JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by ISTANBUL TEKNIK UNIV

Chlorine Adsorption on Au(111): Chlorine Overlayer or Surface Chloride?
Weiwei Gao, Thomas A. Baker, Ling Zhou, Dilini S. Pinnaduwage, Efthimios Kaxiras, and Cynthia M. Friend
J. Am. Chem. Soc., 2008, 130 (11), 3560-3565 « DOI: 10.1021/ja077989a
Downloaded from http://pubs.acs.org on February 8, 2009

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Links to the 1 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja077989a

JIAICIS

ARTICLES

Published on Web 02/22/2008

Chlorine Adsorption on Au(111): Chlorine Overlayer or
Surface Chloride?

Weiwei Gao,” Thomas A. Baker, Ling Zhou,* Dilini S. Pinnaduwage,*
Efthimios Kaxiras,*® and Cynthia M. Friend*™*
Department of Chemistry and Chemical Biology, bend University, 12 Oxford Street,
Cambridge, Massachusetts 02138, School of Engineering and Applied Sciences,dHar

University, 27 Oxford Street, Cambridge, Massachusetts 02138, and Department of Physics,
Harvard University, 17 Oxford Street, Cambridge, Massachusetts 02138

Received October 18, 2007; E-mail: friend@chemistry.harvard.edu

Abstract: We report the first scanning tunneling microscope (STM) investigation, combined with density
functional theory calculations, to resolve controversy regarding the bonding and structure of chlorine
adsorbed on Au(111). STM experiments are carried out at 120 K to overcome instability caused by mobile
species upon chlorine adsorption at room temperature. Chlorine adsorption initially lifts the herringbone
reconstruction. At low coverages (<0.33 ML), chlorine binds to the top of Au(111)-(1 x 1) surface and
leads to formation of an overlayer with («/§ X «/§)R30° structure at 0.33 ML. At higher coverages, packing
chlorine into an overlayer structure is no longer favored. Gold atoms incorporate into a complex superlattice

of a Au—Cl surface compound.

Introduction

Chlorine adsorption on gold has been considered as an
important gas-solid interaction systert,* especially with recent
studies on Au catalysis where both gold and chlorine are often
involved>® For example, gold is found to be especially active
toward catalytic oxidation of mercury by chlorfh@nd has
shown potential commercial applications in environmental
mercury removal. However, the role of gold, especially how
gold interacts with Cl and Hg, is still uncle&Gold is also an
active catalyst in olefin partial oxidatidt Recent studies on
Au(111) show that chlorine can disperse and redistribute surface
oxygen and hence increases the reaction selecti%itlthough

this dispersion effect has been clearly revealed, the structure of

chorine and oxygen coadsorbed on gold is still uncléaro

answer these fundamental questions that are raised duringf’

development of gold toward practical applications, it is crucial

to first elucidate the adsorption and structure of chlorine on gold.
Furthermore, previous studies of chlorine adsorption on Au

have generated debate about the bonding and structure of th
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overlayer. Spencer and LambBereported that a lower-temper-
ature C} desorption peak at650 K would start to develop in
temperature-programmed reaction only after a higher-temper-
ature peak at-800 K saturated, suggesting a tightly bound layer
formed first. They proposed that gold chloride (Ag)Cpossibly
multiple layers, directly forms upon chlorine adsorption on Au-
(111). Kastanas and Kéedubsequently studied chlorine adsorp-
tion on Au(111) over a wider temperature range and observed
a (V3 x +/3)R30° low-energy electron diffraction (LEED)
pattern at temperatures below 230 K. Furthermore, they did not
detect a Cl 2p binding energy shift in X-ray photoelectron
spectroscopy (XPS) as a function of increasing chlorine cover-
age. Since there is no evidence of chloride formation, they
concluded that only a chemisorbed chlorine overlayer was
resent. They also proposed an overlayer structure, where
chlorine is bound to the top of Au(111)-# 1) surface, based

on the @/§ X «/§)R30° periodicity in LEED pattern, which
corresponded to a coverage of 1.33 monolayers (ML) of Cl.
With the obvious inconsistency in two studies, the nature of

€I-Au interaction and the structure of Cl on Au(111) remain

unsolved:!

