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H on Pt„110…: An atypical chemisorption site at low coverages
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The use of hydrogen-modified Pt共110兲 as a template for the growth of one-dimensional adsorbate structures
motivated our investigation of this surface with quantitative low-energy electron diffraction (LEED) and
density functional theory (DFT) calculations. The analysis reveals a strong coupling of the H atom positions to
Pt lattice relaxations on the 共1 ⫻ 2兲 missing row surface. Contrary to all former assignments, we conclude from
the experiment that at low coverages (␤2 state) H occupies adsorption sites above the outermost close-packed
rows. This is supported by DFT calculations, which identify the short-bridge site on the outermost row as the
preferred chemisorption site.
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Low dimensional materials display a rich and technologically highly interesting phase diagram.1 The dimensionality
determines the strength of many-body effects and consequently the macroscopic materials properties.2,3 Strongly anisotropic single crystal surfaces and their adsorbate-covered,
reconstructed or stepped modifications are promising templates for the design and characterization of one-dimensional
systems on surfaces.4–6 One of these model templates is the
␤2-hydrogen-modified Pt共110兲共1 ⫻ 2兲 missing-row surface,
on which adsorbates with one-dimensional electronic band
structure can be grown, whereas the clean 共1 ⫻ 2兲 missing
row surface supports only a two-dimensional adsorbate
system.7,8 In addition the H / Pt共110兲 system is known to be
an excellent model system for Pt particles in H fuel cells.9,10
A precise knowledge of H bonding geometry and energetics
is therefore mandatory for a detailed understanding of both
the quasi-one-dimensional properties of H / Pt共110兲 and the
technological application of Pt in fuel cells and catalysis.
Up to now, there is still considerable disagreement as to
the chemisorption site of H on Pt共110兲. The usual assumption of highly coordinated hydrogen11,12 sitting in the deep
troughs of the missing rows was supported by work function
measurements13,14 and vibrational spectroscopy,15 but was
challenged by the first direct structure-probing experiment
(Helium atom scattering, HAS), which led to the proposal of
a highly coordinated subsurface site.16 Quite contrary to all
these proposals, we show in this Rapid Communication experimental and theoretical evidence that ␤2 – H chemisorbs at
the low coordinated short bridge site on top of the outermost
platinum rows. This is the first observation of such a behavior on a fcc metal surface. It underlines a peculiar behavior
of Pt with respect to chemical bond formation, setting it apart
from the isoelectronic transition metals Ni and Pd.17,18
The experiments were carried out in an ultra high vacuum
system with 5 ⫻ 10−11 mbar base pressure. The sample, a
precisely oriented Pt共110兲 single crystal (miscut ⬍0.1°),
was mounted on a liquid-N2 reservoir. The sample was
cleaned by Ar sputtering and annealing at 1020 K followed
by three cycles of 3 L O2 adsorption at 130 K (saturation)
1098-0121/2004/70(12)/121401(4)/$22.50

