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In this work, we use the first-principles density-functional approach to study the electronic structure of a H
atom adsorbed on the ideal Pt�111� and vicinal Pt�211� and Pt�331� surfaces. Full three-dimensional potential-
energy surfaces �3D PES’s� as well as local electronic density of states on various adsorption sites are obtained.
The results show that the steps modify the PES considerably. The effect is nonlocal and extends into the region
of the �111� terraces. We also find that different type of steps have different kind of influence on the PES when
compared to the one of the ideal Pt�111� surface. The full 3D PES’s calculated in this work provide a starting
point for the theoretical study of vibrational and diffusive dynamics of H adatoms adsorbed on these vicinal
surfaces.
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I. INTRODUCTION

Systems in which hydrogen adatoms interact with
transition-metal surfaces have been intensively studied both
experimentally and theoretically1 since they have many im-
portant applications. For example, hydrogen adsorbed on
platinum surfaces or on platinum nanoparticles constitutes an
important application in catalysis of heterogeneous hydroge-
nation reactions, in the combustion of hydrocarbons, and in
proton-exchange-membrane fuel cells.

On a more fundamental level, we need to understand ba-
sic dynamical properties of the adsorbed hydrogen such as
vibrational excitations and diffusion coefficients in order to
understand the chemical reactivity and catalytic activity on a
more microscopic level. A particularly intriguing character-
istic of H adatoms on metal surfaces is that they may exhibit
distinct quantum-mechanical behavior at relatively high tem-
peratures as compared to heavier elements or molecular ad-
sorbates. In particular, H adatoms on metal surfaces can dif-
fuse either through classical activated hopping or quantum-
mechanical tunneling processes. At low enough temperatures
many features of hydrogen diffusion on metal surfaces can
only be explained by quantum effects, which are due to the
small mass and delocalization of elemental H.1–12

The best studied system in this respect is H on Pt surfaces,
as there have been a number of experimental and theoretical
studies on the vibrational and diffusive dynamics of this
system8,12–44. Recently, the complete three-dimensional
potential-energy surface �3D PES� for H/Pt�111� has been
calculated from first-principles density-functional theory
�DFT� approach. The vibrational excitations for this system
are now well understood in terms of quantum transitions
within a vibrational band structure.28,29 The experimental
data for diffusion of H on Pt�111� are still controversial, as
different techniques yield different results.21,38,42 This can be
qualitatively understood from the fact that the different tech-
niques study the diffusion of H adatoms at different length
scales. Thus, the influence of disorder plays a significantly
different role in different experiments. This is particularly
important in the low-temperature regime, where the quantum

nature of H adatom motion is important. Here the role
of disorder can lead to the localization of the wave
function of the H adatom that suppresses diffusion on a large
length scale, such as in the optical-diffraction grating
experiments.6,38,42 Again, for quantitative studies of diffu-
sion, a necessary starting input is the microscopic PES and
the ensuing vibrational band structures.

Realistic surfaces are hardly ever ideal and may contain
defects such as isolated vacancies, dislocation lines or steps.
On such surfaces, the defect sites are often catalytically
very active. Stepped metal surfaces with a regular step
spacing can be easily prepared by cutting a single crystal in a
direction vicinal to a high-symmetry plane. Hydrogen on
stepped platinum surfaces has been studied35–44 as the pres-
ence of step edges increases the dissociation and sticking of
hydrogen.14 For instance, Gee et al.35 suggested that step
sites are responsible for the low-energy dissociative adsorp-
tion of H2 and the high-energy dissociation of H2 is associ-
ated with the �111� terrace sites on the Pt�533� surface. Mc-
Cormack et al.40 carried out density-functional calculations
to study the dissociative adsorption of H2 on the Pt�211�
surface and their results are in good agreement with the ex-
periment results for H2 on Pt�533�.35 Recently, Olsen et al.43

studied H2 dissociation on the Pt�211� stepped surface using
quantum-dynamics calculations. Their results show enhance-
ment of dissociation at low collision energies in qualitative
accordance with recent experiments.44

