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Density functional theory calculations of adsorption of chlorine at the perfect and defective (&ildgr
surface have shown that the energies of adsorption of chlorine atoms show little valiassnthan
30kJmol'l) between the different sites, from-136kJmol! next to a silver adatom, through
—159 kI mol ! at the perfect surface te- 166 kJ mol'! 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
dissociatedCI-Cl distance= 3.40 A), significant electron density is distributed along the CI-Cl axes, leading to
a network of electronic interactions between the adsorbed chlorine atoms. The adsorption energyisor Cl
calculated at—231 kJmol'?, in good agreement with experiment. Calculated Ag-Cl bond lengths of 2.69,
2.47, and 2.33 A 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 nunider68.03—-g, 68.43.Fg, 68.43.Bc, 68.47.De

INTRODUCTION Ag(111) surface®>*¢ Oxygen as a coadsorbate has also been
studied extensively by a variety of techniques, e.g., the spec-
Silver is of considerable industrial importance as a catatroscopic study of ethene and ethene oxide adsorption on an
lytic material, particularly in the selective partial oxidation of 0xygen-covered A@11) surface by Stacchiolat al®’ and
ethene to its epoxide, which is a widely used precursor fothe computational studies by Avdeev and Zhidomifeand
many chemical producfs As a consequence of its catalytic Sunet al** of the adsorption of ethene and methanol, respec-
significance and also because of the ease with which silver {vely, on oxidized silver surfaces. More recently, Bocquet
investigated using surface science techniques, such as sc&fi-2!- have used a combination of density functional theory
ning tunnelling microscopySTM) by, for example, Refs. 3 ca!culgtlons and S_TM experlmentﬁot‘c‘)l|nvest|gate ethene ep-
and 4, silver surfaces have been the subject of much ré)_XIdatIOI’l on t.he silvef11]) surface._' .
search, both experimentafiy® and theoretically~4 Often, . | he bare silver metal, however, is often not very selective
the reactivity of the metal is probed by the adsorption ofin catalytic partial OX|dat|_on processes; but after exposure to
small molecules, for example N&6 CO,,Y or SiO and and subsequent ad_sor_pfuon of (_:hlonne the metgl is observed
Y S . . - to demonstrate a significantly increased selectivity towards
SiS;* while a vangty of e_xpenmer?tal teqhnlques has beer{he desired reaction product; see, for instance, Ref. 42. As a
used to study the interactions of silver with a ?OOSI of smallagit, the interaction of halogens or halide-containing adsor-
organic adsorbates, such as methéﬁqhhe_gfl, tbutyl  pates with silver surfaces has been widely studied experi-
nitrite™ and sulfur-containing compound&:** More re- mentally, for example by the use of scanning tunnelling
cently, experimental techniques have been employed to Stuqﬁicroscopf temperature-programmed desorpfibmnd a
the SynthESiS and behavior of silver nanOpartiCleS; see, e.gf.ange of spectroscopic techmqlfééa However, computa-
Refs. 25 and 26. tional studies have often concentrated on the ideal
As oxygen plays a crucial fein the catalytic epoxidation surface$’~*°whereas real surfaces contain significant num-
procesg,?® its presence and behavior at the silver surfacebers of defects. In this work we have therefore employed
has been studied by a number of groups, often as the maklectronic structure calculations based on density functional
species under investigation, for example the STM study byheory (DFT) to investigate the adsorption of chlorine not
Carlisleet al. of the formation of an oxide film at the silver only at the perfect11l) surface of silver metal, but also at
(111) surface’® the effects of oxygen on silver three defective silvefl11l) surfaces; one surface consisting
morphology?*>* or the theoretical studies of oxygen adsorp-of a series 0f111) terraces offset from each other by mon-
tion by Li et al®? and Wanget al,*® oxygen dissociation on atomic steps, and tw11) planes which are partially vacant
Ag(110 surfaces by Salazaet al,>* and combined experi- in silver atoms. Our studies reveal that the energies of ad-
mental and theoretical studies of silver oxide phases on theorption of chlorine atoms show little variation between dif-
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ferent surface sites and that molecular chlorine adsorbs in @alculations, we ensured that in each calculation the vacuum
series of energetically similar overlayers, which are in goodayer was at least 16 A between the images of the surfaces
agreement with experimentally found structures. either side of the void. The Methfessel-Paxton mefhadth

a smearing width of 0.20 eV was chosen to determine how
the partial occupancies are set for each wave function, which
method gives an accurate description of the total energy of

The total energy and structure of the silver surfaces weréhe system.
calculated using the plane-wave pseudo-potential techniques
available in the Viennaab initio Simulation Program RESULTS
(VASP).>°=>3The basic concepts of DFT and the principles
Of app|y|ng DFT to pseudopotential plane_Wave Ca'cu'ations Silver has a face-centered-cubic structure. The eXperimen-
have been extensively reviewed elsewhere, for example, ifal lattice parameters of silver ara=b=c=4.101A,"
Refs. 54—56. Furthermore, this methodology is well estabWhich upon full electronic and geometry optimization ex-
lished and has been successfully applied to the study d¥anded slightly to 4.161 A, i.e., an error 6f1.5%. The
metals®”*®semiconductor8®®®and ionic material§~%3The  (111) surface, which is a hexagonal close-packed plane of
calculations were performed within the generalized-gradiengilver atoms, is the most stabfeand we thus concentrate on
approximation, using the exchange-correlation potential dethis surface in this study of the adsorption of chlorine. As

veloped by Perdewet al.®* which approach has been shown experimental surfaces are never perfect and catalytic pro-
to give reliable results for a range of metals and ionic matecesses often occur at surface defects, such as vacancies,

