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We show that high-resolution real-time x-ray photoelectron spectroscopy can be used to determine hydrogen
adsorption sites as a function of coverage on Rhs100d. The measurement of the surface core-level shifts does
not suffer from the lack of direct sensitivity of other surface probes due to the low scattering cross section and
high mobility of atomic hydrogen. At low temperaturess70–140 Kd and coverage(below 0.25 ML), we find
that hydrogen adsorbs in fourfold hollow sites on Rhs100d, while at higher coverage the bridge site is preferred.
Using Monte Carlo simulations, we unequivocally associate each surface component of the Rh 3d5/2 core level
with a specific adsorption configuration. We obtain a value of 0.74±0.08 for the hydrogen initial sticking
coefficient, in very good agreement with previous reports.
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I. INRODUCTION

The understanding of the hydrogen-metal interaction at a
fundamental level is of primary relevance, since there is a
great technological interest in the behavior of metal surfaces
in the presence of hydrogen. As a clean energy vector, hy-
drogen is regarded as one of the most promising solutions to
the environmental impact of the growing energy demand.1–3

Progress in the understanding of the interaction of hydrogen
with metals is a fundamental step for the definition of the
properties of materials needed for hydrogen production,4

storage,5 and final burning in fuel cells.3

The dissociative chemisorption of hydrogen on single
crystal metal surfaces has been widely studied by means of
both computational and experimental techniques.6–8 A con-
siderable difficulty in the latter case is the limited sensitivity
of conventional surface probes to the low scattering cross
section of hydrogen atoms adsorbed on solid surfaces.7,9

Nevertheless, in specific cases, low energy electron diffrac-
tion (LEED), surface x-ray diffraction, He diffraction, ion
scattering, and high resolution electron energy loss spectros-
copy (HREELS) have been successfully applied for the de-
termination of the hydrogen adsorption sites.7 Recently it has
been also shown that scanning tunneling microscopy(STM)
images can be misleading:10 the tip influences and actually
drags the adsorbed hydrogen atoms into the bridge sites,
showing an apparent coverage of 2 ML.

On Rhs100d, dissociative hydrogen chemisorption has
been extensively studied with conventional surface science
probes.10–18 Desorption spectra after hydrogen saturation at
95 K show two peaks:11 the most prominent at 330 K and an
additional high coverage feature at 130 K. A desorption en-
ergy of 2.74 eV is found, which is almost constant up to
about 0.8 ML, drastically decreasing for higher coverage. At
saturations0.9 MLd, HREELS spectra11 show a prominent
feature at 82 meV which was attributed to the perpendicular

stretch mode for H adsorbed in the hollow site. A second
feature, at 152 meV, was interpreted as the first overtone of
the 82 meV vibration; a third, only partially resolved loss at
138 meV, was not clearly understood. At lower coverage
s0.4 MLd only one feature at 70 meV is present. More recent
higher resolution HREELS measurements12 show that at in-
termediate coverage the spectra consist of a superposition of
low-coverage losses and saturations1.0 MLd losses. In par-
ticular, high-coverage features show up in the vibrational
spectra already at 0.56 ML. Early density functional theory
(DFT) calculations13,14 state that the adsorption energy dif-
ference between hollow and bridge sites for hydrogen on
Rhs100d is 170 meV at 1 ML(neglecting zero point ener-
gies, which are of the order of 120 meV). More recent DFT
results15 point out that the determination of the saturation
coverage is nontrivial since the energy difference between
possible adsorption sites is too small with respect to the cal-
culation accuracy. It is found that repulsive lateral interac-
tions between adsorbed atoms are reduced in islands of high
coverage(up to 2 ML) bridge-bonded hydrogen. Most recent
DFT calculations16,17 lead to the conclusion that, with the
inclusion of the relativistic effects, the computed energy dif-
ference between the two competing adsorption sites is re-
duced to 40 meV, so that even zero point energies differ-
ences could become relevant in determining the preferred
adsorption site. Experimentally, a quantitative LEED
analysis10 reports a saturation coverage of 1.1±0.6 ML at
120 K, with about 0.9 ML of hydrogen atoms in hollow sites
and the remaining adsorbed in bridge positions, while accu-
rate temperature desorption spectroscopy(TDS) yields a
saturation coverage of 1.22 ML.10,18 In summary, diver-
gences exist in the literature about the adsorption site and the
saturation coverage of hydrogen on Rhs100d, reflecting the
experimental and theoretical difficulties described above.

