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Abstract

The breaking of the C–S bond is a crucial step in hydrodesulfurization, the removal of the sulfur atom from sulfur-containing molecule
oil. Thus the hydrogenolysis reaction of CH3SH to CH4 was studied by means of density functional theory on the catalytically active (100)
of 2H-MoS2, with and without Co and Ni promoter atoms. Thiol adsorption, C–S bond breaking, and the formation and desorption of C4 were
investigated with different sulfur and hydrogen surface coverages. CH3SH first adsorbs molecularly with its S atom in a bridging mode betw
two surface Mo atoms, followed by S–H bond cleavage with moderate activation energy. The subsequent concerted C–S bond breakin4
formation occurs through a reaction of the adsorbed CH3S group with the H atom of a neighbouring SH group at the molybdenum sulfide su
Sulfur atoms, hydrogen atoms adsorbed on sulfur atoms, and promoter atoms (Co and Ni) at the catalyst surface weaken the bonding
CH3S and lower the energy barrier for CH4 formation. Although the reactions of thiols on the metal sulfide surface are similar to reactio
metal surfaces, the chemistry is different. The reactions occur between intermediate alkyl and hydrogen fragments bonded to sulfur at
metal atoms.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Crude oil contains organosulfur compounds, such as t
phene and dibenzothiophene, and hydrodesulfurization (H
is one of the first steps in its processing. In HDS the sul
containing molecules react with hydrogen on the surface
metal sulfide catalysts to form hydrocarbons and H2S[1–5], af-
ter which the H2S is removed by absorption. HDS will becom
increasingly important as environmental regulations dem
increasingly smaller amounts of sulfur in gasoline and ga
fuels. Two basic HDS reactions have been identified as bein
sponsible for the removal of sulfur from dibenzothiophene,
of the most difficult components to desulfurize: direct desu
rization and hydrogenation followed by sulfur removal. In
direct desulfurization reaction, dibenzothiophene and H2 react
to biphenyl and H2S. The hydrogenation reaction involves h
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drogenation of one of the benzene rings of dibenzothioph
followed by desulfurization of the resulting hexahydrodibe
zothiophene to yield cyclohexylbenzene. A large body of th
retical research has aimed at understanding the mechanis
C–S bond breaking of thiophene and dibenzothiophene thro
their interaction with the metal sulfide catalyst surfaces[6–17].
Organometallic chemistry has also contributed to the un
standing of C–S bond breaking. Various modes of thioph
coordination to transition metal complexes, representing di
ent types of adsorption on metal sites in heterogeneous
catalysts, have been proposed[18–24].

Notwithstanding the intensive research into HDS, the re
tion mechanism of the main route of the HDS of dibenzoth
phene—direct desulfurization—remains in dispute. Some
lieve that the mechanism consists of an actual hydrogen
sis reaction, during which C–S bonds are broken and C
and S–H bonds form simultaneously, so that biphenyl fo
directly from dibenzothiophene and hydrogen on the cata
surface[1–4]. A related mechanism may be the insertion
a metal atom in the C–S bond, as observed in organome
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complexes of thiophene and benzothiophene[21,22], followed
by hydrogenation. Others argue that the mechanism con
of hydrogenation of dibenzothiophene to dihydrodibenzoth
phene, followed by elimination to yield biphenyl and H2S[25].
The much simpler hydrogenolysis reaction of alkanethiols
alkanes also has not been studied in depth; it is complicate
the parallel elimination reaction of the alkanethiols to alken
The HDS of alkanethiols over metal sulfide catalysts is alre
rapid at 500 K[26]. The reaction is much faster over pure me
surfaces[27]. Thus S–H bond breaking, yielding a CnH2n+1S
fragment and an H atom, already occurs at about 150 K
most metals, and the C–S bond breaking of CnH2n+1S occurs at
somewhat higher temperature but still below room tempera
[28–34]. This demonstrates that metals are potentially m
better HDS catalysts than metal sulfides. Nevertheless, in
trially used HDS catalysts are based on the layered transi
metal sulfides of Mo or W, promoted by Co or Ni[1,2], because
metals would quickly become metal sulfides during HDS.