rials, shown, for example, in Refs. 65-67. Within the Steps, and growth islands, we have investigated chlorine ad-
pseudopotentia] approach on|y the valence electrons a@prption at different surface features, i.e. on the terrace of the
treated explicitly and the pseudopotential represents the eperfect surface; in or next to a surface vacancy; at a surface
fective interaction of the valence electrons with the atomicadatom; and on or below a monatomic step on (thel)
cores. The valence orbitals are represented by a p|ane Waﬁ@rface. Previous work has shown that these surface defects,
basis set, in which the energy of the plane-waves is less thaghown in Fig. 1, have low formation energies compared to
a given cutoff €,,), where the magnitude d., required the perfect surface and, therefore, that these surface features
to converge the total energy of the system has importar@n be expected to occur on experimeritdll) surface$®
imp“cations for the size of the calculation. The VASP pro- The perfect surface shows very little atomic relaxation of the
gram employs ultrasoft pseudopotenti@§? which allows  surface atoms with respect to the bulk metal, in line with
the use of a smaller basis set for a given accuracy. In ougXperiment,” although the electron density is more deloca-
calculations the core consisted of orbitals up to and includindised along the surface compared to the bulk. On the defec-
the 3d orbital for Ag, leaving the d and 5s electrons to be tive surfaces, the electron density is distributed in such a way

treated explicitly, and up to and including the @rbital for ~ as to minimize the effect of the defect, e.g., smoothing the
Cl. step and adatom edges and filling the vacancy, through a

For surface calculations, where two energies are comore gradual decline of electron density in the defect areas
pared, it is important that the total energies are well conthan is observed at the perfect surface. Atomic relaxation of
verged. The degree of convergence depends on a number e surface areas surrounding the defects also plays a role in
factors, two of which are the plane-wave cutoff and the denstabilizing the defective surface, especially shortening the
sity of k-point sampling within the Brillouin zone. We have Ag-Ag bonds in the immediate defect region.
investigated these by undertaking a number of calculations We first investigated the adsorption of chlorine atoms at
for bulk silver with different values for these parameters. Wethe different surface sites to determine the most stable ad-
have, by means of these test calculations, determined valu€8rption sites and adsorption energies, before considering the
for E (300 eV) and the size of the Monkhorst-Pakkpoint adsorptlo_n of a chlprlne _molecule. As chlorine in the gas
mesH® (11x 11x 11) so that the total energy is converged to phase e;xsts as a diatomic mglecule, we have calculated the
within 0.03 kJmol'? (<0.01%). The optimization of the adsorption energy.qs, according to Eq(1):
atomic coordinategand unit cell size/shape for the bulk ma-
terial) was performed via a conjugate gradients technique _ Egiapr o1~ [Esiant 1/2nE(Cl,) ]
which utilizes the total energy and the Hellmann-Feynman Eaas= n (1)
forces on the atom&nd stresses on the unit geMWe used
the common approach for modelling the surfaces, usingvhereEg,,: ) iS the energy of the geometry optimized slab
three-dimensional periodic boundary conditions by consideref silver with adsorbed chlorinéper Cl atom, Eg4, is the
ing slabs of Ag. Therefore, in addition to tkepoint density  energy of the slab of material without adsorbed chlorine,
and E. discussed above, the convergence in surface calcu=(Cl,) is the energy of an isolated Oinolecule and is the
lations also depends on the thickness of the slab of materisdumber of adsorbed CI atoms, all calculated with the same
and the width of the vacuum layer between the slabs. Agairsimulation parameters and in equivalent simulation cells to
we checked convergence by running a series of test calculachieve cancellation of basis set err6t3he adsorption en-
tions with different slab thicknesses and gap widths, whichergy calculated according to E€L) thus takes into account
showed that a slab thickness of five silver layers was suffithe energy necessary to dissociate the @blecule into two
cient for the energy to converge and on the basis of these te€il atoms, when we explicitly consider adsorption of atomic
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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 con-
tour plots through the silver atoms of the first,
fourth, and seventh layers from the tgp) The
(111) surface covered by 11% adatoms, showing
electron density contour plots through the silver
adatoms(c) A slice containing the vacancy of the
11% vacani(111) surface, showing electron den-
sity contour plots through the silver vacands)
The stepped11l) surface, showing electron den-

DEBEES

\ sity contour plots through silver atoms on the step

edge (electron density contour levels are from
0.02e/ A to 0.30e/R at 0.02e/ & intervals. The
apparent shift of electron density away from the
atoms in the other layers is due to the fact that the
electron density plane shown is not centred upon
those atoms and hence shows electron density in
a plane away from the atomic centers

) N
NN

chlorine. When we investigated adsorption of molecular Cl in the second laye(the hexagonal close packed hcp kite
at the surface, the molecule was left to dissociate duringvhereas the other hollow sitéhe face-centered-cubic fcc
geometry optimization, although a sufficient number of startSite) is directly above a silver atom in the third layer. In
ing configurations of the GImolecule at the surface was addition to these hcp and fcc hollow sites, we investigated

calculated to allow us to be confident that the lowest energ"© o'gchehr sites} for chllorine atom ads?jrptionr; i.g.,_don tgp of
structure had been obtained rather than a local minimum. one of the surface silver atoniop) and on the bridge be-
tween an fcc and hcp sitéridge.

In all calculations, the simulation cell consisted of/a
xV3R3( supercell, resulting in three silver atoms in each

We initially adsorbed chlorine atoms on both sides of alayer, which were then infinitely repeated parallel to the sur-
slab of silver material containing the perfgdtll) surfaces face by periodic boundary conditions. This modest supercell
on both sides, as shown in Fig(al The stacking of the ensured that the different adsorption sites were separated
planes of silver atoms in thél11) direction isabc, where  enough from their images in the mirror cells that the ad-
the silver atoms in the fourth layer are directly underneathsorbed chlorine atoms would not interact significantly with
those in the first layer, etc. As a result there are two types ofach other, and is furthermore capable of simulatingvthe
hollow site, each threefold coordinated by three close-packeckv3R3(° chlorine coverage found experimentalfy.”® The
silver atoms in the surface. One site is on top of a silver atonentire slab of material, including the chlorine atoms, was

