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ABSTRACT: We have systematically analyzed both the electrical dipole originated by the presence of steps and that produced
by the H−Ag bond at different sites of the vicinal Ag(11n) surfaces. We have considered both basal planes as reference systems.
We have taken into account relaxation, coverage, and structural effects. An anisotropy of the electronic properties has been found
along the terraces between steps. Long-range interactions and localization effects have been identified.

■ INTRODUCTION

Hydrogen−metal interactions is one of the most investigated
topics in surface science. A classical review by Christmann1

summarizes the most important aspect of hydrogen adsorption.
More recently, Ferrin et al.2 have given a broad outline of the
research done on this topic focusing mainly on single-crystal
surfaces. As pointed out by Gross in a perspective paper,3 the
interaction of hydrogen with metal surfaces is as relevant as
ever and will continue to be interesting and important. These
interactions play an important role in a variety of practical
problems, such as corrosion, hydrogen storage, hydrogenation
processes, electrosynthesis, heterogeneous catalysis, and elec-
trocatalysis. Particularly, we are interested in the hydrogen
evolution and oxidation reactions, which are important
reactions in fuel cells.4−7 They are inner-sphere reactions,
with rates varying by about 6 orders of magnitude on various
electrodes.8

The interaction of hydrogen with metal surfaces is of
fundamental interest to theoreticians. In principle, hydrogen is
the prototype of a simple adsorbate. Nevertheless, the
phenomena involved in its interactions with the substrates are
not simple but show a strong dependence on the specific metal,
crystallographic orientation, surface coverage, etc. We can
distinguish three groups of metallic substrates: first, transition
metals such as Pt or Ir, where molecular hydrogen dissociates
spontaneously and the oxidation reaction occurs very fast and

as a consequence is difficult to investigate; second, sp metals
such as Hg and Cd, which are practically inactive and therefore
less interesting; finally, coin metals such as Au, Ag, and Cu,
where dissociation is activated and the electrochemical
oxidation reaction is not too fast to be investigated in detail
over a large range of overpotentials. Concerning the latter three
metals, in the case of Cu it is very difficult to obtain a clean,
reproducible surface. The surface of Au reconstructs very easily,
and hence, it is inappropriate to analyze structural effects. Thus,
Ag surfaces appear as the ideal substrates to understand metal−
hydrogen interactions. Because of the differences in electronic
properties, the binding energy of H−Ag is lower than that
corresponding to transition metals, but once hydrogen has
adsorbed, the properties should be quite similar to those of the
transition-metal system, as asserted by Lee and Plummer.9

Interesting are experiments where hot electrons are injected in
the range of 0−2.5 eV above the Fermi level of silver, causing
hydrogen evolution at electrode potentials more positive than
those needed in common electrochemistry.10,11 The under-
standing of these phenomena, which open a new field of future
applications, requires a detailed comprehension of H−Ag
interactions.
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Surface adatoms and vacancies with low coordination, islands
and steps, behave rather differently compared to flat surfaces,
and usually they are more active. A systematic study of the
reactivity of nanostructures requires a precise control of the
number of superficial defects. Using stepped surfaces is an
effective method to achieve this aim; therefore, they are
frequently chosen as model objects.12 Thus, the interaction of
hydrogen with stepped surfaces is an important topic to be
explored.
An extremely sensitive probe of chemisorption is the

adsorbate-induced work function changes. This property is
directly related to the charge transfer process between the
reactant and metal, allowing the characterization of bond
polarity.13 As a first approximation, the sign of the change of
the work function gives information on whether the adsorbate
is positively (ΔΦ < 0) or negatively (ΔΦ > 0) polarized.
Yanagisawa et al. have given an interesting discussion about the
origin of this interfacial dipole.14 For hydrogen adsorption on
clean, flat surfaces, quite often an increase of the work function
occurs, with few exceptions. The frequently observed increase
indicates a net flow of electron from the metal to the hydrogen
(usually less than 0.1 eo). Thus, the resulting dipole after
adsorption is quite small, suggesting an almost covalent bond.
In the simplest cases, a linear relationship between coverage
and changes of work function is found, and this is a good
approach to determine the amount of adsorbed species. When
the hydrogen adsorption induces relaxation of the metal atoms
involved in the bond, or reconstruction phenomena take place,
additional surface charge rearrangements ocurr, which also
contribute to the change of the work function. In these cases,
an analysis becomes more complicated. So far, there have not
been any systematic investigations for different systems of the
effect of coverage on the work function. Christmann1 shows a
compilation of results for different systems. Although a broad
variety of experimental data are available, there is still a lack of
understanding, because it is difficult to separate structural and
electronic effects. In the case of stepped surfaces, the electronic
and energetic heterogeneity is still larger. The presence of steps
and defects can also induce changes in the work function of
clean surfaces due to the Smoluchowski effect.15 In an
electrochemical environment, an interesting correlation exists
between the potential of zero charge (Epzc) and the work
function.8,12,13,16,17 Therefore, in the absence of specific
adsorption of anions, the change ΔEpzc can also be expressed,
to a good approximation, in terms of the dipole moment per
step atom pz.