In this paper we show that the analysis of the hydrogen-
induced Rh 3d5/2 core level shifts provides a clear insight
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into the coverage-dependence of the adsorption site for hy-
drogen on the Rhs100d surface. For the analysis, we success-
fully apply the adsorbate-induced surface core level shifts
(SCLS) model recently proposed by our group.19 The results
are complemented by Monte Carlo simulations based on the
Unity Bond Index–Quadratic Exponent Potential(UBI-QEP)
model developed by Shustorovich.20,21

II. EXPERIMENTAL AND THEORETICAL BACKGROUND

A. Experimental setup

High resolution real-time fast x-ray photoelectron spec-
troscopy(XPS) experiments22 have been carried out at the
SuperESCA beamline23 of ELETTRA. The experimental
chamber is equipped with a double pass 96-channel detector
electron energy analyzer24,25 and a five-axis manipulator.
Rh 3d5/2 core level spectra have been collected using photon
energies from 393 up to 407 eV at an overall energy resolu-
tion of about 80 meV. The base pressure in the UHV experi-
mental chamber was 1310−10 mbar (residual gases consist-
ing mainly of hydrogen and carbon monoxide). The sample
was cooled by liquid nitrogen and heated by electron bom-
bardment from a hot tungsten filament. It was cleaned fol-
lowing standard procedures by repeated Ar+ sputtering
cycles, annealing to 1300 K, oxygen treatments and a final
hydrogen reduction. Surface cleanliness was checked by
measuring the C 1s and O 1s XPS signals, as well as by
comparing the Rh 3d5/2 SCLS value for the clean surface
with those reported in the literature.26–29The hydrogen doses
are expressed in Langmuirs1 L=10−6 Torr sd and are cor-
rected for the ion gauge sensitivity factor.

B. SCLS interpretation and data analysis

We attribute the different surface core level shifted com-
ponents of the 3d5/2 experimental spectra to surface Rh at-
oms differently coordinated to hydrogen atoms, following a
model recently proposed by our group.19 In this model a
clear dependence of the shift of the surface component on the
local adsorption structure is demonstrated on the basis of
both experimental data analysis and DFT calculations. This
behavior is determined by initial state effects related to the
electronic environment of the system.30 Final state contribu-
tions, which originate from the core hole screening, need to
be considered for a precise and quantitative characterization
of SCLS values.31 However, both experimental and DFT cal-
culations have shown that for Rhs100d initial state effects
dominate.19,29 In the present study we therefore use this as-
sumption. Within the framework of this model, the energy
shift DEi,j (with respect to the position of the clean surface
component) of the surface core level of a substrate atom
bound toi atoms adsorbed inj-fold site symmetry, can be
expressed as

DEi,j = i 3 DE1,j . s1d

This shows the additivity of the energy shift of a core level,
which is caused by the single contributions of different “frac-
tions” of adsorbate atoms. Similarly, a metal atom bound to

an adsorbate with coordination numberj displays a shift
given by

DE1,j =
1

j
3 DE1,1. s2d

The Rh 3d5/2 core level spectra have been fitted, after linear
background subtraction, with Doniach-Sunjic line shapes
convoluted with a Gaussian function.32 The former is de-
scribed by two parameters, the Anderson singularity indexa,
correlated to the final state screening, and the Lorentzian
width G, which depends on the core hole lifetime.26,32 In the
fitting procedure, thea and G parameters for the bulk, first
and second layer peaks were initially fixed at the values pre-
viously found for the same surface.26 The Gaussian contribu-
tion was allowed to vary in the least square fitting procedure,
since its value depends on the energy resolution, surface tem-
perature and surface inhomogeneity. In a second step, for
each experimental condition(i.e., photon energy, energy-
resolution, and photoelectron emission angles), all the fitting
parameters were released for the clean surface spectra, yield-
ing the “best fit” values, which were then used for deconvo-
luting the hydrogen uptake and desorption data.