Perfect (111) surface
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FIG. 2. Plan view of chlorine atoms adsorbed at four different
surface sites, i.e(p) the fcc site(b) the hcp site(c) the bridge site,
and(d) on top of one of the surface silver atoii#sy, pale gray; Cl,
dark gray. FIG. 3. Side view of the geometry optimized structure of the

silver (111) surface with chlorine atom adsorbed at the fcc site, i.e.
allowed to relax during the electronic and geometry optimi-directly above a silver atom in the third layer, with electron density
zation. However, the chlorine atoms placed on the bridge andontour plots through the plane of the chlorine at@iectron den-
top sites moved away upon relaxation towards either a fcc osity contour levels are from 0.02efAo 0.30e/& at 0.02e/& in-
hcp site, and we therefore kept these chlorine atoms fixetervals.
parallel to the plane of the surface, while allowing the dis-

tance between slab and chlorine atom to vary normal to thgsce. Dhanalet al, on the other hand, also identified the fcc
surface. These partially constrained calculations enable us ¥y|low as the preferential site for the adsorption of iodine on
obtain energies for these unstable adsorption sites, whicfpe palladium(111) surface®® but found that approximately
even if unstable will provide pathways for chlorine atom 1004 of jodine atoms adsorbed in the hcp sites. Kadodwala
migration across the surfa¢see Fig. 2 et al® showed an even larger occupation of 25% of hcp sites
Table 1, from which it is clear that the fcc and hcp sites areyith our calculations which suggest that the hcp site would
both equally amenable to CI adsorption, with a slight enerye an energetically favorable adsorption site as well.
getical preference (1 kJmot) for the fcc site, but that the A the above calculations are computationally expensive,
bridge and especially the top sites are less favourable adsorgspecially once we start calculating adsorption at defective
tion sites. However, the difference in adsorption energy besijtes, such as vacancies, adatoms and steps, and adsorption
tween hcp and bridge sites is less than 10 kJtholvhich  of CI,, all of which necessitate much larger simulation cells,
although significant is relatively small compared to the largeye investigated whether a different and cheaper procedure
adsorption energies. As such we may expect the initial adyould yield similar energies and geometries. We therefore
sorption of chlorine at the surface to a certain extent to bgepeated the above calculations for a slab of silver material,
adsorbed chlorine atoms away from the top and bridge sitegyy|k relaxed position, but where the atoms in the other four
Adsorption in the two hollow sites, with a preference for the|ayers were allowed to move freely during electronic and
fcc site, is borne out qualitatively by several experimentalyeometry optimization. Chlorine was only adsorbed at the
studies of halogen adsorption at close-packed metal surfacgnrestrained surface, with the necessary dipole correction
for example by Takatat al,” who found that chlorine ad-  employed to neutralize the dipole thus created perpendicular
sorbed preferentially in the fcc sites on the nickEll) sur- 1o the surface. We once again investigated the adsorption of
_ _ . ) ) atomic chlorine at the fcc, hcp and bridge sites and the cal-
TABLE I. Energies of adsorption of atomic chlorine at different culated adsorption energies are also listed in Table I, which
surface sites on the perfecl]) surface. shows that the two methods agree to about 1 kJthil the
adsorption energies for the stable adsorption sites, and within
5 kJmol ! for the unstable adsorption site on top of the sil-
ver atom. The relative reactivities of the different sites also

Adsorption energies of atomic chlorine at the perfddtl) surface
(in kI mol 1) and Ag-Cl bond lengthgéin A)

Surface  Symmetric adsorption atAdsorption at one rag.c show good agreement between the two sites, with the bridge
site both sides of silver slab side of slab only site now less favourable than the fcc site by about
fcc hollow —158.1 —156.9 2.66 8 kIJmol 1. Figure 3 shows the chlorine atom adsorbed at
hcp hollow —157.2 —156.0 2.66 the fcc site, where the electron density contour plots through
Bridge —1475 —148.2 2.56 the plane of the chlorine atom show that up to an electron
Top ~114.9 ~109.0 240 density distribution of 0.20eA® is distributed along the

Ag-Cl bonds, which are partially covalent.
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TABLE Il. Energies of adsorption of atomic chlorine at surface
defects on th€111) surface.

.
=T

Adsorption energies of atomic chlorine at defect sites on(1id)

. »

-
, M
surface(in kJ mol™?) - - e '
Terrace fce site —158.4 » Vvacgn - :
Vacancy In vacancy site —157.3 : _ a -
Fcc site next to vacancy —166.0 - . [
Adatom On adatom —113.4 4 . A A . - v
Fcc site next to adatom —136.3 — y o
®_ 0 Ld
Step At step edge —163.9 - - -
Lo .8
. -

On the basis of these calculations of chlorine adsorption
at the(111) surface in a/3xv3R30° cell, we used the same
set up in our subsequent calculations, with a bottom layer of ) ) )
fixed silver atoms and a dipole correction, to obtain the struc- F'C- 4. Plan view of the 11% vaca(it1l) surface, with chlorine

tures and adsorption energies for adsorption at surface gtom adsorbed in a fcc site next to the vacancy, where the silver
fects atoms in the second layer underneath the vacancy are shaded darker

(Ag, light gray; Cl, dark gray.

Ad ti t surf defect . . . .
sorption at stirface detects face, we also investigated the effect of isolated silver atoms