17

In this study, we perform a theoretical approach to analyze
the different factors affecting the work function of vicinal
surfaces of Ag(11n). Work function changes are global values
containing both electronic and structural changes. As
mentioned above, it is impossible from experimental measure-
ments to separate these contributions. An advantage of
theoretical calculations is that, using appropriate conditions, it
becomes possible. We have previously applied this strategy to
distinguish between geometrical and chemical effects in
monolayers of a foreign metal deposited on different substrates
by using artificial lattice constants.18

Since the sites of the terraces and the sites of the steps of
Ag(11n) surfaces are the same as those in the planar (100) and
(111) surfaces, respectively, we shall consider both basal planes
as reference systems. We shall systematically analyze the
electrical dipole originated by the presence of steps and that
produced by the H−Ag bond at different sites. We shall take

into account relaxation and structural effects. The present work
is an extension of another work, where the focus is in the
energetics and electronics of Ag−H bonds.19

■ COMPUTATIONAL METHODS
Periodic density functional theory (DFT) calculations based on
plane waves have been performed as implemented in the
DACAPO code.20 Ultrasoft pseudopotentials21 were used to
describe the electron−ion interactions for all atomic species.
The wave functions and charge densities were expanded by
plane-wave basis sets with cutoffs of 350 and 600 eV,
respectively. The Perdew−Burke−Ernzerhof (PBE) formula-
tion22 has been employed for the exchange and correlation
functionals.
Silver surfaces have been modeled using periodically repeated

slabs with a vacuum layer of 10 Å between them. In
constructing the slabs, we used ao = 4.142 Å for the lattice
constant, which compares very well with the experimental value
of 4.09 Å.23 Planar (100) and (111) surfaces have been
described using (2 × 2) and (3 × 3) supercells with five metal
layers.
Monatomic steps have been modeled by the vicinal Ag(11n)

surfaces (n is an odd integer), which have (100)-oriented
terraces and (111)-oriented steps. Their unit cells contain m =
(n + 1)/2 silver atoms exposed in the surface and two of them
located in the step. (1 × 1) and (2 × 1) supercells, containing
5m metal layers, were used to study the vicinal surfaces.19

Brillouin-zone (BZ) integrations were performed with the 8
× 8 × 1 Monkhorst−Pack24 mesh corresponding to the (1 × 1)
unit cell of the (100) surface. H atoms were adsorbed on one
side of the slab; therefore, and to compensate the work function
difference between two sides of the slab, we employed the
dipole correction.25

In the geometry optimization of slabs, all the adsorbate
atoms and the 2 or the 2m topmost metal layers were allowed
to relax in planar or vicinal surfaces, respectively.
The work function Φ was calculated using the expression8

φΦ = ∞ − E( ) F (1)

where φ corresponds to the electrostatic potential and EF to the
Fermi level energy. There are various phenomena that can
induce changes in the work function of a metal, such as the
creation of defects (steps, adatoms, vacancies)26 or the
adsorption of species.27 In a first approach, we neglect
depolarization effects and exchange-correlation (XC) terms.
The latter contribution can be important for a local work
function, usually defined at distances close to the surface,28 but
these terms are usually 1 order of magnitude lower for work
functions defined as a global property.29 Therefore, the
mathematical expression for the work function change can be
approximated by the Helmholtz equation:

ε
ΔΦ = Δ

q n
pz

e s

o (2)

where qe is the elemental charge and εο the electrical
permeability in a vacuum, ns is the density of defects or the
concentration of adsorbates at the surface which originate the
changes in the surface dipole, and Δpz is the normal
components of the dipole moment changes. Here, it is assumed
that the potential in the interior of the metal remains
unchanged.30 In our case, we shall consider two different
sources of this change: the presence of steps and the adsorption
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of hydrogen. The reference state will be the planar surface in
the first case, whereas for the adsorption of hydrogen, we shall
take the same surface (planar or vicinal) in the absence of the
hydrogen atoms. The dipole caused by the formation of an
adsorbate−metal bond has three main contributions: the
chemical effect induced by a partial charge transfer between
the adlayer and the metal surface, the change in the intrinsic
metal surface dipole because of the modification of the metal
electron density tail induced by the presence of the adsorbate,
and the changes induced by the metal in the intrinsic dipole of
the adsorbate. Obviously, these effects are hard to separate from
each other. The hydrogen atom itself does not have any dipole
moment; therefore, the resulting dipole just arises from the
formation of the H−Ag bond.
We have used two different ways to calculate the work

function shifts, a direct and an indirect method. The direct
method consists of calculating the difference between the work
functions of the modified and the unmodified systems,
calculated separately through eq 1. The second method is
related to the calculation of the dipole moment changes Δpz
induced by the modification of the surface (in our case the
presence of steps or the adsorption of hydrogen) and is given
by the general approach used by Michaelides et al.:28,29,31,32:

∫ ρΔ = Δ
−

− +
p z z z( ) dz a

a z /2o

(3)

Here z is the coordinate perpendicular to the surface plane, zo/
2 is half the length of the unit cell in the z direction, and a is the
distance from the center of the slab to the top of the surface
layer. Δρ(z) is the electronic charge density difference at z,
averaged over the xy plane in the unit cell region:

∫ρ ρΔ = Δz x y z x y( ) ( , , ) d d
unit cell (4)

With this definition, a positive (negative) value of Δpz indicates
a dipole oriented to the vacuum (surface) side, and its presence
produces a decrease (increase) of the work function. Further
details on the calculation of the charge density difference will be
given in the corresponding sections.

