Denecke,*c

Regine Streber,d Michael Lorenz,d Christian Pappd and Hans-Peter Steinrückd

We systematically investigate the adsorption of benzene on Pt(111), Pt(355) and Pt(322) surfaces by

high-resolution X-ray photoelectron spectroscopy (XPS) and first-principle calculations based on density

functional theory (DFT), including van der Waals corrections. By comparing the adsorption energies at 1/9,

1/16 and 1/25 ML on Pt(111), we find significant lateral interactions exist between the benzene molecules

at 1/9 ML. The adsorption behavior on Pt(355) and Pt(322) is very different. While on Pt(355) a step

species is clearly identified in the C 1s spectra at low coverages followed by occupation of a terrace species

at high coverages, no evidence for a step species is found on Pt(322). These different adsorption sites are

confirmed by extensive DFT calculations, where the most favorable adsorption configurations on Pt(355)

and Pt(322) are also found to vary: a highly distorted across the step molecule is found on Pt(355) while a

less distorted configuration adjacent to the step molecule is deduced for Pt(322). The theoretically

proposed C 1s core level binding energy shifts between these most favorable configurations and the

terrace species are found to correlate well with experiment: for Pt(355), two adsorbate states are found,

separated by B0.4 eV in XPS and 0.3 eV in the calculations, in contrast to only one state on Pt(322).

1. Introduction

Benzene is a simple yet important aromatic organic compound
whose unique properties are central in much of modern chemistry.
As a non-saturated hydrocarbon with a reactive p system, it
chemisorbs on transition metal surfaces. The chemisorption of
benzene on a catalyst surface is an important elementary step in
many catalytic transformations, including its dehydrogenation and
hydrogenation.1–3 Furthermore, benzene can be the product of
oxygen-removal reactions from aromatic compounds, such as
phenol.4 The understanding of the corresponding reaction path-
ways is of utmost importance for development of alternative renew-
able energy sources to replace our dwindling fossil fuel reserves.5

Platinum-based catalysts are widely studied and used in such
reactions.2,3,6–10 The adsorption of benzene on Pt(111) and
Pt(110) surfaces has been studied by a number of experimental
and computational methods in great detail.11–20 Using calorimetric
measurements, the adsorption energy of benzene on Pt(111) was
found to decrease with increasing benzene coverage,18 and from
low-energy electron diffraction (LEED), a distortion of the benzene
ring was deduced.12 Such a distortion of the benzene molecule
results in two important adsorption sites on Pt(111), namely, a
bridge_301 and a hollow_01 site.16,17

Surface defects, such as steps,8,21,22 reconstructions14,23 and
point defects24 on single crystal surfaces, but also nano-
particles,1 provide the active sites in many chemical reactions.
This is attributed to a significantly changed atomic and electronic
structure as compared to flat terraces. In that context, stepped
surfaces are the more realistic catalytic surfaces. Steps can have a
tremendous effect on the adsorption of molecules and their
reaction pathways.8,9,25 From a combined X-ray photoelectron
spectroscopy (XPS) and density functional theory (DFT) study,
Jacob et al. concluded that the oxidation of Pt(355) and Pt(322)
surfaces occurs at step sites rather than terrace sites.9 On Pt(355),
step sites were clearly identified as the active sites for the oxida-
tion of sulfur, which leads to a significantly enhanced activity of
Pt(355) as compared to Pt(111).8
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Comparative studies of stepped surfaces with different step
orientations, e.g., Pt(355) and Pt(322), revealed differences
for the steps of (111) and (100) orientation, respectively.7,25,26

By in situ high-resolution XPS, it was demonstrated that the
adsorption and desorption of CO on Pt(355) and Pt(322) behaved
differently.26,27 CO adsorbed at the steps on Pt(355) is more
strongly bound than on the steps on Pt(322). Also, significant
differences were observed in the step coverages of methyl and the
characteristic dehydrogenation temperatures of methyl to methyl-
idyne and subsequently to carbon on Pt(355) and Pt(322): both
surfaces are more reactive than Pt(111), with Pt(355) showing a
higher activity than Pt(322).7,25 After studying these very simple
adsorbates, it is important to expand the detailed investigation
of the role of steps to more complex adsorption systems,
i.e., benzene on Pt(355) and Pt(322). Benzene is an ideal probe
molecule to study surface properties because it is one of the
most simple aromatic compounds and is highly symmetric.16

Herein, we therefore present a systematical investigation of the
adsorption of benzene on the stepped Pt(355) and Pt(322) surfaces,
and for comparison also the flat Pt(111) surface. Our study combines
in situ high-resolution XPS and first-principle calculations based on
DFT, including van der Waals (vdW) interactions.