Zheng et al.38,42 studied diffusion dynamics of H on
stepped Pt�111� surfaces experimentally using a linear
optical-diffraction technique. They found faster diffusion
perpendicular to the steps than that on a flat Pt�111�
surface.38 This cannot be explained within the lattice-gas
model indicating that the effect of steps has to be nonlocal in
the sense that it extends to the terrace sites. Motivated by this
result, in this work we study the electronic properties of a
hydrogen atom, in particular, the PES of H adsorbed on the
vicinal Pt�211� and Pt�331� surfaces using DFT calculations.
We calculate the full 3D PES for the two vicinal surfaces and
present a comprehensive comparison between the two types
of steps on the H/Pt�111� system. The results show that the
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steps indeed modify the PES considerably even in the region
of �111� terraces and the different type of steps have different
kind of effect on the PES when compared to the PES of the
flat Pt�111� surface. The PES’s obtained can be used in the
future to study the effect of steps, e.g., on the vibrational
band structure, and classical and quantum diffusion of H on
vicinal Pt surfaces.

This paper is organized as follows. In Sec. II we describe
the computational details, in Sec. III we present the results
and discuss the influence of steps on the behavior of H on Pt
surfaces, and finally in Sec. IV we give some concluding
remarks based on the results obtained.

II. METHODS

We have done the DFT calculations using the Vienna Ab
initio Simulation Package45 with the generalized-gradient ap-
proximation �GGA� of PW91 �Ref. 46� and with projector-
augmented wave potentials.47 The cutoff energy for the
plane-wave expansion is 450 eV. For the irreducible
Brillouin-zone integration we use Monkhorst-Pack �Ref. 48�
13�13�1 k-point sampling for Pt�111� and 6�6�1 mesh
for Pt�211� and Pt�331�, together with a smearing of 0.2 eV
for the Methfessel-Paxton occupation function which signifi-
cantly shortens the computing time for transition metal com-
pared to other existing methods.49 The energy convergence
with respect to the k points and cutoff energy has been tested
and based on these tests the estimated accuracy of the ener-
gies is on the order of 0.01 eV and the accuracy of structures
is within 0.01 Å. On the other hand, the error due to the
choice of the GGA, etc., is about 0.02 eV as will be shown in
the case of H on Pt�111� later on.

The crystal structure of Pt is face-centered cubic �fcc� and
the calculated lattice constant of Pt is 3.987 Å, the experi-
mental value being 3.924 Å �Ref. 50�. We use a supercell
which consists of 4, 12, and 11 atomic layers, corresponding
4, 36, and 33 atoms in the supercell for the Pt�111�, Pt�211�,
and Pt�331� systems, respectively. Thus, the surface unit cell
consists of 1�1 atom for the Pt�111� surface and 3�3 at-
oms for the Pt�211� and Pt�331� surfaces. The distance be-
tween the slabs is at least 12 Å which is sufficient to elimi-
nate the interaction between them.

Two hydrogen atoms form a H2 molecule whose calcu-
lated bond length is 0.75 Å and binding energy is Ebin
=EH2

−2EH=−4.55 eV. These values are in an excellent
agreement with experimental values.51 Based on the data for
the energy vs bond length of a hydrogen molecule we can
say that H atoms do not interact with each other if the dis-
tance between them is over 7 Å �see Ref. 52�. When we
construct our Pt�211� and Pt�331� supercells such that the
H-H distance is larger than this value we study effectively a
single H atom interacting with the surface. This is very im-
portant since the H-H interaction can significantly influence
the energy of the saddle point.38 In our calculations, the dis-
tance between the H atoms on the same �111� terrace, but in
different supercells, is 8.46 Å.

In the slab relaxation the bottommost layer is fixed in the
Pt�111� calculations and in the Pt�211� and Pt�331� calcula-
tions six bottom layers are fixed to the bulk coordinates.