■ RESULTS AND DISCUSSION
Effect of Hydrogen Adsorption on the Work Function

of the Ag(111) and Ag(100) Surfaces. Table 1 shows the
work function of the bare and H-covered surfaces for different
adsorption sites. The values corresponding to the dipole
created between the H atom and the silver surface are also
shown. The calculated work functions of the bare surfaces using
eq 1 are 4.25 and 4.48 eV for the Ag(100) and Ag(111) bare
surfaces, respectively. These values are very close to the

experimental data. Effectively, Chelvayohan and Mee have
reported a value of 4.22 ± 0.02 eV for Ag(100) and a value of
4.46 ± 0.02 eV for Ag(111), when the surface is adequately
treated to eliminate sulfur traces coming from the bulk.33 These
values also compare also very well with previous calcula-
tions.2,33,34

The changes produced in the work function by adsorption of
hydrogen strongly depend on the local bonding geometry.
Here, we show results for configurations corresponding not
necessarily to global minima of energy but to local minima of
energy. A thermodynamic study of chemisorption is the topic
of another paper.19

In most of the cases, an increase of the work function is
observed, due to the fact that the H−Ag bond produces a
dipole pointing from the H atom to the surface. Such an
increase of the work function is expected, since the electro-
negativity of hydrogen is higher than that of metals. In almost
all cases studied, the silver surface gives electrons to the H
atom; therefore, hydrogen becomes slightly negatively charged,
and the work function increases.
In a 4-fold hollow site, the electron density can spread out

wider than in other cases; therefore, hydrogen adsorbed on this
site produces changes in the work function that are lower than
those on bridge (brd) or top positions. Moreover, the changes
corresponding to the 4-fold-hollow site show an opposite sign.
Similar behavior is observed by the adsorption of hydrogen on
either fcc or hcp sites of the Ag(111) surface. Here, the work
function slightly increases. Larger changes occur when
hydrogen adsorbs on the top position. Anyway, this is not an
energetically favorable site.2,19,35 Within the uncertainty of
DFT, Ferrin et al. have obtained values similar to our
calculations for the hydrogen adsorption on fcc-Ag(111) and
on brd-Ag(100) (ΔΦ = 0.11 and 0.32 eV, respectively).2 To
the best of our knowledge, there are no experimental data for
changes in the work function by hydrogen adsorption on
Ag(100) surfaces. Lee and Plummer9 have measured a
hydrogen-induced work function change of ΔΦ = +0.32 eV
for a coverage of about θ = 0.5 at the Ag(111) surface. This
value decreases to ΔΦ = +0.18 eV for a coverage similar to our
conditions of θ = 0.25. The high-resolution electron energy loss
(HREEL) spectra indicate that the binding site is a 3-fold
hollow site and reveal appreciable H−H lateral interactions.
The authors claim that this is an uncharacteristically large value
for a close-packed surface and assign this result to surface
structural changes. Effectively, they confirm the induced
reconstruction by low-energy electron diffraction (LEED)
studies. Zhou et al. reported a decrease in the work function
of the Ag(111) surface (ΔΦ = −0.17 eV) exposed to saturation
atomic deuterium.36 An increase of ΔΦ = +0.22 eV was
measured for a metastable hydrogen saturation coverage on the
Ag(110) surface by Sprunger and Plummer.37

To obtain a better understanding of the electronic effects on
the H−Ag interactions, we shall estimate how much charge is
actually transferred to (from) the hydrogen atom.
We have compared three different methods to calculate the

charge accumulated or depleted during the adsorption: Bader
analysis (method 1), which is an intuitive method to calculate
the charge enclosed around an atom,38−41 and Löwdin
population analysis (method 2), which uses a transformation
of all the atomic orbitals to an orthogonal basis that
automatically restricts the number of electrons in each
transformed atomic orbital to the correct range.42,43 These
two methodologies are well-known techniques, and they are

Table 1. Work Function and Surface Dipole Moment for
Silver Surfaces Covered by Hydrogen (θ = 0.25, 2 × 2 Cell)
at Different Adsorption Sites

Ag(100)

Φo = 2.248 eV Φo = 4.475 eV Ag(111)

site ΔΦ/eV Δpz/e Å ΔΦ/eV Δpz/e Å

hollow −0.03 +0.005
fcc 0.08 −0.013
hcp 0.07 −0.012
top 0.78 −0.148 0.48 −0.078
bridge 0.29 −0.056

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp311531u | J. Phys. Chem. C 2013, 117, 4606−46184608



not going to be explained here. Both methods can lead to
results quite unreasonable if diffuse basis functions lacking
pronounced atomic character are present.44

Figure 1 (upper panel) shows the 3D plots of the Bader
surfaces around the adsorbed hydrogen atom at the three
different sites, i.e., hollow, bridge, and top, of Ag(100) surfaces.
The calculated accumulated charges obtained by integration of
the electronic density over these Bader regions were 0.23
electron for both hollow and bridge sites and 0.20 electron for
the top site. The corresponding values obtained by the Löwdin
method yield 0.21, 0.20, and 0.14 electron, respectively. Similar
values were obtained with both methods for the fcc, hcp, and
top sites of the Ag(111) surface (for more numerical details, see
S1-Table in the Supporting Information). In any case, the flow
of charge from the metal to the adsorbed hydrogen is quite
small. Experimentally, for the system H/Ni(111) a charge
transfer of less than 0.1 electron was inferred on the basis of an
LEED structure determination.1 In the case of silver, the values
of charges and of the dipole moments clearly indicate the
covalent character of the H−Ag bond.
Another description of electronic redistribution can be

obtained by a precise analysis of charge differences. We have
also calculated electron density changes induced by the
adsorption of hydrogen, according to the following expression:

