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a b s t r a c t

Density functional theory calculations were employed to investigate the molecular and dissociative
adsorption of H2S on the closed packed surfaces of a number of important noble metals (Ag(111),
Au(111) and Cu(111)) and transition metals (Ir(111), Ni(111), Pd(111) and Pt(111)). Energy minima
corresponding to adsorbed states were identified with H2S binding preferentially at the top sites. The
adsorption of other S moieties (SH and S) was also examined. SH and S were found to prefer bridge sites
and hollow sites, respectively. The binding of H2S and its S-containing dissociated species is stronger on
the transition metals. The elementary reactions of abstraction of H from H2S to form a surface SH inter-
mediate and abstraction of H from SH to form a surface S intermediate as model pathways for the disso-
ciation of H2S were examined. Our results suggest that H2S decomposition on the aforementioned
transition metal surfaces is more facile, both thermodynamically and kinetically.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

The interaction of H2S with metal surfaces is of considerable
interest due primarily to two reasons. Technologically, it is a rele-
vant reaction in areas such as hydrodesulfurization of hydrocar-
bons [1] and gas sensors [2,3]. Scientifically, it is widely used as
a model system to understand the various reasons for the poison-
ing of metals by sulfur compounds. Major S contaminants, such as
H2S (which is a common impurity in fossil derived fuels and chem-
ical feedstocks), have highly poisonous effects on metal-based
catalysts encountered in many chemical reactions in the petro-
chemical industry. Metal-based membranes that are used for
separation of hydrogen produced from hydrocarbon reforming
and water–gas shift reactions also suffer from a similar problem
[4,5]. It was found that H2S in the process streams deactivates
the metal membranes giving rise to reduction in their selectivity
and hydrogen permeability. Uncontrollable and accidental poison-
ing of these materials could incur great cost to the economy [6]. It
is hoped that fundamental understanding of the H2S–metal chem-
istry would help characterize the problem and likewise would pro-
vide insights for the development of S-resistant catalysts and
membrane materials.

Experimental studies of interaction of H2S with close-packed
transition and noble metal surfaces (Ag(111) [7], Au(111) [8],
Co(0001) [9], Cu(111) [10] and Pt(111) [11]) as well as with the
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corresponding open surfaces (Ag(100) [12,13], Au(100), Au(110)
[14–16], Cu(100) [17], Mo(100) [18], Ni(100) [19–21], Ni(110)
[22], Pd(100) [23], Rh(100) [24], Ru(110) [25], W(100) [26]) were
reported. A variety of techniques such as low-energy electron dif-
fraction (LEED), scanning tunneling microscopy (STM), X-ray pho-
toemission spectroscopy (XPS), normal incidence X-ray standing
wave (NIXSW) analysis, temperature program desorption (TPD),
high-resolution electron energy loss spectroscopy (HREELS) and
Auger electron spectroscopy (AES) were utilized. From this body
of work has emerged a picture of facile H2S dissociation on most
of these metals at low temperatures (generally below �185 K).
The major exceptions are Ag(111), Ag(100), Au(111), Au(100)
and Cu(111) surfaces which, in comparison, were found to be inef-
ficient in dissociating H2S particularly at low temperatures
[7,10,12–16].

Adsorption of H2S at room temperature and above giving rise to
sulfidation of the metals has also been experimentally studied in
some detail. These efforts have included work on close-packed sur-
faces of transition (Co(0001) [9], Ru(0001) [27–30], Ir(111) [31],
Ni(111) [32–35], Pd(111) [36–40], Pt(111) [41–44], Rh(111) [45–
47]) and noble metals (Ag(111) [12,48,49], Au(111) [50–52],
Cu(111) [53–55]). The formation of (

p
3 � p3) R30� structure on

the (111) surfaces was frequently observed while the (2 � 2)
structure was commonly reported on the (0001) face. These struc-
tures were determined to consist of S overlayer with one S atom
per unit mesh on an essentially undistorted metal substrate.
Formation of far more ‘‘complex” S phases was found with increase
H2S dosing or post-annealing to above room temperatures. This
generally involves a far more disruption of the metal substrate
with some kind of reconstruction of the outermost layer giving rise
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to mixed metal–sulfur overlayer structure. Despite the enormous
experimental efforts, knowledge of the chemistry of H2S on these
metals is rather limited despite the fact that it is known that the
decomposition of the gas molecules is a fundamental step in the
sulfidation process. Some basic questions such as the adsorption
geometries and dissociation pathways of H2S are not completely
clarified experimentally. The difficulty in experiments may be
attributed to the generally fast kinetics of H2S dissociation on met-
als. Consequently, this impedes detailed structural and mechanis-
tic elucidation of the adsorption and the dissociation process.

From the theoretical standpoint, first-principles investigations
focusing on the behavior of H2S on metals using periodic supercells
are also somewhat scarce but some strides have nonetheless begun
to be made. This type of study is a valuable complement to experi-
mental efforts since it allows direct observation of some atomic-
scale phenomena which cannot be achieved in current experimental
techniques. For example, with periodic density functional theory
(DFT) techniques, preliminary investigations of the adsorption and
dissociation of H2S on Pd(111) were carried out [56]. Adsorption en-
ergy and geometry of H2S plus its dissociation products, S and SH,
were reported. The dissociation pathways, including thermochem-
istry and reaction barrier were also addressed. The dissociation of
H2S was found to have low barriers and high exothermicities. Simi-
lar studies on the corresponding Ni(111), Fe(100) and Fe(110)
surfaces were also performed [57–59]. The decomposition of H2S
on these surfaces was also predicted to be a facile process.

The present work was undertaken to further improve our
understanding of the behavior of H2S on metal surfaces. We report
here a systematic investigation of H2S adsorption and decomposi-
tion on several important close-packed transition and noble metal
surfaces (Ag(111), Au(111), Cu(111), Ir(111), Ni(111), Pd(111)
and Pt(111)) using a consistent theoretical scheme. In particular,
we examined the binding properties of H2S and its dissociation
products. Additionally, mechanistic aspect of the dissociation of
this molecule on the different metal surfaces was characterized,
with particular attention given to the thermochemistry and reac-
tion barriers. The rest of the manuscript is organized as follows.
The technical details of the calculations were outlined in Section
2. We presented the adsorption structure and binding energy of
H2S and the various intermediates, SH, S and H, in Section 3.1.
The predicted pathways for H2S dissociation were given in Section
3.2. Our conclusions were drawn in the final section.

