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Density-functional theory calculations of the adsorption of Cl at perfect and defective
Ag„111… surfaces
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Density functional theory calculations of adsorption of chlorine at the perfect and defective silver~111!
surface have shown that the energies of adsorption of chlorine atoms show little variation~less than
30 kJ mol21) between the different sites, from2136 kJ mol21 next to a silver adatom, through
2159 kJ mol21 at the perfect surface to2166 kJ mol21 next to a silver vacancy at the surface. Molecular
chlorine adsorbs in a series of energetically similar overlayers, which are in good agreement with experimen-
tally found structures. The lowest energy configuration is a planar hexagonal honeycomb structure of chlorine
atoms adsorbed in fcc and hcp hollow sites on the silver surface. An energetically similar structure is geo-
metrically nonplanar, but has a planar electronic structure. Although the chlorine molecules are virtually
dissociated~Cl-Cl distance53.40 Å), significant electron density is distributed along the Cl-Cl axes, leading to
a network of electronic interactions between the adsorbed chlorine atoms. The adsorption energy for Cl2 is
calculated at2231 kJ mol21, in good agreement with experiment. Calculated Ag-Cl bond lengths of 2.69,
2.47, and 2.33 Å agree with several experimental studies and show that the different bond lengths found
experimentally are not anomalous, but due to the formation of geometrically different but energetically almost
identical chlorine overlayer structures.

DOI: 10.1103/PhysRevB.69.045419 PACS number~s!: 68.03.2g, 68.43.Fg, 68.43.Bc, 68.47.De
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INTRODUCTION

Silver is of considerable industrial importance as a ca
lytic material, particularly in the selective partial oxidation
ethene to its epoxide, which is a widely used precursor
many chemical products.1,2 As a consequence of its catalyt
significance and also because of the ease with which silv
investigated using surface science techniques, such as
ning tunnelling microscopy~STM! by, for example, Refs. 3
and 4, silver surfaces have been the subject of much
search, both experimentally,5–8 and theoretically.9–14 Often,
the reactivity of the metal is probed by the adsorption
small molecules, for example NO,15,16 CO2,17 or SiO and
SiS,18 while a variety of experimental techniques has be
used to study the interactions of silver with a host of sm
organic adsorbates, such as methanol,19 phenol,20 t-butyl
nitrite21 and sulfur-containing compounds.22–24 More re-
cently, experimental techniques have been employed to s
the synthesis and behavior of silver nanoparticles; see,
Refs. 25 and 26.

As oxygen plays a crucial roˆle in the catalytic epoxidation
process,27,28 its presence and behavior at the silver surfa
has been studied by a number of groups, often as the m
species under investigation, for example the STM study
Carlisleet al. of the formation of an oxide film at the silve
~111! surface,29 the effects of oxygen on silve
morphology,30,31 or the theoretical studies of oxygen adsor
tion by Li et al.32 and Wanget al.,33 oxygen dissociation on
Ag~110! surfaces by Salazaret al.,34 and combined experi
mental and theoretical studies of silver oxide phases on
0163-1829/2004/69~4!/045419~12!/$22.50 69 0454
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Ag~111! surface.35,36 Oxygen as a coadsorbate has also be
studied extensively by a variety of techniques, e.g., the sp
troscopic study of ethene and ethene oxide adsorption o
oxygen-covered Ag~111! surface by Stacchiolaet al.37 and
the computational studies by Avdeev and Zhidomirov38 and
Sunet al.39 of the adsorption of ethene and methanol, resp
tively, on oxidized silver surfaces. More recently, Bocqu
et al. have used a combination of density functional theo
calculations and STM experiments to investigate ethene
oxidation on the silver~111! surface.40,41

The bare silver metal, however, is often not very select
in catalytic partial oxidation processes; but after exposure
and subsequent adsorption of chlorine the metal is obse
to demonstrate a significantly increased selectivity towa
the desired reaction product; see, for instance, Ref. 42. A
result, the interaction of halogens or halide-containing ads
bates with silver surfaces has been widely studied exp
mentally, for example by the use of scanning tunnelli
microscopy,43 temperature-programmed desorption44 and a
range of spectroscopic techniques.45,46 However, computa-
tional studies have often concentrated on the id
surfaces47–49 whereas real surfaces contain significant nu
bers of defects. In this work we have therefore employ
electronic structure calculations based on density functio
theory ~DFT! to investigate the adsorption of chlorine n
only at the perfect~111! surface of silver metal, but also a
three defective silver~111! surfaces; one surface consistin
of a series of~111! terraces offset from each other by mo
atomic steps, and two~111! planes which are partially vacan
in silver atoms. Our studies reveal that the energies of
sorption of chlorine atoms show little variation between d
©2004 The American Physical Society19-1
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ferent surface sites and that molecular chlorine adsorbs
series of energetically similar overlayers, which are in go
agreement with experimentally found structures.

THEORETICAL METHODS

The total energy and structure of the silver surfaces w
calculated using the plane-wave pseudo-potential techniq
available in the Viennaab initio Simulation Program
~VASP!.50–53 The basic concepts of DFT and the principl
of applying DFT to pseudopotential plane-wave calculatio
have been extensively reviewed elsewhere, for example
Refs. 54–56. Furthermore, this methodology is well est
lished and has been successfully applied to the study
metals,57,58semiconductors,59,60and ionic materials.61–63The
calculations were performed within the generalized-grad
approximation, using the exchange-correlation potential
veloped by Perdewet al.,64 which approach has been show
to give reliable results for a range of metals and ionic ma
rials, shown, for example, in Refs. 65–67. Within th
pseudopotential approach only the valence electrons
treated explicitly and the pseudopotential represents the
fective interaction of the valence electrons with the atom
cores. The valence orbitals are represented by a plane w
basis set, in which the energy of the plane-waves is less
a given cutoff (Ecut), where the magnitude ofEcut required
to converge the total energy of the system has impor
implications for the size of the calculation. The VASP pr
gram employs ultrasoft pseudopotentials,68,69 which allows
the use of a smaller basis set for a given accuracy. In
calculations the core consisted of orbitals up to and includ
the 3d orbital for Ag, leaving the 4d and 5s electrons to be
treated explicitly, and up to and including the 2p orbital for
Cl.