In this article, we report the first scanning tunneling micro-
scope (STM) studies of ghdsorption on Au(111). The STM
work in combination with density functional theory (DFT)
calculations and XPS are used to demonstrate that chlorine
interaction with Au(111) is a dynamic process involving multiple
stages at different chlorine coverages. Initially at low ClI

(11) Altman, E. |.; Bienfait, M.; Bonzel, H. P.; Brune, H.; Diehl, R.; Jung, M.
Y. L.; Lifshitz, V. G.; Michel, M. E.; Miranda, R.; McGrath, R.; Oura, K.;
Saranin, A. A.; Seebauer, E. G.; Zeppenfeld, P.; Zotov, A. \WPhysics
of Covered Solid SurfacesBonzel, H. P., Ed.; Adsorption on Surfaces
and Surface Diffusion of Adsorbates; Springer-Verlag: New York, 2001,
Vol. 42, p 421.
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coverage (below 0.33 ML), Au atoms are released from the
herringbone reconstruction to relieve surface stress. Continuous
chlorine adsorption leads Cl atoms to bind on top of a Au-
(111)-(2 x 1) layer, ultimately leading to the Au(lll)/(_B X
\/é)R30°-C| overlayer at 0.33 ML coverage. At higher cover-
age, more Au atoms are removed from the surface and a surface
chloride compound that contains Au atoms forms. Interestingly,
the charge on the chemisorbed Cl is similar to the gold (llI)
chloride, based on our theoretical results, accounting for the
absence of a Cl 2p binding energy shift. Our study demonstrates
the delicate balance between charge transfer and formation of
a compound overlayer on the surface. We place our studies of
Cl on Au(111) in a more general context.

Methods

Experimental Section. Experiments were carried out in a two- Fii 1. STM images recorded during Cl adsorption on Au(111), all from
. . igure 1. ,
chamber ultrahigh vacuum (UHV) system with a base pressureof 2 the same area of 150 150 nn?. The dashed line marks a screw dislocation

1071 Torr. The Au single crystal with (111) orientation was cleaned a5 5 position reference. ressure is 4 10-° Torr. Cl, dosing and STM
in a preparation chamber by repeated A sputtering and annealing imaging are at 120 K.

to 900 K. Auger electron spectroscopy (AES) and LEED confirmed
that the surface was clean and the herringbone reconstruction wasResults and Discussions
present. Temperature-programmed desorption (TPD) experiments were

also carried out in the preparation chamber, with heating+a@K/s. Experimental Results. At room temperature, chlorine ad-
Chlorine (Matheson Tri Gas Inc., research grade) was background dosedsorption on Au(111) causes corrosion and formation of mobile
through a leak valve attached to the preparation chamber. species (Supporting Information). To overcome the instability

The STM images were acquired in the second UHV chamber using induced by mobile species, STM experiments were carried out
a commercial, variable-temperature STM (RHK Technology, Inc.). The at 120 K. Clean Au(111) reconstructs to the so-called her-
scanner was calibrated using atomically resolved images of the cleanringbone structure, such that the surface contaid8o more
Au(111) surface and the Au(111) step height for the lateral and vertical atoms than the same plane in the bulk. The strain created by
directions, respectively. In this article, all STM images were collected ha mismatch between the top layer and the underlying bulk is
with the bias voltage of-0.3 V (sample biased, empty states) and a minimized by the zigzag arrangement of soliton wAl(§igure
tunneling current of 1 nA. 1a)