2. Computational approach

First-principles DFT total energy calculations were carried out
as implemented in the Vienna Ab initio Simulation Package (VASP)
code [60,61]. This implementation includes total energy and atom-
ic force calculations. We used the generalized gradient approxima-
tion (GGA) formulation of Perdew, Burke and Enzerhoff (PBE) [62]
to calculate the exchange-correlation energy. The electron–ion
interaction was described by the projector-augmented wave
(PAW) method [63]. The Kohn–Sham one electron valence eigen-
states were expanded in terms of plane-wave basis sets with a cut-
off energy of 280 eV.

The Ag(111), Au(111), Cu(111), Ir(111), Ni(111), Pd(111) and
Pt(111) surfaces were represented by a five-layer slab with peri-
odic boundary conditions in the two directions parallel to the sur-
face. In order to ensure the decoupling of the consecutive slabs, a
15 Å thick vacuum region is employed. A (3 � 3) surface unit cell
was used where there are nine metal atoms in each layer. For each
surface, the lattice constant was fixed to the value obtained from
optimizing with DFT this constant for the bulk metal. The com-
puted lattice constants for the bulk Ag, Au, Cu, Ir, Ni, Pd and Pt
are 4.17, 4.18, 3.64, 3.88, 3.52, 3.97 and 3.98 Å, respectively. The
corresponding experimental values are 4.09, 4.08, 3.61, 3.84,
3.52, 3.89 and 3.92 Å, respectively [64]. Our predictions are found
to within �2% of the measured values.

Adsorption of H2S and its dissociation products, SH, S and H, is
allowed on one side of the slab. The electrostatic potential is ad-
justed accordingly [65]. A set of geometry optimizations were per-
formed by placing the adsorbate at one of the high symmetry
adsorption site on the surface (top, bridge, fcc and hcp sites). For
H2S and SH, different initial orientations and distances with respect
to the surface were explored. During the geometry optimization,
the coordinates of the top three metal layers and the adsorbate
were allowed to relax while the bottom two layers were fixed to
their calculated bulk positions. The k-point sampling of the two-
dimensional electronic Brillouin zone of the periodic supercells
was performed using the Monkhorst–Pack scheme [66]. We used
Monkhorst–Pack mesh of 3 � 3 � 1. A Methfessel–Paxton smearing
[67] of r = 0.2 eV was utilized to improve convergence and the cor-
rected energy for r ? 0 was employed. Spin polarization effects
are tested and included where appropriate. Previously, we carried
out preliminary investigations of the behavior of H2S on Pd(111)
[56]. In that work, we used the Perdew–Wang (PW91) GGA func-
tional to compute the exchange-correlation energy [68]. Core orbi-
tals were described by non-local reciprocal space space ultra-soft
pseudopotentials in the Vanderbilt form [69]. For the sake of con-
sistency, we reexamined this system using exactly the same calcu-
lational setup employed here.

The adsorption energy of the adsorbate species, Eads; was calcu-
lated using the expression

Eads ¼ Eadsorbateþslab � ðEslab þ EadsorbateÞ ð1Þ

where Eadsorbateþslab is the total energy of the relaxed adsorbate-sur-
face system, while Eslab and Eadsorbate are the total energy of the re-
laxed bare surface and gas phase adsorbate respectively. Eadsorbate

was calculated by placing a molecule or an atom in a cubic box with
dimensions of 15 Å sides and performing spin-polarized C-point
calculations. Based on this definition, a negative Eads indicates that
the adsorption is exothermic. Adsorption energies and site prefer-
ences for the H2S, SH, S and H were described for 1/9 ML coverage.
Our analysis would focus primarily on the most favorable adsorp-
tion mode for each type of adsorbate but data on the other stable
configurations would be provided as well.

The dissociation pathway studied here involves sequential
abstraction of H atoms from H2S [56–59]. This sequential S–H scis-
sion gives rise to surface SH and surface S intermediates (i.e.
H2S(ad) ? SH(ad) + H(ad) and SH(ad) ? S(ad) + H(ad)). We investigated
the thermochemistry and identified the transition state for each
elementary step. The minimum energy pathway for each reaction
step was mapped out using the nudged elastic band (NEB) tech-
nique [70,71]. NEB is a method for finding saddle points and min-
imum energy paths between known reactants and products. A
discrete representation of the reaction path was employed, with
the points (movable images) along the path being relaxed using
first derivative information only. In this work, five images were
used in the search for the saddle point of each elementary reaction
step mentioned above. An initial chain of images is constructed be-
tween the initial reactants and final reaction products using linear
interpolation between the two endpoints. The energies of the
images and the endpoints were obtained from spin-polarized cal-
culations. The transition state of the optimized reaction coordinate
was approximated by the image of highest energy. The overall
reaction energy DErxn was calculated using the expression

DErxn ¼
X

Eprod �
X

Ereact ð2Þ

where the first and second terms represent the sum of energies of
products and reactants, respectively. Based on this convention, a
negative DErxn corresponds to an exothermic reaction.
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Fig. 1. Basic structure of: (a) H2S adsorbed on the top site, and (b) SH adsorbed on
the bridge site of the metal surfaces.
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3. Results and discussion

3.1. Adsorption of H2S, SH, S and H on the metal surfaces

The computed adsorption energies and optimized structural
parameters for H2S adsorption on the different metal surfaces are
tabulated in Table 1. In all cases, energy minima corresponding
to adsorbed states were identified. Binding on the top site is fa-
vored with adsorption energy that varies from �0.17 to �0.91 eV
with respect to the gas phase molecule. In this configuration, the
molecule binds to the metal surfaces through its sulfur atom (Fig.
1a). The calculated S–metal distance varies from 2.21 to 2.82 Å,
The adsorbed molecule lies nearly parallel to the surface, the angle
between the surface plane and the S–H bond axis being 4–14�. The
internal structure of the adsorbed H2S is only slightly deformed
with respect to its gas phase counterpart. The H–S–H internal an-
gles and S–H bondlengths are 91–92� and 1.36–1.37 Å, respec-
tively. The corresponding gaseous values are 93� and 1.35 Å,
respectively. It can be seen from Table 1 that the adsorption energy
is larger for the transition metal surfaces, namely, Ir(111),
Ni(111), Pd(111) and Pt(111) (Eads = �0.56 to �0.91 eV), com-
pared to the noble metal surfaces (Eads = �0.17 to �0.27 eV). For
all the studied metals, the rotation of H2S about the S–metal bond
has a very small effect on the total energy. The energy was found to
change by less than 0.01 eV suggesting that that the molecule is
free to rotate on the surface. We also looked at the energetics for
the case where the metal surfaces are rigid and the molecule is
non-deformable. That is, the adsorption energy was calculated
with the metal substrate and H2S fixed to their calculated bulk/
gas phase positions. The corresponding Eads was predicted to be re-
duced by 17–62%. The calculated values are �0.14, �0.20, �0.10,
�0.34, �0.35, �0.57 and �0.67 eV on Ag(111), Au(111),
Cu(111), Ir(111), Ni(111), Pd(111) and Pt(111), respectively. This
indicates that the contribution of the substrate and the adsorbate
relaxation to the values reported in Table 1 is quite significant.
Table 1
Adsorption properties of H2S on the close packed surfaces of various metals

