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Abstract
First-principles electronic structure calculations were carried out to examine the
experimentally observed structures of sulfur on close packed surfaces of a number of
important metals - Ag(111), Cu(111), Ni(111), Pt(111), Rh(111), Re(0001) and Ru(0001).

At low coverages (<) ML), the prediction is consistent with the typical pattern of

preferred sulfur occupancy of threefold hollow sites, notably the fcc site on the (111)
surfaces and the hcp site on the (0001) surfaces. Theoretical confirmation for the existence
of pure sulfur overlayer phases on Pt(111), Rh(111), Re(0001) and Ru(0001) at higher

coverages (> %4 ML) was provided. For the (N7 x \ 7) phase seen on Ag(111), the most

preferred structure identified for adsorbed S trimer consists of an S atom on the top site
bonded to two S atoms situated on the nearest neighbor off-bridge site positions. Among
the different densely packed mixed sulfur-metal overlayer models suggested for the (\ 7 x
\ 7) phase on Cu(111), the structure which consists of metal and S atoms in a hexagonal-
like arrangement on the top substrate was found to be the most energetically favorable. For
the (5V 3 x 2) phase on Ni(111), the calculations confirm the existence of clock-

reconstructed top layer metal atoms onto which sulfur atoms are adsorbed.



1. Introduction

It is a well known fact that the presence of adsorbed sulfur has a deleterious impact on
the surface reactivity of metals. A range of chemistries including methanation, alkane
hydrogenolysis, olefin hydrogenation and water-gas shift reactions are adversely affected.
15 Sulfur poisoning is also a major issue in metal based membranes used in coal
gasification, where high enough dissociation rates for the H> must be maintained for
optimal performance.®’

A detailed knowledge of S interaction with metals needs to be obtained in order to
understand such effects. S interaction with metals has been intensively investigated and
much of the previous work focused largely on the experimental studies of surface structure.
It is known that S atoms form a rich range of structures on close-packed surfaces of several
important noble and transition metals - Ag(111) 1!, Cu(111) > Ni(111) %27 Pt(111) 2%
31 Rh(111) 3235 Re(0001) 33 and Ru(0001) 4***, On Ni(111), Pt(111), Re(0001) and

Ru(0001), S exhibit a (2 x 2) phase at coverage 0s= ¥, ML. The (\' 3 x V 3) phase is seen
on Ag(111), Ni(111), Pt(111), Rh(111) and Ru(0001) at 6s= )4 ML while Re(0001) has a
c¢(\ 3 x 5) phase detected at 6s= 1, ML. These low coverage phases were determined to

consist of S overlayer with one adsorbate per unit mesh on an essentially undistorted metal
substrate. The general trend is toward the adsorbates occupying high symmetry three-fold
adsorption sites, notably the fcc hollow site on the (111) surface and the hcp hollow site on
the (0001) surface.

The phases observed at high coverages are found to be quite varied and more complex.
With increasing coverage (or post-annealing to above room temperatures), formation of
phases with either pure S overlayer or mixed overlayer structure was found. On Ag(111), a

(N 7 x \ 7) phase was observed after exposure to sulfur containing compound such as H>S
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using scanning tunneling microscopy (STM).!® This phase was also detected with low-
energy electron diffraction (LEED) after subjecting the Ag(111) from oxidative
underpotential deposition of sulfur '!, H,S gas dosing above 107 torr at temperatures up to
673 K, ° and S, dosing at 300 K ®. A number of conflicting models based on S overlayer

structure with 0s= 3 ML were proposed. Just as was the case for Ag(111), the (N7 x~7)is

also the widely observed phase formed by S on Cu(111) at high coverage.'>!” The low
coverage (Y 3 x \ 3) phase on Cu(111) was reported in a very early work '? but its

existence has not been reproduced in any subsequent studies. Data from LEED, surface
extended X-ray absorption fine structure (SEXAFS), normal incidence X-ray standing
wave (NIXSW) and surface X-ray diffraction (SXRD) analyses suggest that the structure of
the (V 7 x \ 7) phase is not a simple S overlayer. It is more consistent with models which

consist of mixed S-Cu structure with 8s= 3 ML. However, the various models proposed

have apparent disagreement in terms of geometrical details. The model proposed, for
example, by Domangue and Oudar and supported by later experiments of Prince et al.
consists of Cu and S atoms in a hexagonal-like arrangement on the top substrate layer.!!3
By contrast, the model proposed by Foss et al. '* consists of four in-plane Cu per unit mesh
on the top layer. One S atom sits above and bonded to these metal atoms forming a CusS
fragment. Additionally, two S atoms are buried underneath this fragment. This picture was
favored in subsequent studies !7*° but was rejected by Saidy and Mitchell '® who suggested
a modified version of the model proposed by Domangue and Oudar.

While the (\ 7 x \ 7) LEED pattern is typically seen on Ag(111) and Cu(111), a variety
of structures is observed at higher coverages depending on the metal substrate. For

example, the (5V 3 x 2) phase is seen on Ni(111) at high coverage. This phase has attracted

significant interest with early studies indicating that it consists of a reconstructed top Ni
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layer containing sixteen metal atoms per unit mesh (Oni=4% ML ). It is similar to a single
layer of Ni(100), onto which eight S atoms are chemisorbed (6s=2% ML).>*?” A clock-

reconstructed version of this model was proposed in subsequent studies. In this model, the
top metal overlayer consists of pairs of square-like tetramers rotated alternately, clockwise
and anti-clockwise, with S atoms exhibiting a (2 x 2) periodicity with respect to the metal

overlayer.?>*%47 In the case of Pt(111), early LEED investigations identified a (7 x ' 3)

phase at 0s= 3% ML.?® Subsequent studies proposed a pure S overlayer model where two S

are on the fcc sites and one on the hcp site per unit cell. LEED pattern associated with (7 x
< 3) was also found on Rh(111) with S occupancy suggested to be similar to that in
Pt(111).>*% Additionally, S forms other phases on Rh(111) with c(4 x 2), (4 x 4) and (7 x
7) periodicity at 0s > 3/7 ML.>3> The coverage of both c(4 x 2) and (4 x 4) phases were

determined to be 6s= ), ML and it was suggested that in the former, the fcc and hcp sites

are equally occupied by S while in the latter case, they are adsorbed exclusively on the fcc

site. On Re(0001), S forms distorted trimers, tetramers and hexamers arranged in (3\/ 3 x
3v3), (7)) and (2V 3 x 2V 3) patterns at 6s> 1, ML.3** For S on Ru(0001), two phases

were identified above 0s= ) ML - c(4 x 2) at 0s= % ML and (N7 x \ 7) corresponding to
0s=% ML.*** On both Re(0001) and Ru(0001), all the reported high coverage phases is

proposed to have pure S overlayer structure.

On the theory side, density functional theory (DFT) based investigations of S adsorption
on metals such as Ag(111) *3, Ni(111) %, Pt(111) > and Rh(111) 323 exist. This type of
study is a valuable complement to experimental efforts since it allows direct determination
of favorable binding sites and adsorption structures at the atomic scale. A preference for
threefold hollow sites was found and a picture of strong binding of S on the metals has

emerged, attributed to the overlap of S p-states with the metal surface d band. These
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efforts, however, are focused largely on low coverages and complementary theoretical
investigations of the experimentally observed high coverage phases are quite scarce.

The present work was undertaken to further improve the understanding of S adsorption
on metal surfaces. In a previous paper, the experimentally detected low and high S
coverage phases on Pd(111) were examined using first-principles DFT calculations.>* This
type of study has proved its worth in terms of complementing experimental efforts since it
allows direct observation of the atomic positions. In the present paper, these investigations
were extended to those observed on the Ag(111), Cu(111), Ni(111), Pt(111), Rh(111),
Re(0001) and Ru(0001), focusing exclusively on the phases reported in experiments. Of
particular interest is the determination of the energetics and geometries of structural models

proposed in the experimental literature using a consistent theoretical scheme.