For the simulation of chlorine adsorption at surface de-added to the surface. Again we studied>a3 surface super-
fects, we needed larger simulation cells to model the variousgell, this time with an 11% coverage of isolated silver atoms
defective surfaces, for examplex3 supercells for the sur- on the (111) plane [see Fig. 1b)]. Finally, we studied a
faces with vacancies and adatoms. Clearly, if we are to comstepped(111) surface to investigate how the adsorption be-
pare adsorption structures and energies between the differevévior is affected by the presence of an extended step edge
supercells, we need to investigate whether the size of thef low-coordinated surface atoms instead of isolated point
supercell affects these properties. However, when we investefects. Unlike the surface vacancy and adatom calculations
tigated whether the use of a larger supercell had any effect cabove, the steps on th@&11) surface were not formed from
the adsorption energy, we found that the effect was neglidefects on the 3 planar supercell, as this would lead to a
gible, and that growing the3 xv3R30” (111) surface cell to  surface containing either one missing row of silver atoms or
even just a X2 supercell was sufficient to avoid the size of two missing rows(i.e., one row of adatomswhich would
the simulation cell or chlorine-chlorine interactions to affectnot be a realistic model for a stepped surface. The stepped
the adsorption energy or adsorbate/substrate structure. Th@rface was therefore created by adjusting the lattice vectors
inter-chlorine distances on th&xv3R30° and 2<2 sur-  of the supercell to form a repeating slab, where the repeat
faces are 5.1 and 5.9 A, respectively, which is far more thamnit was offset by one atomic layer with respect to the first
twice the van der Waals radius of chlorit@6 A), and direct cell. As a result the simulation cell has a true step at the
interactions between the adsorbed chlorine atoms are thergurface, which is repeated from cell to cell, with a terrace of
fore negligible even on the3 xv3R3( surface. The differ- three silver atoms deep between the steee Fig. 1d)].5°
ence in adsorption energies in the fcc site betweenvthe This method of creating stepped planes, which has also been
xV3R30P and 2x 2 surface cells is only 1.5kJmol, and  successfully employed in previous simulations of stepped
this small difference in adsorption energies is due to aalcite and forsterite surfacésavoids the occurrence of two
slightly more extensive relaxation of the surface silver atomspposing steps in a single simulation cell, which would lead
around the adsorbed chlorine atom in the 2 cell. Whereas to a crenellated rather than a truly stepped surface.
after electronic relaxation only, the energy released upon ad- When a vacancy is introduced in the surface, the chlorine
sorption of atomic chlorine at the>22 surface cell is only atom can either adsorb at the vacancy site or in its vicinity. In
40.9 kI mot*, upon full geometry optimization this adsorp- addition to the vacancy site itself, we have also calculated
tion energy increases to 158.4 kJ mbl clearly showing that the adsorption energy when the chlorine atom becomes ad-
atomic relaxation is the major contributory factor to the ad-sorbed in an fcc site next to the vacancy. We see, from the
sorption energies. The close agreement in structures and eenergies in Table Il. that adsorption in the vacancy site itself
ergies between the3 xv3R3(° and 2x 2 supercells shows releases about the same energy as adsorption at the fcc site of
that the size of the simulation supercell does not affect théhe perfect surfacél57.3 versus 158.4 kJ mol). However,
adsorption energies, which are listed in Table Il for the defectidsorption in the fcc site next to the vacanéyg. 4 has
sites. become more favourable compared to the perfect surface,

We first studied adsorption of atomic chlorine or14d1) releasing 166.0 kJ mot, although the difference in energies
plane, where one of each nine surface atoms had been ris-so small(less than 8 kJ mol') that in view of the large
moved, leaving an 11% concentration of isolated surface vaenergies released upon adsorption at the perfect sites, we do
canciegsee Fig. 1c)]. In addition to a partially vacant sur- not expect it to cause a significant preferential adsorption of
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FIG. 6. Side view of the stepped11) surface, with chlorine
FIG. 5. Side view of chlorine adsorption at the fcc site next to atom adsorbed at the step edgéectron density contour levels are
the silver adatontelectron density contour levels are from 0.02 to from 0.02 to 0.30e/A at 0.02e/& intervals.
0.30e/& at 0.02e/ R intervals.

We next investigated chlorine adsorption at various sites
chlorine near vacancy sites. The chlorine adsorbed near theear the step edge. However, all starting positions of the
vacancy is interacting more strongly with the surface silverchlorine atom led to the same final configuration upon elec-
atoms than on the perfect surface. Whereas the Ag-Cl bondgonic and geometry optimization, where the chlorine atom
to the three surface silver atoms surrounding the fcc site ohecomes attached to two silver atoms on the step edge at
the perfect surface is 2.66 for both thev3xv3R30° and  2.48 and 2.53 A, without interactions to silver atoms on the
2% 2 surface cells next to the vacancies the Ag-Cl bonds terrace below the step, where the distance to the nearest sil-
have shortened to two short bonds of 2.62 and 2.63 A ansler atom is found to be 4.20 A. Even when the chlorine atom
one longer of 2.71 A. Because of the adjoining vacancy sitewas initially positioned on the terrace below the step, upon
the silver atoms surrounding the vacancy have lost coordina€laxation the chlorine atom moved away to the position
tion to one of their neighbors in the surface layer, whichshown in Fig. 6. The energy released upon adsorption at the
could lead to a stronger electronic interaction with the ad-step edge is 163.9 kJ mal (Table 1)), which is larger than
sorbed CI atom. In addition, the silver atoms bonded to theon the perfect surface, but only by 5.5 kJ mblwhich is not
adsorbed chlorine atom can relax more extensively, anénough to direct Cl adsorption towards these edge sites to a
asymmetrically, to accommodate the Cl atom, which can thusignificant extent.
approach the surface more closely. However, the effect is not
large leading to the relatively small increase in adsorption
energy.

Whereas we saw above that adsorption in the fcc site next
to the vacancy was slightly more favourable than on the per-
fect surface, the opposite is true for adsorption at or near the
adatom. When adsorbed to the adatom itself, the chlorine

atom only forms one long Ag-Cl bond of 2.88 A to the silver . " el
adatom, leading to the low adsorption energy of v V
113.4 kImol . Again, the preferred position is in the fcc A A P
site next to the adatonfFig. 5), where 136.3 kJmol* is ‘vnv {
released, more favorable than at the adatom itself by almost ':i'l ‘ "
23 kJmol !, which should ensure that the fcc site will be ' YAV,
occupied preferentially over the adatom. However, adsorp- ‘i’i’i i
tion in the fcc site next to the adatom is still hindered by the - T <
defect, leading to long Ag-Cl bonds of 2.73 A to the two V V ? -
silver atoms surrounding the fcc site, which are furthest away A A C
from the adatom and 2.89 A to the remaining silver atom, g

which is neighboring the adatom. This unfavourable interac-
tion of the Cl atom with the surface silver atoms leads to the
low adsorption energy of 136.3 kJmd|, which compared FIG. 7. Side view of the perfedtLl1]) surface, with a chlorine

to adsorption at the perfect surface (22 kJ ntahore favor- molecule associatively chemisorbed to the fcc site, showing cova-
able should ensure that adsorption near surface adatoms wiként CI-Cl and partially covalent Ag-Cl bondin@lectron density

be less likely. contour levels are from 0.02 to 0.30€7 At 0.02e/& intervals.
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TABLE lll. Energies of adsorption of molecular chlorine at the
perfect(111) surface.