C. UBI-QEP model

In order to describe the modifications of the surface layer
during the hydrogen uptake and link them to the evolution of
the observed core level components, we performed Monte
Carlo simulations, in the framework of the UBI-QEP(Unity
Bond Index–Quadratic Exponent Potential) model proposed
by Shustorovich and Sellers.20,21 This model allows us to
evaluate the adsorption energy of atoms adsorbed on single
crystal metal surfaces as a function of coordination, taking
into account their indirect, substrate-mediated lateral interac-
tions. Briefly, it is based on the assumption that the single
minimum pairwise interaction potential can be written as a
polynomial function of a quantity which is called the bond
indexxj. In ann-fold coordinated adsorption site, then two-
body bond indexes are defined as

xjsr jd = o
i

cie
sr j−r0d/bi, j = 1, . . . ,n, o

i

ci = 1, s3d

wherer0,j is the equilibrium distance for thej th bond;bi and
ci are parameters defining the shape of the potential. The
multibody potential energy can be written as the sum of the
nearest neighbor pairwise interactions, imposing the unity
conservation of the total bond index,21

X = o
j

xjsr jd = 1. s4d

Using these assumptions, it is found that the binding energy
of an adsorbateA in an n-fold adsorption site is given by

QnA = Q0AS2 −
1

n
D , s5d

whereQ0A is the heat of adsorption in the on-top site. The
local atomic heat of adsorption as a function of the coverage
can also be obtained by applying the conservation of the
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bond index. For an adsorbate atomA in an n-fold site one
obtains

QnAsud = QnA
1

no
i

ki

mi
S2 −

1

mi
D , s6d

where ki is the number of surface metal atoms of typei
bound tomi adsorbates.

The only input of our simulations is the adsorption energy
of hydrogen on Rhs100d calculated by DFT in the zero cov-
erage limit.10,16,17 Monte Carlo simulations have been per-
formed on as15315d unit cell with periodic boundary con-
ditions. The dimension of the unit cell was selected in order
to minimize border effects and to allow reasonable compu-
tation times: even simulations performed ons10310d and
s12312d cells did not show substantial differences. For each
selected surface coverageun, the hydrogen uptake was per-
formed randomly with no discrimination between the four-
fold and bridge adsorption sites. Equilibration of the system
was always reached within 5000 MCS(Monte Carlo Steps);
in each of the MCS,un315315 hydrogen atoms were ran-
domly chosen, the hopping direction was randomly selected
and finally the hopping probability was calculated for each of
the selected adsorbate atoms. The site occupancy probability
was calculated using the Boltzmann distribution, the adsorp-
tion energies for each local configuration were calculated
using the UBI-QEP model and the hopping process was con-
trolled by the Metropolis algorithm. Simulations have been
carried out at final temperatures ranging from 60 to 200 K,
using simulated annealing equilibration. No differences have
been observed between single- or multiple-hopping kinetics,
nor between independent or sequential uptakes(i.e., starting
for each increasing coverage from the clean surface or add-
ing extra hydrogen to the previous equilibrated configura-
tion). The reliability of our code was checked by reproducing
the results obtained by Hansen and co-workers33 for oxygen
adsorption on the Rhs100d surface up to 0.5 ML. Our simu-
lations for hydrogen were performed only up to a surface
coverage of 0.6 ML, as the UBI-QEP model is known to fail
at high concentrations, due to overestimation of the adsorp-
tion and interaction energies.21

III. RESULTS

A. Experiment

High resolution time-resolved XPS spectra of the
Rh 3d5/2 core level were collected during hydrogen uptake at
several temperatures between 70 and 140 K: no differences
were detected within this range. For the clean surface(see
Fig. 1) three contributions have been identified and assigned
to bulk, first-, and second-layer atoms, respectively. The
clean surface first-layer peaksRsd is positioned at
−626±5 meV from the bulk peaksRbd. A second-layer con-
tribution, revealed also on Rhs111d,34 is centered at
+75±10 meV, in agreement with previous findings.35 The
“best fit” parameter values areGb=0.23 eV andab=0.27,
Gs=0.28 eV andas=0.20, G2nd layer=0.19 eV anda2nd layer

=0.10, for the bulk, first and second layer, respectively.
Again these values are in good agreement with those previ-
ously reported.26

During the hydrogen uptake, the clean surface Rh 3d5/2
component progressively vanishes, while new components
grow at higher binding energies, closer to the bulk peak(see
Fig. 1). By least square fitting we find three other surface
related peaks, positioned at −547±5 meVsR1d,
−481±5 meV sR2d, and −308±5 meVsR4d from the bulk
peak, respectively. Alternatively, if we measure their position

FIG. 1. (Color online) Selected Rh 3d5/2 spectra collected dur-
ing the hydrogen uptake at 150 Kshn=407 eVd. The several con-
tributions to the surface peak shape are shown. The binding energy
scale is referred to the bulk component position. Bulk and second-
layer components are not shown.
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with reference to the clean surface peak, the new features are
centered atD, 2D, and 4D respectively, assuming forD a
value of 79±5 meV(see Fig. 2). Interestingly, the “3D”
SCLS component is absent from the spectra; even forcing a
peak at this position, its intensity goes to zero during the
fitting procedure.