2. Computational approach

First-principles DFT total energy calculations were carried out using the Vienna 4b
Initio Simulation Package (VASP) code.’> The Perdew-Burke-Enzerhoff (PBE)
generalized gradient approximation (GGA) °’ functional was employed to calculate the
exchange-correlation energy. The electron-ion interaction was described by the projector-
augmented wave (PAW) method.’® The Kohn-Sham one electron valence eigenstates were
expanded in terms of plane-wave basis sets with a cutoff energy of 280 eV.

The metal surface was modeled by a five-layer slab having a specified in-plane unit cell.
Periodic boundary conditions were imposed in the two directions parallel to the surface
(infinite in two dimensions). A 12 A thick vacuum region is employed in order to ensure
the decoupling of the consecutive slabs. For each surface, the lattice constant was fixed to
the value obtained from optimizing with DFT this constant for the bulk metal. The

computed lattice constants for the bulk fcc metals Ag, Cu, Ni, Pt and Rh are a =4.17, 3.64,
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3.52,3.98 and 3.84 A. They are found to within ~ 2% of the experimental values which are

Aexp = 4.09, 3.61, 3.52, 3.92 and 3.80 A.>° For Re the calculated values of @ = 2.77 and ¢
=4.48 A were applied, while for Ru, the values are @ = 2.73 and ¢ = 4.31 A. These are in
very good agreement with the values deyp,= 2.76 and cey = 4.46 A (Re), and aey, = 2.71 and
Cerp = 4.28 A (Ru) found in the literature.”® On one side of the slab, pure S or mixed
overlayer of S and metal atoms were added. The electrostatic potential is adjusted
accordingly.®® The construction of initial structure was guided by models proposed in the
experimental literature. During the geometry optimization, atomic coordinates were
allowed to relax except for the bottom two layers. The k-point sampling of the two-
dimensional electronic Brillouin zone of the periodic supercells was performed using the
Monkhorst-Pack scheme.®! Monkhorst-Pack k-point mesh ranging from 1 x 5 x 1to 7 x 7
x 1 was used depending on the dimension of the surface unit cell. A Methfessel-Paxton
smearing ®? of 6 = 0.2 eV was utilized to improve convergence and the corrected energy for
o — 0 was employed. Vibrational frequencies were calculated in order to ascertain the
natures of the relaxed configurations. These calculations were performed by fixing the
metal substrate in their relaxed positions and computing the normal mode frequencies of
the overlayer atoms vibrating harmonically about their binding sites.

In the following, the manner in which the stability of the different model structures
exhibiting particular translation symmetry would be compared is briefly discussed. The low
coverage phases on Ag(111), Ni(111), Pt(111), Rh(111), Re(0001) and Ru(0001), and the
high coverage ones on Ag(111), Pt(111), Rh(111), Re(0001) and Ru(0001) have pure S
overlayer structures. In such cases, the commonly used binding energy per number of S

atom, Eping , Was calculated. It is defined as

Ebind = (E;l/asljuface(NS) - ESlab - NSES)/NS ’ (1)

surface
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where Egf . and E;,7  are the total energy of the adsorbed system and bare surface,

surface
respectively. The term N is the number of S atoms while £ is the total energy of a S

atom. However, for cases where mixed S-metal overlayer structure is present such as the
high coverage phases on Cu(111) and Ni(111), Eq. 1 cannot be used. Following previous
work >*, the energetics was determined on the basis of the binding energy per surface unit

cell (referred here as Eping’) :
] slab slab bulk
Epi'= (ESfM/surﬁzce(NS’NM)_E -N,E); _NSES)' (2)

surface

Here EJ) surface 18 the total energy of the adsorbed system and bare surface, N, is the

number of metal overlayer atoms in addition to the bare surface and E."* is the total
energy of a M metal atom in bulk metal M. It should be noted that Epin¢” as defined above is

related to Epina in Eq.1 by multiplying the former by 1/ N and setting N,, to zero.

3. Results and discussion

3.1 Low coverage phases — pure S overlayer

The lowest energy structures of the low coverage phases with simple S overlayer
structures reported from experiments were determined. They are the (2 x 2) phase with 0s

=1/ ML for S on Ni(111), Pt(111), Re(0001) and Ru(0001) and the (¥ 3 x \ 3) phase in
Ag(111), Ni(111), Pt(111), Rh(111) and Ru(0001) at 6s = % ML. Additionally, the ¢(V 3 x
5) phase on Re(0001) detected at Os= % ML was also examined. Structures with the

adsorbate occupying high symmetry sites on the surface unit cell were explored. Given one
S atom in the unit cell, four high symmetry sites are possible: top, bridge, hcp and fcc (see

Supporting information). The predicted binding energies and optimized structural
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parameters are tabulated in Table 1. The binding energies were also plotted in Fig.1 for
clarity.

For the Re(0001)-c(V 3 x 5)S, only the fcc and hep sites were found to be stable
adsorption sites. This is not the case for top and bridge site adsorption since the atom on
these sites moved to an adjacent hollow site in the course of structural optimization. The
hcp site shows the stronger binding energy with the fcc site 0.27 eV less stable. For all the
(2 x 2) phases, adsorption on the threefold hollow sites is predicted to be the more
favorable with the preference changing from the hcp site on the (0001) surface to the fcc
site on the (111) surface. The fcc site on Ni(111) and Pt(111) is more preferred over the
hep site by 0.05 — 0.20 eV while on Re(0001) and Ru(0001), hep is favored by 0.12 — 0.25
eV. This binding trend is generally seen as well on the various (¥ 3 x \ 3) phases examined
here. It should be noted that for both (2 x 2) and (¥ 3 x ' 3) phases, the bridge site is
predicted to be a transition state on the basis of vibrational frequency calculations. By
contrast, the top site is a higher order rank-2 saddle point. Altogether, the site
determination is consistent with the typical pattern of preferred occupancy of threefold
hollow sites at low coverages, notably the fcc site on the (111) surface and the hep site on
the (0001) surface — sites that the next layer would occupy.'®19:21:23:25.28-31.36-40.63.64

In an earlier work, DFT investigations of S on Ag(111) with hypothetical (3 x 3)

periodicity (0s = % ML) were reported.%> The fcc site was identified as the most stable with

calculated binding energy of Epina = -3.94 eV. This is more exothermic compared to the
value of -3.69 eV for Ag(111)-(¥ 3 x \ 3)S which is attributed to the fact that the (' 3 x
3) phase has a higher coverage. Experimental studies for this system for which to compare
the calculated geometrical parameters are not available. Previous DFT studies of the

Ni(111)- (2 x 2)S also identified the fcc hollow site as the most preferred.®® The reported
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LEED S-Ni bondlengths range from 2.02 = 0.06 A to 2.23 + 0.02 A 8192583 [on scattering

studies yield a value of 2.16 = 0.04 A 2! and NIXSW studies reported a value of 2.11 +
0.03 A.2*> The calculated value of 2.14 A is within the experimental range. For the
corresponding Ni(111)-(¥ 3 x \ 3)S, the EXAFS determined S-Ni distance of 2.13 A 7
agrees well with the predicted value.

DFT investigations of Pt(111)-(2 % 2)S was previously undertaken and these
calculations also identified the fcc site as the most stable for S adsorption. The
corresponding binding energies are Eping = -4.55 ® and -5.14 eV eV °!. The computed
value of -5.23 eV found here is larger which could be due to some differences between the
calculational details underlying these studies. The S-Pt bond length of 2.28 A found for
both Pt(111)-(2 x 2)S and Pt(111)-(N 3 x \ 3)S is slightly longer by 0.03-0.04 A compared
to the LEED values found by Yoon et al. *! For Rh(11 1)-(N 3 x v 3)S, the LEED S-Rh
bondlength considering fcc site adsorption is reported.>'*> The values are 2.23 and 2.25 +
0.04 A which compares well with the prediction of 2.27 A.