Adsorption energies of GiImolecule at adsorption sites on the
perfect(111) surface (kJ molt)

Associated —42.8
Dissociated Configuration 1 —230.6
Configuration 2 —-215.7
Configuration 3 —-2171
Configuration 4 —228.0

Adsorption of a Cl, molecule

We finally investigated the adsorption of a,@holecule
at the silver(111) surface. As our calculations of adsorption
of atomic chlorine described above have shown that the ad
sorption energies are not significantly enhanced by the pres
ence of defects and that adsorption at defects is thus na
particularly preferred and even hindered by the presence o
adatoms, we have concentrated on adsorption gfaCthe
perfect(111) surface only. One of the initial configurations
we investigated was a £molecule adsorbed at the fcc site,
but perpendicular to the surface. However, the f@blecule
remained associated and only a lengthening of the CI-CI
bond from 2.00 to 2.40 A occurred upon electronic and ge-
ometry optimization, shown in Fig. 7. The electron density (b)
contour plots show that the CI-Cl bond is purely covalent
and that there is also some covalency in the Ag-Cl bonds, tc
the same extent as was found for adsorption of atomic chlo-
rine on the planar surface. The Cl atom closest to the surfact
is located in the fcc site, in almost exactly the same position
as atomic Cl adsorbed at this site, with only a marginally
shorter Ag-Cl bond of 2.65 Ainstead of 2.66 A The ad-
sorption energy, calculated according to equat®nis very
small, only 42.8 kJ mol* (Table 11l) and as the adsorption of
atomic chlorine is calculated to release well over
300 kImort ! for two dissociated chlorine atoms, this result
suggests either that there may be a significant energy barrie
to dissociation of the chlorine molecule and/or that the per-
pendicular configuration of the £molecule on the surface (©
is a local minimum energy position. However, experimen-
tally, chlorine is found to adsorb in a dissociative fashion,
indicating that there may not be a significant energy barrieﬁ
to Cly dissociatior(.” We therefore investigated a number of fcc site and Cl atong2) in a hcp site, with partially covalent bond-

f:liff_erent Stgr_ting configurations, where thez_(moleculle WE.iS ing between the adsorbed CI atonis) the energetically least pre-
initially poszuoned parallel to the surface in two directions tgreq chiorine overlayer, configuration 2, showing distortion of the
and at a 45° angle to the surface, also pointing in two direCnexagonal network; anet) configuration 3, with Cl atomél) off-

tions. These parallel and angled initial starting configurationgenter from the fcc sitetdistances in A, electron density contour
all lead to dissociation of the €Imolecule, indicating that |evels from 0.02 to 0.30e/Aat 0.02e/ & intervalg.

the perpendicular position was indeed a local minimum, but

they did not lead to the same final configurations, which gave .
us the opportunity to investigate the effect of the relative’” the(111) surface(labeled 3 with the other atom adsorbed
final positions of the two dissociated chlorine atoms on th

adsorption energieg .45, Which are given by:

FIG. 8. Top views ofa) the lowest energy configuration 1 of the
lanar(111) surface with dissociatively adsorbed,@holecules in a
exagonal honeycomb structure, where Cl atdjris adsorbed in a

n a hcp site(labeled 2. As a result, the 0.5 monolayer cov-
erage of adsorbed chlorine atoms forms a hexagonal honey-
comb overlayer, which is rotated by approximately 35° with
Eags Es|ab+¢|2—[Es|ab+ E(Cl,)]. 2 respect to the underlying>2 silver surface shown in Fig.
8(a), where each CI-Cl distance is 3.40 A. The CI atoms in
In the lowest energy final configuration, one chlorinethe fcc sites are bonded to two Ag atoms at a distance of 2.58
atom of the dissociated Colecule is adsorbed in a fcc site A and to the third Ag atom at a distance of 2.69 A. The Cl
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atoms adsorbed in the hcp sites are bonded to two Ag atom
at 2.66 A each and to the third at 2.56 A. The CI-Cl distance
of 3.40 A is less than double the van der Waals radius of
chlorine(3.60 A) and we may thus expect that some bonding
interactions between the adsorbed chlorine atoms have bee
retained. Indeed, the electron density contour plots througt
the plane of the chlorine atoms show that some electron den
sity is still distributed along the CI---Cl axe$up to
0.06eA %) and the whole honeycomb overlayer thus forms a
network of partially covalent interactions between the chlo-
rine atoms.

The geometries and electronic distribution of the other
chlorine overlayers are not as regular as the lowest energ
configuration shown in Fig.(&). In the least favourable con-
figuration shown in Fig. &), which is however only
15 kJmol ! less exothermic than Fig.(®, the chlorine at-
oms are still adsorbed in a honeycomb structure. However
even though half of the chlorine atoms are still adsorbed in
fcc sites[labeled (1) in Fig. 8b)], they are adsorbed off-
center with one short Ag-Cl bond of 2.47 A, one intermedi-
ate bond at 2.60 A, and one long interaction at 2.81 A. The
other half of the chlorine atoms, labeled 2, have become
adsorbed in a semi-bridging position, bonded to only two
silver atoms at 2.41 and 2.86 A. We see from Figp)8hat,
although the electron density is still to some extent spreac
out over the hexagonal network of chlorine atoms, the distri-
bution is far less uniform than in Fig.(& and the CI-Cl
distances also vary between 3.22 and 3.69 A. The chlorine
overlayer actually more closely resembles parallel “zigzag”
lines on the surface, with alternating CI-Cl distances of 3.22
and 3.31 A and considerable overlap of electron density
along the CI---Cl axis. These “zigzag” lines interact with
each other at certain points where the chlorine atoms are
3.69 A apart, but with negligible electron density distributed
along the axis between these chlorine atoms. Configuratior.
3, shown in Fig. &), is intermediate between Figs(a8and