Using our SCLS model,19 we can attribute the different
surface components to specific bonding geometries: in par-
ticular, the peakR1 centered atD=DE1,4 can be associated
with surface rhodium atoms bound to a single hydrogen atom
adsorbed in a fourfold site. Analogously, the peakR2 at 2D
=DE2,4=DE1,2 can be attributed to rhodium atoms bound to
two hydrogen atoms in fourfold sites or, equivalently, to
rhodium atoms bonded to single hydrogen atoms in bridge
sites. Finally, the featureR4 at 4D=DE4,4=DE2,2 corresponds
to surface atoms bound to four hydrogen atoms in hollow
sites or to rhodium atoms bound to two hydrogen atoms in
bridge positions(see Fig. 3).

Analyzing the behavior of the peak intensities as a func-
tion of the hydrogen exposure(see Fig. 4), it can be observed

that the contribution ofRs vanishes at about 0.2 L, but grows
back again around 0.5 L. As previously reported,12 hydrogen
saturation is reached at about 2 L; at this coverage only two
surface first-layer components(R2 andR4) are present. Dur-
ing the whole uptake experiment the intensity of theRb com-
ponent remains almost constant. Besides the hydrogen re-
lated components, a new second-layer core level shifted
component appears at +48±10 meV with respect to the bulk
feature in the XPS spectra(see Fig. 4). This component sets
in above 0.1 L and grows up to saturation at the expenses of
the clean surface second layer contribution centered at
+75±10 meV, which vanishes at saturation. A similar behav-
ior for the second-layer component has already been reported
for hydrogen adsorption on Ws100d,36 where a hydrogen-
induced restructuring was involved.

At the end of each hydrogen uptake experiment, we per-
formed a desorption experiment by annealing the sample to a
specific temperature with a rate of 5 K/s, following imme-
diate cooling to 150 K and collecting the XPS spectra.

In Fig. 5 the behavior of the multiple core level shift
components of the Rh 3d5/2 peak are reported as a function
of the annealing temperature. The relative intensities of the
surface components during desorption show the reversed be-
havior with respect to the uptake.

B. Monte Carlo simulations

We performed Monte Carlo simulations for increasing hy-
drogen coverage(in the 0.0–0.6 ML range with 0.025 ML
steps) at 120 K. An adsorption energy difference between
hollow and bridge sites of 40 meV and an adsorption energy
of 2850 meVsQ4Ad (Ref. 37) for the zero-coverage limit in
the fourfold site were assumed.10,16,17In Fig. 6 the instanta-
neous configurations obtained after equilibration for selected
adsorbate coverages are reported. At 0.25 ML almost all ad-
sorbed atoms are in fourfold hollow sites. The small differ-
ence in the heat of adsorption between bridge and hollow

FIG. 2. Rh 3d5/2 peak positions with respect to the bulk compo-
nent, associated to the nonequivalent surface rhodium species. The
linear fit to obtain the value for the quantization of the SCLS dis-
placementsDd is shown.

FIG. 3. Surface model showing the classification of the non-
equivalent first-layer rhodium atom species:D=DE1,4, 2D=DE2,4

=DE1,2, 4D=DE4,4=DE2,2.