For surface calculations, where two energies are co
pared, it is important that the total energies are well c
verged. The degree of convergence depends on a numb
factors, two of which are the plane-wave cutoff and the d
sity of k-point sampling within the Brillouin zone. We hav
investigated these by undertaking a number of calculati
for bulk silver with different values for these parameters. W
have, by means of these test calculations, determined va
for Ecut ~300 eV! and the size of the Monkhorst-Packk-point
mesh70 (11311311) so that the total energy is converged
within 0.03 kJ mol21 (,0.01%). The optimization of the
atomic coordinates~and unit cell size/shape for the bulk m
terial! was performed via a conjugate gradients techniq
which utilizes the total energy and the Hellmann-Feynm
forces on the atoms~and stresses on the unit cell!. We used
the common approach for modelling the surfaces, us
three-dimensional periodic boundary conditions by consid
ing slabs of Ag. Therefore, in addition to thek-point density
andEcut discussed above, the convergence in surface ca
lations also depends on the thickness of the slab of mat
and the width of the vacuum layer between the slabs. Ag
we checked convergence by running a series of test calc
tions with different slab thicknesses and gap widths, wh
showed that a slab thickness of five silver layers was su
cient for the energy to converge and on the basis of these
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calculations, we ensured that in each calculation the vacu
layer was at least 16 Å between the images of the surfa
either side of the void. The Methfessel-Paxton method71 with
a smearing width of 0.20 eV was chosen to determine h
the partial occupancies are set for each wave function, wh
method gives an accurate description of the total energy
the system.

RESULTS

Silver has a face-centered-cubic structure. The experim
tal lattice parameters of silver area5b5c54.101 Å,72

which upon full electronic and geometry optimization e
panded slightly to 4.161 Å, i.e., an error of;1.5%. The
~111! surface, which is a hexagonal close-packed plane
silver atoms, is the most stable73 and we thus concentrate o
this surface in this study of the adsorption of chlorine.
experimental surfaces are never perfect and catalytic
cesses often occur at surface defects, such as vacan
steps, and growth islands, we have investigated chlorine
sorption at different surface features, i.e. on the terrace of
perfect surface; in or next to a surface vacancy; at a sur
adatom; and on or below a monatomic step on the~111!
surface. Previous work has shown that these surface def
shown in Fig. 1, have low formation energies compared
the perfect surface and, therefore, that these surface fea
can be expected to occur on experimental~111! surfaces.65

The perfect surface shows very little atomic relaxation of
surface atoms with respect to the bulk metal, in line w
experiment,74 although the electron density is more deloc
lised along the surface compared to the bulk. On the de
tive surfaces, the electron density is distributed in such a w
as to minimize the effect of the defect, e.g., smoothing
step and adatom edges and filling the vacancy, throug
more gradual decline of electron density in the defect ar
than is observed at the perfect surface. Atomic relaxation
the surface areas surrounding the defects also plays a ro
stabilizing the defective surface, especially shortening
Ag-Ag bonds in the immediate defect region.

We first investigated the adsorption of chlorine atoms
the different surface sites to determine the most stable
sorption sites and adsorption energies, before considering
adsorption of a chlorine molecule. As chlorine in the g
phase exists as a diatomic molecule, we have calculated
adsorption energy,Eads, according to Eq.~1!:

Eads5
Eslab1Cl2@Eslab11/2nE~Cl2!#

n
~1!

whereEslab1Cl is the energy of the geometry optimized sla
of silver with adsorbed chlorine~per Cl atom!, Eslab is the
energy of the slab of material without adsorbed chlorin
E(Cl2) is the energy of an isolated Cl2 molecule andn is the
number of adsorbed Cl atoms, all calculated with the sa
simulation parameters and in equivalent simulation cells
achieve cancellation of basis set errors.75 The adsorption en-
ergy calculated according to Eq.~1! thus takes into accoun
the energy necessary to dissociate the Cl2 molecule into two
Cl atoms, when we explicitly consider adsorption of atom
9-2
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FIG. 1. Side view of geometry optimized
structures of~a! the silver slab with~111! sur-
faces at either end, showing electron density co
tour plots through the silver atoms of the firs
fourth, and seventh layers from the top.~b! The
~111! surface covered by 11% adatoms, showi
electron density contour plots through the silv
adatoms.~c! A slice containing the vacancy of th
11% vacant~111! surface, showing electron den
sity contour plots through the silver vacancy.~d!
The stepped~111! surface, showing electron den
sity contour plots through silver atoms on the st
edge ~electron density contour levels are from
0.02e/Å3 to 0.30e/Å3 at 0.02e/Å3 intervals. The
apparent shift of electron density away from th
atoms in the other layers is due to the fact that t
electron density plane shown is not centred up
those atoms and hence shows electron densit
a plane away from the atomic centers!.
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chlorine. When we investigated adsorption of molecular2
at the surface, the molecule was left to dissociate dur
geometry optimization, although a sufficient number of sta
ing configurations of the Cl2 molecule at the surface wa
calculated to allow us to be confident that the lowest ene
structure had been obtained rather than a local minimum

Perfect „111… surface

We initially adsorbed chlorine atoms on both sides o
slab of silver material containing the perfect~111! surfaces
on both sides, as shown in Fig. 1~a!. The stacking of the
planes of silver atoms in the~111! direction isabc, where
the silver atoms in the fourth layer are directly underne
those in the first layer, etc. As a result there are two type
hollow site, each threefold coordinated by three close-pac
silver atoms in the surface. One site is on top of a silver at
04541
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in the second layer~the hexagonal close packed hcp site!,
whereas the other hollow site~the face-centered-cubic fc
site! is directly above a silver atom in the third layer. I
addition to these hcp and fcc hollow sites, we investiga
two other sites for chlorine atom adsorption, i.e., on top
one of the surface silver atoms~top! and on the bridge be
tween an fcc and hcp site~bridge!.