Although the experimental interaction of thiols with me
surfaces has been studied in depth, very little has been
lished about the interaction of alkanethiols with the surf
of metal sulfides. The main reason for this is that it is mu
more difficult to perform surface science studies of metal
fide surfaces than of clean metal surfaces. Consequently, m
fundamental aspects, such as the initial adsorption geom
the nature of the catalytically active site, and the mechanis
C–S bond breaking on metal sulfide surfaces, remain unc
Organometallic studies have addressed mechanistic aspe
the desulfurization of thiols. Curtis and coworkers[35,36]
showed that the association of aromatic and aliphatic thiols
a Cp′2Mo2Co2S3(CO)4 cluster occurs by a rearrangement of
cluster and that the coordination of the thiol to the cluster res
in a substantial weakening of its C–S bond energy. They
gested that this association is the rate-determining step in
desulfurization reaction and that the subsequent cleavage o
C–S bond occurs rapidly.

We report the first ab initio computation of the reacti
pathways for the dissociation of CH3SH and for the geometry
optimized HS and CH3S intermediates on the (100) cataly
cally active surface of 2H-MoS2. The effect of Co and Ni pro
moter atoms and the presence of hydrogen on the surface
been considered as well. We chose the simplest alkane
CH3SH, because only hydrogenolysis to CH4 can occur for this
molecule. Using density functional theory (DFT), we calcula
the minimum energy path for the CH3SH dissociation with the
aim of determining the chronological order of the chemi
reaction steps, the various energies of the reactions, and th
tivation barriers. In this way, we provide information about
chemisorption and reaction of thiols on the (100) catalytic
active surface of 2H-MoS2.

2. Computational details

In DFT calculations, we used the DMol3 code[37,38] with
a double-numeric polarized basis set and a medium level o
tegration grid, amounting to approximately 1000 grid poi
per atom, and performed effective core potential calculati
ts
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Fig. 1. Schematic representation of the 2H-MoS2 (100) surface.

Each basis function was restricted to within a cutoff radius
5.5 Å. The local density approximation was used to spe
the exchange-correlation local potential[39] and was correcte
in the high- and low-density expansions proposed by Per
and Wang[40,41]. Brillouin zone integration was performe
with a set of 2× 2 × 1 k-points. Direct inversion in an iter
ative subspace was used to accelerate the self-consisten
convergence, and a thermal smearing of 3 kcal/mol was ap-
plied to the orbital occupation. We selected a surface (4× 1)
super cell of the 2H-MoS2-crystal structure with a vacuum sla
of 9 Å and a slab thickness of 12 Å. The (4× 1) model sur-
face consists of two MoS2 sheets in thez direction, six planes
of atoms in they direction (three MoS2 units), and four sur-
face Mo atoms in thex direction (Fig. 1). The (100) MoS2
surface exhibits two types of edges. Unsaturated molybde
atoms are exposed on one edge (hereafter referred to as th
edge), whereas sulfur atoms are exposed on the other edg
S edge). The geometry of all of the atoms in the slabs
optimized. Geometry optimization convergence threshold
0.01 kcal/mol, 2.5 kcal/(mol Å), and 0.005 Å were used be
tween the optimization cycles for the energy change, maxim
force, and maximum displacement, respectively.

The CH3SH molecule was thermally equilibrated with t
surface in the initial state. The activation energy is determi
by the highest maximum on the minimum energy path,
tained by the linear/quadratic synchronous transit (LST/Q
method[42]. To calculate the minimum energy path betwe
several reaction steps we used the LST/QST method prop
by Halgren and Lipscomb[43] and implemented in the DMol3

code. The reaction path connects the CH3SH molecule above
the surface with the products, the CH4 molecule, which is des
orbed to the gas phase, and the S atom, which is adsorbe
the catalyst surface. The path was divided into several step
tween the reactant and products, and the energies of these
as well as the adsorption barriers, were calculated. The
cess of the calculations through the LST/QST method is b
on the close proximity of two immediate stable structures
endpoints) for the transition state search. The selection o
endpoints for the transition state search was done by an i
polation along the path segments. This is done most accur
in a coordinate system, which naturally follows the adiab
valley of the potential. Moreover, it reduces the number of
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termediate path points to be refined. However, another rea
pathway also may exist. The transition state has been re
by optimizing the transition state following the eigenvector
the Hessian matrix corresponding to the imaginary freque
mode. It has thus been checked that the transition states
only one imaginary frequency.