YT eI

@ . ; | , .
SHEEBE

. . FIG. 9. (a) Side view of the nonplanar chlorine overlayer on the
8(b), both in terms of energy released upon adsorption of Cl silver (111) surface, showing the flat electronic structure of the

(Tablg IIl) and in terms of final colnfigura.tion O,f the adsprbed overlayer.(b) Plan view, showing CI-Cl distanceslistances in A,
chlorine atoms at the surface_z. This configuration ha? virtually,actron density contour plots through the plane of both types of
the same energy of adsorption of,GH217.1kJmol~) @ ¢hiorine atoms and the top silver layer, from 0.05 to 0.4Ge4k
configuration 2 in Fig. &) (—215.7kJmof?), and the ¢ o5e/R intervalg.
structure of the chlorine overlayer is similar. The chlorine
atoms that are adsorbed off-center in the fcc site, labeled 1 iwith a large degree of covalent bonding. Up to 0.43éAs
Fig. 8(c), are coordinated to the three surrounding surfacalistributed along the 2.56 A long Ag-Cl bond, compared to
silver atoms at Ag-Cl distances of 2.46, 2.55, and 2.91 A0.20eA2 for the Cl atom in the fcc site in the/3
whereas the other chlorine atoms are adsorbed midway be<v3R30° chlorine overlayer described above. The other
tween a bridging and atop position, coordinated to two silverchlorine atoms(type 2, which are adsorbed closer to the
atoms at 2.42 and 2.85 A. surface, form two very short bonds of 2.33 A to surface
The fourth structure, shown in Fig. 9, however, is differ- silver atoms, with a similar degree of covalen@yp to
ent from the previous three in that the chlorine overlayer is0.40eA %). The type 2 chlorine atoms are further coordi-
buckled with respect to the surface, i.e., the hexagonal homated to a third silver atom at 2.62 A, which is the same as is
eycomb structure which is flat with respect to the surface irbonded to the type 1 chlorine atom. As a result of these
configurations 1-3 is no longer so in configuration 4, asinteractions with both types of chlorine atoms, the silver
shown in Fig. %a). Its adsorption energy of 228.0 kJmdl  atom is pulled out of the surface plane by approximately 0.7
is close to that of the energetically preferred configuration irA [Fig. 9(a)]. However, although the two types of chlorine
Fig. 8@ and the chlorine overlayer is stabilized by strongatoms are at different heights above the silver plaae (
interactions with the surface silver atoms. The chlorine at=1.3 A), we see from Fig. @), which shows electron den-
oms which are farthest away from the surface, labeled 1 isity contour plots through both types 1 and 2 chlorine atoms
Fig. 9, form single bonds to one surface silver atom each(and the silver layejsthat the electron density for both chlo-
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rines is located at the same height above the surface, offseigether by partially covalent interactions. Because the inter-
out of the plane from the geometrical position of Bland  actions between the chlorine atoms is weak and they are not
into the surface from the geometrical position ofZ}l Thus,  adsorbed in a pair-wise fashion, subsequent desorption is
even though the atomic geometry of the chlorine overlayer isnore likely to occur as atomic chlorine than as, ®hol-
buckled, the electronic structure is flat, similar to Configura-ecu|es, as is observed experimentéﬂﬁ‘}l:or examp|e, when
tions 1-3. The CI-Cl distances are fairly regular at 3.63 A inye calculate the energy of the energetically preferred chlo-
a zigzag pattern similar to Fig (% and at 3.69 A between ine overlayerFig. 8(a)] without the underlying silver sur-

the rows, shown in Fig. (@). face, the residual energ§.e., the energy of the chlorine
overlayer with respect to isolated chlorine atomis
DISCUSSION —58.4 kJmol! per chlorine atom. This energy is, however,

an upper value as it is based on a electronic relaxation with-
but geometry optimization of the chlorine overlayer only,
and as such it does not take into account the electronic inter-