In all calculations, the simulation cell consisted of a)
3)R300 supercell, resulting in three silver atoms in ea
layer, which were then infinitely repeated parallel to the s
face by periodic boundary conditions. This modest super
ensured that the different adsorption sites were separ
enough from their images in the mirror cells that the a
sorbed chlorine atoms would not interact significantly w
each other, and is furthermore capable of simulating the)
3)R300 chlorine coverage found experimentally.76–78 The
entire slab of material, including the chlorine atoms, w
9-3
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de LEEUW, NELSON, CATLOW, SAUTET, AND DONG PHYSICAL REVIEW B69, 045419 ~2004!
allowed to relax during the electronic and geometry optim
zation. However, the chlorine atoms placed on the bridge
top sites moved away upon relaxation towards either a fc
hcp site, and we therefore kept these chlorine atoms fi
parallel to the plane of the surface, while allowing the d
tance between slab and chlorine atom to vary normal to
surface. These partially constrained calculations enable u
obtain energies for these unstable adsorption sites, w
even if unstable will provide pathways for chlorine ato
migration across the surface~see Fig. 2!.

The adsorption energies for the different sites are liste
Table I, from which it is clear that the fcc and hcp sites a
both equally amenable to Cl adsorption, with a slight en
getical preference (1 kJ mol21) for the fcc site, but that the
bridge and especially the top sites are less favourable ads
tion sites. However, the difference in adsorption energy
tween hcp and bridge sites is less than 10 kJ mol21, which
although significant is relatively small compared to the la
adsorption energies. As such we may expect the initial
sorption of chlorine at the surface to a certain extent to
random between the two hollow sites, with rapid diffusion
adsorbed chlorine atoms away from the top and bridge s
Adsorption in the two hollow sites, with a preference for t
fcc site, is borne out qualitatively by several experimen
studies of halogen adsorption at close-packed metal surfa
for example by Takataet al.,79 who found that chlorine ad
sorbed preferentially in the fcc sites on the nickel~111! sur-

FIG. 2. Plan view of chlorine atoms adsorbed at four differe
surface sites, i.e.,~a! the fcc site,~b! the hcp site,~c! the bridge site,
and~d! on top of one of the surface silver atoms~Ag, pale gray; Cl,
dark gray!.

TABLE I. Energies of adsorption of atomic chlorine at differe
surface sites on the perfect~111! surface.

Adsorption energies of atomic chlorine at the perfect~111! surface
~in kJ mol21) and Ag-Cl bond lengths~in Å!

Surface
site

Symmetric adsorption at
both sides of silver slab

Adsorption at one
side of slab only

rAg-Cl

fcc hollow 2158.1 2156.9 2.66
hcp hollow 2157.2 2156.0 2.66

Bridge 2147.5 2148.2 2.56
Top 2114.9 2109.0 2.40
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face. Dhanaket al., on the other hand, also identified the fc
hollow as the preferential site for the adsorption of iodine
the palladium~111! surface,80 but found that approximately
10% of iodine atoms adsorbed in the hcp sites. Kadodw
et al.81 showed an even larger occupation of 25% of hcp s
on the copper~111! surface by chlorine atoms, in agreeme
with our calculations which suggest that the hcp site wo
be an energetically favorable adsorption site as well.

As the above calculations are computationally expens
especially once we start calculating adsorption at defec
sites, such as vacancies, adatoms and steps, and adso
of Cl2 , all of which necessitate much larger simulation ce
we investigated whether a different and cheaper proced
would yield similar energies and geometries. We theref
repeated the above calculations for a slab of silver mate
where the bottom of five silver layers was kept fixed at
bulk relaxed position, but where the atoms in the other fo
layers were allowed to move freely during electronic a
geometry optimization. Chlorine was only adsorbed at
unrestrained surface, with the necessary dipole correc
employed to neutralize the dipole thus created perpendic
to the surface. We once again investigated the adsorptio
atomic chlorine at the fcc, hcp and bridge sites and the
culated adsorption energies are also listed in Table I, wh
shows that the two methods agree to about 1 kJ mol21 in the
adsorption energies for the stable adsorption sites, and w
5 kJ mol21 for the unstable adsorption site on top of the s
ver atom. The relative reactivities of the different sites a
show good agreement between the two sites, with the bri
site now less favourable than the fcc site by abo
8 kJ mol21. Figure 3 shows the chlorine atom adsorbed
the fcc site, where the electron density contour plots throu
the plane of the chlorine atom show that up to an elect
density distribution of 0.20eÅ23 is distributed along the
Ag-Cl bonds, which are partially covalent.

t

FIG. 3. Side view of the geometry optimized structure of t
silver ~111! surface with chlorine atom adsorbed at the fcc site,
directly above a silver atom in the third layer, with electron dens
contour plots through the plane of the chlorine atom~electron den-
sity contour levels are from 0.02e/Å3 to 0.30e/Å3 at 0.02e/Å3 in-
tervals!.
9-4
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DENSITY-FUNCTIONAL THEORY CALCULATIONS OF . . . PHYSICAL REVIEW B 69, 045419 ~2004!
On the basis of these calculations of chlorine adsorp
at the~111! surface in a)3)R300 cell, we used the sam
set up in our subsequent calculations, with a bottom laye
fixed silver atoms and a dipole correction, to obtain the str
tures and adsorption energies for adsorption at surface
fects.