After the relaxation all the Pt atom positions are fixed and no
Pt atom movements are allowed during the calculations for
the hydrogen atom on a surface. The relaxations of Pt atoms
due to H are small and can therefore be neglected.28

Both the �211� and �331� vicinal surfaces consist of three-
atoms wide fcc�111� terraces. These vicinal surfaces have
different atomistic structures at the step edges. The step is
called an A-type step if the orientation of the step is �100�
and a B-type step if the orientation is �111�. The ideal posi-
tions of the atoms for the �211� and �331� surfaces are sche-
matically shown in Fig. 1.

III. RESULTS AND DISCUSSION

A. Potential-energy surfaces

We have calculated three-dimensional adiabatic potential-
energy surfaces �3D APES� for H on Pt�111�, Pt�211�, and
Pt�331�. The total energy for H on Pt has been calculated in
a grid on each surface and at each site with different heights
�z� around the minimum position. The Morse potential53 fit-
ted to the data is of the form

U�x,y,z� = A�x,y��1 − e−B�x,y��z−C�x,y���2 + D�x,y� ,

where A, B, C, and D are fitting parameters that depend on
the position �x ,y�. This potential form works well when the
height from the surface is over 0.3 Å. Under this limit the
potential is overestimated near the fcc and hcp sites. How-
ever, by studying wave functions and eigenvalues of the H
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FIG. 1. Top view of �a� Pt�211� and �b� Pt�331� surfaces. Ter-
races are both fcc�111� but the step edge of Pt�211� is fcc�100� �A
type� while the one for Pt�331� is fcc�111� �B type�. The surface
supercells used in the calculations are shown with dashes lines. The
most stabile adsorption sites for H are also shown: terrace-top, step-
top, and step-bridge site. Side view of �c� Pt�211� and �d� Pt�331�
surfaces with corresponding lattice directions in the supercells. In
addition, the y axis is along the step edge and x axis along the

terrace and perpendicular to the step edge, i.e., x points to �2̄11� in

�c� and to �1̄1̄2� in �d�.
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atom on Pt�111�,8,27,29 we conclude that it is adequate to cal-
culate the potential accurately using a dense grid near the
minimum at each �x ,y� site and elsewhere use a coarse grid
and a feasible approximation for the potential.

1. H on the flat Pt(111) surface

A full monolayer �1.0 ML� of H on Pt�111� has been
calculated to test that our present results are consistent with
previous DFT calculations. Also, the data for H on the flat
Pt�111� surface is needed to be able to see how a step
changes the electronic structure seen by the H atom. Even
though the activation energy for H diffusion depends on the
H coverage,38 the 2D APES of H on Pt�111� with 0.25 and
1.0 ML are qualitatively similar,54 thus we can use the
present 1.0 ML data for H/Pt�111� when compared the quali-
tative changes due to the step in the 2D APES of H on
stepped Pt�111� surfaces.

In Fig. 2�a� we show the calculation grid with a total
number of 36 equidistant positions on the �x ,y� plane over
the surface. For each of these positions the total energy of the
system has been calculated using various z values around the
minimum position, the total number of calculated points be-
ing 219. The minimum-energy 2D APES is shown in Fig.
2�a�, the total energy of the system with H at different
heights, i.e., z positions around the minimum along the path
from an fcc to top site in Fig. 2�b�, and the minimum energy
and height of H along the path top-fcc-hcp-top are presented
in Fig. 2�c�.

In Table I, the adsorption energy of the H atom at differ-
ent sites on the Pt�111� surface, the energy differences for H
to move from a site to another �see also Fig. 2�c�� and cal-
culated vibrational energies based on the harmonic approxi-
mation for perpendicular ����� and parallel motion �����
are presented.