CRYSTAL, which employs a local basis set formalism WhereaCti(_)ns with the s_ilver atoms in the surfa_ce, which Wi" lower
the basis functions are Gaussian type orbitals centered at tihe mterchlonne interaction. However, thlsicalculatmn §hows
atoms, to calculate adsorption energies at the same four aff1at in the extreme case, another 58.4 kJ mgder chlorine
sorption sites. They also found the preference for adsorptioAtom, i.e., about 117 kJmot per adsorbed Glmolecule,
of fcc>hcp>bridge>atop for chlorine adsorption at one should have to be expended if the chlorine network were to
side only inv3xv3 simulation cells of three and four layers be fully dissociated into isolated chlorine atoms. Despite the
thickness, with the fcc and hcp sites equally amenable t@pparent anomaly between the experimental adsorption ener-
adsorption to within about 1 kJmot and a difference of gies and the desorption of atomic chlorine off the surface, the
about 7 kImol! between the hcp and bridge sites. Theirexperimentally measured adsorption energies of up to
calculated dissociative adsorption energy perblecule of 231 kJmolt, which are confirmed by our calculated ener-
—323 kdmol ! agrees well with ours of 314 kJmol'* for  gies of Cb adsorption, are compatible with an extended net-
adsorption at the fcc site, whereas a different computationalork of partially dissociated Glmolecules, which are stabi-
study of chlorine adsorption at the fcc site of a small clustellized by residual covalent interchlorine interactions. In
of silver atoms representing tti#11) surface, showed calcu- addition, the higher coverage of chlorine atoms could lead to
lated adsorption energies of between-309 and repulsive lateral interactions between the chlorine atoms or a
—386 kJmol * depending on the clustétalthough itis not  decrease of the Ag-Cl bond strength due to some of the Cl
clear from this paper whether these energies are calculateoms sharing particular silver atoms, all of which would
with respect to a Cl atom or a £iolecule. lead to a smaller adsorption energy of the dissociated Cl
Experimental studies of gladsorption at the silvefl11) molecules compared to atomic chlorine.
surface showed chemisorption of atomic chlorine measuring Another issue of debate has been the Ag-Cl bond length,
adsorption energies of 209 to 231kJmbl per Ch  once chlorine was adsorbed at the silgtl) surface, and
molecule!”** Our calculated adsorption energies of adsorpthe chlorine overlayer structure. At low coverages of ap-
tion of Cl, range from 216 to 231 kJmotl, which are proximately 1/3 monolayer there are strong experimental in-
clearly in excellent agreement with these experimentallydications that a/3xv3R30° pattern of chlorine atoms is
found adsorption energiés® However, Goddard and favored’®~"® followed by higher density structures at in-
Lamberf” argued that their adsorption energy of creased coverages up to saturation, although the reported
209kJmol?, which was based on an assumed precoverages vary widelf? 78#5-®schott and White use scan-
exponential factor in the interpretation of their data, was toting tunneling microscopy on atomically flat silverll) ter-
low as the complete absence of,@esorption indicates that races, where at a coverage of 0.6 they identify a chlorine
the chlorine has adsorbed in a dissociative fashion, whiclpverlayer as a double row configuration on the surface, sepa-
entails breaking the CI-Cl chemical bond with an experimenrated by transition regions of hexagonal patterns. This con-
tal dissociation energy of 239 kJmdl and hence dissocia- figuration of the overlayer is similar to our structure in Fig.
tive adsorption of Gl should release enough energy to over-g(b), but with one extra chlorine atom in the middle of each
come the dissociation energy of the,@olecule. Their view distorted chlorine hexagon. In surface regions with cover-
that an adsorption energy of 209 kJ mblis not enough for  ages of approximately 0.45 they observe incomplete chlorine
dissociative adsorption of €lwould agree with our calcula- adlayers, which are identical to our honeycomb structures.
tions of the adsorption of atomic chlorine, if we assume thatThe agreement is especially good with our configuration 2
the adsorption energy of £is just twice that of an atomic shown in Fig. 8b), where the chlorine atoms are adsorbed at
chlorine atom(i.e., about two times 155-160 kJ md). both fcc and semibridge sites. Schott and White observe
However, our calculations of the adsorption of g @iol-  chlorine rows of different brightness, indicating two types of
ecule, rather than atomic chlorine, show that at a coverage afdsorption sites for the chlorine atoms, which are consistent
0.5, which is the same as that found by Goddard and Lamwith threefold hollow and twofold bridge sites. They mea-
bert on the silve111) surface’’ the chlorine atoms do not sured CI-Cl distances of 3.8 and 3.3 A, which agree very
become completely dissociated and isolated from each othewell with our calculated CI-Cl distances of 3.69 and 3.22 A
but form instead a regular network of chlorine atoms, keptn Fig. 8b). Lambleet al®® used low energy electron diffrac-