Adsorption at surface defects

For the simulation of chlorine adsorption at surface d
fects, we needed larger simulation cells to model the vari
defective surfaces, for example 333 supercells for the sur
faces with vacancies and adatoms. Clearly, if we are to c
pare adsorption structures and energies between the diffe
supercells, we need to investigate whether the size of
supercell affects these properties. However, when we in
tigated whether the use of a larger supercell had any effec
the adsorption energy, we found that the effect was ne
gible, and that growing the)3)R300 ~111! surface cell to
even just a 232 supercell was sufficient to avoid the size
the simulation cell or chlorine-chlorine interactions to affe
the adsorption energy or adsorbate/substrate structure.
inter-chlorine distances on the)3)R300 and 232 sur-
faces are 5.1 and 5.9 Å, respectively, which is far more t
twice the van der Waals radius of chlorine~3.6 Å!, and direct
interactions between the adsorbed chlorine atoms are th
fore negligible even on the)3)R300 surface. The differ-
ence in adsorption energies in the fcc site between the)
3)R300 and 232 surface cells is only 1.5 kJ mol21, and
this small difference in adsorption energies is due to
slightly more extensive relaxation of the surface silver ato
around the adsorbed chlorine atom in the 232 cell. Whereas
after electronic relaxation only, the energy released upon
sorption of atomic chlorine at the 232 surface cell is only
40.9 kJ mol21, upon full geometry optimization this adsorp
tion energy increases to 158.4 kJ mol21, clearly showing that
atomic relaxation is the major contributory factor to the a
sorption energies. The close agreement in structures and
ergies between the)3)R300 and 232 supercells shows
that the size of the simulation supercell does not affect
adsorption energies, which are listed in Table II for the def
sites.

We first studied adsorption of atomic chlorine on a~111!
plane, where one of each nine surface atoms had bee
moved, leaving an 11% concentration of isolated surface
cancies@see Fig. 1~c!#. In addition to a partially vacant sur

TABLE II. Energies of adsorption of atomic chlorine at surfa
defects on the~111! surface.

Adsorption energies of atomic chlorine at defect sites on the~111!
surface~in kJ mol21)

Terrace fcc site 2158.4
Vacancy In vacancy site 2157.3

Fcc site next to vacancy 2166.0
Adatom On adatom 2113.4

Fcc site next to adatom 2136.3
Step At step edge 2163.9
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face, we also investigated the effect of isolated silver ato
added to the surface. Again we studied a 333 surface super-
cell, this time with an 11% coverage of isolated silver ato
on the ~111! plane @see Fig. 1~b!#. Finally, we studied a
stepped~111! surface to investigate how the adsorption b
havior is affected by the presence of an extended step e
of low-coordinated surface atoms instead of isolated po
defects. Unlike the surface vacancy and adatom calculat
above, the steps on the~111! surface were not formed from
defects on the 333 planar supercell, as this would lead to
surface containing either one missing row of silver atoms
two missing rows~i.e., one row of adatoms!, which would
not be a realistic model for a stepped surface. The step
surface was therefore created by adjusting the lattice vec
of the supercell to form a repeating slab, where the rep
unit was offset by one atomic layer with respect to the fi
cell. As a result the simulation cell has a true step at
surface, which is repeated from cell to cell, with a terrace
three silver atoms deep between the steps@see Fig. 1~d!#.65

This method of creating stepped planes, which has also b
successfully employed in previous simulations of stepp
calcite and forsterite surfaces,82 avoids the occurrence of two
opposing steps in a single simulation cell, which would le
to a crenellated rather than a truly stepped surface.

When a vacancy is introduced in the surface, the chlor
atom can either adsorb at the vacancy site or in its vicinity
addition to the vacancy site itself, we have also calcula
the adsorption energy when the chlorine atom becomes
sorbed in an fcc site next to the vacancy. We see, from
energies in Table II. that adsorption in the vacancy site its
releases about the same energy as adsorption at the fcc s
the perfect surface~157.3 versus 158.4 kJ mol21). However,
adsorption in the fcc site next to the vacancy~Fig. 4! has
become more favourable compared to the perfect surf
releasing 166.0 kJ mol21, although the difference in energie
is so small~less than 8 kJ mol21) that in view of the large
energies released upon adsorption at the perfect sites, w
not expect it to cause a significant preferential adsorption

FIG. 4. Plan view of the 11% vacant~111! surface, with chlorine
atom adsorbed in a fcc site next to the vacancy, where the s
atoms in the second layer underneath the vacancy are shaded d
~Ag, light gray; Cl, dark gray!.
9-5
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chlorine near vacancy sites. The chlorine adsorbed nea
vacancy is interacting more strongly with the surface sil
atoms than on the perfect surface. Whereas the Ag-Cl bo
to the three surface silver atoms surrounding the fcc site
the perfect surface is 2.66 Å~for both the)3)R300 and
232 surface cells!, next to the vacancies the Ag-Cl bond
have shortened to two short bonds of 2.62 and 2.63 Å
one longer of 2.71 Å. Because of the adjoining vacancy s
the silver atoms surrounding the vacancy have lost coord
tion to one of their neighbors in the surface layer, whi
could lead to a stronger electronic interaction with the
sorbed Cl atom. In addition, the silver atoms bonded to
adsorbed chlorine atom can relax more extensively,
asymmetrically, to accommodate the Cl atom, which can t
approach the surface more closely. However, the effect is
large leading to the relatively small increase in adsorpt
energy.

Whereas we saw above that adsorption in the fcc site n
to the vacancy was slightly more favourable than on the p
fect surface, the opposite is true for adsorption at or near
adatom. When adsorbed to the adatom itself, the chlo
atom only forms one long Ag-Cl bond of 2.88 Å to the silv
adatom, leading to the low adsorption energy
113.4 kJ mol21. Again, the preferred position is in the fc
site next to the adatom~Fig. 5!, where 136.3 kJ mol21 is
released, more favorable than at the adatom itself by alm
23 kJ mol21, which should ensure that the fcc site will b
occupied preferentially over the adatom. However, adso
tion in the fcc site next to the adatom is still hindered by t
defect, leading to long Ag-Cl bonds of 2.73 Å to the tw
silver atoms surrounding the fcc site, which are furthest aw
from the adatom and 2.89 Å to the remaining silver ato
which is neighboring the adatom. This unfavourable inter
tion of the Cl atom with the surface silver atoms leads to
low adsorption energy of 136.3 kJ mol21, which compared
to adsorption at the perfect surface (22 kJ mol21 more favor-
able! should ensure that adsorption near surface adatoms
be less likely.