3. Results

3.1. Dissociation of CH3SH

3.1.1. Unpromoted Mo edge
DFT calculations have shown that the Mo edge of Mo2

crystallites is fully covered with sulfur atoms under con
tions that prevail in industrial HDS (0.01< H2S/H2 < 0.1)
[11,13,15]. Each Mo atom is surrounded by six sulfur atom
four of which are also linked to two other Mo atoms (as in b
MoS2) and two of which are at the surface in bridging positio
between the Mo surface atoms. This prediction was confir
by scanning tunnelling microscopy observations of MoS2 par-
ticles on a gold substrate[44–46]. But a recent DFT calculatio
on an enlarged Mo edge (with six instead of two or three M2
units, as in previous calculations) predicts that the probabilit
one sulfur vacancy and five bridged sulfur atoms is at least a
percentage points in the range 0.01< H2S/H2 < 0.1 [47]. The
HDS literature generally assumes that the reacting molec
are adsorbed on vacancies at the catalyst surface; ther
we studied the reaction of CH3SH on the Mo edge covere
with sulfur atoms in bridging positions between the surface
n
d

y
ve

d

f
w

s
re,

atoms and with at least one sulfur vacancy. Because our m
surface contains four surface Mo atoms (Fig. 1), the number of
bridging sulfur atoms (Nbr) was varied from zero to three, an
thus the number of sulfur vacancies has varied from four to

In a first series of calculations, we started with a CH3SH
molecule located above the bare Mo-terminated edge sur
with the S atom of the CH3SH molecule 4.5 Å from a surfac
metal atom (Fig. 2a). To be consistent with our other calcu
tions where sulfur was present on the surface (Figs. 4, 5, and 6),
a similar initial state with the S–H bond of the organic molec
parallel to the row of surface metal atoms was selected. Th
proach of CH3SH to the surface and activation (a→ b → c)
were accompanied by energy changes of 12.6 kcal/mol (energy
barrier) and−25.1 kcal/mol (reaction energy). The S atom
CH3SH took a bridge position between two surface metal at
with a Mo–S distance of 2.5 Å. The H atom from the CH3SH
molecule changed its orientation. In the initial state confi
ration, the S–H bond was parallel to the row of metal ato
of the surface, whereas in the molecularly adsorbed state
S–H bond orientation was perpendicular to the metal row.
preference of the relaxed methanethiol for bonding in a bri
site can be considered a compromise between the sulfur a
which prefers a high coordination to the Mo atoms and the
drogen atom, which does not adsorb well in the surface p
because of repulsion, in agreement with the findings for o
atomic adsorbates at metal surfaces[48]. The C–S bond length
increased from 1.8 Å (initial state, a) through 2.0 Å (interme
ate state, b) to 2.3 Å (molecularly adsorbed state, c).
Fig. 2. Reaction path of the reaction of CH3SH to CH4 by C–S bond breaking before S–H bond breaking on the bare unpromoted Mo edge of 2H-MoS2.
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C–S bond splitting of the activated CH3SH molecule and
migration of the S–H and CH3 fragments to two adjacen
Mo centres (c→ d → e) have an energy barrier of on
4.5 kcal/mol. X-ray photoelectron and high-resolution electr
energy-loss spectroscopy have shown that surface CnH2n+1S
intermediates are formed from thiols with an energy bar
< 7 kcal/mol when adsorbed on metallic Mo(110)[49]. The
energy of state (e), with adsorbed methyl and SH fragme
was 21.3 kcal/mol lower than that of the state with molecular
adsorbed CH3SH (c→ e). The formation of CH4 from the ad-
sorbed CH3 and S–H fragments (e→ g) had a high activation
barrier (68.6 kcal/mol), due to the strong Mo–C and MoS–
bonds that must be broken. Because the metal atoms on th
face (a) had a coordination number of only four, they attemp
to increase the coordination number by adjusting the adso
species via the Mo–S and Mo–C interactions. Removing
drogen from the SH fragment changes the coordination m
of sulfur. The final state, with a CH4 molecule above the su
face and two five-coordinated metal centres on the surface
energetically the most favourable situation, because in the
reaction step, the energy also decreased, by 19.9 kcal/mol. The
remaining sulfur atom clearly prefers a high coordination
a bridging mode between two surface Mo atoms (Fig. 2, g),
in agreement with the results of Hammer and Nørskov
transition-metal surfaces[48].

In addition to the reaction path (Fig. 2), in which the C–S
bond breaks first, we investigated another hydrogenolysis
action path in which the S–H bond breaks first (Fig. 3). In the
r
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d
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latter case, the H atom and the CH3S fragment in the intermed
ate state (e*) were more strongly bound to the surface than
CH3 and SH fragments in state (e) (Fig. 2). In the intermediate
state, the S–C bond length increased to 2.2 Å. Because o
stronger bonding of the intermediates to the surface, the en
barrier to form methane increased to 78.4 kcal/mol (e* → f*).
Thus, this step is less likely than step (e→ f).