ρ ρ ρ ρΔ = − −+Ag
H

Ag slab H Ag slab H (5)

where ρH and ρAg slab were calculated using the same
coordinates as in the system when the hydrogen is adsorbed.
As an example, Figure 1 (bottom panel) shows the 3D plots of
the electron density difference obtained when hydrogen
adsorbs in three different sites, i.e., hollow, bridge, and top,
of Ag(100) surfaces.
Here it becomes clear that the change in the surface dipole is

due to the accumulation of electronic charge on the H side and
the depletion on the surface, as expected from the
modifications observed in the work function. However, it is
also evident that the redistribution of electronic charge shows a
complicated pattern with accumulation−depletion oscillations.
Not only do these fluctuations occur around the surface silver

atoms participating in the bond, but the silver atoms of the
second layer are also affected. When hydrogen adsorbs on a
hollow site, because of the shorter distance to the surface, the
charge split-up is much less evident, explaining the low change
observed in the work function.
We can also use these results for the charge difference to

estimate the charge transferred to the adsorbed hydrogen atom
(method 3). Therefore, in a second step the density differences
were integrated in the xy plane of the unit cell. The resulting
linear charge densities are plotted in Figure 2 as a function of
the z coordinate perpendicular to the surface. From these
results it is also evident that a net electronic accumulation
around the H atom occurs for all the adsorption configurations
(Δρ(z) ≥ 0 around zH positions). The maxima almost coincide
with the position of the hydrogen atom. For H-top, Δρmax is
more pronounced than that for H-bridge and for the latter
more than for H-hollow. Near the first layer of silver, strong
oscillations of the electronic charge are observed. The second
layer of silver still shows some electronic rearrangement, but
farther than the second metal layer the perturbation in the
electronic density is negligible. Finally, and to obtain the total
charge on the H atom, the area under the accumulation region
was calculated. The values obtained with this procedure were
mostly much lower than those obtained from the Bader or
Löwdin method, with the exception of the top positions. From
Figure.1c it is clear that the separation of charge is stronger in
the latter case. In the other cases, the electronic distribution
around H atoms is not spherical, and there is a continuous
oscillation of the charge between the H atom and the surface,
which results in missing contributions from some regions, while
others are overcounted. The hydrogen atom for hollow, fcc,
and hcp sites is very close to the first metal layer. In these cases,
it is difficult to separate the charge corresponding to one atom
from the charge of the rest of the surface; therefore, there is this
discrepancy with the results obtained with the other methods.
Actually, the charge is not an observable and would depend on
the attribution of electronic density to atoms. To explore the
origins of the inconsistent values obtained with the third
method, we have “tuned” the electronic attribution using boxes

Figure 1. Redistribution of charge after adsorption of hydrogen at different sites of the Ag(100) surface (θ = 0.25). Upper panel: view of the Bader
surface around the hydrogen atom. The values obtained for the integration over the Bader volumes are given in Figure 3. Bottom panel: charge
differences obtained from eq 5. Red and blue colors correspond to electron accumulation and depletion, respectively. The 0.0015 e Å−3 isosurface
has been plotted with the XCRYSDEN package.45.
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of different sizes and geometries, instead of the unit cell for the
integration limits of the charge average. Figure 3 shows the
results obtained with these different boxes in comparison with
the values of the Bader method. A strong dependence on the
box sizes is obtained, as expected. All the curves go through a
maximum since, up to a given distance from the position of the
hydrogen atom, the depletion of charge on the metal atoms
contributes to the decrease.
Obviously, it is fictitious to represent the behavior of the

systems through ideal dipoles with a well-defined charge split;
the charge difference plots of Figure 1 show the typical
alternation of charge appearing in a covalent bond. While
dipole moments can be obtained from the analysis of charge
differences with a good precision, the method frequently fails to
get the right charge at a given atom of the system.
The foregoing discussion was for a given constant coverage

(θ = 0.25) of hydrogen. Further below, we shall analyze the

effect of coverage on the work function changes, which can
deliver us more complete information about the H−Ag bond.
We shall take the hydrogen adsorption on the Ag(100) surface
as a test system. Taking into account the polarity of this bond,
and neglecting any lateral interactions, according to eq 2, a
linear increase of the work function is expected. However, this
ideal behavior is only found in a limited number of H−metal
systems, and usually only at low coverages. A variety of complex
ΔΦ−θ relations have been found, including reversal of the sign,
a maximum at certain coverage, and a monotonic decrease. In
some cases, such as the three low-index faces of Fe, a variation
of opposite signs for ΔΦ on the various crystal faces46 is
observed.
Figure 4a shows the changes induced in the work function of

Ag(100) surfaces after adsorption of hydrogen on hollow sites
at different coverages. The work function values were calculated
by the difference between the electrostatic potential and the
Fermi level according to eq 1, taking the clean surface as a
reference. At first glance, it seems to be an almost linear relation
obeying eq 2, but with the opposite polarity that should be
expected. Also the fact that different structural configurations of
the hydrogen overlayer give the same changes should indicate
the absence of mutual interactions between adsorbates, such as
depolarization effects or structural changes. However, a more
careful analysis reveals a more complex situation. First, the sign
of the change ΔΦ at the lowest coverage (θ = 1/9) is positive,
while it is negative for all the other overlayers. Second, the
coverage dependence shows a deviation from the linear
behavior, revealing a larger apparent dipole moment for higher
coverages, instead of a depolarization effect.
These results reveal that the simple picture of an electro-

negative adsorbate increasing the work function as a
consequence of charge transfer from the substrate to it is in
this case not valid. We need to consider different factors that
determine the fine details of the charge redistribution, which
play a role in this behavior: structural rearrangements of the
upper layers of silver, bond distance to the surface of adsorbed
hydrogen, and the extension of the spillout of the metallic
electronic states.
This behavior is very similar to that observed for the

adsorption of hydrogen on Pt(111) surfaces.47,48 Effectively,
Christmann et al. have found an overproportional decrease of
ΔΦ with coverage (exponent of 1.33). To distinguish whether
the Helmholtz eq 2 is no longer valid, or a real change of the
dipole moment occurs, we have also calculated the dipole
moment with eq 3 from electron density differences, Δρ. The
corresponding planar averaged charge density changes are

Figure 2. Linear charge densities of H-covered Ag(100) (top) and
Ag(111) (bottom) surfaces obtained by integrating the electron
density differences Δρ (see eq 4) over the xy plane. Positive values
correspond to an increase in electron density. The positions of the
three top layers of silver and of the H atom are also indicated.

