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The adsorption energies of simple atomic adsorbates are coverage dependent. We use density-functional
theory to show that the coverage dependence is due to an adsorbate-induced modification of the surface d-band
structure. We developed a simple model for predicting the d-band widths of clean and adsorbate-covered
metallic surfaces using a tight-binding formalism. The new model can be used in conjunction with the d-band
adsorption model to estimate adsorption energies as a function of coverage.
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One of the primary goals in computational surface science
is developing a fundamental understanding of the reactivity
of transition metal surfaces to guide the tailoring of surfaces
to provide desired chemical properties and to tune the reac-
tivity of catalyst surfaces.1 Real catalytic systems are com-
plex with effects due to adsorbate interactions and environ-
mental conditions. Consequently it has proven to be
extremely difficult to develop simple models that quantita-
tively account for all of these factors.

The adsorption properties are the key descriptors in many
catalytic systems providing explanations of relative catalytic
reactivity between different metals.2 The variations in ad-
sorption energies on different metal surfaces at low cover-
ages have been explained by the d-band model developed by
Hammer and Nørskov.3,4 This model relates the surface re-
activity to the surface d-band center ��d� and the model has
been applied to many different systems including pure met-
als, surface alloys,5,6 surfaces with strain,7 poisons,
promoters,8 and electron-deficient sites.7 Correlations be-
tween the surface d-band center ��d� and reactivity can dra-
matically reduce the computational cost associated with the
density-functional theory �DFT� calculations, if a simple
model for predicting the surface d-band center ��d� exists or
if a large enough database of surface d-band centers exists.
Although simple models5 and databases5,9 exist they are not
complete, and they do not include the effects of coverage
dependence on the surface reactivity.

In the current paper, we present a simple model for esti-
mating the adsorbate-induced modifications in the surface
d-band width due to electronic and geometric effects, and the
effects of these modifications on the adsorption properties of
these surfaces. The model is capable of parametrizing the
coverage dependence of surface electronic-structure modifi-
cations over late transition metals. On the basis of tight-
binding theory a d-band width formalism is developed by
utilizing the correlations between the width of the surface
d-band and the interatomic matrix elements between neigh-
boring atoms.5,10,11 A new solid-state table of the parameters
used in the model for transition metals and for some adsor-
bates is developed. Finally, the d-band width formalism and
the new solid-state table are utilized together to predict the
d-band widths of clean-surface structures and surfaces with
adsorbates as well as to estimate coverage-dependent adsorp-

tion energies on late transition metal �111�, �100�, and �110�
surfaces through correlations between changes in the elec-
tronic structure due to coverage effects with shifts in the
adsorption energies.

The study involves the low Miller index surfaces, i.e.,
�111�, �100�, and �110� of late transition metals �Cu, Rh, Pd,
Ag, Ir, Pt, and Au� modeled using a four-layer slab that was
repeated periodically in a supercell geometry with 10 Å of
vacuum separating the slabs. C, N, O, and S adsorption were
modeled within 2�2 unit cells considering only the fcc site.
The Pd data are from our previous work.12 Adsorption was
allowed only on one side of the slabs where both the adsor-
bates and the top two layers were relaxed until the forces
were less than 0.05 eV /Å. The DACAPO code13 was utilized
for all the DFT calculations in this work. The ionic cores
were described by Vanderbilt ultrasoft pseudopotentials14,15

and the one-electron valence eigenstates were expanded in a
plane-wave basis set with a cut-off energy of 340 eV. The
exchange correlation functional used was the Perdew-Wang
1991 �PW91� generalized gradient approximation.16

Brillouin-zone integrations were performed using an
8�8�1 Monkhorst-Pack grid for the 2�2 surface unit cell.
The calculated C, N, O, and S adsorption energies were con-
verged with respect to plane waves and k-point sampling
until the variation was less than 0.02 eV/adsorbate. The
atom-projected d bands were calculated by projecting the
Kohn-Sham orbitals onto atomic orbitals localized on each
atom. The extents of the atomic orbitals are infinite causing
overlap of the orbitals on a particular atom with those of its
neighbors and an overcounting of states attributed to that
orbital. To limit the overlap and thus to limit the overcount-
ing of the states, a cut-off radius may be used to truncate the
orbitals. In general, however, we have found that the trends
in the d-band properties are similar for a truncated orbital
and for the full infinite extent. In this work we do not utilize
a cut-off radius. The d-band width is calculated as the square
root of the second moment of the d band with respect to the
Fermi level as Wd=���E2dE /��dE.