2. Experimental and
computational methods
2.1 Experimental methods

All high-resolution XPS experiments were performed at the
synchrotron facility, BESSY II, in Berlin (Germany) at beamline
U49/2-PGM1 at Helmholtz Zentrum Berlin. A transportable UHV-
station (background pressure below 5 � 10�10 mbar) was used,
consisting of an analysis chamber and a preparation chamber,
equipped with a LEED (low energy electron diffraction) optics, a
quadrupole mass analyzer and a sputtering system. The electron
energy analyzer was an OMICRON EA 125 U7 HR.28

Platinum single crystals with (111), (322) and (355) surface
orientation were used. Pt(322) and Pt(355) both have five atom wide
terraces, separated by monoatomic steps with (100) and (111) orient-
ation, respectively, as shown in Fig. 1. The single crystals could be
heated to 1200 K and cooled down to 90 K with a LN2-cryostat. The
temperature was measured by a K-type thermocouple spot-welded to
the edge of the sample. For preparing a clean surface, the samples
were sputtered with Ar ions and subsequently annealed to 1100 K.
Carbon was removed by heating at 800 K in 5� 10�7 mbar O2. The
clean surface was checked by LEED, verifying the step structure.22

No contaminants could be detected by XPS.
The adsorption experiments were performed by dosing

benzene (Merck, 99%; Emplura; purified by repeated pump–
freeze–thaw cycles) onto the samples at 190 and 300 K using a
capillary doser; at these temperatures no multilayer formation
and no dissociation of benzene occurs. The benzene background
pressure ranged for different experiments between 2 � 10�9 and
5 � 10�9 mbar, being enhanced at the sample by the capillary
array doser. C 1s spectra were obtained with a photon energy of
380 eV with an overall resolution of 200 meV. Spectra were

measured at normal emission (01) or at 451 emission angle, and
a typical measuring time of 8 s. In order to avoid radiation damage
the measured spots on the surface were shifted by about 100 mm to
a new spot for each step.

The quantitative analysis of the XPS data was performed with
peak fitting using UNIFIT.29 In all C 1s spectra, the background and
the curve fit were performed simultaneously. For the background
a polynomial fit and a Shirley background was used. The C 1s
curves were fitted with a Voigt function. Spectra were normalized
to account for varying photon intensities. The binding energy
scale was calibrated with respect to the Fermi energy.

2.2 Computational details

DFT calculations were performed with the Vienna Ab initio
Simulation Package (VASP) code.30,31 The projector augmented-
wave (PAW)32,33 method and the generalized-gradient approxi-
mation (GGA), using the PBE34 functional, were employed for the
treatment of the electron–ion interactions and the exchange–
correlation effects, respectively. With its PAW potentials, VASP
combines the accuracy of all-electron methods with the compu-
tational efficiency of plane-wave approaches. Electron dispersion
interactions are known to play a crucial role in the properties of
molecular adsorption on metal surfaces,35–37 but their accurate
description is highly challenging. While the random phase
approximation (RPA) method has been proven to generate
accurate surface and adsorption energies,38 it still is computa-
tionally too demanding for the large size of the systems studied
in this contribution. Therefore, the GGA-PBE functional was
used with the inclusion of vdW corrections.35

The optB88-vdW functional was used as the exchange func-
tional to account for vdW corrections.35,36,39,40 For the ionic
relaxation, the conjugate gradient algorithm was applied. The
electronic wave functions were expanded in a basis set of plane
waves with kinetic-energy cutoffs of 400 eV. The lattice constant
of bulk Pt was calculated to be 3.986 Å, which is consistent
with the literature result of 3.983 Å.10 The stepped Pt(355) and

Fig. 1 Structure of the stepped Pt(355) and Pt(322) surfaces. The side view is
shown in the smaller insets and the darker atoms emphasize the location of the
step. Dashed lines represent the size of unit cells of Pt(355) and Pt(322) surfaces
with the p(4 � 1) supercell we used in our calculations, which are (11.254 Å �
10.916 Å) and (11.254 Å � 11.621 Å), respectively.

Paper PCCP



20664 Phys. Chem. Chem. Phys., 2013, 15, 20662--20671 This journal is c the Owner Societies 2013

Pt(322) surfaces were modeled with p(4 � 1) supercells that
were 6 layers thick (see Fig. 1), with the bottom 3 layers kept
fixed in their bulk positions. The lattice dimensions of the
Pt(355) and Pt(322) surfaces with the p(4 � 1) supercell are
(11.254 Å � 10.916 Å) and (11.254 Å � 11.621 Å), respectively.
They are nearly identical in size to the Pt(111) surface modeled
with the p(4 � 4) supercell (11.254 Å � 11.254 Å). The thickness
of the vacuum was approximately 15 Å. These unit cells were
sampled with (4 � 4 � 1) Monkhorst–Pack k-point grids. A
Methfessel–Paxton smearing of 0.2 eV was used to improve the
convergence and the total energy was extrapolated to zero
Kelvin. The total energy convergence threshold was set to
10�5 eV and the geometries were considered to be fully relaxed
when the forces were less than 0.015 eV Å�1. In addition to
the stepped surfaces, we also studied the Pt(111) surface for
comparison. For this system, a 6 layers thick p(4 � 4) supercell
was used with the bottom 4 layers kept fixed. The adsorption
energy Eads of benzene (C6H6) on each surface was calculated
for different sites, and is defined as:

Eads = Etot � Eslab � EC6H6
(1)

where Etot is the total energy of C6H6/Pt, Eslab is the total energy
of the clean Pt slab and EC6H6

is the energy of a benzene
molecule in the gas phase.