Site Eads (eV) dS–metal (Å)

Ag(111)
Top �0.17(�0.3)a 2.82
Bridge – –

Au(111)
t+op �0.27(�0.4 to �0.5)b 2.62
Bridge – –

Cu(111)
Top �0.26(�0.3–0.4)c 2.40
Bridge �0.05 2.40

Ir(111)
Top �0.77 2.34
Bridge �0.49 2.31

Ni(111)
Top �0.56 2.21
Bridge �0.50 2.18

Pd(111)
Top �0.75 2.31
Bridge �0.61 2.33

Pt(111)
Top �0.91 2.30
Bridge �0.51 2.30
H2S(g)

d

Listed are the: adsorption energy per H2S molecule (Eads), S–metal bondlength (dS–meta

surface plane and the S–H bond (\Surf–S–H). Where comparison is available, experimenta
a Ref. [7].
b Ref. [8].
c Ref. [10].
d For reference purposes, the computed and experimental structural properties of the
e Ref. [96].
With the exception of Ag(111) and Au(111), bridge site was
found to be stable adsorption site. However, it is disfavored by
0.06–0.40 eV relative to the top site adsorption. In this configura-
tion, the molecular plane of the adsorbate is perpendicular to the
dS–H (Å) \Surf–S–H (�) \H–S–H (�)

1.36 6 92
– – –

1.36 4 92
– – –

1.36 10 92
1.37 43 95

1.37 13 91
1.38 42 95

1.37 14 91
1.38 43 94

1.37 10 92
1.37 43 93

1.37 11 91
1.37 42 96
1.348(1.328)e 92.8,(92.2)e

l), S�H bondlength (dS–H), H–S–H bond angle (\H–S–H) and the angle between the
l values are given in parenthesis.

gas phase H2S are also provided.



Table 2
Adsorption properties of SH on the close packed surfaces of various metals

Site Eads (eV) dS–metal (Å) dS–H (Å) \Surf–S–H (�)

Ag(111)
Top – – – –
Bridge-fcc �2.34 2.56 1.37 10
Bridge-hcp �2.34 2.54 1.36 12
fcc �2.16 2.54 1.37 90
hcp �2.11 2.55 1.37 90

Au(111)
Top �1.88 2.37 1.36 8
Bridge-fcc 2.23 2.47 1.37 9
Bridge-hcp �2.23 2.47 1.37 11
fcc �1.94 2.46 1.38 90
hcp �1.77 2.49 1.37 90

Cu(111)
Top – – – –
Bridge-fcc �2.76 2.29 1.37 14
Bridge-hcp �2.76 2.29 1.37 13
fcc �2.53 2.26 1.37 90
hcp �2.50 2.27 1.37 90

Ir(111)
Top �2.49 2.29 1.37 12
Bridge-fcc �3.22 2.34 1.40 11
Bridge-hcp �3.20 2.35 1.39 13
fcc �2.89 2.30 1.39 90
hcp �2.76 2.30 1.39 90

Ni(111)
Top – – – –
Bridge-fcc �3.27 2.17 1.52 2
Bridge-hcp �3.22 2.17 1.50 3
fcc �2.90 2.15 1.38 90
hcp �2.84 2.15 1.38 90

Pd(111)
Top – – – –
Bridge-fcc �3.37 2.29 1.44 6
Bridge-hcp �3.29 2.30 1.39 14
fcc �3.05 2.27 1.38 90
hcp �2.94 2.29 1.38 90

Pt(111)
Top �2.48 2.26 1.37 10
Bridge-fcc �3.18 2.31 1.40 8
Bridge-hcp �3.15 2.31 1.39 13
fcc �2.86 2.27 1.38 90
hcp �2.51 2.29 1.39 90
SH(g)

a 1.35(1.345)b

Listed are the: adsorption energy per SH (Eads), S–metal bondlength (dS–metal), S–H
bondlength (dS–H) and the angle between the surface plane and the S–H bond
(\Surf–S–H).

a For reference purposes, the computed and experimental structural properties of
a gas phase SH are also provided.

b (Ref. [96]).
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surface. It binds to the surfaces through its sulfur atom with the H
atoms directed towards the gas phase. In the case of the fcc and
hcp sites, they are predicted to be unstable for all the examined
metals. We found that the adsorbed molecule eventually relaxed
towards the bridge sites after being initially placed at the hollow
sites. The preference for top site adsorption predicted here for
H2S can be explained by analogy to gas phase bonding as suggested
in previous work [72]. H2S is stable in the gas phase. Hence, the
lowest possible coordination is expected in the adsorbed state.

The behavior of H2S on the clean Ag(111) surface was studied
previously by means of TPD [7]. At 80 K, molecular adsorption
was observed. On Au(111), Cu(111) and Pt(111), molecular
adsorption was reported at 85 K, 120 K and 110 K, respectively,
on the basis of TPD and XPS [8,10,11]. Our study offers theoretical
confirmation that molecular H2S adsorption on Ag(111), Au(111),
Cu(111) and Pt(111) is stable. There is no direct information about
the geometry of the adsorbed H2S from these experiments to com-
pare with our finding. On Ir(111) [31], Ni(111) [32–35] and
Pd(111) [36–40], previous experimental efforts primarily focused
on the sulfidation of the surfaces via room temperature exposure
to H2S. At this condition, no evidence of molecular adsorption
was observed because H2S was found to dissociate quickly giving
rise to adsorbed S species. To our knowledge, low temperature
characterization of H2S adsorption on Ir(111), Ni(111) and
Pd(111) has never been attempted experimentally. Our work pro-
vides a theoretical confirmation that the adsorption of H2S on these
surfaces is energetically favorable.