and subsequent flash desorption 共3 K / s兲 to 920 K. Hydrogen
or deuterium were dosed by backfilling the experimental
chamber at crystal temperatures around 130 K. The well
known ␤2 and ␤1 adstates9,13,14,19 are fully occupied after
exposures of 0.6 and 240 L, respectively. The controversly
discussed ␣-peak9,14,19,20 at around T = 185 K appears additionally in our temperature programmed desorption (TPD)
spectra after hydrogen or deuterium exposures above
⬃266 L (1 ⫻ 10−6 mbar H2 for 200 s). A study of the coverage dependence of TPD and LEED experiments will be
given in a separate paper.21
The LEED-I / V data were recorded using a CCD camera
operated under computer control (AIDA-PC),22 integrated
spot intensities were obtained from I共E兲 spectra. A sharp
missing-row 共1 ⫻ 2兲 LEED pattern was visible after hydrogen exposures below 240 L. The data were taken at low
temperatures 共130 K兲 and in steps of 0.5 eV, from 50 to
500 eV for normal incidence of the primary beam. For the
retrieval of structural data from the measured I共E兲 spectra the
perturbation method tensor LEED22 was applied using the
TensErLEED program package.23 More details are given in Ref.
24. The accumulated data base width of spot intensities in
the range of 50 to 500 eV amounts to ⌬Ei = 2839 eV and
⌬E f = 3374 eV for integer and fractional order beams, respectively. Since the hydrogen atoms can be neglected due to
their extremely low scattering factor, both clean and
hydrogen-modified surfaces were treated with exactly the
same setup of the TensErLEED program.
First principles density functional theory (DFT) calculations have been performed with the projector augmented
wave Vienna ab-initio simulation Package (VASP).25
Exchange-correlation was treated within the generalized gradient approximation (GGA),26 yielding a bulk lattice
constant of 3.984 Å. Repeated slabs of 11 Pt layers with
an ad-layer of H atoms on the missing Pt-row side and a
p共1 ⫻ 1兲 Pt termination on the other side were separated by a
12-Å thick vacuum layer. All layers were relaxed except
three layers of the Pt substrate on the far side frozen to the
relaxed geometry of a p共1 ⫻ 1兲Pt共110兲 surface. An energy
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TABLE I. Experimental and theoretical parameters for the
missing-row structure of the clean (Ref. 24) and hydrogen-modified
␤2-H / Pt共110兲共1 ⫻ 2兲 surface (this work). di,i+1 denotes the (average) inter-layer spacing, while pi and bi denote the lateral pairing
and buckling in layer i (all values in Å). Error limits for the parameters derived by the present LEED analysis (neglecting parameter
correlations) are ±0.02 Å for ⌬di,i+1, ±0.05 Å for bi and ±0.07 Å
for pi. DFT: full: all bridge sites filled, zig-zag: hydrogens displaced
by 0.4 Å toward microfacets, half: every second site empty. For
easier comparison with LEED all DFT values are scaled to the
LEED bulk interlayer distance of d0 = 1.386, DFT: d0 = 1.409.

FIG. 1. I / V curves for the 共1 , 1 / 2兲 beam of the clean and ␤2
-H-modified surface together with the best-fit calculation.

cutoff of 250 eV and an 8 ⫻ 8 ⫻ 1 Monkhorst-Packtype
k-point mesh was sufficiently accurate for the present purposes.
Both the clean and hydrogen-covered surfaces are known
to be missing row reconstructed.13 However, Fig. 1 shows
the considerable differences observed in the I / V curves of
the clean and hydrogen-modified Pt共110兲 surface, indicating
a substantial structural change in the surface geometry. The
geometry parameters changed during the structural search
are indicated in Fig. 2: The first five interlayer distances d12
to d56, the vertical bucklings b3 and b5 of the third and fifth
layers, the lateral pairing amplitudes p2 and p4 between

FIG. 2. (Color) Model of the Pt atom geometry on clean and
hydrogen-modified H / Pt共110兲共1 ⫻ 2兲 surfaces with structural parameters determined. Typical H atom (yellow) arrangements used in
the DFT calculations are denoted as full 共␤2-H兲, zig-zag (slightly
distorted ␤2-H to elucidate the effects of low energy lateral H displacements), and half (half-filled ␤2-H), respectively.

System
method
Config.
d12
d23
d34
d45
d56
b3
b5
p2
p4

Pt共110兲
LEED
Clean

LEED
␤2-H

1.15
1.37
1.41
1.40
1.38
0.26
0.03
0.035
0.065

1.25
1.36
1.41
1.38
1.39
0.25
0.03
0.00
0.05

Full

␤2-H-Pt共110兲
DFT
Zig-zag

Half

1.32
1.33
1.43
1.42
1.36
0.31
0.06
-0.022
0.057

1.26
1.34
1.42
1.42
1.35
0.31
0.07
0.006
0.053

1.22
1.36
1.42
1.42
1.36
0.32
0.03
0.004
0.064

neighboring atoms in [001] direction within the second and
fourth layers, and the (isotropic) vibrational amplitudes vi of
the first three layers 共i = 1 , 2 , 3兲. The inner potential was allowed to vary with energy according to Ref. 24. In order to
avoid running into local minima during the fit procedure, the
calculations for the hydrogen-modified surface were started
both from the clean surface geometry (e.g., d12 = 1.15 Å) as
well as from the considerably different bulk layer distances
(e.g., d12 = 1.38 Å). In both cases, the same best-fit structure
with a relaxation in between the two starting points 共d12
= 1.25 Å兲 was obtained.
Calculated and experimental LEED intensities agree
very well for the H-covered surface (see Fig. 1). The calcu-