For Re(0001)-c(N 3 x 5)S, the S atoms are largely grouped into rows and the distance
between S is about \ 3 times the Re-Re bondlength. A preference for hollow site was
suggested in previous experiments but there was no conclusive evidence as to which of the
two inequivalent hollow sites the S is situated at.*® In this work, it was predicted that that
hep site is more favored than fcc by 0.27 eV. For the corresponding Re(0001)-(2 % 2), hep
is also the most favored site from the energetic standpoint. The vertical distance of the S
atoms from top layer substrate center of mass is 1.72 A which compares well with the
reported LEED value of 1.67 A.*® On Ru(0001), LEED studies considering hcp site
adsorption yielded S-Ru bond length 0f 2.29 + 0.02 A and 2.28 + 0.02 A for the (2 x 2) and
(\' 3 x \/ 3) phases, respectively.*’ The calculated value here of 2.33 A for both phases is

slightly longer by 0.04-0.05 A.
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For the various (V 3 x \ 3) phases examined, no adsorbate induced buckling is detected
in the first layer of the substrate because it is symmetry forbidden. However, for the c(\ 3 x
5) and (2 x 2), buckling is predicted to occur with values Azi= 0.05-0.15 A. Examination
of the relaxed structures indicate that it is due to the lifting up of the three metal atoms
bonded to S accompanied by downward movement of the remaining under-coordinated
atoms. This behavior is consistent with available LEED data tabulated in Table 1. For

Pt(111)-(2 x 2)S and Ru(0001)- (2 x 2)S, the reported values are Az; = 0.08 + 0.04 A 3! and

0.030 0% A %% while the calculations yielded 0.15 A and 0.09 A, respectively. For the

(111) surfaces, small expansion of the first interlayer spacing for up to A12= 1.8 % with
respect to the bulk value was found. The opposite behavior is seen in the hcp metals which
yield Aiz=-2.1 —-5.1 %. For Ni(111)-(2 x 2)S, Ni(111)-(\ 3 x V' 3)S and Rh(111)-(\ 3 x
3)S, the contraction of the outermost interlayer spacing that occurs in the clean surface was
completely removed in the adsorbed system. For the hcp metals, this contraction was not
removed by S adsorption. The calculated values of A2 support the available LEED finding
of small expansion of the interlayer spacing found in Ni(111)-(2 x 2)S, Pt(111)-(2 x 2)S
and Pt(111)-(\ 3 x \ 3)S, and the opposite effect in Re(0001)-(2 x 2)S, Ru(0001)-(2 x 2)S

and Ru(0001)-(\' 3 x \ 3)S (see Table 1).

3.2 High coverage phases -pure S overlayer

3.2.1 Sulfur on Ag(111)

The equilibrium geometry of the Ag(111)-(\ 7 x \ 7)-S structure derived from the model
suggested by Schwaha et al. 8, Rovida and Pratesi ?, and by Heinz and Rabe '° was
determined. Following their proposal, one of the S atom per unit cell was initially placed

above the top site and the others are on the hcp and fec sites (0s =3 ML). The optimized
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geometry is shown in Fig. 2a (StopStecShep). The S atoms remain at the top, fcc and hep sites.
It should be noted, however, that SiopStecShep 1 not a minimum. It was predicted as a higher
order (rank-2) saddle point.

The second model favored by Aloisi et al ! (0s =¥ ML) differs in terms of the

arrangement of the three S atoms per unit mesh. Additional data from a high resolution
analysis of the bright spots in the STM image indicates the existence of adsorbed S; cluster
within the unit cell. Like the ground state structure of S3 known to assume a triangular
shape in the vapor phase ¢, the trimers retained the same shape with two sides of equal
length. However the reported lengths are not consistent with the picture of interacting S3
cluster since they are significantly different from their vapor phase counterpart. They
reported two sides of length 2.60 A and one of length 3.82 A, significantly larger than the
values 1.93 and 3.31 A found for the vapor phase molecule.® It was also conjectured that
the trimer is centered around the top site of the substrate lattice. To verify this, two
structures were optimized consisting initially of S on the three nearest neighbor fcc and hep
sites with the S atoms arranged around a top site. It should be noted that other possible
initial geometries involving three S atoms around a top site exist, but it was found
unnecessary to consider them in light of what was learned from these examined
representative structures. It was found that interacting S; cluster situated around a top site is
not stable. The S atoms moved away from each other and relaxed towards neighboring
bridge sites after relaxation of the atomic positions as shown in Figs. 2b-c (S3fec and Sznep).
While these structures are predicted to be local minima, the trimer is non-interacting
judging from the large S-S distances of 4.36-4.40 A. Thus, further DFT examination of this

trimer based model is called for.
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It was found previously that the preferred structure for S> on close-packed (111) metal
surface consists of one S atom on a top site and the other one on the second nearest
neighbor bridge site.”®”’? Using this as a starting point, another S on the unit cell was
placed to search for a potential structure for a triangular, interacting S trimer. An energetic
minimum was found and the most preferred structure consists of an S atom on the top site
bonded to two S atoms situated on off-bridge site positions (Fig.2d, SwpSabrg). In line with
the STM results, the trimer is triangular in pattern. It lies nearly parallel to the surface with
two sides of equal length. Moreover, the trimer is interacting based on calculated bond
lengths. The calculated S-S bond distance of 2.09 A is fairly close to the vapor phase S3
which is 1.93 A. The calculated length for the long side is 3.47 A, 0.16 A larger compared
to the free molecule. Based on calculated Exing (see Table 2), this structure is more

energetically favorable than model S3fec, Sanep and StopSteeShep.

3.2.2 Sulfur on Pt(111), Rh(111), Ru(0001) and Re(0001)

On Pt(111), LEED data indicate adsorbed S with (7 x ' 3) periodicity at 6s =% ML.2>!
On Rh(111), both (7 x N 3) (6s =% ML) and c(4 x 2) (6s = % ML) phases were detected.*>"
33 In the case of Re(0001), the reported three phases at 0s > 1, ML are (3V 3 x 3V 3), &
and (2V 3 x 2 3) in order of increasing coverage, >*>° while LEED data indicate a c(4 x 2)
at 0s = %4 ML and (N 7 x \ 7) at 0s =4 ML for Ru(0001).#>** All of these phases were
reported experimentally to possess pure simple S overlayer structures. To the author’s
knowledge, the various models proposed in the literature have not been examined
theoretically. Based on the available structural information from experiments, S adsorption

on the above metals was investigated using appropriate surface unit cells. The calculated

energetics and geometrical parameters are tabulated in Table 2.
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For Pt(111)-(7 x \/ 3)S, it was suggested that one of the S atoms in the unit cell is on the

hep site while the other two are situated on the next nearest fcc sites.?®3! Starting from this
configuration, an energetic minimum for this three S atom model after geometrical
optimization was found (Fig. 3a). This work provides theoretical confirmation for the
experimentally observed height difference between the S at the fcc and hep sites. S on hep
is 0.11 A higher than on the fcc which is close to the value of 0.15 A estimated from STM
data '. An alternative (7 x V 3) phase was explored with the arrangement of S analogous to
Fig. 3a but with 1:2 occupation of the fcc and hcp site position. The resulting structure
(Fig. 3b), however, is less favorable by 0.05 eV based on DFT. Moreover, the S atoms are
nearly coplanar since no noticeable variation in their heights was found.