Adsorption energies are often correlated with the surface
d-band center ��d�. Based on the rectangular d-band model,
the surface d-band center, however, is linearly correlated
with the surface d-band width due to band-filling
constraints.5,10 For all of the adsorption systems examined in
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this work, the surface d-band center and width were linearly
correlated with each other at all coverages, leading to linear
correlations of the coverage-dependent adsorption energy
with the surface d-band width �two examples are shown in
Figs. 1�a� and 1�b��. For the correlations we calculated C, N,
O, or S adsorption energies on Pd �Fig. 1�a�� and Pt �Fig.
1�b�� �111� at different coverages ranging between 0.25
monolayer �ML� and 1 ML using the gas phase atom as the
reference energy. Similar to our previous work,12 linear cor-
relations were obtained between adsorption energies and
coverage. A linear relationship was also observed between
the coverage and the surface d-band widths.12 These linear
correlations can be linked together to rationalize the cover-
age dependence of the adsorption energies in terms of an
adsorbate-induced broadening of the surface d band. At
higher coverages, the broader d bands have lower surface
d-band centers and consequently interact more weakly with
subsequent adsorbates.

Surface d-band widths for pure metals and alloys are pro-
portional to the interatomic matrix elements that define the
broadening of the bands due to orbital overlaps of neighbor-
ing atoms.5,10 However, the incorporation of adsorption into
the interatomic matrix elements and their effect on band
broadening has not been reported before. Therefore, we next
develop a d-band-width formalism based on interatomic ma-
trix elements that accounts for the adsorbate-induced
electronic-structure effects.

The d-band widths are correlated with interatomic matrix
elements �V� �Refs. 5 and 10� that describe the bonding in-
teractions between d states on two atoms in term of a char-
acteristic orbital size, rd. The matrix element is computed by

summing over all the nearest neighbors as Vi�� j
�rd

�i�rd
�j��3/2

dij
5 ,

where dij represents the spacing between metal atoms i and j.

This model accounts for the sharpening of the surface d band
due to loss of coordination in the surface atoms through the
sum over nearest neighbors, but it does not account for the
redistribution of electron density near the surface due to loss
of the bulk structure which also affects the surface d-band
width. We correct the expression by adding a facet-specific
constant � to arrive at a new expression for predicting the
d-band width of a metal atom i in a clean metal surface in
terms of the interatomic matrix elements between atom i and
the j nearest neighbors

Wd,i = Wo,i + �
j

�rd
�i�rd

�j��3/2

dij
5 + � . �1�

Wo,i is a constant accounting for the nonzero bandwidth of an
atom i at infinite separation due to the atom-projected density
of states algorithm and the equation used to compute the
d-band width. dij represents the distance between ith and jth
nearest-neighbor atoms. � is a surface term that accounts for
surface-relaxation effects and has different values for non-
noble and noble metals as well as for different Miller index
facets �Table I�. In Harrison’s formulation,11 there is a con-
stant in front of the summation, which we have absorbed into
the rd values for notational simplicity, making our tabulated

TABLE I. PW91-DFT parametrized solid-state table for transi-
tion metals and for some adsorbates including surface specific con-
stants � and �.