FIG. 3. (Color) Schematic representation of the expected experimental corrugation (HAS, red curves; LEED, black curves) on the
hydrogen modified Pt共110兲 surface. The left part of the figure shows
the corrugations in case of hydrogen atoms (yellow) adsorbing below the outermost Pt row, whereas on the right the case of hydrogen
adsorbing above the outermost row is shown. The LEEDcorrugation follows essentially the Pt atom positions, whereas HAS
detects profiles of constant charge density which are smoothed by
the Smoluchovsky effect. The smaller corrugation of the clean surface is represented by the dotted lines.
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lation with the best fit parameters yields a Pendry-R-factor of
R = 0.24 very similar to the clean surface.24 These seemingly
modest R-factors are among the best ever achieved for a
fcc共110兲 surface.24 The best fit parameters for the
␤2-H / Pt共110兲-共1 ⫻ 2兲 surface are given in Table I together
with the results of the DFT calculation. For comparison, we
also provide the values for clean H / Pt共110兲共1 ⫻ 2兲.24
The most important change upon hydrogen adsorption is
the relaxation in the first interlayer spacing d12. The change
amounts to 0.10 Å, well exceeding the combined error limits
of both experiments. The other interlayer spacings and the
considerable buckling in the third layer stay roughly the
same within experimental errors. According to the LEED
calculation, the vibrational amplitude of the outermost platinum atoms increases by a factor of 1.5 upon hydrogen adsorption 共v1 = 0.16 Å兲. The enhanced vibrational amplitude is
consistent with the outward movement of the top-layer Pt
atoms both indicating a softer binding potential. A refined
analysis would require the use of anisotropic vibrational amplitudes which, however, is beyond the scope of this work.
We stress that the substantial change of relaxation
共+0.1 Å兲 observed here is much less than the corrugation
change 共+0.5 Å兲 observed in the HAS experiment by Kirsten
et al.16 This difference in corrugation and relaxation measured in the HAS and LEED experiments, respectively, is
precisely the experimental information pinpointing the adsorption site of the ␤2-hydrogen on Pt共110兲. As shown in
Fig. 3, these experiments probe the geometry of the charge
density at a very different level. The LEED electrons are
scattered by the ion cores of the platinum atoms. The dominant interaction here is the Coulomb potential. The helium
atoms, in contrast, probe approximately contours of constant
valence electron density at low charge density levels outside
the surface. The dominant interaction is the Pauli repulsion,
preventing substantial overlap between the He and the substrate charge clouds. In the case of hydrogen chemisorbed in
a subsurface site below the outermost Pt row (Fig. 3, left),
the large change in corrugation measured by HAS would
indicate a similar change in the outermost Pt-atom
positions,16 which is not consistent with the present LEED
results. However, in the case of hydrogen adsorbing on top
of the outermost row (top and/or short-bridge sites), the
change in valence density corrugation is due to both the position change of platinum atoms plus the hydrogen-induced
electron density, whereas the LEED experiment measures the
(smaller) change in the Pt-atom positions (Fig. 3, right). Thus
only chemisorption sites above the outermost rows are consistent with the combined experimental evidence from LEED
and HAS.
This conclusion is corroborated by our DFT calculation of
the adsorption geometry. In order to explore the dependency
of the relaxation on coverage and H atom position, 44 different geometries were calculated. Generally, the calculation
shows that both small H displacements from the ideal short
bridge site and lower coverage lead to a lowering of the
interlayer spacing (see some examples in Fig. 2 and Table I).
Comparing the “full” and “zig-zag” models reveals that an H
atom position shift of just 5% of the unit cell width toward
the (111) facet costs merely 46 meV but results in a decrease