The X-ray photoelectron spectra were obtained in a separate UHV Adsorption of C4 leads to the obvious disturbance and partial

system equipped with LEED, quadrupole mass spectrometer (Balzers), ,. . .
a dual anode X-ray source (Perkin-Elmer 04-548), and a hemi:sphericalcIlsappearance of the herringbone structure (Figure 1b,c). The

energy analyzer (SPECS EA-10-plus). Core-level spectra were excitedSUrface reconstruction is lifted, and excess Au atoms on the
1253.6 eV Mg Ku, o radiation. To quantify the coverages using Surface layer are ejected, as indicated by the particles observed

intensities measured in XPS, the Shirley background was subtcted. in the images. Because the surface temperature is low in these

Sulfur-covered Au(111) is prepared by exposing Au te 1075 Torr data, the Au released from the herringbone has limited mobility;
SQ;, for 30 min at 300 K, followed by flashing the sample to 5564 thus, some patrticles are formed on the terraces. When the CI
A split (v/3 x +/3)R30° LEED pattern was observed after this dosage reaches 3.6 L, no soliton wall can be observed using
procedure, which corresponds to a sulfur coverage of 0.28¥iThe STM (Figure 1d). Previous LEED studies also showed that, upon

split spots signify that there are three equivalent domains on the surface dosing chlorine, Au(111) reconstruction spots disappeared and
Computational Details. The DFT results were obtained with the  only sharp (1x 1) spots were observédé.The reversal of the

VASP codé® using the GGA-PW91 functiondlto model electron herringbone reconstruction and ejection of Au atoms from the

exchange and correlation. Ultrasoft .pseudopotentials were used Withg\;rface also occurs upon oxyg®nsulfur320 NO,2! and

the default plane-wave cutqffs for different elgments taken from the styrené? adsorption on Au(111). The strong charge transfer

GGA ultrasoft pseudopotential databé%@alculatlons were dqne with between gold and electronegative species presumably serves as

a 12-ayer slab of a\(3 x V/3)R3C" unit cell of Au(L11), with the the driving force for this process; however, the nature of the

bottom six layers remaining fixed in their bulk positions and the top truct f din th . d d th i
six layers allowed to relax. A large vacuum region between the slabs structures forme 'r? ese yarlous cases depends on the speciiic
surface-adsorbate interaction.

of ~20 A was used to ensure that the dipole created by the chlorine o _ ) _
adsorption did not artificially interact in neighboring unit cells. A Accurate determination of the chlorine coverage is essential

Monkhorst-Pack-centered 6x 6 x 1 k-point sampling was used.  for further understanding the structures formed on Au(111). By
Spin-polarized calculations were used to test each set of data and weremeasuring AES and XPS signal intensities, Kastanas and Koel

found to have no significant effect on the energy comparisons. used oxygen adsorption on platinum as the reference to derive
(12) Shirley, D. A.Phys. Re. B 1972 5, 4709. (19) Woll, C.; Chiang, S.; Wilson, R. J.; Lippel, P. Rhys. Re. B 1989 39,
(13) Biener, M. M.; Biener, J.; Friend, C. Mlangmuir 2005 21, 1668. 7988.
(14) Biener, M. M.; Biener, J.; Friend, C. Msurf. Sci.2007, 601, 1659. (20) Min, B. K.; Alemozafar, A. R.; Biener, M. M.; Biener, J.; Friend, C. M.
(15) Yu, M.; Ascolani, H.; Zampieri, G.; Woodruff, D. P.; Satterley, C. J.; Jones, Top. Catal.2005 36, 77.
R. G.; Dhanak, V. RJ. Phys. Chem. @007, 111, 10904. (21) Driver, S. M.; Zhang, T. F.; King, D. AAngew. ChemInt. Ed.2007, 46,
(16) Kresse, G.; Hafner, Phys. Re. B 1993 47, 558. 700.
(17) Perdew, J. P.; Wang, Yhys. Re. B 1992 45, 13244, (22) Baber, A. E.; Jensen, S. C.; Iski, E. V.; Sykes, E. CJHAm. Chem. Soc.
(18) Kresse, G.; Hafner, J. Phys.: Condens. Mattel994 6, 8245. 2006 128 15384.
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2000 - Figure 3. (a) STM images recorded at0.3 ML chlorine on Au(111). (b)