Figure 3. Electronic charge around the hydrogen atom adsorbed at different sites on the Ag(100) surface (left) and Ag(111) surface (right) obtained
by method 3 (see the text). The corresponding values given by Bader and Löwdin analysis are given in the insets.
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shown in Figure 4b for the lowest and highest coverages (first
and last points of Figure 4a, respectively). Figure 5a shows the
dipole calculated from the work function changes using eq 2 in
comparison with that obtained directly from the charge
differences using eq 3. The almost good agreement between
both methods demonstrates that the dipole is not constant and
instead it continuously changes with coverage.
A reasonable explanation can be found if other parameters

are simultaneously analyzed. Figure 5b shows the equilibrium
distance between the H atom and the silver surface as a
function of coverage. According to these results, an increase in
the H coverage on the surface reduces the distance between the
H atoms and the metal. Obviously, a concerted rearrangement
of the adsorbed hydrogen ocurrs, which decreases the distance
to the surface such that the repulsion is minimized and the
adsorption energy remains constant. This situation is only
possible up to a coverage of 0.5. At higher values, the
rearrangements cannot compensate the repulsion and the
energy of adsorption starts to increase.19

According to these results, an increase in the H coverage on
the surface reduces the distance between the H atoms and the
metal (Figure 5b) and lowers the work function of the surface
(Figure 4). These two facts are not unrelated. The lowering in
the work function indicates that there is an increase in the
charge transferred from the surface to H atoms that reduces the
electron density around the metal surface and weakens the H−
Ag bonds.
Therefore, to keep the bond order, the distance between

them is shortened. The decrease in the electron density not
only involves the H−Ag bonds, but also slightly reduces the
bond order between the metal layers. When H adsorbs, the

silver atoms in the surface are more coordinated than those of a
bare surface. Therefore, the atoms in the first layer move away
from the atoms in the second layer, and in fully H covered
surfaces, the distance between the first and second layers is 7%
larger than at low coverages. In the case of low coverage, each
metal atom is coordinated to only one single adsorbate atom.
When the coverage increases, a bonding competition
mechanism takes place49 since metal atoms must bond with
more than a single adatom. The metal atom participating in
more than one adsorbate−metal bond can also enable electron
delocalization as can be clearly inferred from the analysis of
charge difference plots and the density of states shown in
Figure 6. At very low coverage (θ = 1/9), the hydrogen atom
only interacts with the four silver atoms of the hollow
adsorption site (Figure 6a). When the coverage of hydrogen
increases (θ = 5/9), some silver atoms simultaneously form
bonds with adjacent adsorbates. In Figure 6b, for example, we
can observe that one silver atom participates in the bond with
four different hydrogen atoms at the same time. At the highest
coverage (θ = 1), the adsorbed hydrogen atoms are
“swimming” in a continuous “sea” of charge (see Figure 6c).
Thus, individual bonds cannot be further distinguished when
the surface is covered by a monolayer. The participation of not
only d but also sp states of silver is clear from Figure 6d.
Effectively, an overlap between sp and d states (mainly dxy) of
silver with 1s states of hydrogen is evident in the energy range
between −8 and −6.5 eV (bonding states) and around −2 eV
(antibonding states). Direct dipole−dipole interactions be-
tween neighboring atoms, which could produce depolarization
effects, can be neglected, since the hydrogen Bohr radius is
much smaller than the lattice constant of the substrate.

Figure 4. (a) Changes in the work function ΔΦ of the metal surface Ag(100) after H adsorption on hollow sites at different coverages (calculated by
eq 1). The different points at the same coverage correspond to different possible structural configurations,19 as shown in the inset. The dashed line is
only a guide for the eyes. (b) Planar averaged charge density change upon H adsorption at the minimum and maximum coverages (black and red
lines, respectively) as a function of the z coordinate perpendicular to the surface. The vertical solid line indicates the position of the upper layer of
Ag, and the dashed lines indicate the equilibrium position of hydrogen. The circle shows the electronic depletion in the outer tail region.

Figure 5. (a) Dipole moments created between H atoms and the silver (100) surface after H adsorption. Dipole moments were calculated from the
work function shifts (obtained with eq 1). The red times signs correspond to the values calculated from electron density differences (eqs 4 and 5).
(b) Distances from the H atom to the silver surface for the different geometric configurations.
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Certainly, the silver atoms screen the hydrogen atoms from one
another, since the latter are almost “immersed” in the hollow
sites. In this case, only the operation of indirect repulsive long-
range interactions (“through-bond”) between adsorbed hydro-
gen may come into play.49,50 Especially sp states, which extend
further than d states, could promote these interactions through
electron delocalization. The d band of Ag is generated by the
fully occupied 4d orbitals, which are more spatially contracted
and therefore account for the formation of localized bonds. The
sp electrons, on the other hand, are much more mobile and can
easily move away from the bonded metal atom toward
neighboring atoms, facilitating the indirect interactions. This
complex interplay between different electronic states has been
addressed for the water−metal interactions51 and also for
hydrogen adsorption on nanostructures of Pd−Au.18 Because
of the increase in electron density between the bonds, an
enhancement of the dipole moment is produced at higher
coverage of H.
Previous theoretical approaches based on DFT calcula-