3. Results and discussion
3.1 Benzene on Pt(111)

We start with presenting results for benzene adsorption on the
flat Pt(111) surface. This system serves as a reference for the two
stepped surfaces. Fig. 2 shows a series of C 1s spectra collected
during the dosing of benzene at 300 K (from bottom to top). At
saturation (topmost spectrum) one peak at 284.5 eV is observed,
with a shoulder at higher binding energy. This shoulder results
from vibrational splitting due to excitation of the C–H-stretching
mode in the photoionization process.41,42 Fig. 3 (bottom trace)
shows the fit of this vibrational fine structure, including the
peaks due to the first and second excited state. The resulting
vibrational splitting of 360 meV corresponds well to values found

in XPS studies of other hydrocarbons.42 With increasing coverage,
a shift of the peak maximum of about 260 meV towards higher
binding energies is observed in Fig. 2, which is attributed to
lateral interactions between the benzene molecules.

The benzene coverage is calibrated by comparison to the XP
spectra for CO on Pt(111).43 For the saturated layer, a coverage
of 1.1 C atoms per Pt atom is obtained, resulting in a benzene
coverage of about 0.18 ML, which agrees with the result by
Campbell et al.11 An additional uptake experiment at 190 K
(not shown) showed identical binding energies and peak
shapes, as found for 300 K in Fig. 2, with the saturation coverage
being larger by 3%.

The existence of only one single C 1s peak (with its vibrational
satellite) indicates that all C atoms should be in a similar
chemical state relative to the Pt surface atoms. In contrast, for
benzene adsorption on Ni(111), a coverage-dependent shoulder
was observed in the C 1s spectra.42 This observation was
assigned to a coverage-dependent change in the adsorption site,
from a bridge-bonded geometry with two non-equivalent carbon
atoms (yielding two C 1s peaks split by B0.25 eV) to a hollow
geometry with all six C atoms in an identical environment
relative to Ni substrate (yielding only a single C 1s peak).42

Following the arguments used for Ni(111), the single peak
would indicate a similar environment for the six C atoms
relative to the Pt surface atoms, and thus suggest a hollow
adsorption site. The comparison to possible highly symmetric
adsorption sites on Pt(111), depicted in Fig. 4, shows that this
would be the case for the hcp_01, fcc_01, top_01 and top_301
configurations. However, these sites are in contrast to the
literature, where the most favorable adsorption site of benzene
on Pt(111) was found to be a bridge_301 site by theoretical
calculations16,17 and also by diffuse LEED.12 One should mention
here that for benzene on Pt(111), no well ordered superstructure
could be observed, in agreement with literature,12 but in contrast
to Ni(111),42 where a well-ordered (O7 � O7)R19.11 structure
was found.

In order to compare with the theoretical calculations by
Sautet et al.,17 we also calculated the adsorption energies of benzene
on Pt(111) with a p(3 � 3) 4 layers slab. Different adsorption

Fig. 2 C 1s spectra recorded during benzene uptake on Pt(111) at 300 K. The
benzene exposure increases from bottom to top.

Fig. 3 Comparison between C 1s spectra for (bottom) Pt(111), (center) Pt(322)
and (top) Pt(355), measured at saturation coverage of benzene following
adsorption at 300 K. C1 (grey-shaded) and C2 mark the two distinct contributions
on the Pt(355) surface.
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sites of benzene on this surface are shown in Fig. 4. The results
of the adsorption energies are listed in Table 1; they are in good
agreement with those obtained previously (0.89 vs. 0.90 eV). As
Sautet et al.17 reported that slab thickness influences the adsorp-
tion energy, we also calculated benzene adsorbed on a bridge_301
site using p(4 � 4) 4 layers and p(4 � 4) 6 layers slabs. The
adsorption energies were found to be �1.19 eV and �1.36 eV,
respectively. Due to the significantly larger value for the thicker
slab, we used the p(4 � 4) 6 layers slab to model the Pt(111)
surface in our following calculations.

It has been reported that vdW corrections have a significant
effect on calculated adsorption energies of benzene on transition
metal surfaces.35 We therefore performed calculations with vdW
corrections for 6 layer slabs with p(3 � 3), p(4 � 4) and p(5 � 5)
supercells, corresponding to coverages of 1/9, 1/16 and 1/25 ML.
The adsorption energies of benzene on the bridge_301 site are
�1.89 eV, �2.14 eV and �2.10 eV, respectively. Thus, the vdW
corrections indeed lead to a pronounced increase of the adsorp-
tion energy for all calculated adsorption sites (see Table 1 for the
p(4 � 4) 6 layers slab). The significant increase of the adsorption
energy from the p(3 � 3) to the p(4 � 4) supercell indicates that

the adsorbate coverage has a significant effect on the adsorption
energy of benzene. From the lack of a significant difference
between the p(4 � 4) and p(5 � 5) unit cells, we deduce that
the lateral interaction between benzene molecules can be
considered to be negligible already for the former unit cell.
The calculated adsorption energies are consistent with the
experimental results from microcalorimetry ranging between
�2.04 eV at zero coverage to �1.81 eV at 1/9 ML.18 They also
agree well with previous computational results where an
adsorption energy of �1.89 eV was obtained for the p(3 � 3)
unit cell.35