Investigations of H2S adsorption on Cu(111) [73], Ni(111)
[73,74] and Pt(111) [75] were previously carried out using DFT
based on a (2 � 2) slab (hH2S=1/4 ML). These studies also concluded
that H2S binds through the S atom at a top site with the molecule
sitting almost flat on the surface. DFT studies of H2S adsorption on
Ni(111) and Pd(111) at hH2S = 1/9 ML employing a 3–4 layer
(3 � 3) slab were reported [56,57]. These works lead to similar con-
clusions: i.e. the top site is the most favorable and the molecule is
nearly parallel to the surface. Our values for H2S adsorption on
Ni(111) and Pd(111) can be compared with the above calculations
The reported top site adsorption energy on Ni(111) and Pd(111)
are �0.55 and �0.73 eV, respectively. These compare well with
our calculated values of �0.56 eV and �0.75 eV, respectively.

Redhead analysis of the TPD spectra of H2S desorption from
Ag(111) yields an estimated adsorption energy of ��0.3 eV [7].
TPD was also used to determine the adsorption energy of H2S on
Au(111) and Cu(111) and Redhead analysis of the data gives a va-
lue of ��0.4 to ��0.5 eV [8] and ��0.3 to ��0.4 eV [10], respec-
tively. These values are somewhat larger than our computed H2S
adsorption energy on Ag(111), Au(111) and Cu(111) of �0.17,
�0.27 and �0.26 eV, respectively. However, it must be emphasized
that the results of comparison of the predicted adsorption energies
from those obtained by TPD experiments must be interpreted with
some caution. As pointed out in Refs. [76,77], interpretation of TPD
data requires the knowledge of frequency prefactor which is often
unknown. Thus, determination of adsorption energies from TPD
experiments is often based on some guessed value for the prefactor
which is typically 1013 s�1. This guessed prefactor, on the other
hand, could be orders of magnitude from the correct value.

In Table 2, we list the adsorption energies and structural prop-
erties for SH on the stable sites of the various metal surfaces. Sim-
ilar to H2S, SH was found to bind to the substrate through the S
atom. However, in contrast to H2S, SH interacts more strongly with
the studied metals. It is seen that SH prefers the bridge site (Fig.
1b). Adsorption on the hollow sites is predicted to be stable but
the adsorption energies were found to be �0.2 to �0.7 eV weaker.
For hollow site adsorption, SH binds with the axis of the species
perpendicular to the surface plane. On Au(111), Ir(111) and
Pt(111), SH exhibits stable top site adsorption but they are also
found to be less stable compared to the bridge site (adsorption is
�0.4 to �0.7 eV stronger in the bridge site). In this configuration,
the SH bond axis is inclined with respect to the surface plane with
the S atom bound to the surface. Unlike H2S, the most preferred
binding site predicted for SH suggests that gas phase bonding
trends are not followed by this species on the different surfaces
considered here. SH binds to at most one atom in the gas phase.
Hence, it is expected to be onefold coordinated to the surface in
the adsorbed state, yet it is preferentially adsorbed on the twofold
bridge site.

For clarity, two types of bridge site termed bridge-fcc and
bridge-hcp were reported. The bridge-fcc (bridge-hcp) site corre-
sponds to a binding situation in which the S–H bond lies above
the fcc (hcp) site. On Ag(111), Au(111), Cu(111), Ir(111) and
Pt(111), the adsorbate at both bridge-fcc and bridge-hcp sites
binds in a typical twofold bridge configuration. The S–H bond re-
tains a length close to the gas phase value (within 0.05 Å). The dif-
ference in the energy for the two types of bridge site is 60.03 eV.
On Pd(111), SH on bridge-hcp site also essentially binds in a typ-
ical bridge fashion. For bridge-fcc site adsorption, it binds such that



Table 3
Adsorption properties of S on the close packed surfaces of various metals

Site Eads (eV) dS–metal (Å)

Ag(111)
Top �2.81 2.29
Bridge – –
fcc �3.94 2.45
hcp �3.88 2.46

Au(111)
Top �2.49 2.25
Bridge �3.58 2.36
fcc �3.99 2.39(2.4)a

hcp �3.80 2.41
Cu(111)

Top �3.58 2.08
Bridge �4.61 2.18
fcc �4.75 2.22
hcp �4.71 2.22

Ir(111)
Top �3.52 2.16
Bridge �4.92 2.26
fcc �5.57 2.31(2.28)b

hcp �5.48 2.30
Ni(111)

Top �3.74 2.01
Bridge �5.05 2.09
fcc �5.31 2.14(2.13–2.23)c

hcp �5.22 2.14
Pd(111)

Top �3.17 2.14
Bridge �4.79 2.19
fcc �5.17 2.24(2.23–2.28)d

hcp �5.11 2.24
Pt(111)

Top �3.19 2.16
Bridge �4.71 2.24
fcc �5.38 2.28(2.24–2.28)e

hcp �5.13 2.28

Listed are the: adsorption energy per S atom (Eads) and the S–metal bondlength
(dS–metal). Where comparison is available, experimental values are given in
parenthesis.

a Ref. [52].
b Ref. [31].
c Ref. [35,78,79].
d Ref. [36,37,81].
e Ref. [41,42].
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S atom is displaced approximately between the bridge and the fcc
site. The H atom exhibits a top-like interaction with a metal atom
giving rise to elongation of the S–H bond by 0.09 Å with respect to
the gas phase value. The bridge-fcc site is preferred by 0.08 eV
compared to bridge-hcp site. This type of binding configuration
was also seen for both types of bridge site adsorption on
Ni(111). The S–H bond is stretched by 0.15–0.17 Å with respect
to the gas phase value. Binding on the bridge-fcc site is slightly pre-
ferred by 0.05 eV with respect to the bridge-hcp site. It can be seen
in Table 2 that the bridge site SH adsorption on transition metal
surfaces (Eads = �3.22 to �3.37 eV), is stronger than on noble met-
als (Eads = �2.23 to �2.76 eV).