The S occupancy in Rh(111)-(7 % \ 3)S was conjectured to be similar to its Pt(111)-(7 x
\ 3) counterpart, while for the c(4 x 2) phase, 1:1 occupation of the fcc and hep sites was
proposed. The relaxed (7 x V 3) phase starting from S on the fcc and hep sites with 2:1
occupation is given in Fig.4a. The same phase with 1:2 S occupation of fcc and hcp sites
was also explored (Fig. 4b). The two model structures differ by only 0.01 eV so they are

likely to co-exist at s =% ML. Low temperature LEED analyses may be able to

distinguish between the two structures. Unlike Pt(111)-(7 x \ 3)S, detailed structural
information for this phase from experiments are not reported and as a result, any
quantitative comparison cannot be made. For the c(4 X 2) phase, initial structure was
optimized with S at the ideal fcc and hep sites and it was confirmed that such mixed
configuration is indeed a local minimum (Fig.4c, StecShep). Alternate model with S on hep
and top sites (SnepStop), and S on fec and top (StecStop) sites were tested. They are found to

be unfavorable by 0.82-0.83 eV compared to model SgcShep (Fig 4c). Moreover,
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vibrational frequency calculations indicated that these structures are not minima but rank-2
saddle points.

Foord et al. observed a (4 % 4) phase on Rh(111) using LEED with further S, dosing and
annealing of the ¢(4 x 2) overlayer to 600 K.>* Yoon ef al. also detected this phase with
LEED when the c(4 x 2) phase was heated above 900 K.** The suggested model is a simple
S overlayer structure with coverage similar to the c¢(4 % 2). The eight S atoms in the unit
cell occupy only one type of hollow site - seven of them arranged in a diamond-like
configuration plus a common corner S lying at the lattice points. Starting from this
configuration with S on the fcc sites, DFT calculations were carried out and the energetic
minimum is displayed in Fig. 4d. This model was predicted to be less stable by 0.18 eV
compared to the ¢(4 x 2) overlayer. A counterpart structure with S on the hcp site is also
found to be equally unfavorable. The reduction in stability reflects the relatively more
enhanced repulsive lateral interaction within this denser overlayer. Examination of the Fig.
4d, for example, reveals that though the overall diamond like configuration of the interior S
atoms (S2-Sg) was retained, some of them do not prefer to stay on the fcc sites. Six of the S
atoms per unit cell (S24 and Se-g) are significantly more displaced from the center of the fcc
sites in order to reduce steric repulsion. It should be noted that Yoon ef al discuss the
possibility that the (4 % 4) phase may not be a simple S overlayer structure but involves
reconstruction of the underlying metal substrate in order to offset the enhanced S-S
repulsion.’* Foord et al. went on further by favoring a model that consists of mixed
overlayer structure.** However, no detailed structures were provided for such alternate
scenario and further analysis of the (4 X 4) phase cannot be carried out in the absence of

more concrete information.
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For Re(0001)-(3V 3 x 3+ 3)S with 05 = 4 ML, groups of three S atoms in hcp sites were

placed on the surface unit cell, forming an arrangement of triangles. Three groups are

centered around a fcc site (fcc site trimer) while the other one is centered around a top site

(top site trimer). The reported coverage for the (; }) phase is 0s = 4 ML and the initial

structure consists of diamond shaped aggregate of four S atoms (tetramer) on the hcp sites.

The (2V 3 x 2+ 3) phase has a reported coverage of fs = ¥, ML as well. Six S atoms

(hexamer) on the hcp site were placed on the unit cell forming an arrangement of hexagons.
All these starting geometries are consistent with models proposed from experiments.>®-
For comparison, the corresponding structural counterparts of each phase where S atoms
reside on the fcc sites were also examined. The DFT relaxed structures are shown in Figs.

5a-5c¢. The results provide theoretical confirmation that hcp site adsorption is the more

preferable for these phases. They are predicted to be favorable by 0.25 — 0.30 eV compared
to fcc site adsorption (see Table 2). The two phases, (; §) and (2N 3 x 24 3), with similar
coverage of s = 4 ML are close in energy. The calculated energy difference between them
is only 0.02 eV and this could be the reason why they are observed to co-exist at Os
=}, ML. The computed S-S distances indicate that the trimer, tertramer and hexamer
structures observed on Re(0001) are non-interacting. Vapor phase S, (n=3-20) with ring-
like structures have bondlengths in the 1.93-2.05 A range.®>”> However, the predicted
values in the (3 3 x 3V 3), (0 1) and (2V 3 x 2V 3) phases are significantly larger: 3.19-
3.30 A, 3.15-3.23 A and 3.05-3.06 A, respectively.

For Ru(0001)-c(4 x 2)S, it was proposed that the unit cell contains two S atoms and the
proposed model consists of equal occupation of the fcc and hep sites (ShepStec) as in the c(4
x 2) phase on Rh(111).*> Model with S on hcp and top sites (ShepStop) and another one with

fce and top sites (StecStop) 0ccupied were tested as well but they were ruled out on the basis
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of quantitative LEED analysis. The DFT calculations found an energetic minimum for the
ShepStee model (Fig.6a). The ShepStop and the SeecSwop models were predicted to be transition
states. For the (Y 7 x \ 7) phase, STM, LEED and Auger data revealed that the unit cell
contains four atoms.**’* Following the model of Sklarek et al .**, structure with S
occupation of three hcp and one fcce sites (S3nepStec) Was optimized where three of S atoms
that occupy the hcp sites are in a triangular-like arrangement. A second model with the
occupation numbers interchanged (S3fecShep) Was also considered for comparison. Energetic
minimum was found for these structures. The S3nepStec model (Fig. 6b) based on the
proposal by Sklarek et al. is predicted to be slightly stable by 0.03 eV.

For the pure S overlayer structures examined here, a decrease in the binding energy with
increasing S coverage is observed (Fig. 7). This weakening of the adsorbate-metal bond
reflects the enhancement of repulsive lateral interaction as the S overlayer becomes more
densely packed. The relaxation pattern for the higher coverage phases is slightly more
complex than their low coverage counterparts. On Pt(111), Rh(111), Re(0001) and
Ru(0001), the S atoms are laterally shifted off from their respective ideal hollow site
position in view of the enhanced repulsive lateral interactions at higher coverages. The S
displacement on these surfaces are in the 0.25 —0.33, 0.18 — 0.57, 0.24 — 0.32 and 0.17 —
0.34 A range. For Ru(0001)-c(4 x 2)S, the TLEED determined S lateral displacement of
0.10 —0.18 A ** is in agreement with the value of 0.15 — 0.18 A. For Re(0001)- (N3 x 2+
3)S, the predicted value of 0.25 A is larger than the reported value of ~ 0.4 A.3® One source
of deviation could be attributed to the fact that in the TLEED fitting process, the S atoms
were assumed to be distorted with long and short distances of 3.32 and 2.95 A,
respectively. The calculations do not offer support that the S hexamer in Fig 6c¢ is distorted

since the predicted S-S distances are essentially of uniform length (3.05-3.06 A).
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S induced buckling of the outermost layer of the substrate is predicted due to difference
in the height the metal atoms. The larger the S coordination, the more pronounced the
vertical displacement of the atoms away from the bulk. For example, in Re(0001)- (33 x
3+ 3)S (Fig. 5a), Re(0001)-(} })S (Fig. 5b), and Ru(0001)-(\ 7 x\' 7)S (Fig. 6b), the two-
fold S and three-fold S coordinated metal are positioned 0.17 and 0.28 A, 0.16 and 0.31 A,
and 0.20 and 0.63 A, above the one-fold S-coordinated atom. The results are in reasonable
agreement with available experimental data. For Ru(0001)-c(4 x 2)S, the TLEED
determined buckling is 0.19 + 0.02 A ** while the predicted value is 0.21 A. For Ru(0001)-
(N7 x\ 7)S, the reported buckling between three-fold and two-fold S coordinated metal
atoms and between two-fold and one-fold S coordinated metal atoms are 0.39 + 0.02 and
0.18 £ 0.02 A ** which compare well the predicted values of 0.42 and 0.20 A.