FIG. 5. Side view of chlorine adsorption at the fcc site next
the silver adatom~electron density contour levels are from 0.02
0.30e/Å3 at 0.02e/Å3 intervals!.
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We next investigated chlorine adsorption at various s
near the step edge. However, all starting positions of
chlorine atom led to the same final configuration upon el
tronic and geometry optimization, where the chlorine ato
becomes attached to two silver atoms on the step edg
2.48 and 2.53 Å, without interactions to silver atoms on t
terrace below the step, where the distance to the neares
ver atom is found to be 4.20 Å. Even when the chlorine at
was initially positioned on the terrace below the step, up
relaxation the chlorine atom moved away to the posit
shown in Fig. 6. The energy released upon adsorption at
step edge is 163.9 kJ mol21 ~Table II!, which is larger than
on the perfect surface, but only by 5.5 kJ mol21, which is not
enough to direct Cl adsorption towards these edge sites
significant extent.

FIG. 6. Side view of the stepped~111! surface, with chlorine
atom adsorbed at the step edge~electron density contour levels ar
from 0.02 to 0.30e/Å3 at 0.02e/Å3 intervals!.

FIG. 7. Side view of the perfect~111! surface, with a chlorine
molecule associatively chemisorbed to the fcc site, showing co
lent Cl-Cl and partially covalent Ag-Cl bonding~electron density
contour levels are from 0.02 to 0.30e/Å3 at 0.02e/Å3 intervals!.
9-6
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DENSITY-FUNCTIONAL THEORY CALCULATIONS OF . . . PHYSICAL REVIEW B 69, 045419 ~2004!
Adsorption of a Cl2 molecule

We finally investigated the adsorption of a Cl2 molecule
at the silver~111! surface. As our calculations of adsorptio
of atomic chlorine described above have shown that the
sorption energies are not significantly enhanced by the p
ence of defects and that adsorption at defects is thus
particularly preferred and even hindered by the presenc
adatoms, we have concentrated on adsorption of Cl2 at the
perfect ~111! surface only. One of the initial configuration
we investigated was a Cl2 molecule adsorbed at the fcc sit
but perpendicular to the surface. However, the Cl2 molecule
remained associated and only a lengthening of the C
bond from 2.00 to 2.40 Å occurred upon electronic and
ometry optimization, shown in Fig. 7. The electron dens
contour plots show that the Cl-Cl bond is purely covale
and that there is also some covalency in the Ag-Cl bonds
the same extent as was found for adsorption of atomic c
rine on the planar surface. The Cl atom closest to the sur
is located in the fcc site, in almost exactly the same posit
as atomic Cl adsorbed at this site, with only a margina
shorter Ag-Cl bond of 2.65 Å~instead of 2.66 Å!. The ad-
sorption energy, calculated according to equation~2!, is very
small, only 42.8 kJ mol21 ~Table III! and as the adsorption o
atomic chlorine is calculated to release well ov
300 kJ mol21 for two dissociated chlorine atoms, this resu
suggests either that there may be a significant energy ba
to dissociation of the chlorine molecule and/or that the p
pendicular configuration of the Cl2 molecule on the surface
is a local minimum energy position. However, experime
tally, chlorine is found to adsorb in a dissociative fashio
indicating that there may not be a significant energy bar
to Cl2 dissociation.77 We therefore investigated a number
different starting configurations, where the Cl2 molecule was
initially positioned parallel to the surface in two direction
and at a 45° angle to the surface, also pointing in two dir
tions. These parallel and angled initial starting configuratio
all lead to dissociation of the Cl2 molecule, indicating that
the perpendicular position was indeed a local minimum,
they did not lead to the same final configurations, which g
us the opportunity to investigate the effect of the relat
final positions of the two dissociated chlorine atoms on
adsorption energies,Eads, which are given by:

Eads5Eslab1Cl2
2@Eslab1E~Cl2!#. ~2!

In the lowest energy final configuration, one chlori
atom of the dissociated Cl2 molecule is adsorbed in a fcc sit

TABLE III. Energies of adsorption of molecular chlorine at th
perfect~111! surface.

Adsorption energies of Cl2 molecule at adsorption sites on the
perfect~111! surface (kJ mol21)

Associated 242.8
Dissociated Configuration 1 2230.6

Configuration 2 2215.7
Configuration 3 2217.1
Configuration 4 2228.0
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on the~111! surface~labeled 1! with the other atom adsorbe
in a hcp site~labeled 2!. As a result, the 0.5 monolayer cov
erage of adsorbed chlorine atoms forms a hexagonal ho
comb overlayer, which is rotated by approximately 35° w
respect to the underlying 232 silver surface shown in Fig
8~a!, where each Cl-Cl distance is 3.40 Å. The Cl atoms
the fcc sites are bonded to two Ag atoms at a distance of 2
Å and to the third Ag atom at a distance of 2.69 Å. The

FIG. 8. Top views of~a! the lowest energy configuration 1 of th
planar~111! surface with dissociatively adsorbed Cl2 molecules in a
hexagonal honeycomb structure, where Cl atom~1! is adsorbed in a
fcc site and Cl atom~2! in a hcp site, with partially covalent bond
ing between the adsorbed Cl atoms;~b! the energetically least pre
ferred chlorine overlayer, configuration 2, showing distortion of t
hexagonal network; and~c! configuration 3, with Cl atoms~1! off-
center from the fcc sites~distances in Å, electron density contou
levels from 0.02 to 0.30e/Å3 at 0.02e/Å3 intervals!.
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de LEEUW, NELSON, CATLOW, SAUTET, AND DONG PHYSICAL REVIEW B69, 045419 ~2004!
atoms adsorbed in the hcp sites are bonded to two Ag at
at 2.66 Å each and to the third at 2.56 Å. The Cl-Cl distan
of 3.40 Å is less than double the van der Waals radius
chlorine~3.60 Å! and we may thus expect that some bond
interactions between the adsorbed chlorine atoms have
retained. Indeed, the electron density contour plots thro
the plane of the chlorine atoms show that some electron d
sity is still distributed along the Cl---Cl axes~up to
0.06eÅ23) and the whole honeycomb overlayer thus form
network of partially covalent interactions between the ch
rine atoms.