The calculated energies represented in Table I and the
energy profile of the 2D APES along the path top-fcc-hcp-
top for H on Pt�111� shown in Fig. 2�c� can be compared to
those calculated by Bădescu et al.29 and Olsen et al.22 The
curvature and shape of the energy profile are very similar
compared to those of Bădescu et al. The only major differ-
ence is the top site where the energy is much higher in the
present study. However, it is highly unlikely that H is ad-
sorbed at the top site29 and thus one cannot resolve further
the energy of H at the top site based on the experiments. To
check the accuracy numerically we made some test calcula-
tions with a different GGA �Perdew-Burke-Ernzerhof �PBE�
�Ref. 55��, potential �ultrasoft pseudopotential56�, and Fermi-
smearing method. The difference between the energies of H
at the fcc and hcp sites is hardly affected at all, the difference
in all the cases being 0.07 eV while there are some variations
in the energy difference between fcc and top. With PBE
GGA the energy difference between H on Pt�111� at the fcc
and top sites is 0.10 eV, with ultrasoft pseudopotetial 0.11
eV, and with Fermi smearing it is 0.08 eV, the energy differ-
ence with PW91 GGA being 0.09 eV �Table I�. Thus, the
error due to different methods is about 0.02 eV and the
present results seem to be quite accurate.

There are more differences in the energy profile when
compared to that of Olsen et al.22 Nevertheless, the vibra-

tional energies based on the harmonic approximation are in a
good agreement both with the results by Olsen et al.22 and
Bădescu et al.29 This indicates similar curvature and shape of
the two-dimensional �2D� potential-energy surfaces for H at
the high-symmetry sites on Pt�111�.

2. H on the vicinal Pt(211) and Pt(331) surfaces

The 3D APES’s of H on Pt�211� and Pt�331� have been
calculated using a grid consisting of 30 positions for H on
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FIG. 2. �Color online� Results for H on Pt�111�. �a� Minimum-
energy 2D APES for H on Pt�111� �in eV�. Crosses represent the
positions of surface Pt atoms and open dots the grid points used in

the calculations. The x and y axis corresponds to �1̄10� and �1̄1̄2�
directions, respectively. �b� Energy for different z positions around
the minimum along the path from an fcc to top site. �c� Minimum
energy and height of H along the path top-fcc-hcp-top as a function
of the distance d along the path.
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Pt�211� and 25 positions for H on Pt�331� on the �x ,y� plane
over the surface. The grids are constructed so that there is a
grid point at every high-symmetry site �fcc, hcp, top, and
bridge� and at least one midpoint between these sites. This
assures that the adsorption energy at each local minimum site
is calculated and also the energy barrier between these sites
is calculated with a reasonable accuracy. The grids used in
the calculations are shown in Figs. 3�a� and 4�a�. The total
energy of the system has been calculated at each surface site
using various z values. The number of calculated z values is
7–10 at terrace sites and 20–30 at sites near the step edge.
This difference is due to the shape of the potential. At terrace
sites the geometry of the potential is similar to that of the
Morse potential and the number of calculated points can be
small but near the step edge the shape is more complicated
due the interaction between the H atom and step atoms, and
thus a denser grid along the z direction near the step region is
needed.

The calculated 2D APES’s of H on Pt�211� and Pt�331�
are also shown in Figs. 3�a� and 4�a�, respectively. There are
three energy minima for H on the Pt�211� and Pt�331� sur-
faces. The deepest minimum is between two step-edge atoms
�step-bridge site� for both the Pt�211� and Pt�331� surfaces.
The other two minima are above a terrace atom �terrace-top
site� and above a step-edge atom �step-top site�.

The values of the adsorption and harmonic vibrational
energies for H on Pt�211� and Pt �331� are shown in Tables II
and III, respectively. There are only minor changes for the
perpendicular vibrational energies; it is mainly the parallel
vibrational models that are affected by the steps. On the
other hand, when we compare these 2D APES plots to the
2D APES plot for H on the ideal Pt�111� surface, one cannot
see any similarities in the �111� terrace region. The step thus
influences the adsorption everywhere in the three-atom wide
terrace region.

The calculated 2D APES for H on Pt�211� can be com-
pared to the one calculated by Olsen et al.36 These two are in
close agreement and the differences can be explained with
different computational parameters and interpolation meth-
ods. Also, the calculation grid used in the present work is
denser than the grid used by Olsen et al.