Although surface buckling and lateral shifts of S atoms occur, the local threefold
coordination of the S atoms is essentially retained. However, the bond length slightly varies
depending on the nature of metal atoms involved in the bonding. Overall, it was found that
S-metal bond length increases slightly with increasing S-coordination of the metal. This
trend is consistent with available published experimental data.** In the LEED studies of
Ru(0001)-c(4 x 2)S, it was reported that the S atom close to the hep site has a bond of 2.26
and 2.29 A with the onefold and twofold S coordinated metal while the S atom close to the
fce site has a bond of 2.24 and 2.28 A, respectively. The predicted values for S close to the
hcp site are 2.27 and 2.33 A, while they are 2.30 and 2.32 A for the other S. For the
corresponding (\ 7 x \ 7) phase, the reported bondlengths between S and its nearest
neighbor metal atoms are 2.23 + 0.05 (onefold S bonded Ru), 2.26 — 2.27 = 0.05 (twofold S
bonded Ru) and 2.33 + 0.05 A (threefold S bonded Ru) while the values are 2.26, 2.28-2.32

and 2.35 A, respectively. TLEED data for Re(0001)-(2V 3 x 2+ 3)S is also reported and it
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was determined that each S atom makes two short bonds (2.21 and 2.24 A) and one long

bond (2.51 A) with the surface.?® In this work, each S atom in Fig. 5¢ was also found to
form short and long bonds with the substrate, but the results differ in terms of the number
of them. One short bond (2.34 A) between the S and the onefold S coordinated metal was
found and two longer ones (2.39 and 2.45 A ) which involved bonds with the twofold S
coordinated metal atoms. The discrepancy may be due to the structural constraint imposed
in the arrangement of S hexamer in the previous work when the TLEED analysis was

done.>8

3.3 High coverage phases - mixed S-metal overlayer

3.3.1 Sulfur on Cu(111)

Various models for the (V' 7 x ' 7) structure of S on Cu(111) proposed in the literature
were investigated. One model supported by Domangue and Oudar and Prince ef al.

consists of three S and three Cu atoms per unit cell (0s= ¥ ML).!*!* Following their work,

two S atoms were initially placed on the fcc and hep sites and the other on the top site. The
three Cu atoms were added into the hollow-like position created by the S atoms (i.e. bridge
sites with respect to the top Cu substrate layer) forming a hexagonal S-Cu overlayer. An
energetic minimum was found for this model and the DFT optimized geometry is shown in
Fig. 8a (Prince model). It was found that the two of the S atoms remain on the fcc and hep
sites while the other one remains on the top site. Furthermore, the three Cu atoms are
situated on slightly off-bridge site positions. The SEXAFS and NIXSW studies by Prince et
al.."” reported only one value for nearest neighbor S-Cu distance (2.30 A). It was

suggested, however, that there could possibly be two or more slightly different values and

this work offer theoretical support to this particular scenario in view of the fact that the S
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atoms occupy different high symmetry sites. The S on the top, hep, and fce sites were
found to have three nearest Cu neighbors in the overlayer region at lateral distance of
d(Stop-Cu) = 2.22 A, d(Shep-Cu) =2 .37 A, d(Stee-Cu) = 2.27 A, respectively. The S
overlayer is predicted to be distorted and the calculated buckling between S atoms and the
top Cu substrate are Azi(Siwop-Cu) = 2.52 A, Azi(Shep-Cu) =2 .05 A and Az1(Sgee-Cu) = 1.91
A. To determine the vertical distance, the center of mass of the metal layer is used. The
reported experimental values are 2.30, 1.77 and 1.77 A, respectively. The deviations
between the calculations and the experiments could be attributed to the fact that the Cu
substrate atoms were not allowed to relax in the fitting of the SEXAFS data.'* Moreover,
the S atoms on both hollow sites were constrained to be coplanar during the fitting process.
These types of structural constraints were not imposed in the calculations.

The model proposed by Foss ef al. based on an S atom adsorbed on a square-like Cus
fragment above the top layer metal substrate was considered next.!>!” Additionally, two

lower S atoms are on the hcp and fcc sites per unit mesh giving rise to 6s=3 ML. It should

be noted that the locations of the four metal atoms in CusS group were not clearly resolved
in their model. Here, an initial geometry involving four Cu atoms around a top site was
constructed. In particular, an arrangement consisting of a pair of Cu atoms on two opposite
nearest neighbor top sites and the other pair on the two second nearest neighbor bridge sites
yields a roughly square shaped Cus cluster on the surface. An S atom was added on the
fourfold hollow created by the cluster forming a Cu4S fragment on the surface. Two
additional S atoms were placed on the hcp and the fcc sites to complete the starting
structure. An energetic minimum was found with the CusS group remaining intact after full
relaxation of the atomic positions (Fig. 8b, Foss model). The Cui-Cu4 atoms are either at

off-top or off-bridge site position, forming an approximately coplanar square cluster. Stop is
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four-fold coordinated to this structure while the lower Spep and St atoms remain on the hep
and fcc sites.

The model suggested by Saidy and Mitchell which consists of three Cu overlayer and
three S atoms in the unit cell was considred.'® Following their work, an initial structure
with three Cu atoms on the fcc sites forming an arrangement of triangles was constructed.
The substrate metal atom immediately below the threefold hollow site created by these
upper Cu atoms was replaced by a S atom (forming a local CusS fragment) with the two
remaining S atoms were placed on the hcp and fcc sites. This initial model which amounts
to S atoms replacing substrate metal atoms was predicted to be extremely unstable,
inducing very large structural distortions. In particular, the relaxed structure is
characterized by significant vertical and lateral displacements of the embedded S atom and
the overlayer Cu atoms, respectively (Fig. 8c, Saidy model). The optimized structure
roughly resembles the Prince model but with one substrate Cu atom missing per unit mesh.
The binding energy per surface unit cell, Esing’, for all the examined (N 7 x V 7) structures
are given in Table 3. It can be seen that DFT calculations predict the Prince model to be

the most energetically favorable, with the other models disfavored by 0.11—-1.31 eV.

3.3.2 Sulfur on Ni(111)

For Ni(11 1)—(5\/ 3 x 2)S, a trial geometry that consist of al6 atom Ni overlayer with an
essentially (100)-like geometry on a (5V 3 x 2) unit cell was set up.2*?"*" The Ni-Ni
distance along the 5V 3 direction was stretched by about 0.3 A with respect to the bulk
value to match the length of the long axis of the rectangular unit mesh. The eight S atoms
were placed on alternate fourfold coordinated hollow adsorption sites created by the metal
overlayer to form a structure that has a ¢(2 x 2) periodicity with respect to this overlayer.

From this, additional initial structures that maintain the relative positions of the atoms in
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the overlayer, but testing different lateral positions for the overlayer with respect to the

underlying substrate, were generated. That is, structural optimization of various starting
geometries arising from incremental lateral shift of the overlayer by up to 0.44 and 0.15 ,

where dand b are the lattice vectors of the short and long direction of the rectangular
surface mesh, respectively, was carried out.

The calculations yielded two stable low energy structures shown in Figs. 9a-b and their
energies are listed in Table 4. In both cases, the Ni overlayer did not remain in a nearly
square unit mesh configuration as in Ni(100). On the other hand, the overlayer is severely
reconstructed from this pseudo-(100) model. The structure in Fig. 9a, in particular, referred
to as model C; is compatible with the clock reconstructed model previously proposed.?*#¢
It involves concerted rotation of two pairs of square like tetramers, Ni;-Ni4, Nis-Nig, Nig-
Niiz and Ni3-Nijs in alternate clockwise and counterclockwise direction. The rotation was
predicted to be ~ £16° with respect to @ compared to ~ £14° estimated from experiments.*®
Three atoms per tetramer (Ni;-Ni3, Nis-Ni7, Nio-Nijj and Niis-Nije) are situated on oftf-
hollow site positions and threefold coordinated with the underlying Ni(111) substrate. The
other Ni (Nig, Nis, Nii2 and Nij3) are on an off-bridge site and only two-fold bonded with
the substrate. To compensate for this, formation of additional Nig —Nig and Nij>—Ni3 bonds
occurs.