Zoom-in image of (a), showing a3 x +/3)R30° atomic arrangement.
Inset in (a) shows LEED pattern of the surface; (8l dosed at 300 K.
STM imaging and LEED are carried out at 120 K.
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Figure 2. Inset shows LEED pattern obtained on Au(111) after exposing
to 5 x 1075 Torr SG; for 30 min at 300 K, followed by flashing sample to
500 K. After LEED, sulfur 2p XPS is obtained. Chlorine 2p spectrum is
obtained after dosing & 1078 Torr Cl, at 300 K to saturation. The Cl and

S spectra are plotted on shifted energy scales so as to overlap for the
convenience of comparing intensities.

oxygen and further chlorine coverages on Au(14This method
introduced several variables that resulted in a large discrepancy
between their coverage estimates (2.9 and 0.8 ML) obtained
from AES and XPS, respectively.

Herein, we use sulfur on Au(111) as a reference to determine
the Cl coverage using intensities measured using XPS. Previous
studies precisely determined the coverage of specific ordered
structures of S on Au(111) using radioactive tracer techniques
employing*S.1422Since no chlorine diffusion into the bulk is Figure 4. STM images of (a)0.8 ML chlorine on Au(111) showing the
observed on Au(11T)?the chlorine coverage can be quantified honeycomb structure. The inset shows that each unit in the hexagon adopts
with XPS using the split«@ X \/f._’))RBO" LEED pattern (inset, a dimer structure. (b) Flashing (a) to 750 K. (c) Annealing (a) at 750 K for
Figure 2) for sulfur ¢s ~ 0.3 ML) on Au(111) as a standard. 1 min. (d) Annealing (a) at 750 K for 5 min. £Is dosed at 300 K. All

. STM images were collected at 120 K.
The corresponding sulfur 2p spectrum and Cl 2p spectrum at
the saturated Cl coverage are plotted in Figure 2. The integratedstrycture at coverage of 0.33 ML, and it is often attributed to
areas under the spectra are first normalized to the Au 4f peaksc| |ocated at threefold hollow sités.
and then divided by the corresponding sensitivity factors of CI ypon further dosing of chlorine at 300 K to 0.8 ML and
and S (0.48 and 0.35, respectivet§)The ratio of chlorine to  jmaging at 120 K, the surface transforms into a “honeycomb”
sulfur intensity is measured to be 3.2:1. Because the sulfur strycture, as shown in Figure 4a. The inset of Figure 4a shows
coverage is known as0.3 ML, the saturation Cl coverage on 4 closeup of this “honeycomb” structure. It is observed that each
Au(111) is therefore~1 ML. honeycomb hexagon is composed of six units, and each unit

To further obtain structural information of chlorine on Au-  adopts a dimer structure. Indeed, gold chloride is found to exist
(111), Ch was first dosed at 300 K and STM images were as dimers in both solid and gas pha¥ed’ Therefore, this
collected at 120 K. The chlorine coverage was estimated by structural similarity implies that, at this high chlorine coverage,
comparing the area under the,@esorption trace relative to Ay atoms incorporate into the adsorbate layer and form surface
that of saturation coverage. When the chlorine coverage reachegompound.
~0.33 ML, STM images in Figure 3a and the corresponding  we unequivocally demonstrate that gold atoms from the
zoom-in image in Figure 3b show &8 x +/3)R3(° structure, surface are incorporated into the Cl structure at high coverage
which is consistent with the observed LEED pattern (inset of by the observed change in surface morphology upon desorption
Figure 3a). It is also noticed that, with varying bias voltages of a fraction of the Cl from the surface. As reported previodgly,

from +0.3 to—2 V, there is no distinguishable contrast change ClI, evolves from Au(111) with a broad peak centered-&40
observed in STM. Previous studies have also shown that chlorine