As evident from Table 1, the addition of vdW corrections
increases the adsorption energies of benzene on all sites, but
the bridge_301 site remains the most stable site. Interestingly,
the hcp_301 and fcc_301 sites became unstable when using the
p(4 � 4) supercell and both shifted to the bridge_301 site. This
implies that the lateral interactions between the molecules
stabilize benzene on hcp_301 and fcc_301 sites in the p(3 � 3)
supercell. To determine if these two sites have unfavorable
adsorption energies, we calculated their adsorption energies
with benzene constrained on these sites (optimize z direction
only), which yielded values of �1.27 eV and �1.21 eV, respec-
tively. While the negative values indicate that adsorption on
these sites is thermodynamically favorable (if constrained), the
observed shift to the more stable bridge_301 site indicates that
there is no energy barrier for moving benzene between these
sites. The comparison to the stable adsorption sites for the
p(3 � 3) supercell in Table 1 shows that overall the order of the
stability of the adsorption sites is unchanged, i.e. the fcc_301
site is the most unfavorable adsorption site with vdW correc-
tions. The top_01 and top_301 sites are both unstable on the
Pt(111) for the p(3 � 3) supercell, in agreement with Sautet
et al.17 When modeled within a p(4 � 4) supercell with vdW
corrections the top_01 site is stable with an adsorption energy
of �0.79 eV. The top_301 site remains unstable and shifts
towards a bridge_301 site; when constraining the site we obtain
a value of �0.81 eV.

3.2 Benzene on Pt(355)

In Fig. 5, the C 1s spectra taken during benzene adsorption at
300 K until saturation are shown. At low coverage, a single peak
develops at B284.0 eV (called C2). Around B0.11 ML, this peak
saturates and the growth of a second additional peak (C1) at
B284.4 sets in and continues to grow until saturation. In Fig. 3
(top) the spectrum of the saturated layer is fitted with these two
contributions and their corresponding vibrational satellites.
The C1 peak corresponds very well to the peak observed on
Pt(111), and the C2 new peak is specific for the Pt(355) surface.
The existence of two peaks indicates the existence of carbon
atoms in a different chemical environment. At saturation, the
intensity ratio of C1 to C2 is 3 : 1. An additional experiment at
190 K (not shown) yielded very similar results, with the C1 : C2
ratio at saturation being 4 : 1.

There are two possibilities for the observed two peak structure:
either the two signals belong to one molecule with inequivalent
C atoms (as was observed on Ni(111)42), or they are due to two

Fig. 4 Adsorption sites of benzene on Pt(111). The benzene C–C bonds can
have rotations of 01 (upper panel) and 301 (lower panel) relative to the densely
packed Pt rows. The biggest (grey), middle (red) and smallest (green) spheres
represent Pt, C and H atoms, respectively. These notations and schemes are
applied to the following figures as well.

Table 1 Adsorption energies of benzene on Pt(111), represented by a p(4 � 4)
supercell and slab thickness of 6 layers. The results presented here include those
calculations with (PBE + vdW) and without (PBE) vdW corrections. In order to
compare with literature, results calculated on a Pt(111) surface with a p(3 � 3)
unit cell and 4 layers are also listed. Values in parentheses are calculated with
benzene constrained on these sites

Adsorption site

p(3 � 3)_4 layers p(4 � 4)_6 layers

PBE Sautet’s resultsa PBE PBE + vdW

bridge_01 �0.28 �0.30 �0.75 �1.58
bridge_301 �0.89 �0.90 �1.36 �2.14
hcp_01 �0.65 �0.67 �1.11 �1.89
hcp_301 �0.25 �0.33 —b (�1.27)b

fcc_01 �0.58 �0.61 �1.04 �1.82
fcc_301 �0.19 �0.27 —b (�1.21)b

top_01 —b —b 0.04 �0.79
top_301 —b —b —b (�0.81)b

a This data is from ref. 17, where PW91 functional was used. b Unstable
adsorption site.
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molecules at different adsorption sites, e.g. on terraces and
steps. Since for Pt(111) only one single peak was observed, we
attribute the new peak (C2) to adsorption at the steps. This
conclusion was proven by blocking the steps with one row of Ag
(as already done in a previous study on CO adsorption23), and
indeed the resulting uptake spectra only showed the C1 peak.
Details of this experiment are reported elsewhere.44 Consequently,
C1 is assigned to benzene at terrace sites and C2 to benzene at
step sites.

In the corresponding DFT calculations, which included vdW
corrections, we first considered benzene adsorption on differ-
ent Pt(355) terrace sites, as shown in Fig. 6, with the adsorption
energies listed in Table 2. The corresponding results without
vdW corrections again yielded much smaller values with differ-
ences between 0.6 and 0.9 eV (see Table S1 in ESI†). We need to
point out that our conclusions are only based on low coverage

calculations (1/16 ML) and by considering one adsorption site
at a time. We also note that, as mentioned in Section 2.2, that the
size of unit cells used for Pt(355) and Pt(322) surfaces used here
are nearly identical to that of the p(4 � 4) cell for the Pt(111)
surface, so we believe that the unit cells used in this contribution
are large enough to eliminate the benzene–benzene interaction
on the Pt(355) and the Pt(322) surfaces.