Two S adatoms per unit mesh (S and S3) were predicted to drop into deeper lying sites
on the surface in regular rows along 5 . This picture is consistent with the experimental
observation that every fourth S adatom along the long direction of the surface unit cell
penetrate the pseudo(100) layer to bond to the underlying substrate.?? The fourfold
coordinated Sz, Sa, Ss, S, S7and Sg atoms are 3.25 A above the Ni(111) substrate while the

S and S; atoms are located 0.76 A lower. The corresponding measured values are 3.28 +
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0.1 A and 0.8 0.1 A, respectively. This work provides theoretical support for the

suggestion of Liideke ef al. #* that the clock-like modification of the Ni overlayer accounts
for lowering of this subset of S atoms. In particular, it was found that one side of the
fourfold coordinated hollows on which these lower S atoms are situated to be relatively
“enlarged”. This caused the S; and S3 atoms to drop towards the substrate, creating a fifth
bond with metals on the metal substrate, in addition to the four bonds with the metal
overlayer. In the case of the Ni(111) substrate, no severe structural distortion was observed.
The only noticeable perturbation is that this layer is corrugated due to the fact that the
substrate atoms which interact with S; and Sz are displaced upwards by ~ 0.3 A with
respect to the other ones.

The other structure is displayed in Fig. 9b (model C>). It is slightly less favorable by

0.03 eV. Similar to model Ci, ¥, of the overlayer Ni are threefold coordinated while the
remaining ¥, are twofold coordinated to the substrate. Moreover, two S adatoms per unit

mesh also dropped to a lower S-substrate layer spacing relative the other S. The major
difference between the two structures is the arrangement of the overlayer. The tetramer
pair, Ni1-Nis and Nis-Nig are rotated clockwise while Nio-Nij are in the counterclockwise
direction as in model C;. The other tetramer Ni13-Nii6, however, is now enlarged with the S
atom above it (Sg) dropping towards the substrate and creating a fifth bond with a metal on
the Ni(111) substrate. The other dropped S (Ss) is situated on the upper portion of the unit
cell. A clear implication of the present result is that model C> may coexist with model C;
since their energy difference is not very significant, and it may be unlikely that only one
structural type of (5V 3 x 2)-S phase on Ni(111) would be present. Low temperature LEED

analyses may be able to distinguish between there two structures.
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3.4. Electronic properties

The presence of the overlayer results in noticeable changes in the metal substrates
electronic structure. This is illustrated in Figs.10-11 by the partial electronic density of
states (PDOS) of selected low and high coverage pure S overlayer on Pt(111) surface
(Pt(111)-(2 x 2)S and Pt(111)~(7 x N 3)S). In Fig. 12, the corresponding calculated PDOS
for a system which involved the presence of mixed S-metal overlayer (Cu(111)-(N 7 x v
7)S, Prince model) is also displayed. For reference, the PDOS of the bare surfaces are also
shown in these figures. The electron energies are given with respect to the Fermi level.
Results for these representative cases were only shown for the sake of keeping the paper
within a limited length. In Figs.10-11, the presence of adsorbed S overlayer broadens the
surface Pt d band and reduces the value of DOS at the Fermi level. This is due to the
increase in the coordination of surface Pt atoms in the adsorbed system. For Pt(111)-(2 %
2)S (Fig. 10), the interaction of the adsorbate with the surface gives rise to diffused features
in the region from -5.2 to -7.3 eV which consist of overlapping Pt d split-off states and S p,
plus some contribution from Pt s. The broad S p peak at around ~ 5.9 eV found in Pt(111)-
(2 x 2)S becomes more broadened for the higher S coverage Pt(111)-(7 x \ 3)S structure.
Additionally, a noticeable splitting is seen in the lowest lying S s. This is in contrast to the
Pt(111)-(2 x 2)S case where a relatively more defined peak due to S s is observed. This is
in line with the enhanced interaction between the S adatoms for this more densely packed
overlayer.

A number of similar observations can be made for the PDOS of the most energetically
favorable model for the (' 7 x ' 7) phase on Cu according to Prince et al. (Fig. 12). For
example, the d band for the adsorbed system is also noticeably broadened relative to the
bare surface, indicating rehybridization of the surface d band and the delocalized bonding S

p states. Interaction between the extended occupied band of the Cu overlayer which has



24

primarily d character (but with weaker split-off states) with the metal subsrate is also
detected. The interactions with the mixed Cu-S overlayer induce an increase of the DOS
for the energetically lower part of the substrate d band. It is also interesting to note that
below the Fermi level, the S p and Cu d in the overlayer region have overlapping features.
This, plus the fact that a noticeable splitting is seen in the lowest lying S s states, are
indicative of interaction between the S and Cu atoms in the overlayer.

Estimation of nature of S-metal surface interactions is carried out using Bader charge
analysis.”>’® The calculated total valence electronic populations N, of adsorbed S in various

ground state low (< )4 ML) and high coverage (> )4 ML) phases on metals are presented in

Fig. 13. If the values of the charge on the adsorbed S for the low coverage pure overlayer
phases are calculated (N. minus the number of S valence electrons corresponding to 6), it is
evident that the interaction of S with Pt and Rh results in a generally covalent bonding. The
charge on S ranges from ~ 0 to 0.22|e|. For Ag, Ni, Re and Ru, on the other hand, the
interaction has a larger ionic character with a net charge on S in the range 0.38|e| to 0.56|e|.
The most ionic interaction is that with the Ag and Re metals and the least ionic is that with
the Pt metal. The nature of S-metal interaction for Rh, Ni and Ru is intermediate between
the two limiting situations represented by Ag, Re and Pt.

When comparing the charge values between the low and high coverage pure overlayer
phases on Ag, Re and Ru, it was found that the bonding in the high coverage exhibits
relatively less ionic character. That is, for a given metal, a noticeable decrease in the Bader
net charge of the high coverage phases was observed compared to their low coverage
counterparts. On Ag, Re and Ru, the average charge on S at low coverage are 0.51]e|,
0.55|e|, and 0.39|e|, whereas the average values for the corresponding high coverage phases

are 0.20le|, 0.48le|, and 0.29]e|, respectively. The reduction in ionicity at higher coverage
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serves to minimize the Coulomb repulsion in the overlayer. This trend, however, is not
observed for S on Pt and Rh which exhibit generally covalent bonding at all coverages.

For Cu(111)-(\ 7 x \' 7)S (Prince model) and Ni(111)-(5V 3 x 2)S (C}), both mixed
overlayer structures show that the most significant charge variation occurs in the overlayer
region. The S atoms gain charge and again behave as electronegative adsorbates. On the
other hand, the observed charge transfer for the adjacent metal atoms is in the opposite
direction, with Cu and Ni overlayer atoms losing 0.58|e| and 0.18|e| - 0.23|e|, respectively.
The interactions exhibiting the largest degree of ionicity is found for S in Cu(111)-(\ 7 x v
7)S with S charge values of 0.64|e| - 0.70]e|. The corresponding bonding in Ni(111)-(5V 3 x

2)S has less ionic character with a S charge values of 0.39|e| - 0.50]e|.