Except for Pt(111), we are not aware of any experimental char-
acterization of SH on the surfaces examined here. Adsorbed SH was
observed on Pt(111) by HREELS and this species was found to be
stable on the surface up to 150 K [11]. It was inferred that SH
may be inclined on Pt(111) based on the HREELS analysis. Our pre-
dicted most stable structure for SH on Pt(111) is in line with this
observation. Theoretical studies of SH interaction with some of
the metal surfaces considered here are somewhat more common.
Previous DFT studies found the same preferred site and binding
configuration for SH on Pt(111) at hSH = 1/4 ML [75]. Using DFT,
examination of SH adsorption on Ni(111) at 1/9 ML coverage
was reported [57]. The bridge-fcc and bridge-hcp sites were found
to be the lowest in energy which is in line with our findings. It was
also observed that the S atom sits approximately between the
bridge and the fcc (hcp) site with the H atom exhibiting a top-like
interaction with a metal atom. Their reported adsorption energies
for bridge-fcc and bridge-hcp based on a four layer slab model are
�3.17 and �3.09 eV, respectively. Our calculated values of �3.27
and �3.22 eV are somewhat larger than these. Presumably, this
could be attributed to the differences between the calculational de-
tails underlying these two studies. In our earlier preliminary work,
we primarily focused on SH bound Pd(111) in a typical twofold
bridge configuration which we calculated to be at best metastable
on the surface [56]. In the present work, we identified a stable
bridge-fcc site adsorption where S is situated between the bridge
and the fcc site and H shows a top-like interaction with a Pd sur-
face atom.

The computed S adsorption energies and the distance from the
adsorbate to the neighboring metal atoms are presented in Table.
3. A consistent preference for threefold hollow sites is observed
with the fcc site more favorable over the hcp site by 0.04–
0.25 eV. The calculated S–metal distance in threefold sites varies
from 2.14 to 2.46 Å. S hollow site adsorption on transition metal
surfaces is found to be stronger (Eads = �5.17 to �5.57 eV) in com-
parison to the noble metals (Eads = �3.94 to �4.75 eV). It should
also be noted that the adsorption energies of the S-containing spe-
cies in their most stable configuration on a given surface increase
in the following sequence: H2S < SH < S.

The calculated preference of S for fcc site in Au(111), Ir(111),
Ni(111), Pd(111) and Pt(111) is consistent with previous experi-
mental works [31,33,36,37,41,42,52,78–81]. Additionally, the cor-
responding structural parameters calculated for S adsorption on
these metals agree well with the experimental data. For example,
on Au(111), experimental measurements suggest a S–Au metal
bondlength of 2.4 Å [52] in agreement with our calculated value
of 2.39 Å. On Ir(111), the S–Ir bondlength estimated from LEED
measurements is 2.28 Å [31] which compares well with our calcu-
lated value of 2.31 Å. The S–Ni bondlength observed in our calcula-
tions is 2.14 Å and the corresponding SEXAFS and LEED values are
2.13–2.23 Å [35,78,79]. On Pd(111), SEXAFS and LEED were used
to measure a S–Pd bondlength of 2.28 [81] and 2.23 Å [36,37],
respectively. They compare well with our computed value of
2.24 Å. On Pt(111), the LEED determined S–Pt distances of 2.24–
2.28 Å [41,42] agree well with our calculated values of 2.28 Å.
We are not aware of any experimental studies for which to com-
pare our calculated site preference and geometrical parameters
for S on Ag(111) and Cu(111).

DFT investigations of S adsorption on Ag(111), Au(111),
Cu(111), Pt(111) and Pd(111) at hS = 0.25 ML were previously
undertaken [75,82–84]. DFT studies of S adsorption on Ni(111)
and Pd(111) at hS = 0.11 ML were also reported [56,57]. These cal-
culations also identified the fcc hollow site as the most stable for S
adsorption. The reported fcc site adsorption energy on Ni(111) and
Pd(111) at hS = 0.11 ML are �5.17 and �5.02 eV, respectively
[56,57]. The corresponding S–Ni and S–Pd bondlengths are 2.15
and 2.27 Å, respectively. Our calculated values of 2.14 and 2.24 Å
are close to their prediction. For the adsorption energies, our com-
puted values of �5.31 and �5.17 eV on Ni(111) and Pd(111),
respectively, are somewhat larger which could be due to some dif-
ferences between the calculational details underlying these two
studies.

The corresponding adsorption energies for H and the distance of
the adsorbed H to the neighboring metal atoms are summarized in
Table 4. A general preference for hollow site adsorption was ob-
served. The calculated H-metal distance in threefold sites varies
from 1.71 to 1.93 Å. On Ag(111), Au(111), Cu(111), Ni(111) and
Pd(111), the fcc site is favored but we note that the other threefold
hcp site is competing with an energy difference of just 60.05 eV. In
a previous DFT studies, the interaction of H with the metal surfaces
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examined here at hH = 0.25 ML were reported [85]. The difference
in H adsorption energy between the most stable fcc site and the
next most stable hcp site was essentially found to be in the same
energy range [85].

On Pt(111), our calculations show that H has a smooth poten-
tial energy surface. It binds on the top, bridge, fcc and hcp sites
with adsorption energy of �2.78, �2.75, �2.80 and �2.74 eV,
respectively, showing a slight preference for adsorption on the
fcc site. The nearly flat energy surface exhibited by H on this sur-
face was also found in previous DFT investigations [86–88] and
experiments using HREELS and quasi-elastic helium atom scatter-
ing techniques (QHAS) [89,90]. For Ir(111), top site adsorption was
found to be the most energetically favorable. It is favored by about
0.06 eV over the next most stable site (fcc). The determination of
favorable atop configuration was also obtained in previous DFT
works at a coverage of 0.25 ML on Ir(111) [85,91].

The predicted general preference of H for the hollow sites is
consistent with available experimental studies. For example, on
Pd(111), it was suggested that H occupies the fcc site [92]. The
LEED measured H-Pd distance of 1.78–1.80 Å [92] compares well
with our calculated value of 1.82 Å. On Ni(111), H was reported
to occupy both hollow sites without detectable difference in the
H–Ni bondlength between the two sites [93]. The LEED determined
bondlength was found to be 1.84 ± 0.06 Å which is slightly larger
than our predicted value of 1.71 Å for both hollow sites. On the ba-
sis of HREELS measurements, top site adsorption was determined
for the unusual case of Ir(111) in agreement with our work and
Table 4
Adsorption properties of H on the close packed surfaces of various metals

Site Eads (eV) dH–metal (Å)

Ag(111)
Top �1.67 1.67
Bridge �2.09 1.83
fcc �2.22 1.92
hcp �2.21 1.93

Au(111)
Top �2.05 1.61
Bridge �2.22 1.79
fcc �2.29 1.90
hcp �2.25 1.90

Cu(111)
Top �1.94 1.52
Bridge �2.44 1.66
fcc �2.58 1.74
hcp �2.57 1.75

Ir(111)
Top �2.72 1.61
Bridge �2.62 1.81
fcc �2.66 1.92
hcp �2.61 1.90

Ni(111)
Top �2.22 1.48
Bridge �2.67 1.63
fcc �2.81 1.71(1.84)a

hcp �2.80 1.71
Pd(111)