Element/adsorbates rd

C 1.25

N 1.18

O 1.01

S 1.22

Element/metals rd Wo

Cu 2.68 1.09

Rh 3.32 0.36

Pd 3.38 0.05

Ag 3.34 2.44

Ir 3.72 0.24

Pt 3.79 0.04

Au 3.88 1.11

�

111 facet 100 facet 110 facet

Noble TM 0.24 0.40 0.41

Other TM 0.30 0.41 0.50

�

111 facet 100 facet 110 facet

Noble TM −0.01 −0.06 −0.30

Other TM 0.07 0.25 −0.16
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FIG. 1. Adsorption energies of C, N, O, and S at different cov-
erages from 0.25 to 1 ML on �a� Pd and �b� Pt metal �111� facets as
a function of d-band width. The d-band width was found to vary
linearly with coverage, thus the curves are parametric in coverage.
The low coverage results have the most negative adsorption ener-
gies and the narrowest d bands whereas the high coverage results
show the weakest adsorption energies and the widest surface
d-bands. Similar results were also found on other late transition
metal �111� surfaces.
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radii differ in magnitude from expected sizes of atomic or-
bitals. We also note a crucial difference in the definition of
bandwidth in our formulation and Harrison’s: we use the
square root of the second moment of the d band about the
Fermi level as Wd whereas Harrison defines Wd in terms of
the separation between band edges. Thus, we cannot directly
compare effective orbital radii with Harrison’s solid-state
table radii.

The above-mentioned parameters were obtained from
d-band widths calculated from bulk calculations in unit cells
with varying volumes �not shown here� yielding to an ex-
pression of surface d-band widths as a function of the recip-
rocal of the distance to the fifth power. A plot of Wd vs 1 /dij

5

is linear from which rd and Wo can be obtained for each
metal from the slope and intercept, respectively. � was de-
termined from d-band widths of clean, relaxed surfaces. Uti-
lizing the characteristic lengths for each metal and the sug-
gested model, good agreement has been achieved in
predicting the d-band widths for clean surfaces of Cu, Rh,
Pd, Ag, Ir, Pt, and Au for bulk structures as well as for three
different low Miller index facets �Fig. 2�.

The model for predicting surface d-band widths can be
extended to include the effects of adsorption. The model for
clean surfaces essentially accounts for changes in bandwidth
due to d orbital overlaps with neighboring atoms and for
surface-relaxation effects. We extend the clean-surface
model by adding terms to account for the overlap of the
adsorbate orbitals with the surface metal-atom orbitals and
effects due to redistribution of the electron density at the
surface. The expression predicting the d-band widths of sur-
face atoms with adsorbates on them is assumed to be in the
form of

Wd,i = Wo,i + �
j

�rd
�i�rd

�j��3/2

dij
5 + � + ��

�rd
�i�rads�x

di,ads
y + � , �2�

where the last two terms represent the contribution based on
adsorption. The electronic effect due to the size of the orbit-

als is incorporated into the numerator though the rd for the
metal atom and rads, the characteristic size for the adsorbate
orbitals, and the geometric contributions are included in the
denominator through the distance between the adsorbate and
the metal atoms. � is introduced as a fitting factor and �
represents an adsorbate-induced modification of the � factor;
since � is a facet-specific term, so is �. � incorporates the
coverage of the adsorbates on the surface.

The parameters x and y were derived from several sets of
data. In Eq. �1� the power in the denominator �y=5� was
derived from the angular-momentum quantum number l of
the d orbitals: y=−�l+ l�+1�, where l=2 for d orbitals which
leads to the d−5 dependence. Here, we develop a model based
on a single, effective adsorbate orbital for simplicity. Conse-
quently, there is no well-defined angular-momentum quan-
tum number, and we will determine the parameters in the
model by fitting. The surface d-band widths were calculated
for different adsorbate heights above the surface and y was
obtained from a linear fit of d-band widths vs di,ads