4. Conclusion

In summary, the results of first-principles density functional theory investigations
addressing the structure of S on Ag(111), Cu(111), Ni(111), Pt(111), Rh(111), Re(0001)
and Ru(0001) surfaces were reported. The adsorption geometry of the sulfur atom in the
experimentally observed c(V 3 x 5) phase (6s = % ML) on Re(0001), (2 x 2) phase (s
=1 ML) on Ni(111), Pt(111), Re(0001) and Ru(0001), (' 3 x \ 3) phase (s = 4 ML) on
Ag(111), Ni(111), Pt(111), Rh(111) and Ru(0001) were determined. For these low
coverage structures, the occupation of high symmetry hollow sites by atomic S, notably the
fce site on the (111) surfaces and the hep site on the (0001) surfaces, fits well into the
common trend that S resides on sites with the highest coordination number. For the
Re(0001)- ¢(V 3 x 5)S, both the top and bridge sites are not stable for S adsorption, with the
adsorbate relaxing to the neighboring hollow site. For the other phases, the top and bridge

sites are not local minima but either a transition state or a higher order saddle point.
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Energetic minima were found for various high coverage pure S overlayer structures seen
on Pt(111), Rh(111), Re(0001) and Ru(0001) and the calculations provide further
information on the structural properties of the systems. The general tendency for mixed site
occupation at higher coverages was confirmed. For Ag(111)-(N 7 x ¥ 7)S, concern for the
validity of structural models proposed in the experimental literature was noted. In the light
of the density functional theory results, a refined version of the interacting S trimer model
was proposed which consists of an S atom on the top site bonded to two S atoms situated
on nearest neighbor off-bridge site positions. Among the different models examined for the
Cu(111)-(N 7 x N 7)S, the densely packed S-metal overlayer structure proposed by
Domangue and Oudar and Prince et al.'*>!* was determined to be the most energetically
favorable. This model consists of Cu and S atoms in a hexagonal-like arrangement on top

of Cu(111), with the S atoms at ¥ ML coverage. Theoretical confirmation for the existence

of (5V 3 x 2) clock-like reconstruction on Ni(111) was provided. The Ni overlayer onto
which sulfur are adsorbed did not remain in a nearly square unit mesh configuration as in
Ni(100), in line with experimental data.

The changes in the surface electronic structure were studied for representative adsorbed
systems. It was found that the presence of the adsorbates in the overlayer region broadens
the surface d band. The dominant mechanism for S interaction with the metal substrate is
the overlapping of S p and metal d bands. At high coverage, noticeable splitting was
predicted in the lowest lying S s due to enhanced interactions in the overlayer region.
Qualitative trends were extracted from Bader charge analysis, such as that S interactions
with metals in Ag(111), Cu(111), Ni(111), Re(0001) and Ru(0001) are more ionic than

those in Pt(111) and Rh(111).
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Supporting Information Available: Figures showing top view of (111) and (0001)
surfaces with the adsorption sites indicated. The (2 x 2), (¥ 3 x ¥ 3) and ¢(N 3 x 5) unit
cells applied in the calculations are also marked. This information is available free of

charge via the Internet at http://pubs.acs.org.
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FIGURE CAPTIONS

Fig. 1 Binding energies of (a) (2 x 2) phase of S on Ni(111), Pt(111), Re(0001) and
Ru(0001) plus c(¥ 3 x 5) phase on Re(0001), and (b) (¥ 3 x ¥ 3) phase on Ag(111),

Ni(111), Pt(111), Rh(111) and Ru(0001).

Fig. 2 A schematic top view of various relaxed Ag(111)-(\ 7 x ¥ 7)S. (a) Stable structure
according to the model of Schwaha et al., Rovida et al. and Heinz et al. 3'° ; (b)-(c) S
trimer around top sites of the substrate lattice and (d) S trimer structure proposed in this

work. Light blue and yellow spheres represent Ag and S atoms, respectively.

Fig. 3 A schematic top view of relaxed Pt(111)-(7 x \ 3)S structures. Blue and yellow
spheres represent Pt and S atoms, respectively. Metal atoms labeled Pt; and Pt; are
examples of onefold and twofold S coordinated surface atoms. (a) 1:2 S occupation of the

hep and fec site position. (b) 1:2 S occupation of the fcc and hcp site position.

Fig. 4 A schematic top view of relaxed high coverage Rh(111) structures. Green and
yellow spheres represent Rh and S atoms, respectively. Metal atoms labeled Rh;, Rh, and
Rh; are examples of onefold, twofold and threefold S coordinated surface atoms. (a) (7 x \
3) phase, 1:2 S occupation of the hep and fec site position. (b) (7 x v 3) phase, 1:2'S
occupation of the fcc and hep site position. (c) ¢(4 % 2) phase, 1:1 S occupation of the fcc

and hcp site position. (d) (4 x 4) phase, S on the fcc sites

Fig. 5 A schematic top view of relaxed high coverage Re(0001) structures. Blue and

yellow spheres represent Re and S atoms, respectively. Metal atoms labeled Rei, Re; and
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Re; are examples of onefold, twofold and threefold S coordinated surface atoms (a) (313

x343) phase, S on the hcp sites. (b) (5 }) phase, S on the hcp sites. (c) (2V3 x312) phase, S

on the hcp sites.

Fig. 6 A schematic top view of relaxed high coverage Ru(0001) structures. Blue and
yellow spheres represent Ru and S atoms, respectively. Metal atoms labeled Rui, Ruz and
Rus are examples of onefold, twofold and threefold S coordinated surface atoms (a) c(4 x
2) phase, 1:1 S occupation of the fcc and hep site position. (b) (N 7 x \ 7) phase: 1:3 S

occupation of the fcc and hep site position.

Fig. 7 Calculated binding energy of S on Ag(111), Pt(111), Rh(111), Re(0001) and

Ru(0001) for various phases.

Fig. 8 A schematic top view of various relaxed Cu(111)-(N 7 x v 7)-S. Red and yellow
spheres represent Cu and S atoms, respectively. (a) Stable structure according to
Domangue et al. and Prince et al.'*!3 Cu;-Cus refer to Cu overlayer atoms. S on top, hcp
and fcc sites are labeled by Stop, Snep and Stec, respectively. (b) Stable structure according to
Foss et al.'>!7 Cu;-Cua refer to Cu overlayer atoms. S on Cu overlayer, hep and fec sites
are labeled by Stop, Shep and Stec, respectively (c) Stable geometry from starting structure
according to Saidy et al.'® Cu;-Cu; refer to Cu overlayer atoms. S on top of vacancy, hcp

site and fcc sites are labeled by Svac, Snep and Stec, respectively.

Fig. 9 A schematic top view of low energy Ni(111)-(5V 3 x 2)-S structures.
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Fig. 10 The PDOS (Er =0) for Pt(111)-(2 % 2)S. The two top panels correspond to the

PDOS of S and top Pt substrate. The PDOS of the bare surface (bottom panel) is also

included.

Fig. 11 Same as in Fig. 11 for Pt(111)-(7 x \ 3)S.

Fig. 12 Same as in Fig. 11 for Cu(111)-(\ 7 x N 7)S (Prince model, Fig 8a). The PDOS of

the metal in the overlayer region is also included.

Fig. 13 Total valence population N, of S obtained from Bader analysis for various ground

state low and high coverage S phases. N, is in unit of |e|.
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TABLES

Table 1. Predicted adsorption properties of experimentally observed phase of S (low
coverage) on various metal surfaces. d(S-M) is the distance between S and surface atoms
M, A1z is percentage change in the first metal-metal interlayer spacing (with respect to the

bulk value) and Az; is the magnitude of buckling in the first metal layer.