Top �2.34 1.55
Bridge �2.76 1.72
fcc �2.91 1.82(1.78–1.80)b

hcp �2.86 1.81
Pt(111)

Top �2.78 1.56
Bridge �2.75 1.77
fcc �2.80 1.87
hcp �2.74 1.87

Listed are the: adsorption energy per H atom (Eads) and H–metal bondlength
(dH–metal) for H binding on the various close packed metal surfaces. Where com-
parison is available, experimental values are given in parenthesis.

a Ref. [93].
b Ref. [92].
other DFT studies mentioned above. The general preference for
threefold hollow sites observed for both S and H also suggests that
the gas phase bonding trends are not followed by these atomic
adsorbates on the surfaces studied here. S binds to at most two
atoms in the gas phase while H typically forms one bond. Yet, both
atoms generally prefer to bind on the threefold hollow sites.
3.2. H2S dissociation on the metal surfaces

After the preferred adsorption sites for H2S, SH, S and H were
determined, we then mapped out the minimum energy pathway
(MEP) for H2S dissociation on the surfaces using the NEB method.
As mentioned above, the following processes were considered:
H2S(ad) ? SH(ad) + H(ad) and SH(ad) ? S(ad) + H(ad). The NEB method
requires that the initial reactants and final reaction products be
determined beforehand. For the first dissociation step (H2S(ad) ?
SH(ad) + H(ad)), we analyzed a path starting with the H2S in its
ground state position on the top site of the surfaces. For the final
state, we chose a configuration which consists of a stable coad-
sorbed state of SH and H within the (3 � 3) surface cell. The disso-
ciated fragments SH and H share the smallest number of surface
metal atoms possible (principle of least atom sharing). On
Ag(111), Au(111), Cu(111), Ni(111), and Pd(111), the coadsorbed
state consists of SH on the bridge site and the H atom on the fcc
site. On Ir(111) and Pt(111), the corresponding H atom is on the
top site because it prefers this site on Ir(111) while the H top site
adsorption on Pt(111) is nearly degenerate with the fcc site. For
the second dissociation step (SH(ad) ? S(ad) + H(ad)), the starting
point was taken to be the most stable state of the adsorbed SH spe-
cies. A stable coadsorbed state of the dissociated fragment was
considered for the final state with S and H sharing the smallest
number of substrate atoms possible. On Ag(111), Au(111),
Cu(111), Ni(111), and Pd(111), S is on the fcc site while H is on
a neighboring hcp site. The corresponding H on Ir(111) and
Pt(111) is again located on the top site.

The initial, transition and final states for the calculated MEP for
the dissociation processes on the different surfaces are depicted in
Figs. 2–4. The reaction barriers, reaction energies along with
selected geometric parameters at transition state are tabulated in
Table 5. On the different studied metals, the H2S(ad) ? SH(ad) + H(ad)

pathway can be approximately divided into three steps: (i) A S–H
bond breaks by bending the bond towards the surface, (ii) the
dissociating H continues to move toward a nearby top or bridge
site. The transition state is reached when the distance between
the dissociating H and the SH fragment is dS–H P 1.42 Å, (iii) after
the transition state, the SH fragment tilts towards the surface and
then ends up in a bridge configuration while dissociating H
eventually ends up on its preferred adsorption site.

Except for Au(111), we found that the first dissociation step is
energetically favorable over the different surfaces and the predicted
energy change varies from �0.15 to �1.25 eV. On Au(111), this
reaction step is slightly endothermic (DErxn = 0.02 eV). The com-
puted energy barriers for the H abstraction on the transition metals
are 0.07–0.22 eV. The barrier is found to be moderately higher on
the noble metals (Ea = 0.43–0.86 eV). The transition state on the
transition metals is structurally more reactant-like than product-
like. The distance of the dissociating H from the S is elongated by
0.05–0.25 Å compared to the molecularly adsorbed H2S. For the
S–metal bond, the corresponding bondlength is reduced by 0.01–
0.07 Å. On the other hand, the corresponding transition states on
the noble metals are much farther from their positions in the
reactant structure. The dissociating H is 1.83–2.47 Å away from
the S at the transition state. The SH bondlength in the molecularly
adsorbed H2S is 1.36 Å which suggests that the dissociating H
is practically abstracted from the SH fragment. The S–metal
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Fig. 2. Basic structure of the initial (IS), transition (TS) and final states (FS) for H2S(ad) ? SH(ad) + H(ad) and SH(ad) ? S(ad) + H(ad) reactions on Ag(111), Au(111) and Cu(111).
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Fig. 3. Same as in Fig. 2 for H2S(ad) ? SH(ad) + H(ad) and SH(ad) ? S(ad) + H(ad) reactions on Ni(111) and Pd(111).
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bondlengths are 2.35–2.56 Å and they are reduced by 0.05–0.26 Å
with respect to the adsorbed molecule.

The second dissociation pathway over the different metals stud-
ied essentially follows the general features of the first one. (i) The
SH species moves towards the surface and points the H atom to a
nearby metal atom. (ii) The H atom then moves away from the S
fragment towards a nearby metal atom. The transition state is
reached when the distance of the dissociating H atom from S is d
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Fig. 4. Same as in Fig. 2 for H2S(ad) ? SH(ad) + H(ad) and SH(ad) ? S(ad) + H(ad) reactions on Ir(111) and Pt(111).