adsorption on most fcc (111) surfaces fomﬁ(x \/§ R3O (25) fia;lgf. S.; Templeton, D. H.; Macgillavry, C. Acta Crystallogr.1958
(26) Reffy, B.; Kolonits, M.; Schulz, A.; Klapotke, T. M.; Hargittai, M. Am.
(23) Kostelitz, M.; Domange, J. L.; Oudar, Surf. Sci.1973 34, 431. Chem. Soc200Q 122, 3127.
(24) Handbook of X-ray Photoelectron Spectroscogyagner, C. D., Riggs, (27) Blackmore, I. J.; Bridgeman, A. J.; Harris, N.; Holdaway, M. A.; Rooms,
W. M., Davis, L. E., Moulder, J. F., Muilenberg, G. E., Eds.; Perkin-Elmer J. F.; Thompson, E. L.; Young, N. AAngew. Chem.nt. Ed. 2005 44,
Corp.: Eden Prairie, MN, 1979. 6746.
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Table 1. Energies Calculated Using the PW91 Functional for 0.33
ML CI Bound to Three Different Surfaces: Clean Au(111), Au(111)
with 0.33, and 0.67 ML Au Adatoms

surface site energy (eV)
Au(111) top —0.65
bridge —0.87
hcp —0.88
fce —0.91
Au(111)+0.33 ML Au adatom top —0.43
side —0.47
Au(111)+0.67 ML Au adatom bridge -0.81
vacancy —0.24

incorporate Au adatoms so as to gain physical insight into the
driving forces for this phenomenon.

The adsorption of chlorine is tested on three different Au-
(111) substrates: clean Au(111)-(1 1) surface and surfaces
covered with 0.33 and 0.67 ML of Au adatoms (Figure 5). We
restrict ourselves to only testing structures witf8(x +/3)R30°
unit cell, according to periodicity observed in both LEED and

Figure 5. Different configurations to test Cl adsorption on Au(111) with  gTM at 0.33 ML Cl coverage (Figure 5a). One layer in the

DFT. (a) Clean ¢/3 x ~/3)R30° Au(111) surface with the unit cell and ; - .
lattice vectorsy andas. (b) 0.33 ML Gl on the “side” of the 0.33 ML Au unit cell only contains three gold atoms; therefore, 0.33 and
adatoms. (c) 0.33 ML Cl on “bridge sites” of the 0.67 ML Au adatoms. 0-67 ML of adatoms represent all the possible substrates that

The dark large circles represent the underlying gold, whereas the lighter could result in gold incorporation upon the adsorption of

large circles represent Au adatoms, and the small green circles are chlorinech|orine.

atoms. We calculate the energies of Cl bound to the Au using the
Au(111)-(1x 1) surface as a reference to evaluaterdiative

K and a high-temperature peak at790 K (Figure S2, stab|I_|ty of the various structures t_ested. Th_e energies for t_he
chlorine adsorbed system are defined relative to the breaking

of a CI—CI bond and the cost required to create adatoms on

Supporting Information). By flashing the “honeycomb” structure
to 750 K using a heating rate similar to the TPD experiments, h " i th | )
only ~0.16 ML chlorine is left on the surface, as estimated the surface In the relevant cases:
from.TPD (Supporting Information). At this stage, STM images E(Cl) = E(CI/Au) — 1/2E(CI2) +E,
obtained at 120 K show patches oﬂ X \/§)R30° structure

and disordered particles (Figure 4b). Longer annealing at 750 whereE(CI/Au) is the total electronic energy of a chlorine bound
K for 1 min desorbs all the chlorine. At this stage, both particles on the gold substrat&(Au) is the energy of the Au(111)-(%
and partially re-formed soliton walls can be observed (Figure 1) substrateE(Cly) is the energy of Gimolecule, andEay cost

4c). These particles have Au(111) single atomic height and coveris the energy for creating gold adatoms, which is defined as:
~6% of the surface area; therefore, these particles must include