We first discuss the A and B terrace type sites on the Pt(355)
terrace, which are similar to those on Pt(111), where the most
stable site is the bridge_301 site (�2.14 eV; see Table 1). Similarly,
we find that among all the A and B sites, the bridgeA_301 site is
the most favorable one with an adsorption energy of�1.88 eV; see
Table 2. In addition, the fcc_01 and hcp_01 sites have nearly
identical adsorption energies, similar to the situation for Pt(111).
The difference of 0.45–0.49 eV between bridge_301 and hcp_01
sites on Pt(355) is larger than the value of 0.25 eV on Pt(111).

The adsorption energies on terrace C sites, i.e. close to the
step, are higher than those of the A and B sites and therefore
these sites are more favorable. For the bridgeC_301 site it is
�2.04 eV, as compared to �1.88 eV and �1.87 eV for the
bridgeA_301 and bridgeB_301 sites, respectively. This increase
in adsorption energy is most likely due to the changed electro-
nic structure at the steps. For the fccC_01 and hcpC_01 sites, we
find a significant difference of B0.43 eV. Interestingly, the
fccC_01 site is the most stable of all terrace sites on Pt(355) with
an adsorption energy of�2.14 eV, which is even higher than the
value of �2.04 eV for the bridgeC_301 site.

Fig. 7 depicts a number of possible step sites for benzene on
Pt(355) (‘‘across the step’’): the top panel shows the starting
(input) geometries for the calculations, and the bottom two
panels are the final configurations. The corresponding adsorp-
tion energies as obtained from the calculation including vdW
corrections are listed in Table 2. The results without vdW
corrections are shown in Table S1 of ESI.† The adsorption

Fig. 5 C 1s spectra recorded during benzene uptake on Pt(355) at 300 K. On the
right, benzene coverages, as derived from comparison to CO experiments, are
displayed for the highlighted spectra. The top most spectrum is shown in more
detail in Fig. 3.

Fig. 6 Different adsorption sites of benzene on the terrace of the Pt(355)
surface. These sites are similar to those seen on the Pt(111) surface, where
benzene can adsorb on bridge, hcp and fcc sites. The labeled adsorption sites
(A, B, C) denote a difference in the distance between benzene and the step
row. Here, the C–C bonds in the benzene can have rotations of 01 (upper panel)
and 301 (lower panel) with respect to the step row. Altogether, there are 18
adsorption sites considered on the terrace of Pt(355). Pt atoms in the step are
presented by darker grey atoms.

Table 2 The adsorption energies (eV) of C6H6 at 1/16 ML on Pt(355) and Pt(322)
surfaces. The results presented here were calculated by using PBE functional with
vdW corrections. The results for the unstable adsorption of benzene on the
hcp_301, fcc_301 and bridgeC_01 sites are listed in Table 3

Adsorption sites Pt(355) Pt(322)

bridgeA_01 �1.49 �1.56
bridgeB_01 �1.42 �1.48
bridgeA_301 �1.88 �1.97
bridgeB_301 �1.87 �1.93
bridgeC_301 �2.04 �2.12

hcpA_01 �1.39 �1.69
hcpB_01 �1.42 �1.62
hcpC_01 �1.71 �2.40

fccA_01 �1.45 �1.70
fccB_01 �1.45 �1.55
fccC_01 �2.14 �1.88

stepA_01 �2.23a �0.89
stepA_301 �0.21 �2.16a

stepB_01 �2.42 �1.80
stepB_301 �2.23a �1.98a

a Unstable site.
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energies are typically smaller by B0.8 eV and we note that the
stepA_301 is only a stable site (�0.21 eV) with vdW corrections.
The calculations show that benzene molecules at stepA_01 and
stepB_301 sites are unstable and shift to a site similar to the
bridgeC_01 site on the terrace (see Fig. 6), with a tilted geometry,
and an adsorption energy of �2.23 eV. When comparing the
adsorption of non-interacting benzene molecules on both terrace
and step sites, it is clear that the most favorable adsorption site on
the Pt(355) surface overall is the stepB_01 with an adsorption
energy of�2.42 eV. This result explains the experimental observa-
tion of two benzene species on the Pt(355) surface, one at the
steps, which due to its higher binding energy preferentially
adsorbs at low coverages, and one at the terraces, which adsorbs
only after the steps are saturated.

3.3 Benzene on Pt(322)

Benzene adsorption on Pt(322) at 300 K gives a similar result as
on the flat Pt(111) surface. As evident from Fig. 3 (center), the
peak shape and position at saturation are virtually identical.
Similar to Pt(111), with increasing coverage a shift of the peak
maximum by about 240 meV to higher binding energies is
observed (data not shown). The saturation coverage on Pt(322)
is only slightly lower than on Pt(111). Intuitively, one would
have expected to observe a specific step species as observed for
the Pt(355) surface (see above). Such a behavior was observed
for, e.g., CO on stepped Pt surfaces [22] and also for ethylene.
However, in contrast to Pt(355), no obvious spectral difference
can be observed during benzene uptake on Pt(322).

Complementary information is again obtained from DFT
calculations including vdW corrections. Fig. 8 shows possible
adsorption sites on the terrace of a Pt(322) surface, and the
adsorption energies are listed in Table 2. The corresponding
results without vdW corrections again yielded much smaller
values with differences between 0.6 and 0.9 eV (see Table S1 in
ESI†). As evident from Fig. 8, the A and B sites on the Pt(322)
terraces are similar to those on the Pt(355) terrace and on Pt(111).