Table 5
Reaction barrier (Ea), reaction energy (DErxn) and geometric parameters at the
transition state for H2S(ad) ? SH(ad) + H(ad) and SH(ad) ? S(ad) + H(ad) reactions on the
various metal surfaces

Ea (eV) DErxn (eV) dS–H (Å) dS–metal (Å)

Ag(111)
H2S(ad) ? SH(ad) + H(ad) 0.86 �0.15 2.00(1.36) 2.56(2.82)
SH(ad) ? S(ad) + H(ad) 1.06 0.12 2.16(1.37) 2.47(2.56)
Au(111)
H2S(ad) ? SH(ad) + H(ad) 0.72 0.02 2.47(1.36) 2.41(2.62)
SH(ad) ? S(ad) + H(ad) 0.68 0.02 2.24(1.37) 2.38(2.47)
Cu(111)
H2S(ad) ? SH(ad) + H(ad) 0.43 �0.80 1.83(1.36) 2.35(2.40)
SH(ad) ? S(ad) + H(ad) 0.40 �0.60 1.91(1.37) 2.24(2.47)
Ir(111)
H2S(ad) ? SH(ad) + H(ad) 0.16 �1.02 1.62(1.37) 2.35(2.34)
SH(ad) ? S(ad) + H(ad) 0.05 �1.07 1.69(1.40) 2.29(2.34)
Ni(111)
H2S(ad) ? SH(ad) + H(ad) 0.21 �1.25 1.42(1.37) 2.27(2.21)
SH(ad) ? S(ad) + H(ad) 0.01 �0.90 1.68(1.52) 2.16(2.17)
Pd(111)
H2S(ad) ? SH(ad) + H(ad) 0.22 �0.88 1.57(1.37) 2.35(2.31)
SH(ad) ? S(ad) + H(ad) 0.01 �0.82 1.54(1.44) 2.30(2.29)
Pt(111)
H2S(ad) ? SH(ad) + H(ad) 0.07 �0.85 1.44(1.37) 2.31(2.30)
SH(ad) ? S(ad) + H(ad) 0.03 �0.79 1.85(1.40) 2.26(2.31)

dS–H is the sulfur-dissociating hydrogen distance while dS–metal is the sulfur–metal
distance (values in parentheses refer to the initial state). A negative DErxn corre-
sponds to an exothermic reaction.
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S–H P 1.54 Å. (iii) After the transition state, SH continues to come
apart. The S fragment tilts towards the surface and ends in a fcc
configuration while the dissociating H moves towards its preferred
configuration. On the transition metals, the second dissociation
step is a nearly spontaneous process with predicted energy barriers
of Ea 6 0.05 eV and energy change of DErxn = �0.79 to �1.07 eV.
The transition states are structurally more reactant-like. On
Ir(111), Ni(111) and Pd(111) the S–H distance are stretched by
0.14–0.29 Å compared to initial adsorbed SH state. The S atom re-
mains close to the bridge site with S–metal bondlengths reduced
by only 0.01–0.05 Å compared to the initial state. On Pt(111), S
also remains close to the bridge site though the S–H stretched is
slightly more pronounced (0.45 Å). On the noble metals, the barri-
ers are larger (0.40–1.06 eV). The corresponding reaction energies
are 0.12, 0.02 and �0.60 eV on Ag(111), Au(111) and Cu(111),
respectively. At the transition state, the S–H distance (1.91–
2.24 Å) is very different to that of the initial state (1.37 Å). This
indicates that on the different noble metals studied here, H is
essentially abstracted from the S fragment. Additionally, the S
atom is close to the fcc site as it formed a bond with the nearby
metal atom where the H atom moved to.

A detailed energy profile for the dissociation of adsorbed H2S is
presented in Fig. 5. The overall thermochemistry of each reaction
step is calculated by considering a case of infinite separation be-
tween SH(ad) and H(ad) or S(ad) and H(ad). In this situation, there is
no repulsion between the dissociated products. We found that
the overall decomposition process on the various metals is exo-
thermic. In general, the first dissociation step on the different met-
als has a higher energy barrier compared to the second one. The
energy barrier for both elementary steps on the transition metals
is smallest while the barrier on the noble Ag(111) and Au(111)
surfaces is significantly larger. That of H2S on Cu(111) lies in be-
tween. Thus, the close packed transition metal surfaces considered
here are more efficient in dissociating H2S. The lower barriers on
the transition metals may be at least partially attributed to the fact
that H2S and SH are more strongly bound on these particular sur-
faces. For H2S, the adsorption energies are �0.56 to �0.91 eV com-
pared to �0.17 to �0.27 eV for noble metals (see Table 1). In the
case of SH, the values are �3.18 to �3.37 eV compared to �2.23
to �2.76 eV (see Table 2). This means that H2S and SH adsorbed
on the transition metals have a more weakened S–H bond already
before dissociation. Thus, it requires less energy to reach the tran-
sition state, leading to a lower barrier.



Fig. 5. Relative energy diagram for H2S decomposition on the various metal surfaces. The states labeled (a), (b) and (d) correspond to adsorbed H2S, dissociated H2S and
dissociated SH, respectively. The state labeled (c) and (e) correspond to SH + H and S + H chemisorbed in separate surface unit cells.
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The decomposition of H2S results in pronounced changes in the
metal substrates electronic structure. This is illustrated in Figs. 6
and 7 by the partial electronic density of states (PDOS) of the initial
and final states of H2S(ad) ? SH(ad) + H(ad) and SH(ad) ? S(ad) + H(ad)

reactions on transition metal Pd(111) surface. We only show re-
sults for this representative case for the sake of keeping the paper
within a limited length. For adsorbed H2S, broad peaks centered
around �7.4 and �6.2 eV and a diffuse feature in the energy range
�5.0 to �4.0 eV (electronic energies are given with respect to the
Fermi level) are found in the S p PDOS (Fig. 6). The peak around
�7.4 eV has a discernable overlap with H s which can be consid-
ered as a marker of S–H bonds in the adsorbed H2S. The PDOS of
the metal substrate, on the other hand, consists of extended and
broad d band that embraces the Fermi level. The d states close to
the bottom of the d band plus the d split-off states overlap in en-
ergy with features that have mainly S p character. This hybridiza-
Fig. 6. PDOS (EF = 0) for H2S and SH + H on Pd(111). Gray shaded areas correspond
to S p PDOS. Black shaded areas correspond to H s PDOS. Solid line corresponds to
Pd d PDOS.

Fig. 7. PDOS (EF = 0) for SH and S + H on Pd(111). Gray shaded areas correspond to
S p PDOS. Black shaded areas correspond to H s PDOS. Solid line corresponds to Pd d
PDOS.
tion is consistent with the fact the H2S interacts with the surface
primarily through the S atom. Upon dissociation of the molecule
to SH(ad) + H(ad), a different adsorption character is clearly observa-
ble in the corresponding PDOS. The dissociation of one of the H
atoms has caused the feature inherent to the S–H bond in H2S to
disappear. A portion of the PDOS of Pd(111) is energetically stabi-
lized (i.e. shifted to lower energies). At the same time, the main S p
peaks are shifted to higher energies which results into an enhance-
ment in the hybridization between Pd d and S p. Moreover, the S p
states are now found to hybridize with the substrate d states over
the range of the whole d band. This is consistent with the more
pronounced S–Pd interaction after the abstraction of H from the
adsorbed H2S. There is also a discernable overlap between the Pd
split-off d states and the H s states as a result of enhanced interac-
tion of H with the metal substrate.