FIG. 4. Intensities of the Rh 3d5/2 surface and second-layer core
level components as a function of hydrogen exposure at
120 K shn=407 eVd. The first-layer features are associated to the
nonequivalent surface rhodium species(Ref. 19); RS—clean sur-
face;R1—D; R2—2D; R4—4D.
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sites allows occasional occupation of the bridge sites, which
decreases when the surface temperature in the simulations is
lowered. Accordingly, the surface rhodium atoms are mainly
of “D” type (see Fig. 3). As the hydrogen coverage increases,
the lateral interactions progressively make it more energeti-
cally convenient to populate bridge sites. During this pro-
cess, “2D” rhodium atoms become predominant(as can be
seen in Fig. 6 for the 0.35 ML surface), while some surface
atoms remain free from adsorbed hydrogen atoms. This ef-
fect accounts remarkably well for the growth of theRs peak
at 0.5 L during the uptake(see Fig. 4). At coverages higher
than 0.5 ML (see Fig. 6), all hydrogen atoms are in bridge
sites, which gives rise to “2D” Rh atoms and, at the highest

examined coverages0.6 MLd, also to “4D” surface atoms
(i.e., atoms which are bonded to two adsorbate atoms in
bridge sites). In agreement with the experiments, none of the
simulations show the presence of “3D” atoms, which require
higher values of the adsorption energy difference between
the bridge and hollow sitess.80 meVd.

The relative SCLS intensity for each surface configuration
is simply assumed to be proportional to the population of
each Rh surface species; the final values for each equili-
brated system, obtained upon averaging over the last
500 MCS of each simulation, are reported in Fig. 7, bottom
panel.

IV. DISCUSSION

From data analysis we understand that no “3D” Rh atoms
are ever generated during the uptake and that two inequiva-
lent Rh surface atoms are present at saturation: at coverages
lower than 0.25 ML only fourfold hollow sites are occupied,
while for higher coverages hydrogen preferentially adsorbs
in bridge sites. It is remarkable to compare the results of the
SCLS analysis with the output of the Monte Carlo simula-
tions. They both yield the hydrogen adsorption site popula-
tion, but the former as a function of the hydrogen exposure,
while the latter related to the surface coverage.

Assuming a second order process, we express the adsorp-
tion rate as

r =
duH

dt
= 2

duH2

dt
=

2pH2
s0S1 −

uH

us
D2

Î2pmH2
kBT

, s7d

where pH2
is the molecular hydrogen gas pressure,s0 the

initial sticking coefficient,uS the surface saturation coverage,
kB the Boltzmann constant, andT the gas temperature. By
integrating Eq.(7) we obtain a direct relationship between
surface coverage and exposure as a function of two unknown
parameters only:s0 anduS. We performed a fitting procedure,

FIG. 5. Intensities of the Rh 3d5/2 surface and second-layer core
level components as a function of the annealing temperature. All
spectra were collected at a temperature of 120 Kshn=407 eVd. The
first-layer features are associated to the nonequivalent surface
rhodium species(Ref. 19); RS—clean surface;R1—D; R2—2D;
R4—4D.

FIG. 6. Selected structural models of the equilibrium configura-
tions obtained by Monte Carlo simulations during hydrogen uptake.
Unit cell dimensions: 15315; final simulation temperature: 120 K;
nMCS:5000.

FIG. 7. Comparison between experimental and simulation
curves for the SCLS components as a function of surface coverage;
RS—clean surface;R1—D; R2—2D; R4—4D.
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obtaining the values ofs0 and uS which produce the best
agreement between experiment and simulations. Figure 7
(top) shows the experimental data plotted vs coverage, which
now can be directly compared with the results reported in
Fig. 7 (bottom), evidencing a remarkable agreement. All the
features of the simulations are present in the experimental
data, even the persisting intensity of the clean surface com-
ponent above 0.3 ML, linked to the change in the adsorption
site (from hollow to bridge).

From the fit, we obtain fors0 a value of 0.74±0.08, in
good agreement with the theoretical value of 0.8(Ref. 38)
and the recent experimental value of 0.85±0.15.18 Moreover,
we find a saturation coverage limit of 0.80±0.07 ML: this is
compatible with the value of 1.1±0.6 ML(Ref. 10) and very
close to the value of 0.9 ML reported in Ref. 11, while it is
in contrast with the value of 1.22 ML determined by TPD
calibration.10,18

V. CONCLUSIONS

By comparing the results of SCLS analysis of the
Rh 3d5/2 core level with UBI-QEP Monte Carlo simulations,
the adsorption sites of hydrogen on Rhs100d at low tempera-
ture have been determined as a function of surface coverage.
We have shown that at low coverage hydrogen prefers the
most coordinated hollow site, whereas at increasing densi-
ties, the bridge site becomes energetically preferred due to
substrate mediated lateral interactions.
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