−y . Different
metal surfaces were considered with the same adsorbate
which led to coupled equations with constraints of the same
unknown rads and the same power x allowing both param-
eters to be determined by nonlinear least-squares fitting. The
value for x was found to be close to 1.5, so for consistency
with the metal-metal matrix element form where x=3 /2 rep-
resents the geometric average of the two orbital radii we set
x=3 /2. Similarly for y the value was found to be close to 2.5
and because we expect integer or halves from the physics,11

we set y=5 /2. The final model has the form

Wd = Wd
clean + ��

�rdrads�3/2

d5/2 + � �3�

with � being a proportionality factor of 1.189 and � being a
facet-specific constant accounting for surface electron-
density redistribution and modifications to surface relaxation.
� has different values for non-noble and noble metals possi-
bly due to Pauli repulsion effects that are more important for
noble metals having completely filled d bands. The full set of
characteristic orbitals and parameters for the metals and ad-
sorbates investigated in this work are tabulated in a new
solid-state table �Table I�. These parameters are derived from
calculations utilizing the PW91 exchange-correlation func-
tional. Adsorption energies are sensitive to the choice of
exchange-correlation functional, but the trends in coverage
dependence are independent of the exchange-correlation
functional. The solid-state table parameters, particularly the
� term accounting for the electron-density redistribution and
surface-relaxation effects of the clean facets, as well as, �
parameter representing the adsorbate-induced modification
of the � factor could be sensitive to the choice of the
exchange-correlation functional.

Utilization of the DFT parametrized solid-state table en-
ables one to estimate the d-band widths of metal surfaces
�Cu, Rh, Pd, Ag, Ir, Pt, and Au� with different adsorbates at
different coverage values. As seen from Fig. 3, the estimated
and the DFT calculated d-band widths agree with each other
reasonably well for all different low Miller index facets in-
cluding the effects of coverage. The average error with re-
spect to the DFT calculated values is less than 5% with the
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FIG. 2. Parity plot of d-band widths for clean-surface structures
of Cu, Rh, Pd, Ag, Ir, Pt, and Au with different facets as well as for
bulk systems for late transition metals.
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largest error being 13% corresponding to noble-metal Ag
surfaces. The data that show the most scatter include surfaces
that reconstruct such as the Pd�110� facet with a monolayer
of C adsorption. That surface formed a surface carbide which
causes the top-layer Pd atoms to be separated from the rest of
the bulk structure by a larger distance than on the clean re-
laxed Pd�110� facet. Similar structures were also observed
for monolayer adsorption of C and N over Ir �111� surface.
For these outliers, it has been observed that there is an en-
largement of the spacings between the layers. These struc-
tures are outliers because we utilized the ideal atom separa-
tion values based on the bulk lattice constants for the
estimation rather than the actual distances from the relaxed
structures. Despite the outliers, the reasonable agreement be-
tween the model and DFT data set allows the coverage-
dependent properties to be explained largely by adsorbate-
induced changes in the electronic and geometric
contributions as described in the model presented above.

The new solid-state table and the d-band formalism allow
one to make predictions of adsorption energies as a function
of coverage for any metal surface with any of the studied
adsorbates. All that is needed is a single reference adsorption
energy at a known coverage, the dependence of the adsorp-
tion energies on the surface d-band width and information
about average bond lengths between the adsorbates and the
metal surface. This dependence may be looked up in data-
bases, derived from literature d-band correlations or esti-
mated from a small number of calculations �e.g., Fig. 1�.
Excellent correlations have been achieved for all metals ex-
cept for S adsorption energies over Cu, Ag, and Au. In these
systems the deviation can be attributed to the completely

filled d-band states of these noble metals resulting in differ-
ent types of interactions with sulfur �e.g., Pauli repulsion or
interadsorbate bonding� that are not accounted for in the
simple d-band model or in our tight-binding model. Once the
correlation between changes in adsorption energy and d-band
width can be established by some means, e.g., from two DFT
calculations at 0.25 and 1 ML or literature reports, the solid-
state table enables the remaining coverage dependence to be
rapidly estimated. An example of this approach is shown in
Fig. 4 for �111� facets of all considered transition metals
where the reference adsorption energy of 0.25 ML was used
for each system. A similar approach is also applicable to
other low Miller index facets where shifts in coverage-
dependent adsorption energies are linearly correlated with
the modifications in the d-band characteristics. For simplic-
ity, we have shown the estimated and DFT-calculated adsorp-
tion energies over �111� facets.