of the interlayer spacing by 5%, showing a strong coupling
of relaxation and H atom position. The strong coupling to
both the hydrogen position and coverage is obviously the
reason for the slightly smaller interlayer spacing measured
by LEED as compared to the ideal T = 0 K fully occupied
short bridge geometry calculated. Hydrogen positions on the
facets or in the trough give a much smaller d12 = 1.10 Å not
consistent with the experiment. The same picture emerges
from the calculated total energies: The short-bridge site on
the outermost row is about 115 meV lower in total energy
than the on-top site in agreement with Ref. 27. The octahedral and tetrahedral subsurface sites below the outermost row
are unstable against molecular desorption, the energy difference to the short bridge-site amounting to 1.3 and 1.0 eV,
respectively. Sites inside the trough are energetically (276 to
560 meV) in between the sites on top of the row and the
subsurface site. On the (111) facets, the low coordinated site
on top of the second layer Pt atoms 共80 meV兲 is preferred
over the higher coordinated sites (130 to 180 meV). Interestingly, and in agreement with experiment,13 the DFT calculation yields a small nearest neighbor attraction for hydrogen
adatoms in the top-row bridge site. Thus, with increasing
coverage, hydrogen occupies first all short bridge sites (␤2
state) before the sites in the troughs/microfacets are occupied
(␤1 state).
This is consistent with the experimental HAS and LEED
data at higher coverage: The filling of the sites in the
troughs/microfacets results in a lowering of the corrugation
as measured by HAS,16 while the I / V curves measured by
LEED (not shown) are virtually identical. In passing we note
that the identical I / V curves for the high coverage phases
and the low coverage phase justify our assumption of negligible scattering cross section of the hydrogen a posteriori.
The seemingly contradicting interpretations of other experiments can be resolved within the present model. The
small energy difference 共115 meV兲 between on-top and short
bridge site above the outermost row and the microfacets
共80 meV兲 allows large vibrational motions and a high diffusivity of the hydrogen atoms along the row. This might explain the relatively small corrugation along the row measured by HAS which was taken as counter-evidence for the
short bridge site.16
Our results actually confirm an HREELS experiment of
H / Pt共110兲15 indicating a two-fold bridge site at low coverage, which, however, was misinterpreted as an adsorption
site within the deep troughs. Generally, interpretations of experimental results from indirect methods13,14,28,29 have to be
viewed with caution. With respect to the work function
measurements,13,14 for instance, a recent overview of hydrogen on metals concludes that “the structural influence of hydrogen is accompanied by a redistribution of electronic
charges within the surface leading to unforeseen changes of
the electronic work function.”30 In agreement with Ref. 13
we find that preadsorption of 0.5 L CO removes the ␤2 peak
from the hydrogen-TDS spectra, whereas the ␤1 state seems
to be unaffected. This confirms our model since CO is known
to adsorb on top of the outermost Pt rows, too.31 In the
present model the small H induced work function change
simply indicates a rather covalent bonding. The bonding of
H to metal surfaces can be rationalized to a large degree by
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assuming that the proton seeks an optimum embedding into
an appropriate diffuse charge density. This is most easily
achieved in a highly coordinated adsorption site. In fact, the
most stable bonding site of H on Ni共110兲 and Pd共110兲 is the
fcc pseudo-threefold site at the (111) microfacets of the (110)
surface.17,18 The strikingly different behavior observed on
Pt共110兲 is a consequence of a directional covalent bond formation with Pt d-orbitals. The different bonding characteristic results from the relativistic contraction of the inner
s-orbitals and the concomitant d-shell expansion. This exposes the d-orbitals in Pt, making them more readily available for a directional covalent bond as compared to the 3d
and 4d transition metals. We found a similar behavior for
Br/ Pt共110兲32 and also in a comparative study of CO-bonding
on the transition metal surfaces.33

In conclusion, the present study reveals the first case
where on a fcc transition metal a low-coordinated short
bridge site is the most stable chemisorption site of H. We
find a substantial derelaxation of the Pt共110兲 substrate and a
strong coupling of the Pt lattice relaxation to the H atom
position. In general and simplified terms, the ␤2-H-modified
Pt共110兲 surface represents a better template for 1D growth of
adsorption systems than the clean Pt共110兲 surface since, on
the one hand, adsorption sites above the rows are blocked for
coadsorbates with less binding energy. On the other hand, the
small radius of the hydrogen atom still allows adsorption of
1D chains of the coadsorbate in the troughs.
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