The effect of the step edge can also be seen in the behav-
ior of the total energy as a function of the height of H from
the surface near the step edge. The calculated total energy of
H on stepped Pt surfaces at selected positions �for more data
see the web link in Ref. 52� as a function of the height z from
the surface is plotted in Figs. 3�b� and 4�b�. Near the step
edge the potential has a double-well structure not seen in the
2D APES’s but which can be seen when the height of the H

atom is modified. When the H atom is far away from the step
edge the shape of the potential in the z direction is of the
Morse-potential form. The double-well structure of the po-
tential exists near the step region and it is due the interaction
between the step atoms and the H atom. It is also clear that
there are significant quantitative differences between the full
3D APES of the �211� and �331� surfaces. For example, the z
positions and the curvatures of the minima differ dramati-
cally. Such differences in the APES lead into large differ-
ences in the vibrational band structure of H adatoms on these
surfaces, which indicates significantly different behavior for
quantum diffusion of H at low temperatures.

The minimum-energy paths for H moving from a lower
terrace to an upper one were calculated using the nudged
elastic-band method57 with which one can find �local� mini-
mum path for transition between two local minimum con-
figurations. The corresponding classical diffusion paths for H
on Pt�211� and Pt�331� are presented in Figs. 3�a� and 4�a�,
respectively. The corresponding energy values and the dis-
tance of the H from the surface are presented in Figs. 3�c�
and 4�c�, respectively. In these plots one can see a potential
barrier when H approaches the step. This barrier is located
before the step edge of the upper terrace and before the for-
mation of the double-well potential. The energy barriers be-
tween two step-bridge minima are 0.30 and 0.29 eV for the
activated diffusion of H on the Pt�211� and Pt�331� surfaces,
respectively. On the other hand, the energy barriers along the
step edges are lower, being only 0.15 and 0.11 eV for H on
the Pt�211� and Pt�331� surfaces, respectively.

B. Local density of states

To understand better the bonding between the H atom and
Pt surface atoms we have calculated the local density of
states �LDOS� for H at selected minimum-energy sites and
for the nearest Pt atoms and projected them onto the states of
the chosen angular momentum. The Wigner-Seitz radii used
for H and Pt atoms are 0.370 Å and 1.455 Å, respectively.
An extensive set of calculated LDOS’s can be found on the
web page in Ref. 52.

There are three minimum-energy sites for H on the
Pt�111� surface, i.e., fcc, hcp, and top. LDOS’s have been
calculated at each of these sites for H and the nearest Pt atom
of H.52 For H adsorbed at the top site the 1s orbital of H and
5dz2 of Pt hybridize in the energy range of �−7 eV,−3 eV�
�see Fig. 5�a��. The adsorption of H at the fcc and hcp hollow
sites is similar but considerably different from the adsorption
of H at the top site.52 For H at the fcc and hcp sites, new
peaks appear in LDOS’s between �−8 eV,−7 eV�. These

TABLE I. H on Pt�111�. Adsorption energy Eads, activation energy �E �in parenthesis the site toward
which the barrier is represented�, harmonic vibrational energies Evib

� and Evib
� along directions �hkl�. All data

in eV.

Site Eads �E �neighboring site� Evib
� �111� Evib

� �1̄10� Evib
� �1̄1̄2�

Top −0.33 0.090 �fcc� 0.120 �hcp� 0.277 0.066 0.033

hcp −0.35 0.035 �fcc� 0.140 �top� 0.144 0.099 0.028

fcc −0.42 0.200 �top� 0.103 �hcp� 0.143 0.082 0.082
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LDOS’s show hybridization of the 1s orbital of H and the 6s
and 5dxy orbitals of Pt. Hong et al.33 and Légaré30 calculated
LDOS for H interacting with Pt�111� surface and our results
are in a good agreement with their results.