Epina (€V/atom) d(S-M) (A) Az (A) A2 (%)
¢(N3x5);0s=Y%ML
Re(0001)
fec -7.41 2.40 0.13 4.4
hep -7.68 2.38 0.09 4.9
(2 x2);0s=), ML
Ni(111)
top -3.81 2.01 0.24 0.4
bridge -5.00 2.10 0.14 0.7
hep -5.22 2.14 0.08 0.7
fec -5.27 2.14 0.05 0.5
(2.02-2.23 +
0.02-0.06)! (2.7)
(2.16 £ 0.04)*
(2.11 £0.03)®
Pt(111)
top -3.02 2.17 ~0 0.4
bridge -4.53 2.24 ~0 0.2

hep -5.03 2.28 0.15 1.8



fee

Re(0001)
top
bridge
fce

hep

Ru(0001)
top
bridge
fce

hcp

(N3 x \3) ; s = , ML

Ag(111)
top
bridge
hep

fce

Ni(111)

-5.23

-4.35

-5.36

-5.73

-5.98

-4.12

-5.30

-5.63

-5.75

-2.68

-3.54

-3.62

-3.69
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2.28
(2.24)°

(2.28 +0.03)°

2.13
2.33
2.39

2.38

2.16
2.29
2.35
2.33

(2.29 % 0.02)°

2.28
2.42
2.45

2.45

0.15

(0.08 % 0.04)"

0.48
0.10
0.15

0.07

0.03

0.09

(0.030 % 050)°

0.59

0.68

1.8

(1.3)°

-3.1
-5.1

(-6.7) ¢

4.6

5.1



top
bridge
hep

fee

Pt(111)
top
bridge
hcp

fce

Rh(111)
top
bridge
hcp

fce

Ru(0001)
top
brg
fec

hep

-3.77

-4.88

-5.02

-5.10

-2.98

442

-4.88

-5.04

-3.57

-5.02

-5.42

-5.50

-4.12

-5.26

-5.68

-5.72

33

2.01
2.09
2.14
2.14

(2.13)f

2.17
2.24
2.28
2.28

(2.25)° (2.28)°

2.13
2.22
2.27
2.27

(2.23)

(2.25+ 0.04)"

2.15
2.28
2.34

2.33

0.41

0.45

0.08

0.14

0.09

0.22

2.9
4.4
1.3

0.9

0.4
2.0
2.5
1.6

(0.4)°

1.1
0.6

1.0
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(2.28 £0.02)° (-0.9)°

al) Demuth et al.'®; Ohta et al. ®*; Warburton et al. 2; Wu et al. '; Kitajima et al. ¢’
22 Fauster et al. *!

) Liideke et al. 2

» Yoon et al. 3!

° Hayek et al. %°

9 Barbieri et al. *

® Jiirgens et al. 4

D Kitajima et al. ¢

® Wong et al.

b Santoni et al. 3

YWuetal 7’



35

Table 2. Predicted adsorption properties of experimentally observed phases of S (high

coverage) on various metal surfaces. d(S-M) is the distance between S and surface atoms

M, A1z is percentage change in the first metal-metal interlayer spacing (with respect to the

bulk value) and Az; is the magnitude of buckling in the first metal layer. Transition state

and higher-order saddle point are denoted as #s and 4os.

Ebina d(S-M) Az A2
(eV/atom) (A) (A) (%)
Ag(111)
(N7 x\7); 6s =% ML
StopSteeShep (Fig.2a) -3.18 (hos) 2.28-2.42 0.68 2.2
Stee/S3hep (Fig.2b-c) -3.36 2.37-2.44 1.10—1.14 6.5-6.9
StopSabre (Fig.2d) -3.46 2.56—2.69 0.202';0.15 2.0
Pt(111)
(7 %\ 3); s =¥% ML
StecSanep (Fig.3b) -4.75 2.23-2.30 0.33 3.1
SateeShep (Fig.3a) -4.80 2.18-2.29 0.35 2.5
Rh(111)
(7 x\ 3); 0s =% ML
StecSanep (Fig.4b) -5.23 2.25-2.37 0.24 1.7
SateeShep (Fig.4a) -5.24 2.23-2.42 0.22 1.6
c(4 x 2); 0s =¥ ML
ShepStop -4.28 (hos) 2.14-2.28 0.05 1.0
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SfccStop -4.29 (hOS) 2.14-2.28

StecShep (Fig.4c) -5.11 2.23-2.28

(4 x4);0s=) ML

Shep -4.93 2.20 -2.35
Stee (Fig. 4d) -4.93 2.21-237
Re(0001)

(3V3 x 3V 3); 0s =% ML
Stec -5.46 2.33-2.48

Shep (Fig.5a) -5.72 2.35-2.43

13):0s=}ML
Stee -5.42 2.35-2.44

Shep (Fig.5b) 5.67 2.35-2.44

(2V 3 x2V 3); Bs = 4 ML
Sfcc -535 234 — 243
Shep (Fig.5c) -5.65 2.34-2.43

(234 -2.51)"

Ru(0001)
c(4 x2);0s=)ML
ShepStop -4.49 (ts) 2.15-2.35
SteeStop -4.56 (ts) 2.14-2.33

ShepSrec (Fig.6a) -5.44 2.27-2.33

0.24

0.50°!; 0.22%2

0.38°1;0.23%2

0.11°";0.26

0.11°;0.17%

0.22°1;0.25%

0.15°";0.16%

0.14-0.31°2

0.13-0.21°2

0.09
0.09

0.21

0.9

2.7

44

3.5

-1.8

-1.9

(-0.9)"!

0.9
-1.6

0.1
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(2.24 -2.29)™ (0.19+0.02) ™ 0.5)%
(N7 x\ 7); s =% ML
S3feeShep -5.25 2.27-2.36 0.34 ®1;0.17 2 2.0
SanepStee (Fig.6b) -5.28 2.26-2.35 0.42 °1;0.20 2 2.1
(2.23-2.33+£0.05)%  (0.39+0.02) *'3 (1.4)°

(0.18 +0.02) 213

D buckling between Ag bonded to Sip and Ag bonded to Shrg

2 buckling between Ag bonded to Spre and the remaining under coordinated Ag
®D buckling between three-fold and two-fold S coordinated metal atoms

®2) buckling between two-fold and one-fold S coordinated metal atoms

™D Barbieri et al. *8

2 Schwennicke et al. **

) Sklarek et al. +?
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Table 3. Epina’, for the various examined Cu(111)-(\ 7 x v 7)-S models. Relevant structural
properties for the most stable case are tabulated. d(S; -Cu) is the distance between S on the
i site and Cu overlayer. The various Azi(S;-Cu) refer to the magnitude of buckling between

S on the i site and the top Cu substrate center of mass.

Ebpina’ (eV)
Foss (Fig. 8b) -13.10
Saidy (Fig. 8c) -11.90
Prince (Fig. 8a) -13.21

Structural properties

d(Swop-Cu) (A) 2.22

d(Shep-Cu) (A) 237

d(Stee-Cu) (A) 2.27
Azi(Swp-Cu) (A 2.52,(2.30)*
Azi(Shep-Cu) (A) 2.05,(1.77) ®
Azi(Skee-Cu) (A) 191, (1.77) *

2 Prince et al. 13
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Table 4. Adsorption energy, Epina’, per surface unit cell and structural properties of the low

energy Ni(111)-(5V 3 x 2)S structures obtained in this work.

C; (Fig. 9a) C> (Fig. 9b)
Epina’ (€V) -42.09 -42.06
d(Nioveriayer-Nisubstrate) (A) * 240-2.72 2.39-2.73
d(Nioyerlayer-Nioverlayer) (A) ° 248 —2.67 2.47-2.67
d(S-Nioverlayer) (A) © 2.15-2.20 2.15-2.21
d(S-Nisupstrate) (A) 9 2.27 2.27
Az (S-Nioverlayer) (A) © 3.25,(3.28 £0.1)8 3.25
Az’ (S-Nioverlayer) (A) © 2.49, (2.48 £ 0.1)¢ 2.46

? bondlengths between overlayer Ni and top layer Ni substrate

® bondlengths between overlayer Ni

¢ bondlengths between S and overlayer Ni

4 bondlengths between S and the top layer Ni substrate

¢ vertical distance between upper S adatoms center of mass and top Ni substrate center of
mass

fvertical distance between lower S adatoms center of mass and top Ni substrate center of
mass

¢ Liideke et al.
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Fig. 2

(a) (b)

/i .\.\ _‘1' -2

b R P e

=N % 7S

7 OX \/0" »
4 A /'

(d)



42

Fig. 3
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Fig. 4
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Fig. 4
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Fig. 5a
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Fig. 5b
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Fig. 6
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Fig. 8a
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Fig. 8b
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Fig. 8c
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Fig. 9a
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Fig. 9b
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Fig. 10
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Fig. 11
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Fig. 13
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