When one sulfur atom is already present on the Mo ed
it tends to take a bridging position between two Mo atom
the final surface state as shown inFig. 2 (state g). In calcu-
lating the interaction of CH3SH with this surface, the CH3SH
molecule was initially positioned 4.5 Å above the surface
the C–S bond length was calculated to be 1.8 Å (Fig. 4, h).
In the intermediate state (j), the S–H bond is broken and
SCH3 fragment is adsorbed in a bridging position between
metal atoms, adjacent to the bridging sulfur atom. In this s
the C–S bond increased to 2.4 Å. The hydrogen atom w
to the preadsorbed adjacent surface sulfur atom, and the
bond orientation was perpendicular to the row of surface m
atoms. An energy barrier of 18.8 kcal/mol (h → i) and reac-
tion energy of−38.9 kcal/mol (h→ j) was calculated. Anothe
intermediate state for the formation of structure (j) may c
sist of an adsorbed bridge CH3S fragment and a Mo–H surfac
species. We did not consider such intermediate states be
Mo–H bonds are rather strong, and the activation energy
quired for bond breaking is> 18.8 kcal/mol [52]. Once again
the coordination of the thiol to the surface was very favoura
as the high exothermicity of the reaction shows. The form
Fig. 3. Reaction path of the reaction of CH3SH to CH4 by S–H bond breaking before C–S bond breaking on the bare unpromoted Mo edge of 2H-MoS2.
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Fig. 4. Reaction path of the reaction of CH3SH to CH4 on the unpromoted Mo edge of 2H-MoS2 with one sulfur atom in bridging position.
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tion of CH4 (j → k) required a rather high activation ener
(46.0 kcal/mol) but lower than in the corresponding step
Fig. 2(68.6 kcal/mol) andFig. 3(78.4 kcal/mol). This is due to
the presence of a sulfur atom already on the surface, which
ers the metal edge energy by making two of the surface m
centres five-coordinated. The last transition state (k) shows
drogenation of the CH3 group with accompanying C–S bon
breaking. The final state (l) consists of CH4 in the gas phas
and a Mo-terminated surface with two sulfur atoms in bridg
positions.

A third calculation of the hydrogenolysis of CH3SH on the
Mo edge of MoS2 was performed with two surface vacanc
between two bridging S atoms (Fig. 5). Again, in the initial state
(m) the CH3SH molecule was situated 4.5 Å above the surfa
with d(S–C)= 1.8 Å. In the intermediate state (o), the CH3S
fragment was adsorbed on the sulfur vacancy and the H a
was adsorbed on a neighbouring sulfur atom. The S–C dist
was calculated asd(S–C)= 2.4 Å. The activation (m→ n)
and dissociation (n→ o) of the molecule were accomplishe
with an energy barrier of 16.6 kcal/mol and reaction energy o
−22.9 kcal/mol. The final step was to form CH4 from the al-
ready adsorbed fragments and to remove it from the sur
This step had a barrier of 30.0 kcal/mol (o → p), and the fi-
nal state (q) was energetically preferred by−55.2 kcal/mol.
This activation energy was lower than that of the surface w
one S atom (Fig. 4) and demonstrates the positive influence
preadsorbed S atoms.

A fourth calculation of hydrogenolysis of CH3SH on the Mo
edge of MoS2 was performed with one surface vacancy a
three bridging S atoms (Fig. 6). The results were similar t
those of the foregoing calculation. In the intermediate state
-
al
y-

,

m
ce

e.

e

CH3S fragment adsorbed on the sulfur vacancy, and the H a
adsorbed on a neighbouring sulfur atom. The activation en
barrier for adsorption and dissociation was 22.8 kcal/mol, and
the reaction energy was−20.1 kcal/mol. The second step, t
form CH4 from the already adsorbed fragments and remov
from the surface, had a barrier of 18.8 kcal/mol and a reaction
energy of−61.9 kcal/mol. This second activation energy w
even lower than that for the surface with two S atoms (Fig. 5),
confirming the positive influence of preadsorbed S atoms.Ta-
ble 1gives the results of all calculations with different numb
(Nbr) of bridging sulfur atoms on the Mo edge.

The influence of surface hydrogen was investigated by
ting CH3SH dissociate on a surface covered with a sulfur a
and a hydrogen atom. In the most stable initial state (Fig. 7,
h**), the hydrogen atom is adsorbed on the sulfur atom, fo
ing an SH group. In the intermediate state (j**), the hydrog
atom of methanethiol was preferentially adsorbed on the su
atom as well, forming adsorbed H2S.