tions14,27,30−32 have clarified the subtle effects of charge
redistribution on the sign of the dipole resulting after
adsorption of either simple atoms or complex adsorbates.
For example, it is interesting to compare our results with

those obtained by Michaelides et al. for the work function
change induced by nitrogen adsorption on W(100).31 They
have explained the anomalous behavior that the work function
decreases despite the electronegativity of N adatoms. They
have found that the slight electronic charge depletion at
distances farther from the surface strongly contributes to the
observed work function decrease. Although small compared to
the electron accumulation layer nearer the surface, it is
sufficiently far from the surface to determine the sign of the
dipole. We have to recall that the dipole is weighted by the

distance from the center of the slab. In our case, Figure 4b also
shows such electronic depletion at about 1.5 Å (see the circle in
Figure 4b). If we neglect this contribution, setting the upper
integration limit in eq 3 to 1.25 Å, a dipole of −3.8 × 10−2 e Å
is obtained for the fully H covered surface, instead of the value
of +1.1 × 10−2 e Å corresponding to the last point in Figure 5a.
Similar to the N adsorbate, H adsorbed at the hollow site is
located below the electron spillout density of silver. Metallic
electronic states extending out into the vacuum before
adsorption become depopulated. At higher hydrogen coverages,
this effect is enhanced because of the shorter H−Ag bond
distances. When hydrogen adsorbs at top or bridge sites, the
hydrogen atoms are much farther from the surface, and this
effect is not observed (see Figure 2). In the latter cases the
work function increases upon adsorption, since the net dipole is
pointing downward.

Work Function of Vicinal Ag(11n) Surfaces. Creating a
step from a planar surface not only requires an amount of
energy but also produces a change in the work function of the
surface. Interesting experiments using cylindrical or hemi-
spherical single crystals deliver maps of the work function
dependence on the surface orientation.52 Studies of the work
function of vicinal stepped surfaces of a variety of metals have
shown that linear reductions of the work function with
increasing step density are observed near low-index surfaces.
At higher step densities, step−step interactions cause mutual
depolarization, and deviation of the linearity behavior occurs.
Anisotropy maps have also been obtained by modeling the
work function of stepped metallic surfaces.53,54

A qualitative explanation, supported by the jellium
model,55,56 is the well-known Smoluchowski effect.15 The
charge modulation caused by the smooth contour of the
electron density in response to the sharp potential contour of
the ion cores of the atoms at the step leads to electron
accumulation at the bottom and to an electron depletion at the
top of the step. This rearrangement of the electronic density in
the step edges creates a dipole moment. These dipoles are
oriented outward, in the direction opposite that of the dipoles
due to the adsorption of hydrogen.
However, the real cause of this dipole is the change in the

bonding between the atoms at the steps and the substrate,
which can be followed by measuring the charge density
difference produced by formation of the step25,56 and carefully
analyzing the density of states. The rearrangement of the
electronic density has been calculated as25

ρ ρ ρ ρΔ = − −−
n

n
n

n
n

n
Ag(11 ) Ag(11 ) Ag(11 )

1
Ag (6)

where ρAg(11n)
n , ρAg(11n)

n−1 , and ρAg are the electronic densities of
the vicinal (11n) surface, of the same surface without the atom
at the step edge, and of the single silver atom, respectively.
Figure 7 shows the charge density change on the (119)

surface, where red and blue colors correspond to an increase
and decrease of electronic charge, respectively.
In the outer region above the atom at the step, the electronic

charge is reduced, and this charge is shifted to the region
between the step atom and its neighbors. According to these
results, there is a depletion of electronic density at the step, and
therefore, the dipole moment is pointing outward, as expected.
Consequently, a decrease of the work function occurs.
Increasing the density of steps in the surface will decrease the
work function further.

Figure 6. Upper panel: charge difference plots for the adsorption of
hydrogen at the hollow site of Ag(100) at different coverages, (a) θ =
1/9, (b) θ = 5/9, (c) θ = 1. Bottom panel: density of states for the
adsorption of hydrogen at hollow sites projected onto the 1s states of
hydrogen (cyan closed squares), d states (red line), and sp states (blue
line) of silver atoms of the hollow sites. The corresponding sp states
(gray shaded area) and d states (yellow shaded area) of surface silver
atoms free of hydrogen are also included.
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Here is also interesting to see the interplay between the
different orbitals of the atoms near the step. There are previous
attempts based on the jellium model55,56 to analyze the effect of
the presence of steps on the density of states. However, this
model is limited to sp metals where the electrons are
considered as a sea of negative charge without any structure.
The dipole moment changes Δpz induced by the step were

obtained by using eq 3. The changes in the work function were
calculated using eq 2 and are shown in Figure 8 as a function of

the step density for Ag(11n) with n = 5, 7, 9, 11, and 17. In the
same figure are included experimental results obtained for the
shift of the potential of zero charge (ΔEpzc) on stepped silver
electrodes. In an electrochemical environment, the potential of
zero charge and the work function are directly re-
lated,8,13,17,57−59 and in the absence of specific adsorption of
anions the change ΔEpzc can also be expressed in terms of the
changes in the surface dipole moment per step atom, Δpz:

ε
Δ = −

Δ
E

p

a L
z

pzc
o (7)

where L ∝ N−1 is the distance between steps, which is
proportional to the inverse of the step density N, and a∥ is the
atom length unit along the step edge. The dipole moments of
step atoms are not necessarily the same in a vacuum and in an
electrochemical environment. The arrangement of the dipolar
water molecules around the step atoms59,60 or the specific
adsorption of anions may cause either a reduction or an
enhancement of the dipole moment. However, theoretical and
experimental results obtained from the shift of the potential of
zero charge (ΔEpzc) in stepped silver electrodes58 agree
surprisingly well. There is a linear relation between the work
function (and also ΔEpzc) and the density of steps. From the
slope a dipole moment equal to 0.0038 e Å is obtained,
confirming the validity of eq 7. Small discrepancies between the
experimental values and our results could be due to the great
difficulty in the numerical integration of the small electron
density differences. These values for the dipole of the steps are
about an order of magnitude lower than those obtained with
STM for monatomic steps of Cu and Au.61 Nevertheless, a
monatomic row is still less coordinated than a semi-infinite
step.