As for Pt(355), among all A and B sites, the bridgeA_301 site is
the most favorable site with an adsorption energy of �1.97 eV,
and the adsorption energies on the fcc_01 and hcp_01 sites are
nearly identical. The difference of 0.28–0.31 eV between the
A and B bridge_301 and hcp_01 sites on Pt(322) is slightly larger
than the value of 0.25 eV on Pt(111). This differs from the
results for Pt(355), which showed a larger energy difference
between the two terrace sites of 0.45–0.49 eV.

The C type sites, which are closer to the step, have more
favorable adsorption energies than their terrace counterparts.
For example, benzene on bridgeC_301 sites have an adsorption
energy of �2.12 eV, as compared �1.97 and �1.93 eV for the
bridgeA_301 and bridgeB_301 sites, respectively. Furthermore,
the adsorption energies of the fcc_01 sites and hcp_01 sites
differ by 0.52 eV, in contrast to the very similar values for the
corresponding sites on the Pt(322) terrace and on Pt(111).
Overall, the hcpC_01 site with an adsorption energy of �2.40 eV
is the most stable site on the Pt(322) terrace, followed by the
bridgeC_301 site with �2.12 eV.

In Fig. 9, a number of very specific possible benzene step
sites on Pt(322) (‘‘across the step’’) are depicted: the top panel
shows the starting (input) geometries for the calculations, and
the bottom two panels are the final configurations. The corre-
sponding adsorption energies as obtained from calculations
including vdW corrections are listed in Table 2.

When comparing the starting configurations to the optimized
geometries, it is evident that the stepA_301 and stepB_301
configurations are unstable: while their initial configurations
had their benzene rings parallel to the [100] step, their final
configurations have the benzene rings almost parallel to the
(111) terrace, with adsorption energies of�2.16 eV and�1.98 eV,
respectively. The adsorption energies on the stepA_01 site
(�0.89 eV) and on the stepB_01 site (�1.80 eV) are lower than
on the hcpC_01 terrace site (�2.40 eV), which overall is the most
favorable adsorption site on Pt(322). Therefore, benzene does
not prefer to adsorb onto the ‘‘across the step’’ sites on Pt(322),

Fig. 7 The starting (top panel) and final configuration (bottom two panels with
top and side views) of benzene on the step sites of Pt(355) surface.

Fig. 8 Different adsorption sites of benzene on the terrace of the Pt(322)
surface. These sites are similar to those seen on the Pt(111) surface, where
benzene can adsorb on bridge, hcp and fcc sites. Each kind of adsorption site has
three different positions relative to the step row and they are labeled as A, B, C.
Here, the C–C bonds in the benzene can have rotations of 01 (upper panel) and
301 (lower panel) with respect to the step row. Thus, there are 18 adsorption sites
on the terrace of Pt(322).
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in contrast to Pt(355). This behavior explains, why only one
benzene species was observed by high-resolution XPS in Fig. 3.

3.4 ‘‘Unstable’’ terrace sites on Pt(355) and Pt(322)

For adsorption of benzene on both Pt(355) and Pt(322), all
hcp_301 and fcc_301 terrace sites were found to be unstable in
the DFT calculations; this is illustrated in Fig. 10. In Table 3,
the corresponding adsorption energies of the starting config-
urations, as calculated by constraining the molecule to this site
(fix the x and y direction, relax z direction only) and of the
shifted sites are summarized. Note that in all cases, the
adsorption energy of benzene at the constrained site is nega-
tive, meaning that the adsorption on these sites (if constrained)
is thermodynamically favorable. From the fact that benzene
shifted to a more stable site, we conclude that there is no
energy barrier between these adsorption sites.

For Pt(355), benzene shifted from the (starting) hcpB_301
site (�1.02 eV) and hcpC_301 sites (�1.09 eV) to the
bridgeB_301 adsorption site (�1.87 eV; see Table 3). Similarly,
benzene on hcpA_301 and fccA_301 sites shifted to bridge_301

site with an adsorption energy of �1.73 eV (note that this site has
a different distance to the step edge than the other bridge_301
sites in Fig. 6). Benzene on the fccB_301 and fccC_301 sites shifted
to a bridge_301 and the bridgeC_301 sites, respectively, with
adsorption energies of �1.70 and �2.04 eV, respectively.

For Pt(322), benzene initially placed on any of the fcc_301 sites
moves to more favorable bridge_301 sites, as shown in Fig. 10,
i.e. from the fccB_301 sites to bridgeA_301 with adsorption
energies of �1.97 eV. Moreover, benzene on the fccA_301 and
fccC_301 sites shift to bridge_301 sites with adsorption energies of
�1.80 and �2.35 eV, respectively (see Table 3). Similar shifts are
obtained for benzene on hcp_301 sites.

3.5 C 1s core-level binding energy shifts in adsorbed benzene

The core-level binding energy is defined as the energy to
remove a core electron from an atom, and can serve as a bridge
to connect experimental and computational results.42,45 Papp
et al. used X-ray photoelectron spectroscopy, combined with the
available information on molecular orientation, to verify the
adsorption site of benzene on Ni(111).42 To correlate the DFT
calculations with our experimental results in Fig. 3, we calculated
the core level binding energy shifts between the various adsorption
configurations using the so-called final state approximation.45 The
calculated shifts can be used to identify the preferential adsorption
site of benzene on our model surfaces.