Our results of adsorption of chlorine atoms at the fcc, hcp
bridge and top sites of the perfe(ll) surface agree with
those of Doll and Harrisof? who used the simulation code
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tion (LEED) and surface extended x-ray absorption fine-sorption of C, molecules in a bigger simulation cell led to
structure(SEXAFS measurements to identify an alternative four structurally different, but energetically almost identical,
vacancy honeycomb structure at a coverage of 0.67, which ishlorine overlayers. When adsorbed in the lowest energy
of course a more densely packed structure than our chlorineonfiguration[Fig. 8@)], all chlorine atoms are located in
overlayers, but other workers tend to disagree with their rethree-fold hollow sites(fcc and hcp and the Ag-Cl
ported coverage. Schott and White argued that Lambl®ondlengths range from 2.56 to 2.69 A, i.e., close to the
et al’s SEXAFS data should be reinterpreted, as LEED will value of 2.76:0.02 measured by Lamblet al®> However,
have given an average structure of the three different STNN the energetically least preferred configuratiéiig. 8(b)],
patterns identified by Schott and White. If the SEXAFS datathe distortion of the honeycomb structure and adsorption of
take into account this averaging of the structures, the LEED¢hlorine atoms off-center in the fcc sites and away from the
SEXAFS results are consistent with the STM results ofhcp site onto a semibridge site, leads to a significant short-
Schott and White. Our calculations of the 0.5 monolayerening of some of the Ag-Cl bonds to 2.41 and 2.47 A, i.e,,
coverages clearly show that it is possible to obtain a range dflose to the value found by Shard and Dhanak, even though
different chlorine overlayers, which are energetically similar.their overlayer is only 1/3 of a monolayer and hence not
As such, it is quite feasible that Lambé al. obtained dif-  directly comparable with our 0.5-ML structurésHowever,
ferent adsorption patterns, giving average data. our findings show that at a particular coverage, it is perfectly
Lambleet al. measure an Ag-Cl bond length of 2.70°A, feasible to obtain structurally very different adsorption layers
whereas Shard and Dhanak, also using SEXAFS, measuvghich are energetically very similar. The structure of con-
Ag-Cl bondlengths of only 2.48 A2 Previous calculations, figuration 4, shown in Fig. 9, which is energetically compa-
based only on adsorption of atomic chlorine in th@ rable to the lowest energy configuration, is even more ex-
X v3R3( configuration were unable to resolve the matter agreme than the previous configurations in that some of the
the calculated Ag-Cl bondlengths were intermediate at 2.62g-Cl bond lengths have shortened to 2.33 A, i.e., even
or 2.55 A, depending on the approximations used in the DFTloser to the Ag-Cl bonds in the silver chloride structure
techniqued® However, based on our calculations, we con-(2.28 A) than at the step edges. This latter result confirms
clude that both can be correct depending on the adsorptiosEED and thermal desorption experiments by Bowker and
site and configuration of the adsorbed chlorine atoms. Firsti¥vaugh, who identified an AgCl layer on the silvet1l)
we found in our simulations of atomic chlorine at different surface, which desorbed from the surface as AgCl
surface features, that surface defects have a distinct effect gnolecules’ x-ray photoemission spectroscopy data by Ka-
the Ag-Cl bond lengths, which were calculated to range fromwasaki and Ishii, identifying the formation of an epitaxial
2.48 and 2.53 A at the step edge, through 2.66 A on theilver chloride layer on a thin silvef111) film®® and the
perfect surface, to 2.62 and 2.71 A at the vacancy site antprmation of silver chloride islands on the planar terraces
2.73 A at the adatom site. Several experimental studies hav@pserved by STM measurements by Andryusheclekial **
found that at high chlorine dosages, layers of silver chloride
are formed at the silvef111) surface®’~°* For example, the
STM studies of sﬂve(lll) chlorination by Andryushechkin CONCLUSION
et al. showed that AgCl islands usually nucleate at surface
defects such as atomic stefisand more rarely on the We have executed a series of electronic structure calcula-
terraces’ Certainly, the short Ag-Cl bond lengths for the tions, based on density functional theory, of the adsorption of
chlorine atoms adsorbed at the step edges suggest the forn@orine at the ideal and three defectivEll) surfaces of
tion of a phase, which is closer to silver chloride than are thesilver. We find that on the planar surface, chlorine atoms
chemisorbed chlorine molecules on the planar surface. Wehow an energetic preference for adsorption in the hollow
saw that the chlorine atoms “preferred” to adsorb to the stepsites, with virtually equal adsorption energies for the fcc and
edge, coordinating to only two silver atoms, rather than inhcp sites. Adsorption at or near surface defects has only a
the fcc site on the terrace below, where they would be coormarginal effect on the adsorption energy, apart from adsorp-
dinated to three silver atoms but at longer Ag-Cl distancestion near the adatom, which is energetically less favourable
However, when chlorine is adsorbed at the step edge thiey 22 kJ mol ®. As the gain in energy of chlorine adsorption
Ag-Cl-Ag angle is 72°, which although slightly larger than at the step or vacancy in the surface is at most 8 kJ ifalr
in the fcc site (68.8°) is still not very close to the silver adsorption in the fcc site next to a silver vacancy, we expect
chloride structure (90°). Clearly, the stronger interactionno significant preferential adsorption at the defect sites in
with two silver atoms outweighs the higher coordinationview of the almost equally large adsorption energies at the
number of the fcc site, but although the resultant AgCI strucnormal sites on the perfe¢t1l) surface. Apart from adsorp-
ture is slightly closer to crystalline silver chloride than thetion at the step on th€l1l) surface, where the chlorine atom
chlorine adatoms at the planar surface, it would need a gred#tecomes attached to two silver atoms on the step edge, ad-
many further calculations to elucidate the process of formasorption at the other surface defects, vacancies and adatoms,
tion of a silver chloride phase at the step edges. is preferred in the fcc sites next to the defect rather than in
In addition to the variation in Ag-Cl bond distances at thethe vacancy or on the adatom itself.
surface defects discussed above, even considering only the In addition, we have studied the adsorption of chlorine
perfect planar(111) surface, which is similar to the atomi- molecules at the plangill) surface at a coverage of 0.5,
cally flat terraces studied experimentally, we found that adwhere we found a series of energetically similar chlorine
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overlayers. The differences in energies between these fowtructure, to 2.69 A for the regular lowest energy overlayer.
stable structures were small enough that there would be nidence, the experimentally measured bondlengths of 2.48 and
significant energetic driving force for a transition of one con-2.70 A plus the silver chloride layer, rather than being mu-
figuration into a lower energy structure. Most configurationstually exclusive are all equally likely, depending on the par-
were based on a planar hexagonal honeycomb structure, witifular overlayer structure formed in the experiment. As they
chlorine atoms adsorbed in stable holiow and semibridgé@re energetically calculated to be within 15 kJ ifobf one
sites on the surface, which agreed well with experimentally@nother, the formation of one particular structure over an-
found overlayer structuré® although in our calculations the Other may well be due to experimental set up and kinetic
0.5 monolayer structures were confined t& 2 surface su- factors rather than on thermodynamlc grounds. Our study has
percells and it is quite possible that alternative structure9€Nce shown that adsorption of chiorine on the sikd)
would be obtained as well, if we were to consider differentSurface can Ie_ad_ toa range_of energetically sm_ular but struc-
supercells. The chlorine molecules were almost completelt rglly very dissimilar chlprllne ovgrlayers, Which may ex-
dissociated, but were not only held together in the overlaye Iam the apparently conflicting evidence from experimental
structure through interactions to the surface, but also by §tudles. - . .
network of covalent interactions between the chlorine atoms Futur_e work \_N'” include further caI(_:uIat_lons of chlo_rlne
themselves, which could explain why Goddard and Lamberf’_Idsorptlon a_t_ higher coverages and in dlfferent configura-
found an adsorption energy which was lower than the fu"nons.. In add|t|0n_, we plan detailed calculations of the coad-
dissociation energy of ¢ in good agreement with our cal- sorption of chlorine and gthene at (] s.u.rface to detgr—
culated energies for gladsorptior” One of the energeti- mine the effect of chIorme_on.the reactivity of the silver
cally most favourable overlayers has the chlorine atoms ads_urface towards ethene, Wh'Ch.'S experimentally found to be
sorbed at different heights above the surface, although th%trongly dependent upon chlorine coverdg:
electronic structure of the overlayer is planar. The silver-
chlorine bondlength in this case suggests the formation of a
silver chloride structure, in agreement with experiment C.J.N. thanks Dr B. Slater for useful discussions, the
where desorption of AgCl molecules was found to o&ur. EPSRC for a studentship and the European Union for a
Even without taking into account surface defects, theMarie Curie Fellowship. N.H.dL. thanks EPSRC for an Ad-
overlayer structures from dissociated, @lolecules’? which ~ vanced Research Fellowship, the Royal Society Grant No.
are all energetically similar, exhibit a large range of calcu-22292 for funding and the EPSRC Materials Chemistry Con-
lated silver-chlorine bondlengths, from 2.33 A for the non-sortium for provision of computational facilities on the Cray
planar structure, through 2.47 A for a planar but irregularT3E and HPCx high performance computing systems.
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