Work Function of Vicinal Ag(11n) Surfaces Covered
by Hydrogen. There are two groups of sites for the hydrogen
adsorption:19 terrace and step sites. The terrace sites are the
same as in the planar (100) surface: hollow and bridge sites.
However, because of the presence of the step, the symmetry in
the bridge and hollow sites is broken. Therefore, the sites in the
terrace are different, and they can be distinguished according to
their distances from the step. We also have to differentiate
between the bridge sites parallel (brd-p) and perpendicular
(brd-s) to the steps.
The sites placed in the step are similar to those in the

Ag(111) flat surface: bridge, fcc, and hcp. The less coordinated
atoms in the surface are located in the upper part of the step,
whereas the most coordinated ones are in the bottom of the
same step. This difference makes the three sites in the step
different; bridge and hcp sites are the less coordinated silver
atoms, while the fcc site in the bottom of the step is more
coordinated.
An examination of the adsorption energy values19 suggests a

localized character of the bond between H atoms and vicinal
silver surfaces. The bonds between the surface and the H atoms
are quite independent of the index of the surface. According to
our results, the dispersion of the distance values for the same
sites is below 3%, even for different vicinal surfaces.
Dipole moments and work functions have been calculated.

The dipole moments were obtained from the changes in the
work function using eq 2 and the charge density difference
calculated from eq 5. As an example, Figure 9 shows the charge
density difference for the Ag(119) surface when the steps are
covered by hydrogen at bridge sites, which is the most favorable
site.19 From the pictures, it is clear that the H atom increases its
electronic density, whereas the surrounding silver atoms lose
electrons, similar to the flat surfaces discussed above. In this
case, it is expected that the dipole points to the surface. When
hydrogen adsorbs on other sites, the electronic rearrangement
can be different, as observed from Figure 10, where plots
similar to those of Figure 9 are shown for different sites. Larger
bond distances correspond to H adsorbed on step sites, and
lower values are obtained for adsorption on hollow positions.
The lowest dipoles result when hydrogen adsorbs at fcc (Figure
10a) and hollow (Figure 10c) sites. In the case of the hollow
site near the step (Figure 10c), the dipole is similar to that

Figure 7. Side−top views of the charge density difference Δρ for the
Ag(119) vicinal surface (the Ag(100) surface has been taken as a
reference). Red and blue contours correspond to the accumulation and
depletion of electron density, respectively. The 0.0015 e Å−3 isosurface
has been plotted. Upper inset: projection onto the plane perpendicular
to the step. Lower inset: side view of the step.

Figure 8. Work function changes as a function of the step density.
Comparison between theoretical values (× inside □) and values
calculated from experimental values of the potential of zero charge (●)
(experimental data taken from ref 58).
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obtained for the hollow site of the flat Ag(100) surface. The
behavior is different for the fcc and hcp sites. While in the case
of Ag(111) surfaces the adsorption of hydrogen at fcc site
produces a dipole of −0.013 e Å, the value obtained at the step
in the (115) vicinal surface is practically zero (−0.003 e Å). The
other vicinal surfaces show a value similar to that of Ag(111).
All the stepped surfaces display some more negative dipoles for
the hydrogen adsorption at the hcp site.

According to eq 2, the only significant part of the dipole that
contributes to shifting the work function is the perpendicular
component to the terrace. Due to the fact that H on the fcc site
is nearly parallel to the terrace, the resultant component pz is
rather small for the (115) surface. The tilting of the H−Ag
bond is particularly large for this surface in comparison with the
other ones having larger terraces; therefore, the dipole
component normal to the surface is diminished. In the case
of the dipole produced by the adsorption at the hcp site of the
step, the H−Ag bond rises more straight up than for the
adsorption at the fcc site (compare Figure 10a,b). Additionally,
electronic effects due to the charge redistribution at the step
and the decrease of the coordination determine the larger
difference in comparison with the adsorption at a similar site of
the flat (111) surface.
However, a more detailed analysis reveals subtle variations in

the dipole moments, which can be ascribed to the electronic
anisotropy of the system.
Following an interpolation procedure, we have built 2D

surfaces mapping the dipoles created at vicinal Ag surfaces after
hydrogen adsorption. For the construction of these plots, we
have considered sites where hydrogen is adsorbed with a local
minimum of energy and their coordinates fully relaxed. In all
the cases the lowest coverage has been considered (1 H atom/
unit cell) to avoid interaction effects. We have disregarded the
top sites because of the considerable difficulty to get any
optimized geometries. Morever, these sites do not correspond
to any local minimum of energy, but to a transition state.19