The energy barrier for CH3SH adsorption and dissociatio
was 22.5 kcal/mol, which is 3.7 kcal/mol higher than the en
ergy barrier in the absence of surface hydrogen (Fig. 4). The hy-
drogen atom, preadsorbed on the sulfur, creates steric repu
for adsorption of the second hydrogen atom on the same s
In contrast, formation of CH4 was easier (j**→ k**) compared
with the case of the hydrogen-free surface, as shown by th
crease in the desorption barrier of CH4 to 35.4 kcal/mol from
46.0 kcal/mol for the hydrogen-free surface. The intermedi
and final products were more stable on the hydrogenated
face than on the surface without hydrogen atoms. The s
calculation was performed starting with a surface covered
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Fig. 5. Reaction path of the reaction of CH3SH to CH4 on the unpromoted Mo edge of 2H-MoS2 with two sulfur atoms in bridging position.

Fig. 6. Reaction path of the reaction of CH3SH to CH4 on the unpromoted Mo edge of 2H-MoS2 with three sulfur atoms in bridging position.
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Fig. 7. Reaction path of the reaction of CH3SH to CH4 on the unpromoted Mo edge of 2H-MoS2 with one SH group in bridging position.
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Table 1
Activation energies and energy differences (in kcal/mol) in the reaction of
CH3SH to H2S and CH4 as a function of the number (Nbr) of bridging S atoms
on the Mo edge

Edge Nbr Ea(1) −�E(1) Ea(2) −�E(2)

Mo 0 12.6 46.4 68.6 19.9
0 12.6 50.9 78.4 15.4
1 18.8 38.9 46.0 29.6
2 16.6 22.9 30.0 55.2
3 22.8 20.1 18.8 61.9
0 + SH 22.5 45.2 35.4 55.1
2 + SH 26.8 44.7 34.6 58.4

Co–Mo 1 18.6 2.1 21.2 57.9
2 21.2 2.0 19.1 58.2

Ni–Mo 1 19.4 5.1 19.3 58.9
2 21.6 4.1 18.6 62.8

two S atoms and one SH group; the results are similar to t
for the surface with an SH group only (Table 1).

3.1.2. Co- and Ni-promoted Mo edge
It is well known that the addition of Co or Ni significant

increases the catalytic activity of MoS2-type catalysts[2]. For
this reason, cobalt and nickel are referred to as promoter at
Although the origin of the promotional effect remains und
study, the location of the promoter atoms has been clari
Based on results of Mössbauer emission spectroscopy, To
e

s.

.
øe

et al. proposed that the Co atoms are present on the Mo e
of the MoS2 crystallites in Mo positions. These authors cal
the resulting structure the Co–Mo–S structure and used
explain the promotional effect of cobalt on MoS2 [50]. DFT
calculations confirm that the promoter atoms are most lik
located at the MoS2 edges[51].

To study the effect of the promoter atoms on the CH3SH dis-
sociation process, we performed calculations similar to th
for the unpromoted MoS2 structure but with one surface M
atom replaced by a promoter atom (Co or Ni). To remain c
sistent with our other calculations, we concentrated on st
tures with the promoter atoms on the metal edge. Note, h
ever, that Co and Ni can also be present on the sulfur e
and that the structures with Co promoter atoms on the su
edge are slightly more stable than those with Co atoms on
metal edge[45,51]. Because the calculations on the Mo ed
showed that the presence of sulfur atoms is beneficial for
hydrogenolysis of CH3SH, we put at least one sulfur atom at t
Co- or Ni-promoted surface in a bridging position between
Mo atoms. Furthermore, because DFT calculations have sh
that incorporating promoter atoms leads to a reduced sulfur
erage of the metal edge[12,15,51], we considered only initia
states with one or two sulfur atoms.

In the first calculations, we put one sulfur atom on the e
(Fig. 8). Geometric optimization of the initial, intermediat
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or
Fig. 8. Reaction path of the reaction of CH3SH to CH4 on the Co- and Ni-promoted Mo edge of 2H-MoS2 with one sulfur atom in bridging position. The values f
the Ni-promoted surface are given in parentheses.
ene
he