The geometries and electronic distribution of the oth
chlorine overlayers are not as regular as the lowest en
configuration shown in Fig. 8~a!. In the least favourable con
figuration shown in Fig. 8~b!, which is however only
15 kJ mol21 less exothermic than Fig. 8~a!, the chlorine at-
oms are still adsorbed in a honeycomb structure. Howe
even though half of the chlorine atoms are still adsorbed
fcc sites @labeled ~1! in Fig. 8~b!#, they are adsorbed off
center with one short Ag-Cl bond of 2.47 Å, one interme
ate bond at 2.60 Å, and one long interaction at 2.81 Å. T
other half of the chlorine atoms, labeled 2, have beco
adsorbed in a semi-bridging position, bonded to only t
silver atoms at 2.41 and 2.86 Å. We see from Fig. 8~b! that,
although the electron density is still to some extent spr
out over the hexagonal network of chlorine atoms, the dis
bution is far less uniform than in Fig. 8~a! and the Cl-Cl
distances also vary between 3.22 and 3.69 Å. The chlo
overlayer actually more closely resembles parallel ‘‘zigza
lines on the surface, with alternating Cl-Cl distances of 3
and 3.31 Å and considerable overlap of electron den
along the Cl---Cl axis. These ‘‘zigzag’’ lines interact wit
each other at certain points where the chlorine atoms
3.69 Å apart, but with negligible electron density distribut
along the axis between these chlorine atoms. Configura
3, shown in Fig. 8~c!, is intermediate between Figs. 8~a! and
8~b!, both in terms of energy released upon adsorption of2
~Table III! and in terms of final configuration of the adsorb
chlorine atoms at the surface. This configuration has virtu
the same energy of adsorption of Cl2 (2217.1 kJ mol21) as
configuration 2 in Fig. 8~b! (2215.7 kJ mol21), and the
structure of the chlorine overlayer is similar. The chlori
atoms that are adsorbed off-center in the fcc site, labeled
Fig. 8~c!, are coordinated to the three surrounding surfa
silver atoms at Ag-Cl distances of 2.46, 2.55, and 2.91
whereas the other chlorine atoms are adsorbed midway
tween a bridging and atop position, coordinated to two sil
atoms at 2.42 and 2.85 Å.

The fourth structure, shown in Fig. 9, however, is diffe
ent from the previous three in that the chlorine overlaye
buckled with respect to the surface, i.e., the hexagonal h
eycomb structure which is flat with respect to the surface
configurations 1–3 is no longer so in configuration 4,
shown in Fig. 9~a!. Its adsorption energy of 228.0 kJ mol21

is close to that of the energetically preferred configuration
Fig. 8~a! and the chlorine overlayer is stabilized by stro
interactions with the surface silver atoms. The chlorine
oms which are farthest away from the surface, labeled 1
Fig. 9, form single bonds to one surface silver atom ea
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with a large degree of covalent bonding. Up to 0.43eÅ23 is
distributed along the 2.56 Å long Ag-Cl bond, compared
0.20eÅ23 for the Cl atom in the fcc site in the)
3)R300 chlorine overlayer described above. The oth
chlorine atoms~type 2!, which are adsorbed closer to th
surface, form two very short bonds of 2.33 Å to surfa
silver atoms, with a similar degree of covalency~up to
0.40eÅ23). The type 2 chlorine atoms are further coord
nated to a third silver atom at 2.62 Å, which is the same a
bonded to the type 1 chlorine atom. As a result of the
interactions with both types of chlorine atoms, the silv
atom is pulled out of the surface plane by approximately
Å @Fig. 9~a!#. However, although the two types of chlorin
atoms are at different heights above the silver plane (Dr
51.3 Å), we see from Fig. 9~a!, which shows electron den
sity contour plots through both types 1 and 2 chlorine ato
~and the silver layers!, that the electron density for both chlo

FIG. 9. ~a! Side view of the nonplanar chlorine overlayer on t
silver ~111! surface, showing the flat electronic structure of t
overlayer.~b! Plan view, showing Cl-Cl distances~distances in Å,
electron density contour plots through the plane of both types
chlorine atoms and the top silver layer, from 0.05 to 0.40e/Å3 at
0.05e/Å3 intervals!.
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DENSITY-FUNCTIONAL THEORY CALCULATIONS OF . . . PHYSICAL REVIEW B 69, 045419 ~2004!
rines is located at the same height above the surface, o
out of the plane from the geometrical position of Cl~1! and
into the surface from the geometrical position of Cl~2!. Thus,
even though the atomic geometry of the chlorine overlaye
buckled, the electronic structure is flat, similar to configu
tions 1–3. The Cl-Cl distances are fairly regular at 3.63 Å
a zigzag pattern similar to Fig. 8~b! and at 3.69 Å between
the rows, shown in Fig. 9~b!.

DISCUSSION

Our results of adsorption of chlorine atoms at the fcc, h
bridge and top sites of the perfect~111! surface agree with
those of Doll and Harrison,49 who used the simulation cod
CRYSTAL, which employs a local basis set formalism whe
the basis functions are Gaussian type orbitals centered a
atoms, to calculate adsorption energies at the same fou
sorption sites. They also found the preference for adsorp
of fcc.hcp.bridge.atop for chlorine adsorption at on
side only in)3) simulation cells of three and four layer
thickness, with the fcc and hcp sites equally amenable
adsorption to within about 1 kJ mol21 and a difference of
about 7 kJ mol21 between the hcp and bridge sites. Th
calculated dissociative adsorption energy per Cl2 molecule of
2323 kJ mol21 agrees well with ours of2314 kJ mol21 for
adsorption at the fcc site, whereas a different computatio
study of chlorine adsorption at the fcc site of a small clus
of silver atoms representing the~111! surface, showed calcu
lated adsorption energies of between2309 and
2386 kJ mol21 depending on the cluster,83 although it is not
clear from this paper whether these energies are calcul
with respect to a Cl atom or a Cl2 molecule.