Au atoms derived from the bulk structuneot just the excess Eau cost= E(AUgytace adato ~ NE(AUgtom in pud — E(AU)
atoms that would be incorporated into the herringbone. Notably, )
in the STM image, the herringbone structure is already partially WNere E(AUsurface-adaton) iS the total energy of the Au(111)
manifested, so that the total amount of Au originally associated SuPstrate with the adatom, aB@Auatom in bui is the energy of
with the Au—Cl surface compound is greater than 6%. After & gold atom in the bulk. This energy cost was calculated for
the sample is annealed at 750 K for 5 min, all Cl is removed 0:33 and 0.67 ML of adatoms on the top layer of thé8(x
from the surface; the particles disappear (Figure 4d) and the ¥3)R30° unit cell and found to be 0.75 and 0.65 eV, respec-
characteristic herringbone structure re-forms, further indicating tively. The calculated bond length and binding energy for Cl
that gold is released from a complex during chlorine desorption. Using the PW91 functional was found to be 2.02 A and 2.68
No Au desorption was detected in any of our desorption eV, respectively, where the experimental values are 1.99 A and
experiments, indicating that the Au released remains on the 2-48 eV28 These values were also previously calculated using
surface. Therefore, the STM resullts at different annealing stagesth® RPBE functional and found to be 2.00 A and 2.54%V.
demonstrate that, at coverages above 0.33 ML, Au atoms ©On Au(111)-(1x 1), the binding of a single chlorine (0.33
incorporate into the absorbate layer to form a surface compound.ML coverage) was tested at four different sites: top, bridge,
Density Functional Theory Calculations. Experimentally, and the hcp and fcc threefold sites (Table 1). The threefold

. . . . _hollow sites are found to be the lowest in energy, and a very
we have unambiguous evidence that Au atoms incorporate mtosmall advantage in enerav was found for the adsorption of
a chloride structure at high coverage Q.33 ML), but no g oy P

. . S chlorine at an fcc site. The very small energy differences
evidence for Au incorporation mto/(é X \/§)R30° structure. - . -~

A . between the fcc, hep, and bridge site (0.04 eV) indicate a ver

Below 0.33 ML, Au initially released from the herringbone P g ( ) y

. . . small energy barrier for chlorine migration on Au(111) surface.
reconstruction mainly appears to migrate to step edges and
incorporate into a (x 1) Au structure under the Cl overlayer.  (28) Huber, K. P.; Herzberg, Gviolecular Spectra and Molecular Structure
DFT calculations were used to test possible structures for the ., Gonstant of Diatomic Molecule&/an Nostrand: New York, 1979.

(29) Broqvist, P.; Molina, L. M.; Gronbeck, H.; Hammer, B. Catal. 2004
0.33 ML CI on Au(11l) and to test model systems that 227, 217.

E(Au)

ucost
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Previous DFT calculations also found the threefold site to be (bonded to two Au atoms) was found to b®.33, whereas the
the preferred binding site for chlorine on Au(111), with nearly charge found for terminal Cl (bonded to one Au atom) was
the same Au-Cl distance and an adsorption energy at 0.5 ML —0.22 (Supporting Information). Compared with that of the Au-
coverage that was 0.40 eV higher in energy (due to increased(lll) chloride compound, the similar charge of Cl in 0.33 ML

repulsive interactions at higher coverage) than our véiTiee Cl overlayer suggests a significant charge transfer from the gold
adsorption of Cl on Ag(111) also prefers the threefold site and substrate to the chlorine atotfr34

is slightly stronger than the AuCl interaction ags= —1.63 The fact that the charge on the Cl in the overlayer is similar
evat0.33 M3|-1 coverage¥. The bond enthalpy of diatomic AUCI {5 the gold (II) chloride indicates chioride-like bonding even
is —3.56 eV: without Au adatom incorporation. This may be responsible for