su
om
tion
th

rom
ur
f t

Ad
of

n-

onl
en

,
*),
cal

ms
th
ar
re
lly

and
r

lly
fi-
he

for
ed

ied

tion.
the
d to

ad-
se H
and final structures relaxed the Co atom inward and short
its distance to the neighbouring sulfur atoms to 2.25 Å. T
cobalt atom and one of the molybdenum atoms on the
face were four-coordinated, whereas the other two Mo at
were five-coordinated (h*). Because of the inward relaxa
of the Co atom, the distance between the sulfur atom of
CH3SH molecule and the surface Co atom increased f
4.5 Å for the unpromoted surface to 5 Å for the promoted s
face, whereas the distance between the hydrogen atom o
CH3SH molecule and the surface sulfur atom was 2.8 Å.
sorption of CH3SH on the surface had an energy barrier
18.6 kcal/mol (h* → i*), almost the same as that for the u
promoted surface (Fig. 4). However, the CH3S and H fragments
were less strongly bound to the surface (i.e., favoured by
2.1 kcal/mol (j*)), and thus the energy barrier of the subsequ
step—breaking the C–S bond—decreased from 46.0 kcal/mol
for the unpromoted surface to 21.2 kcal/mol. The final state
with two sulfur atoms in bridging positions on the surface (l
was more stable than the intermediate state (j*) by 57.9 k/
mol.

Similar calculations were performed with two sulfur ato
on the surface between the Mo atoms. In this situation
cobalt atom is four-coordinated, whereas two Mo atoms
five-coordinated and one Mo atom is six-coordinated. The
sults are similar to those when one sulfur atom is initia
present on the surface (Table 1).
d

r-
s

e

-
he
-

y
t
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e
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The Ni promoter also led to a less stable intermediate
a lower energy barrier for CH4 desorption. The energy barrie
for dissociation and adsorption of the CH3S and H fragments
to the surface was 19.4 kcal/mol (Fig. 8, h* → i*). The inter-
mediate state (j*) was favoured by only 5.1 kcal/mol over the
initial state (h*), whereas the final state (l*) was energetica
preferred by 58.9 kcal/mol over the intermediate state. In the
nal state, CH4 was formed and desorbed from the surface. T
corresponding barrier for desorption was 19.3 kcal/mol, lower
than for the unpromoted surface and slightly lower than
the Co-promoted surface. Similar calculations were perform
with two sulfur atoms on the surface (Table 1).

3.2. Dissociation of CH3SCH3

In addition to the hydrogenolysis of methanethiol we stud
the hydrogenolysis of dimethylsulfide (CH3SCH3) on a sur-
face with one and two sulfur vacancies as the starting posi
We calculated two different mechanisms. In the first one of
methyl groups of the adsorbed dimethylsulfide is transferre
a neighbouring adsorbed S atom, creating two CH3S groups at
the surface. This step had an activation energy of 15.8 kcal/mol
and was exothermic by−24.1 kcal/mol. These CH3S groups
can form methane and adsorbed S atoms by reaction with
sorbed H atoms, as described above. The creation of the
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Fig. 9. Reaction path of the reaction of CH3SCH3 to C2H6 on the unpromoted Mo edge of 2H-MoS2 with two sulfur atoms in bridging position.
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Table 2
Activation energies and energy differences (in kcal/mol) in the reaction of
CH3SCH3 to C2H6 as a function of the number (Nbr) of bridging S atoms
on the Mo edge

Nbr Ea(1) −�E(1) Ea(2) −�E(2)

2 17.6 42.6 19.1 51.9
3 20.6 36.8 18.8 58.4

atoms by dissociative chemisorption of H2 on the catalyst sur
face is discussed in the next section.

The other mechanism deals with the formation of eth
(which, however, is only a side product). The calculated re
tion path for dimethylsulfide on the surface with two vacanc
(Fig. 9) was similar to that of the hydrogenolysis of CH3SH
on the same surface (Fig. 5). Dimethylsulfide adsorbed wit
its S atom in the vacant position, bridging two Mo atom
This adsorption had activation energy of 17.6 kcal/mol and
was exothermic by 42.6 kcal/mol. The final step, combina
tion of the methyl groups to ethane, had an activation energ
19.1 kcal/mol and was exothermic by 51.9 kcal/mol. The re-
sults are very similar for the surface covered with one vaca
(Table 2).
e
-

f

y

3.3. Hydrogen chemisorption and diffusion

Understanding the role of hydrogen is of great importa
in the study of desulfurization reactions. Although some res
have already been published[8,9,15], we performed additiona
calculations on the adsorption and diffusion of the surface
drogen to learn more about the dynamics on the catalytic
active (100) MoS2 edge structure. These additional calculatio
were needed for consistency reasons to obtain results fo
drogen dissociation and adsorption within the method and
parameters that we used. Our calculations show that the
molytic hydrogen dissociation and adsorption on the S e
is endothermic with a reaction energy of 43.5 kcal/mol and a
barrier of 67.5 kcal/mol, whereas the heterolytic hydrogen a
sorption on the bare Mo edge and the fully sulfided S edg
exothermic with a reaction energy of−3.3 kcal/mol and a bar-
rier of 18.1 kcal/mol. This results in Mo–H and S–H surfac
fragments (Fig. 10a).