The estimated C, N, and O adsorption energies are in
reasonable agreement with the DFT-calculated values at all
the coverages considered �Fig. 4�. The most scattered data
correspond to the systems where shifts in adsorption energies
are not correlated with the shifts in electronic properties, e.g.,
noble-metal surface structures with adsorbed S at higher cov-
erages. This shows that for noble-metal surfaces with S, the
surface d-band characteristics are not the only descriptive
factor to capture the reactivity of these surfaces, Pauli repul-
sion and the role of s and p electrons likely participate in
determining catalytic activities.17,18 Those effects are not
captured in our model. The average error in estimating ad-
sorption energies using the solid-state table is less than 4.3%
excluding S adsorption energies over noble metals.

Our simple model suggests an explanation for the differ-
ent coverage dependences of the adsorption energies for each
adsorbate on different metal surfaces. The larger the adsor-
bate orbital radii are, and the closer they approach the sur-
face, the greater the change in adsorbate-induced surface
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mated d-band widths for coverage-dependent adsorbate surface
structures �0.25–1 ML� on Cu, Rh, Pd, Ag, Ir, Pt, and Au surfaces.
Circles, squares, and diamonds correspond to �111�, �100�, and
�110� facets, respectively. The outliers correspond to C adsorption
on Pd�110� and C or N adsorption over Ir�111� where enlargement
of the spacings between the top- and the second-layer metal atoms
was observed.
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electronic modification. This leads to systems where adsorp-
tion energies change significantly with small changes in cov-
erage. The highest coverage dependence is found for S due
to its large characteristic orbital size. Conversely, O shows
the smallest electronic and the greatest geometric contribu-
tion resulting in the smallest modifications in d-band charac-
teristics with respect to coverage. Similar arguments can be
derived for the other adsorbates, which finally results that the
change in adsorbate-induced electronic modification follows
the order of S	N	C	O.

The model presented here should also be applicable for
alloy systems. Here, the alloying effects �strain, ligand, en-
semble effects� are taken into consideration through the char-
acteristic orbital sizes and distances between metal atoms in
the alloy and adsorbates. Good agreement has been achieved
between estimated and DFT-calculated d-band widths of im-
purities in the surfaces of close-packed �111� Pd-based al-
loys, as well as for the bimetallic systems with surface atoms
of type A and substrate layer of type B �e.g., A and B being
Fe, Co, Ni, Cu, Ru, Rh, Pd, Ag, Ir, Pt, and Au� �not shown
here�. A future manuscript will address these results.

The present paper demonstrates that the adsorbate-
induced modifications of the surface d-band characteristics
are due to the combined effects of electronic and geometric
contributions due to overlap of adsorbate orbitals with sur-
face d orbitals. The effects could be estimated using the cor-
relations between d-band widths and interatomic matrix ele-

ments that incorporate the adsorbate contributions. We have
proposed a simple, computationally inexpensive model that
predicts d-band widths of clean-surface structures, pure met-
als, and bimetallic systems as well as of surface structures
under adsorption with moderate accuracy. The parameters for
our model were derived from an extensive set of DFT calcu-
lations and used to create a new solid-state table. The model,
in conjunction with the solid-state table can be used to pre-
dict changes in the surface d-band width due to adsorption.
Combined with correlations between adsorption energies and
d-band widths or centers, the model can be used to predict
adsorption energies of as a function of coverage. A reason-
able agreement has been demonstrated in estimating the
coverage-dependent adsorption energies of C, N, O, and S on
late transition metals using the developed model. The corre-
lations described in this paper could be used as a first step
toward predicting the properties of both for pure metal or
bimetallic systems and designing systems with desirable
electronic and thus chemical properties without the need to
perform expensive DFT calculations or to guide where ex-
pensive DFT calculations should be used.
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