Similarly, the hollow site near the upper part of the step also
corresponds to a transition state and has been disregarded.
Figure 11 shows, as examples, the maps for these vicinal

surfaces in comparison with the (100) orientation. These
figures prove that, in addition to the anisotropy observed for
different crystal orientations,53,54 there is also an intrinsic
refined anisotropy for a given surface. In general, for sufficiently
large terraces, different surfaces have the same dipoles for the
same sites. Adsorption at hollow sites produces a dipole slightly
positive or near zero. The dipoles corresponding to sites at the
upper part of the step are clearly more negative than those of
sites at the terraces. More interesting is the behavior of the
dipole originated by hydrogen adsorption on the terraces. A
continuous gradient of the dipoles between the sites on the
terraces close to the upper part of one step and the bottom part
of the next step is clearly observed. This tendency is shown by
the adsorption at either bridge site, parallel and perpendicular
to the step. The dipoles are more negative than those
corresponding to the sites of the flat (100) surface. The
difference is more marked close to the top of the step (see the
Supporting Information for more details). Also the surface with
the wider terraces (1 1 17) shows this anisotropy, indicating a
long-range effect (compared with the (100) surface). We have
observed an anisotropy in the adsorption energy19 for the
different sites of the terraces, although the tendency is different.
In the latter case the adsorption energy increases at the terrace
sites near either the upper or the bottom part of the steps (see
the Supporting Information). Nevertheless, both these effects
could be a consequence of electronic delocalization mainly
mediated by the sp states, as we have discussed in a section
above.
Finally, we have calculated the work function changes and

the corresponding dipole moments created after H adsorption
on silver (115) surfaces at different coverages. We have
followed the two procedures described in the previous section.

Figure 9. Side−top view of the charge density difference Δρ for
Ag(119) covered by hydrogen at bridge sites of the step. Red and blue
contours correspond to accumulation and depletion of electrons,
respectively. The isosurface corresponds to 0.0015 e Å−3 (the bare
surface has been taken as a reference). Upper inset: projection onto
the plane perpendicular to the step. Lower inset: side view.

Figure 10. Side views of isosurfaces (left, 0.0015 e Å−3) and
projections onto the plane perpendicular to the step (right) for the
adsorption of hydrogen at different sites on Ag(119). Bridge (d) and
hollow (c) sites correspond to the terrace, whereas fcc (a) and hcp (b)
sites correspond to the step. Red and blue contours correspond to
accumulation and depletion of electrons, respectively.
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Unlike the preceding case, we found important differences
between the dipole moments obtained using both methods.
These discrepancies are quite reasonable considering the
increasing interactions between neighbors and the difficulties
in making a proper integration of the electron density (eq 3).
Table 2 shows work function changes calculated from the

electrostatic potential. The dipole moments were obtained
using eq 2, and they correspond to the average value in a unit
cell (Aunit cell = 22.29 Å). There are different bonds between the
H atoms and the surface; however, the dipole moments were
calculated for the whole surface, not for a particular bond or
region of the surface.

Despite of the different coverages, the dipole moment seems
to be a local property, only slightly influenced by the
surrounding atoms in the surface. According to our results, in
a low-coverage regime the adsorption of H atoms on different
sites will only produce the addition of all dipole moments.
Therefore, the resulting dipole moment per H atom is the
average of the dipole moments.
However, adding more H atoms (θ ≥ 3/6) to the sites near

the step produces a distortion in the bonds located on the step,
which modifies the corresponding dipole moments. Never-
theless, H adsorption around H-covered steps improves the
adsorption.19 Interaction between H adsorbed on the bottom

Figure 11. Top view of the 2D surfaces showing the dipole moment created after the adsorption of one H atom on planar (100) and vicinal (11n)
silver surfaces. A side view of the clean surfaces has also been included. All dipole moments are given in e Å. See the text for more details on the
calculations.
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of the step with bonds on the upper part of the step also
significantly reduces the work function. Despite the differences
observed for the various geometrical configurations, a general
trend of increasing work function with coverage can be inferred
(see Figure 12).

■ CONCLUSIONS

The dipole moment induced by the presence of steps has been
calculated, and a very good agreement with experimental data
has been obtained. An almost linear correlation between the
induced changes in the work function and the density of steps
has been found.

The adsorption of hydrogen also produces changes in the
work function, mostly due to a dipole moment oriented inward
to the surface. However, depending on the adsorption site,
complicated electronic charge redistributions take place.
Interesting, a continuous gradient of these dipoles uprising

upon the adsorption of hydrogen between the sites at the
terraces near the upper part of one step and the bottom part of
the next step has been found. This effect is still noticeable for
surfaces with wide terraces. This anisotropy indicates a long-
range effect. The dipoles produced by the adsorption of
hydrogen on sites near the bottom of the step are slightly less
negative than those when hydrogen adsorbs on sites near the
upper part. Also the symmetry between bridge sites parallel and

Table 2. Optimized Geometries, ΔΦa and pz,
b for Several Coverages of H on the Ag(115) Surface

aWork functions were obtained by using eq 1. The ΔΦ values have been calculated as the difference between the work functions of the H-covered
and the clean (115) surfaces. All ΔΦ values are in electronvolts. bDipole moments reported correspond to the averaged value for all the H bonds in
the surface. All pz values are in 10−2 e Å.
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perpendicular to the step is broken, and as consequence,
different dipole moments are given.
Despite the different coverages, the dipole moment seems to

be a local property, only slightly influenced by the surrounding
atoms in the surface. Nevertheless, adding more H atoms to the
sites near the step produces a distortion in the bonds located on
the step, which modifies the corresponding dipole moments.
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(43) Löwdin, P. O. On the nonorthogonality problem. Adv. Quantum
Chem. 1970, 5, 185−199.
(44) Bruhn, G.; Davidson, E. R.; Mayer, I.; Clark, A. E. Löwdin
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