In Section 3.1, lateral interactions were made responsible for
the increase in the C 1s core-level binding energy with increasing
benzene coverage on Pt(111). This effect of the lateral interactions
for different coverages can be recovered theoretically by examin-
ing the core level binding energies for the bridge_301 configu-
ration shown in Fig. 1. By using the C 1s binding energy on a
p(5� 5) unit cell as a reference, we find that the C 1s core-level for
the p(4 � 4) and p(3 � 3) supercells are shifted by 0.04 and
0.15 eV, respectively, which is in qualitative agreement with
experiment, where a shift of 0.26 eV was observed.

Next, we examine the resulting core level binding energy
shifts of the different carbon atoms within benzene ring on the
Pt(111), Pt(322) and Pt(355) surfaces. Based on our calculations
above, the most stable benzene adsorption sites are the
bridge_301 site on Pt(111), the hcpC_01 site on Pt(322), and
the stepB_01 site on Pt(355). Note that among all possible
adsorption sites of benzene on a Pt(355) surface, the stepB_01

Fig. 9 The starting (top panel) and final configuration (bottom two panels with
top and side views) of benzene on the step sites of the Pt(322) surface.

Fig. 10 Unstable adsorption sites and the corresponding shifted sites of benzene
on the terrace of the Pt(355) and Pt(322) surfaces.

Table 3 The comparison of the adsorption energy of benzene kept on the
unstable adsorption sites with that on shifted sites for Pt(355) and Pt(322)
surfaces, as shown in Fig. 10. All values were calculated with the inclusion of
vdW corrections

Adsorption sites

Pt(355) Pt(322)

Fix_xy Shifted site Fix_xy Shifted site

hcpA_301 �0.96 �1.73 �1.23 �1.99
hcpB_301 �1.02 �1.87 �1.09 �1.85
hcpC_301 �1.09 �1.87 �1.56 �2.34
fccA_301 �1.05 �1.73 �1.12 �1.80
fccB_301 �0.98 �1.70 �1.02 �1.97
fccC_301 �1.34 �2.04 �1.23 �2.35
bridgeC_01 �1.88 �2.14 �1.99 �2.40
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site was the most favorable. Although the difference of adsorp-
tion energy between benzene at the fccC_01 and stepB_01 sites is
0.28 eV, which is small, benzene will first adsorb on the stepB_01
site at low coverage. The maximum differences between carbon
atoms within the benzene ring are calculated to be 0.12, 0.11,
and 0.23 eV for Pt(111), Pt(322) and Pt(355) surfaces, respectively.
On the other hand, the respective maximum differences for the
terrace bridgeA_301 sites on Pt(355) and Pt(322) are 0.13 eV and
0.15 eV. These results are consistent with the experimental result
that narrow C 1s peaks are observed on Pt(111) and Pt(322) in
Fig. 3. In comparison, the core level binding energy shift is about
0.25 eV between carbon atoms within the ring of benzene
adsorbed on a bridge_301 site of a Ni(111) surface.42 This
compares well with the calculated shift of 0.25 eV for Ni(111)46

and is significantly smaller than the value of 0.12 eV for Pt(111).
This explains why no measurable shift was detected for
benzene on Pt(111): it is too small to be detected experimen-
tally. The larger calculated value of 0.23 eV for Pt(355) is
difficult to identify in Fig. 3 due to the overlapping signal of
the terrace and step sites.

For the further analysis, we computed the C 1s core level
shifts for the step sites relative to the most favorable terrace
sites on Pt(355) and Pt(322). The ECLS was defined as:

ECLS(i) = ECL(bridge_30_C1) � ECL(C_i) (2)

where ECL(bridge_30_C1) is the core level energy of carbon
atom 1 for benzene on a terrace bridge_301 site on Pt(322) or
Pt(355), as shown in Fig. 11a. ECL(C_i) is the core level energy of
carbon atom i for benzene in its most favorable site, i.e. stepB_01
on Pt(355) and hcpC_01 on Pt(322), as shown in Fig. 11b. Note
that the core level binding energy differences between the
carbon atoms in benzene on the terrace bridge_301 sites are
small on Pt(322) and Pt(355) (see Table S3 in ESI†) and these
variations do not affect the conclusions below.

The resulting ECLS for Pt(355) and Pt(322) are shown in
Table 4, as calculated with vdW corrections; the shifts were
found to be independent of the vdW corrections (see Table S2
in ESI†). The ECLS for Pt(355) yields values from 0.18 to 0.41 eV,
with an average value of 0.30 eV. Within the uncertainty of the
calculations, this is consistent with the experimentally observed
binding energy peak difference of about B0.4 eV for the terrace
and step species on Pt(355) (see shift between C1 and C2
component in Fig. 3). We should note that we take the convention
that the core level binding energies are positive here. As a result,
the core level binding energies shift to smaller values when
adsorbed at the step sites on the Pt(355) surface, in agreement
between experiment and theory.

For the Pt(322) surface, we observe only much smaller core
level shifts of 0.03 to 0.14 eV (Table 4), with an average of
0.08 eV relative to the bridge_301 terrace site. Again, this is
consistent with our XPS results, where we observe only one
species with no sign of a core level shifted step species within
the given experimental resolution.