Starting with this situation and transferring the hydrog
from the Mo edge to the S edge, we found an energy ba
of 69.3 kcal/mol (Fig. 10, a→ b). Thus, a reaction path pas
ing through a local minimum on the potential energy surf
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Fig. 10. Hydrogen transfer from the Mo to the S edge: (a) initial state, (b) final state.
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Fig. 11. Hydrogen adsorption on a sulfided Mo edge: (a) initial state, (b) final

state.

on the Mo edge (with hydrogen split and adsorbed on the m
edge) is energetically demanding.

The adsorption of H2 on the Mo edge fully covered wit
sulfur atoms in bridging positions, which is the most sta
structure under hydrotreating conditions[13–15], was found to
be endothermic, with a reaction energy of 32.1 kcal/mol and an
energy barrier of 89 kcal/mol (Fig. 11). The strong endother
micity of the hydrogen dissociation on this surface might
due to the fact that the Mo atoms are fully coordinated and
there are no longer coordinatively unsaturated sites to bind
H atoms and thus compensate for the strong H–H bond. D
ciation of H2 on the Mo edge covered by one sulfur atom led
one H atom bonded to the S atom bridging two Mo atoms
the other H atom bonded to one of these Mo atoms (Fig. 12).
This reaction is endothermic (30.5 kcal/mol) and has an en
ergy barrier of 33.5 kcal/mol. Transfer of the hydrogen ato
from the Mo atom to the sulfur atom, giving adsorbed H2S,
Fig. 12. Hydrogen dissociation, adsorption, and diffusion on the Mo edge with one bridging sulfur atom, resulting in the formation of adsorbed H2S.
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Fig. 13. Hydrogen diffusion along the sulfided Mo edge, resulting in the formation and removal of H2S.
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is endothermic by 11.2 kcal/mol and has an energy barrier
18.6 kcal/mol. The calculated diffusion path of hydrogen in t
present work differs slightly from that proposed by Paul a
Payen, who also considered Mo–H species[52]. Mo–H surface
species are likely to occur under certain conditions. A deta
investigation of their formation and properties will follow[53].

Hydrogen transfer along an edge is energetically less
manding than hydrogen transfer from the Mo edge to th
edge. Diffusion of a hydrogen atom on the sulfided Mo e
from one sulfur atom to the next (i.e., an exchange betw
a sulfur atom and an SH group) has an activation energ
only 5 kcal/mol, whereas diffusion of a hydrogen atom from
sulfur atom to an adjacent SH group has an energy barrie
25.8 kcal/mol (the kinetic limiting step) and endothermic rea
tion energy of 12.8 kcal/mol (Fig. 13). As a result, adsorbe
H2S and a sulfur atom form from two SH groups. Remo
of the resulting H2S from the surface during the formation
a sulfur vacancy has an activation energy of 12.8 kcal/mol
and an endothermic reaction energy of 8.6 kcal/mol. For a
surface with one sulfur vacancy, these activation energies
energy differences were similar (Ea(1) = 18.6, �E(1) = 11.6,
Ea(2) = 10.8, and�E(2) = 10.2 kcal/mol).

4. Discussion

4.1. Energy barrier dependence on the number of adsorbed
sulfur atoms

The calculations show that the hydrogenolysis of metha
thiol with dihydrogen to methane and H2S occurs in severa
steps. First, methanethiol adsorbs and dissociates in a C3S
fragment and an H atom. This reaction occurs between
initial state I (methanethiol, H2, and the surface with n sulfu
vacancies) and the intermediate state II (CH3S, H2, and the sur-
face with (n − 1) vacancies). In the second step, CH3S reacts
with an adsorbed H atom to methane, and the system m
from state II to state III (methane, H2, and the surface with
(n − 1) vacancies). In the third step, the sulfur atom is remo
from the surface by hydrogen atoms, which originate from
dissociative chemisorption of dihydrogen. The two-step re
d

-
S

n
f

f

l

d

-

e

es

d
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tion from state I to state III is strongly exothermic, and t
energy of the intermediate state II relative to the energie
states I and III depends on the composition of the Mo ed
Adsorbed S and H atoms, as well as promoter atoms, in
ence the relative energies and thus the activation energi
the methanethiol dissociation and reaction to methane. Th
clearly shown in the Brønsted–Evans–Polanyi relationshi
the reaction II→ III ( Fig. 14b). However, there is no such cle
relationship for the first part of the reaction (I→ II, Fig. 14a).
A possible explanation for this is that a sulfur coverage< 2
does not exist under real HDS conditions. Therefore, the
ergy values presented here are good reference points for
sulfur coverage but cannot reveal the trends characterist
actual working HDS conditions. This finding is in agreem
with previous theoretical studies based on kinetic and ther
dynamic considerations[11,12].