Experimental studies of Cl2 adsorption at the silver~111!
surface showed chemisorption of atomic chlorine measu
adsorption energies of 209 to 231 kJ mol21 per Cl2
molecule.77,84 Our calculated adsorption energies of adso
tion of Cl2 range from 216 to 231 kJ mol21, which are
clearly in excellent agreement with these experimenta
found adsorption energies.77,84 However, Goddard and
Lambert77 argued that their adsorption energy
209 kJ mol21, which was based on an assumed p
exponential factor in the interpretation of their data, was
low as the complete absence of Cl2 desorption indicates tha
the chlorine has adsorbed in a dissociative fashion, wh
entails breaking the Cl-Cl chemical bond with an experim
tal dissociation energy of 239 kJ mol21 and hence dissocia
tive adsorption of Cl2 should release enough energy to ov
come the dissociation energy of the Cl2 molecule. Their view
that an adsorption energy of 209 kJ mol21 is not enough for
dissociative adsorption of Cl2 would agree with our calcula
tions of the adsorption of atomic chlorine, if we assume t
the adsorption energy of Cl2 is just twice that of an atomic
chlorine atom ~i.e., about two times 155– 160 kJ mol21).
However, our calculations of the adsorption of a Cl2 mol-
ecule, rather than atomic chlorine, show that at a coverag
0.5, which is the same as that found by Goddard and L
bert on the silver~111! surface,77 the chlorine atoms do no
become completely dissociated and isolated from each o
but form instead a regular network of chlorine atoms, k
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together by partially covalent interactions. Because the in
actions between the chlorine atoms is weak and they are
adsorbed in a pair-wise fashion, subsequent desorptio
more likely to occur as atomic chlorine than as Cl2 mol-
ecules, as is observed experimentally.77,84For example, when
we calculate the energy of the energetically preferred ch
rine overlayer@Fig. 8~a!# without the underlying silver sur-
face, the residual energy~i.e., the energy of the chlorine
overlayer with respect to isolated chlorine atoms! is
258.4 kJ mol21 per chlorine atom. This energy is, howeve
an upper value as it is based on a electronic relaxation w
out geometry optimization of the chlorine overlayer on
and as such it does not take into account the electronic in
actions with the silver atoms in the surface, which will low
the interchlorine interaction. However, this calculation sho
that in the extreme case, another 58.4 kJ mol21 per chlorine
atom, i.e., about 117 kJ mol21 per adsorbed Cl2 molecule,
should have to be expended if the chlorine network were
be fully dissociated into isolated chlorine atoms. Despite
apparent anomaly between the experimental adsorption e
gies and the desorption of atomic chlorine off the surface,
experimentally measured adsorption energies of up
231 kJ mol21, which are confirmed by our calculated ene
gies of Cl2 adsorption, are compatible with an extended n
work of partially dissociated Cl2 molecules, which are stabi
lized by residual covalent interchlorine interactions.
addition, the higher coverage of chlorine atoms could lead
repulsive lateral interactions between the chlorine atoms
decrease of the Ag-Cl bond strength due to some of the
atoms sharing particular silver atoms, all of which wou
lead to a smaller adsorption energy of the dissociated2
molecules compared to atomic chlorine.

Another issue of debate has been the Ag-Cl bond len
once chlorine was adsorbed at the silver~111! surface, and
the chlorine overlayer structure. At low coverages of a
proximately 1/3 monolayer there are strong experimental
dications that a)3)R300 pattern of chlorine atoms is
favored,76–78 followed by higher density structures at in
creased coverages up to saturation, although the repo
coverages vary widely.76–78,85–88Schott and White use scan
ning tunneling microscopy on atomically flat silver~111! ter-
races, where at a coverage of 0.6 they identify a chlor
overlayer as a double row configuration on the surface, se
rated by transition regions of hexagonal patterns. This c
figuration of the overlayer is similar to our structure in Fi
8~b!, but with one extra chlorine atom in the middle of ea
distorted chlorine hexagon. In surface regions with cov
ages of approximately 0.45 they observe incomplete chlo
adlayers, which are identical to our honeycomb structu
The agreement is especially good with our configuration
shown in Fig. 8~b!, where the chlorine atoms are adsorbed
both fcc and semibridge sites. Schott and White obse
chlorine rows of different brightness, indicating two types
adsorption sites for the chlorine atoms, which are consis
with threefold hollow and twofold bridge sites. They me
sured Cl-Cl distances of 3.8 and 3.3 Å, which agree v
well with our calculated Cl-Cl distances of 3.69 and 3.22
in Fig. 8~b!. Lambleet al.85 used low energy electron diffrac
9-9
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tion ~LEED! and surface extended x-ray absorption fin
structure~SEXAFS! measurements to identify an alternati
vacancy honeycomb structure at a coverage of 0.67, whic
of course a more densely packed structure than our chlo
overlayers, but other workers tend to disagree with their
ported coverage. Schott and White argued that Lam
et al.’s SEXAFS data should be reinterpreted, as LEED w
have given an average structure of the three different S
patterns identified by Schott and White. If the SEXAFS d
take into account this averaging of the structures, the LEE
SEXAFS results are consistent with the STM results
Schott and White. Our calculations of the 0.5 monola
coverages clearly show that it is possible to obtain a rang
different chlorine overlayers, which are energetically simil
As such, it is quite feasible that Lambleet al. obtained dif-
ferent adsorption patterns, giving average data.