On the vicinal surfaces, there are three energy minima for
H on Pt�211� and Pt�331�. The deepest minimum is at the
step-bridge site while the other two minima are at the

terrace-top and step-top sites. In Fig. 5 we show a series of
LDOS’s for the flat �111� and vicinal surfaces for the top and
terrace-top site, respectively. It can be clearly seen in Fig. 5
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FIG. 3. �Color online� Results for H on Pt�211�. �a� Minimum-
energy 2D APES for H on the surface �in eV�. Crosses represent the
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TABLE II. H on Pt�211�. Adsorption energy Eads, harmonic vi-
brational energies Evib

� and Evib
� along directions �hkl�. All data in

eV.

Site Eads Evib
� �211� Evib

� �1̄11� Evib
� �01̄1�

Step top −0.44 0.269 0.048 0.046

Step bridge −0.59 0.160 0.069 0.126

Terrace top −0.38 0.268 0.088 0.048
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that the steps influence the H and Pt s orbitals relatively
little. However, there are significant differences between the
more localized d orbitals of the Pt surface atoms. This indi-
cates the nonlocal nature of the influence of the steps even on
the terrace atoms on vicinal surfaces. Further analysis of the
LDOS curves indicates that for terrace-top and step-top sites
there is hybridization between the 1s orbital of H and the
5dz2 orbital of Pt as on the Pt�111� surface when H is ad-
sorbed at the top site. When H is adsorbed at the step-bridge
site the bonding and electronic structure are different. LDOS
shows strong hybridization between the 1s orbital of H and
the 6s, 5dxz and 5dx2−y2 orbitals of the step-edge Pt atom.
Thus, despite the geometric differences between the A and B
type of steps, the binding of H to the Pt atoms on the sur-
faces seems to be similar.

IV. SUMMARY AND CONCLUSIONS

In this work, we have used the first-principles DFT ap-
proach to study the electronic structure of H adsorbed on the
vicinal Pt�211� and Pt�331� surfaces. We have evaluated the
full 3D potential-energy surface for the adsorbed hydrogen.
We have also studied the local density of states for the ad-
sorbed hydrogen at various sites which provides a more de-
tailed look at the changes in electronic structure due to the
adsorption of hydrogen at various substrate sites. We have
found that the preferred adsorption �minimum-energy� site
for H on Pt surfaces is the fcc site on the Pt�111� surface and
the step-bridge site, i.e., the site between two step atoms, on
the Pt�211� and Pt�331� surfaces. The step edge on Pt sur-
faces changes the potential-energy surface for H on the
three-atoms wide �111� terrace quite dramatically when com-
pared to the case of the flat Pt�111� surface. This is in quali-
tative agreement with the experimental observation that the
step effect on the electronic structure is nonlocal and extends
far beyond to the terrace location.38 For instance, near the
step edge the potential has a double-well structure which is
due to the interaction between the H atom and Pt atoms of
the step edge. Even though the adsorption energies and the
density of states as well as the vibrational energies based on
the harmonic approximation are quite similar for the H on
the Pt�211� and Pt�331� surfaces at the corresponding adsorp-
tion sites, the anharmonic effects, for instance, can contribute

quite dramatically to the vibrational band structure and also
to the nature of diffusion of H on stepped surfaces. The cal-
culated 3D APES provides a necessary input for further stud-
ies of vibrational and diffusive dynamics of H adatoms on
the vicinal surfaces of Pt.
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TABLE III. H on Pt�331�. Adsorption energy Eads, harmonic
vibrational energies Evib

� and Evib
� along directions �hkl�. All data in

eV. Direction �1̄1̄6� is along the �331� surface and perpendicular to

the step-edge direction �11̄0�. See also Fig. 1.

Site Eads Evib
� �331� Evib

� �1̄1̄6� Evib
� �11̄0�

Step top −0.37 0.268 0.039 0.051

Step bridge −0.41 0.162 0.046 0.120

Terrace top −0.36 0.265 0.096 0.061
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FIG. 5. LDOS curves for H on Pt surfaces: H at �a� the top site
on Pt�111�, �b� the terrace-top site on Pt�211�, and �c� the terrace-
top site on Pt�331�.
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