For the adsorbed SH (Fig. 7), they show some resemblance to
that of the SH(ad) + H(ad) except that the overlapping Pd d, S p and
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H s states are shifted to lower energies. The hybridization between
Pd d and S p are also more pronounced in comparison. This is con-
sistent with the stronger interaction between S (in adsorbed SH)
and Pd as a result of the absence of a neighboring adsorbed H.
For the dissociated state, S(ad) + H(ad) where the S fragment forms
a strong bond with the surface, the interaction of the adsorbates
with the surface gives rise to a relatively well developed overlap-
ping feature around �5.1 eV. This consists of hybridization of Pd
d and S p states. It should be noted that this feature is inherent
for S adsorption on Pd(111) and was suggested as a marker for
the strong covalent bond between the S and the metal substrate
[94,95]. While there is a discernible overlap between the occupied
states of H and the substrate, virtually none is observed between S
and H as a result of the cleavage of the S–H bond.

Experimental studies of H2S adsorbed on the clean Ag(111),
Au(111), Cu(111) and Pt(111) in UHV were previously reported.
In the TPD studies on Ag(111) and Au(111) surfaces, it was found
that the molecule merely desorbs without reaction [7,8]. Decom-
position on Ag(111) was only seen when the surface contains
preadsorbed sulfur while on Au(111), the dissociation was facili-
tated by electron stimulated decomposition of the adsorbed H2S.
In the case of Cu(111), dissociation was not observed at low
temperatures [10]. At T = 200 K, it was found that some of the
molecule starts to desorb and the rest dissociates. After further
heating to 300 K, the dissociation of the molecule becomes the
most dominant process. The adsorption energy calculated here for
the molecule on Ag(111) and Au(111) are �0.17 and �0.27 eV,
respectively, while the data in Fig. 5 demonstrates that the corre-
sponding reaction barrier for the dissociation process is 1.06
(Ag(111)) and 0.72 eV (Au(111)). Thus, H2S desorption would
preferentially occur in agreement with experiments. On Cu(111),
the H2S adsorption energy is comparable to that of Au(111) but
the corresponding barrier is noticeably lower (Ea = 0.43 eV vs.
Ea = 1.06) This could be the reason why the dissociation process
on Cu(111) becomes more competitive with increasing tempera-
ture in comparison to Ag(111) and Au(111). This is in contrast
with Pt(111) on which the dissociation of H2S was found to be
more facile. On the clean Pt(111) surface, dissociation occurs
following H2S adsorption at 110 K [11]. The ease of dissociation
on Pt(111) in comparison to the noble metals could be explained
by our calculations. The calculated adsorption energy for H2S
is �0.91 eV while the dissociation barrier is at least 0.07 eV.
The overall dissociation process was also found to have high
exothermicities. Hence, adsorbed H2S that forms on Pt(111) will
preferentially dissociate.

In a previous DFT work, the dissociation of H2S on Ni(111) at
hH2S = 1/9 ML was examined [57]. The reaction paths they exam-
ined are consistent with that considered here. The barriers (0.22
and 0.01 eV) and reaction energies (�1.25 and �0.89 eV) they pre-
dicted for the first and second dissociation step compare very well
with our results. The dissociation of H2S on Pd(111) at hH2S = 1/
16 ML was the subject of DFT investigations [56]. The calculated
barriers for the first and second dissociation step are 0.37 and
0.04 eV, respectively. The present work yields 0.22 and 0.01 eV,
respectively. It should be noted that the pathway we found here
for the first dissociation step has a lower barrier. In the present
work, the final state for the first dissociation step corresponds to
an adsorbed SH and an adsorbed H atom on a next nearest neigh-
bor hollow site. In the earlier work, the dissociating H was moving
towards a more remote hollow site (about two nearest neighbor
atomic distance away) during the abstraction process. At the tran-
sition state of this less favorable pathway, the dissociating H was
practically abstracted from the SH fragment. This is not the situa-
tion for the pathway that was examined here. The dissociation
properties of H2S on Pt(111) was also reported from a previous
DFT investigations [75]. The studies were done at a higher coverage
(hH2S = 1/4 ML). The initial and final states of the first and second
dissociation steps are similar to our studies. Both H2S and SH were
found to have low abstraction barriers (<0.1 eV) and high exo-
thermicities (��1 eV) on Pt(111) suggesting that the dissociation
process is a facile process. Our results at lower coverage also indi-
cate that this process is kinetically and thermodynamically
favorable.

4. Conclusion

In summary, the results of first-principles density functional
theory investigations addressing the adsorption and dissociation
of H2S on Ag(111), Au(111), Cu(111), Ir(111), Ni(111), Pd(111)
and Pt(111) surfaces were reported. We determined site prefer-
ences, binding geometries and adsorption energies of H2S and
the various intermediates (SH, S and H). For H2S, molecular adsorp-
tion is found to be energetically favorable. The molecule is quite
weakly adsorbed, favoring the top site and with the molecular
plane lying parallel to the substrate. In comparison, SH, S and H
interact strongly with the surfaces. SH preferentially adsorbs on
the bridge site with the axis of the molecule nearly parallel to
the surface. For atomic S and H, adsorption on the threefold hollow
sites is generally preferred. The binding of H2S and its S-containing
dissociated species is stronger on the transition metal surfaces
(Ir(111), Ni(111), Pd(111) and Pt(111)) than on the noble metal
surfaces (Ag(111), Au(111) and Cu(111)).

Minimum energy pathways and energy profiles for the (i)
decomposition of H2S into adsorbed SH and H, and (ii) the decom-
position of SH into adsorbed S and H were determined. On the
different metals, the predicted pathway for both dissociation pro-
cess can be approximately divided into three steps. Initially, the
adsorbate points the S–H bond towards the surface. Then, the disso-
ciating H atom moves towards a nearby metal atom. At the transi-
tion state, the S–H bond starts to break. As the adsorbate comes
apart, both the dissociating H and the S-containing fragment move
towards their most preferred configuration. Overall, the decompo-
sition process on the various metals is predicted to be exothermic.
However, the barrier for both dissociation steps on Ag(111) and
Au(111) is significantly higher. The barrier on Ir(111), Ni(111),
Pd(111) and Pt(111) is much smaller while that on Cu(111) lies
in between. Our studies suggest that the close packed transition
metal surfaces examined here are more efficient in dissociating H2S.
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