In previous studies of chlorine structure on Au(111), Kastanas the contradictory interpretations of spectroscopic results to
and Koel suggested a model in which 1.33 ML chlorine are gjscriminate chemisorbed Cl and chloride on Au(132)For
packed on Au(111) surface to form a flat overlayeur example, the absence of a Cl 2p binding energy shift with
coverage calibration ruled out this modéINevertheless, we coverage changetherefore, cannot conclusively rule out the
also tested this model with DFT by first allowing all degrees possibility of chloride formation. Indeed, a small increas® ¢
of freedom of the chlorine atoms to relax on a &Y x eV) in Cl 2p binding energy from coverage of 0.26 ML to
V3)R30° unit cell of Au. However, it was found that the saturation is observed in our XPS data (Figure S3, Supporting
chlorine did not remain bound on a flat surface. The Cl atoms Information). But because of the very small binding energy shift
were then constrained in thedirection (perpendicular to the  and limited instrument resolution, we do not attempt to assign
surface), and the energy was found for different distances from specific chlorine species. In this case, synchrotron-based high-
the surface. Using the PW91 functional, no energy gain is found resolution XPS may be able to provide more valuable informa-
for packing this many chlorine atoms on the surface. Therefore, tjon 35 On the other hand, the strong interaction between gold
a coverage of 1.33 ML Cl overlayer on a flat Auxd1) surface,  and chlorine in the overlayer also suggests that the overlayer
as proposed by Kastanas and Kéd, unfavorable. formation can cause large electronic disturbance to the Au(111)

With an additional 0.33 ML Au adatoms located on threefold  sybstrate. One needs to be cautious in halogen adsorption studies
sites of Au(111), the adsorption of 0.33 ML Cl was tested on hecause models in which substrate is treated as an undisturbed
various sites on the surface of thég x v/3)R30° unit cell of surface can be oversimplified. We are currently trying to address
Au(111)-(1 x 1). Chlorine bound on the side of an adatom this point using additional DFT studies.
resulted in the lowest energy (Figure 5b). It was found that the
binding of ClI on both top and the side of an adatom is stronger Conclusions
than that of chlorine on Au(111)-(% 1) surface as overlayer.

But this stronger interaction cannot compensate for the cost of e ) ;
creating the adatom covered surface (0.75 eV), and Au O" Au(111). Chlorine initially lifts the herringbone reconstruc-

incorporation would result in a higher total energy than the tOn- At low coverages<0.33 ML), chlorine binds to the top
chlorine overlayer (Table 1). of Au(111)-(1 x 1) surface and leads to formation of an over-
When the surface contains 0.67 ML Au adatoms (equiva- layer with (/3 x v3)R30" structure at 0.33 ML. At higher
lently, 0.33 ML of vacancies), the energy cost of creating this coverages, gold atoms are removed from Au(111)(1) and
surface is 0.65 eV. The adsorption of chlorine was tested on form a complex superlattice of a ACl surface compound.
various sites on the substrate, and the energy was the lowest The picture of chlorine interaction with gold revealed by STM
for chlorine on a bridge site coordinated to two gold adatoms studies can provide insight into the mechanism of surface
(Figure 5c). Chlorine bonded in the vacancy is found to be much reactions® However, important questions still remain in this
higher in energy than the bridge site. Similar to the previous system: What is the microscopic mechanism of transformation
case, the energy gain for adsorbing chlorine to adatoms is notfrom chlorine overlayer to surface compound? What is the
enough to compensate the energy cost of creating adatomsstructure of surface gold chloride? Halogenation is a complex
(Table 1). Therefore, the DFT calculations indicate that gold process that involves multiple mechanistic aspects, as indicated
atoms arenot incorporated into 43 x +/3)R30° structure at by tremendous studies and continuing effort on other transition-
0.33 ML ClI coverage. metal surfaces. Moreover, the gold chloride structure has been
In the above discussions, “overlayer” and “chloride” are considered as a challenge in both experimental and theoretical
mainly referred to the geometric arrangement of adsorbed Cl studies’®3"Therefore, we believe our results will initiate further
atoms. However, this definition may not be accurate to describe, studies on this system.
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