Lambleet al. measure an Ag-Cl bond length of 2.70 Å,85

whereas Shard and Dhanak, also using SEXAFS, mea
Ag-Cl bondlengths of only 2.48 Å.78 Previous calculations
based only on adsorption of atomic chlorine in the)
3)R300 configuration were unable to resolve the matter
the calculated Ag-Cl bondlengths were intermediate at 2
or 2.55 Å, depending on the approximations used in the D
techniques.49 However, based on our calculations, we co
clude that both can be correct depending on the adsorp
site and configuration of the adsorbed chlorine atoms. Firs
we found in our simulations of atomic chlorine at differe
surface features, that surface defects have a distinct effec
the Ag-Cl bond lengths, which were calculated to range fr
2.48 and 2.53 Å at the step edge, through 2.66 Å on
perfect surface, to 2.62 and 2.71 Å at the vacancy site
2.73 Å at the adatom site. Several experimental studies h
found that at high chlorine dosages, layers of silver chlor
are formed at the silver~111! surface.87–91 For example, the
STM studies of silver~111! chlorination by Andryushechkin
et al. showed that AgCl islands usually nucleate at surfa
defects such as atomic steps,90 and more rarely on the
terraces.91 Certainly, the short Ag-Cl bond lengths for th
chlorine atoms adsorbed at the step edges suggest the fo
tion of a phase, which is closer to silver chloride than are
chemisorbed chlorine molecules on the planar surface.
saw that the chlorine atoms ‘‘preferred’’ to adsorb to the s
edge, coordinating to only two silver atoms, rather than
the fcc site on the terrace below, where they would be co
dinated to three silver atoms but at longer Ag-Cl distanc
However, when chlorine is adsorbed at the step edge
Ag-Cl-Ag angle is 72°, which although slightly larger tha
in the fcc site (68.8°) is still not very close to the silv
chloride structure (90°). Clearly, the stronger interact
with two silver atoms outweighs the higher coordinati
number of the fcc site, but although the resultant AgCl str
ture is slightly closer to crystalline silver chloride than t
chlorine adatoms at the planar surface, it would need a g
many further calculations to elucidate the process of form
tion of a silver chloride phase at the step edges.

In addition to the variation in Ag-Cl bond distances at t
surface defects discussed above, even considering only
perfect planar~111! surface, which is similar to the atom
cally flat terraces studied experimentally, we found that
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sorption of Cl2 molecules in a bigger simulation cell led t
four structurally different, but energetically almost identic
chlorine overlayers. When adsorbed in the lowest ene
configuration@Fig. 8~a!#, all chlorine atoms are located i
three-fold hollow sites ~fcc and hcp! and the Ag-Cl
bondlengths range from 2.56 to 2.69 Å, i.e., close to
value of 2.7060.02 measured by Lambleet al.85 However,
in the energetically least preferred configuration@Fig. 8~b!#,
the distortion of the honeycomb structure and adsorption
chlorine atoms off-center in the fcc sites and away from
hcp site onto a semibridge site, leads to a significant sh
ening of some of the Ag-Cl bonds to 2.41 and 2.47 Å, i.
close to the value found by Shard and Dhanak, even tho
their overlayer is only 1/3 of a monolayer and hence n
directly comparable with our 0.5-ML structures.78 However,
our findings show that at a particular coverage, it is perfec
feasible to obtain structurally very different adsorption laye
which are energetically very similar. The structure of co
figuration 4, shown in Fig. 9, which is energetically comp
rable to the lowest energy configuration, is even more
treme than the previous configurations in that some of
Ag-Cl bond lengths have shortened to 2.33 Å, i.e., ev
closer to the Ag-Cl bonds in the silver chloride structu
~2.28 Å! than at the step edges. This latter result confir
LEED and thermal desorption experiments by Bowker a
Waugh, who identified an AgCl layer on the silver~111!
surface, which desorbed from the surface as Ag
molecules,87 x-ray photoemission spectroscopy data by K
wasaki and Ishii, identifying the formation of an epitaxi
silver chloride layer on a thin silver~111! film89 and the
formation of silver chloride islands on the planar terrac
observed by STM measurements by Andryushechkinet al.91

CONCLUSION

We have executed a series of electronic structure calc
tions, based on density functional theory, of the adsorption
chlorine at the ideal and three defective~111! surfaces of
silver. We find that on the planar surface, chlorine ato
show an energetic preference for adsorption in the hol
sites, with virtually equal adsorption energies for the fcc a
hcp sites. Adsorption at or near surface defects has on
marginal effect on the adsorption energy, apart from adso
tion near the adatom, which is energetically less favoura
by 22 kJ mol21. As the gain in energy of chlorine adsorptio
at the step or vacancy in the surface is at most 8 kJ mol21 for
adsorption in the fcc site next to a silver vacancy, we exp
no significant preferential adsorption at the defect sites
view of the almost equally large adsorption energies at
normal sites on the perfect~111! surface. Apart from adsorp
tion at the step on the~111! surface, where the chlorine atom
becomes attached to two silver atoms on the step edge
sorption at the other surface defects, vacancies and adat
is preferred in the fcc sites next to the defect rather than
the vacancy or on the adatom itself.

In addition, we have studied the adsorption of chlori
molecules at the planar~111! surface at a coverage of 0.5
where we found a series of energetically similar chlori
9-10
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DENSITY-FUNCTIONAL THEORY CALCULATIONS OF . . . PHYSICAL REVIEW B 69, 045419 ~2004!
overlayers. The differences in energies between these
stable structures were small enough that there would be
significant energetic driving force for a transition of one co
figuration into a lower energy structure. Most configuratio
were based on a planar hexagonal honeycomb structure,
chlorine atoms adsorbed in stable hollow and semibri
sites on the surface, which agreed well with experimenta
found overlayer structures,86 although in our calculations th
0.5 monolayer structures were confined to 232 surface su-
percells and it is quite possible that alternative structu
would be obtained as well, if we were to consider differe
supercells. The chlorine molecules were almost comple
dissociated, but were not only held together in the overla
structure through interactions to the surface, but also b
network of covalent interactions between the chlorine ato
themselves, which could explain why Goddard and Lamb
found an adsorption energy which was lower than the
dissociation energy of Cl2 , in good agreement with our ca
culated energies for Cl2 adsorption.77 One of the energeti-
cally most favourable overlayers has the chlorine atoms
sorbed at different heights above the surface, although
electronic structure of the overlayer is planar. The silv
chlorine bondlength in this case suggests the formation
silver chloride structure, in agreement with experime
where desorption of AgCl molecules was found to occur.87

Even without taking into account surface defects,
overlayer structures from dissociated Cl2 molecules,92 which
are all energetically similar, exhibit a large range of calc
lated silver-chlorine bondlengths, from 2.33 Å for the no
planar structure, through 2.47 Å for a planar but irregu
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