3.6 Internal structure of benzene on Pt(111), Pt(355) and
Pt(322)

It is reported that benzene adsorption on metals results in the
H atoms being tilted away from the surface.22,47,48 Therefore, as
additional information, we calculated the geometric structure
of benzene in the most stable adsorption sites on Pt(111),
Pt(355) and Pt(322). Table 5 lists the corresponding informa-
tion, as well as gas phase data. Overall, the C–C bond length in
adsorbed benzene is increased relative to the free molecule, due
to adsorbate–substrate interaction with a net electron transfer
from benzene to the substrate. The H atoms tilt away from the
surface to form an angle with the plane of the benzene ring, as
it was found for benzene on various metal surfaces.47

The most favorable adsorption site for benzene on Pt(111) is
the bridge_301 site, as shown in Fig. 1, where the carbon atoms
1, 3, 4 and 6 are equivalent, as well as carbon atoms 2 and 5.
This leads to two different C–C bond lengths of about 1.432 and
1.474 Å, which is consistent with the literature.17 In addition,
despite negligible changes of the C–H bond lengths from
1.092 Å for free benzene to 1.099 Å and 1.094 Å, the H atoms
tilt with dihedral angles of 181 and 351.

The situation becomes more complex on Pt(355) and
Pt(322). The most favorable adsorption configurations are the
stepB_01 and hcpC_01 sites are shown in Fig. 11, respectively.

Fig. 11 Numbered carbons in benzene adsorbed on (a) the most favorable
adsorption site on the terrace of Pt(355) and Pt(322), (b) the most favorable
adsorption sites of Pt(355)_stepB_01, Pt(322) _hcpC_01.

Table 4 Core level binding energy shifts (ECLS in unit of eV) of C 1s in benzene
on the most stable adsorption sites for Pt(355) and Pt(322) surfaces relative to the
most stable terrace bridge_301 site. The associated numbered carbons are shown
in Fig. 11. These results are calculated by considering vdW corrections

Carbon Pt(355) Pt(322)

1 0.31 0.06
2 0.18 0.03
3 0.18 0.03
4 0.33 0.06
5 0.41 0.14
6 0.40 0.14
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In this configuration, carbon 1 and 4 are equivalent, as well as
carbon 2 and 3 and carbon 5 and 6. On Pt(355), C56 is the longest
bond with 1.505 Å, which is 0.107 Å longer than in the free
benzene molecule. The largest tilt angle yH–C of 511 is observed for
H atoms bonded to carbon 5 and 6, which correlates well with the
largest core level shifts for these atoms (Table 4). On Pt(322), the
differences among all benzene C–C bond lengths are small, where
the largest value of 0.042 Å being the difference between C12 and
C23 (see Table 5). Although the tilt angles, yH–C, for Pt(322) are 171
and 221, which is significantly different from that found on
Pt(111), the core-level shift for Pt(322) does not change much as
we move from carbon to carbon within the aromatic ring. As a
result, the tilt angle is more sensitive to such configurational
changes than the core level binding energy shift.

Since the most pronounced changes are observed for the
stepB_01 adsorption site on Pt(355), we discuss this case in
more detail. As evident from Fig. 7, the geometry of the adsorbed
benzene molecule is strongly distorted due to its interaction with
the surface. The C–H bonds form dihedral angles of 161, 221 and
511, with respect to the planar benzene ring. While there is no
report on benzene adsorption on Pt(355), a distorted adsorption
geometry has been reported for benzene on the reconstructed
and highly corrugated p(1� 2) Pt(110) surface from NEXAFS and
angle-resolved UPS.14 The experimental results suggested two
forms of benzene on this surface: a highly distorted low-coverage
form, and an essentially undistorted high-coverage form.13,15,49

As our calculations of benzene Pt(355) mimics the low coverage
situation, the observed strong distortion is in line with low-
coverage configuration on the p(1 � 2) Pt(110) surface.

4. Conclusion

In summary, the adsorption of benzene on stepped Pt(355)
and Pt(322) surfaces was systematically investigated by high-
resolution X-ray photoelectron spectroscopy and first-principles
calculations based on density functional theory including vdW
corrections. Experimentally, it was found that the most favor-
able adsorption sites of benzene are different for the Pt(355)
and Pt(322) surfaces, as seen by different C 1s binding energies
and a clear development of step species on Pt(355). The DFT
calculations also yielded different most favorable sites, which
were the stepB_01 and hcpC_01 sites on Pt(355) and Pt(322),
respectively. The step atoms affect on the adsorption behavior
of benzene on terrace sites close to the step. We also demon-
strated that the vdW corrections qualitatively change the
adsorption energies of benzene on Pt surfaces. However, the

core-level binding energy shift of the C 1s level in adsorbed
benzene is independent of the chosen vdW corrections. The
theoretically proposed core level binding energy shifts corro-
borate the differences found in the C 1s spectra of benzene on
Pt(355) and Pt(322) surfaces. These differences result from the
occurrence of two different benzene adsorption sites on Pt(355),
benzene on a terrace site and adsorbed across the step site which
produces a significant change in the core level binding energy.
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