The calculated energy barriers for the dissociation of
sorbed CH3SH to CH3S and H and to CH3 and SH fragments
are low, whereas the energy barriers for the adsorption o
thiol on the surface, and especially for methane formation,
higher. For instance, dissociation of the adsorbed thiol on
bare surface is easy (4.5 kcal/mol) compared with thiol ad
sorption (12.6 kcal/mol) and the formation and removal of CH4
from the surface (68.6 kcal/mol) (Fig. 2). The thermodynamic
driving force for C–S bond scission in thiol desulfurization
the formation of a strong Mo–S bond[27]. The barrierEa(2)

for the subsequent step, the reaction of CH3 and hydrogen to
CH4, is reduced by the presence of S atoms on the metal
(Table 1). As explained above, the barrier for the first step
thiol adsorption—increases at the same time. On the bare
face (Fig. 2), association of the thiol is a relatively easy st
with an energy barrier of 12.6 kcal/mol, but formation of CH4
from adsorbed CH3 and SH has a high barrier (68.6 kcal/mol).
A preadsorbed sulfur atom makes adsorption more diffi
(18.8 kcal/mol) but substantially reduces the energy bar
for CH4 formation, to 46.0 kcal/mol (Fig. 4). Adding a sec-
ond S atom to the surface further reduces the energy barr
30.0 kcal/mol (Fig. 5) to form CH4, and a third S atom reduce
it even further, to 18.8 kcal/mol. The adsorption and reaction
CH3SH on the catalytically active (100) surface of MoS2 thus
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Fig. 14. Activation energies as a function of energy differences: (a) initial− intermediate state, (b) intermediate− final state.
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clearly depend on the number of adsorbed sulfur atoms an
the nature of the exposed active surface sites.

The energy of the intermediate state of adsorbed CH3S de-
pends on the sulfur coverage of the Mo edge of MoS2. The
adsorption energy of CH3SH (dissociating to CH3S and H frag-
ments) decreases with increasing S coverage of the Mo
from 50.9 to 20.1 kcal/mol (Table 1). Similarly, the adsorption
energy of atomic sulfur on transition-metal surfaces varies
tween 80 and 140 kcal/mol and decreases substantially w
increasing S coverage[54]. This decrease can be explained
the effective medium theory[55]. According to this theory, the
adsorption energy of an adsorbate depends on the energy
from embedding the atoms of the adsorbate in the surface
tron gas and on the energy loss from incomplete screenin
the electrostatic interaction between the adsorbate and the
face ionic nuclei. The higher the metal coordination numb
the broader the d band and hence the lower the energy o
d band centre. Adsorption on the Mo edge increases the m
coordination number and thus lowers the energy of the d b
and the interaction with adsorbate molecules.

4.2. Comparison with pure metal surfaces

Dissociation of organosulfur molecules is much more d
cult on MoS2 than on metal surfaces. When MoS2 is exposed
to organosulfur molecules, hydrocarbons and H2S form and
desorb to the gas phase. But on metals, not only do H2 and
hydrocarbon species desorb to the gas phase, but also S
atoms remain on the surface. Clean W(211)[29], Ni(110) [32],
Ni(100) [33], and Ni(111)[34] surfaces break many molecul
completely to adsorbed atomic fragments at low coverage.
sorbed oxygen, sulfur, and carbon atoms weaken the st
reducing power of the metallic surfaces and lead to adso
molecular fragments. The exact surface chemistry of organo
n

ge

-

ain
c-
of
ur-
,
e

tal
d

C

-
g
d
l-

fur molecules depends on the metal and the complexity of
organosulfur molecule. In general, the S–H bond in H2S and
thiols breaks below 200 K, whereas the S–C bond in thiols
thiophene cleaves between 250 and 400 K[27,34]. These tem-
peratures are much lower than the temperatures require
bond breakage over MoS2. This demonstrates that the sulf
atoms below the surface Mo atoms on the Mo edge of M2
weaken the ability of the Mo atoms for cleaving bonds, j
as O, S, and C atoms do on the metal surface, to such a
tent that C–C bonds cannot be broken, and thus no valu
fuel molecules are lost. However, bond breakage is suffic
to break C–S bonds, and hence to remove sulfur atoms
organosulfur molecules in fuels.

4.3. Role of the promoters

The decrease of the sulfur–metal bond energy as a fun
of the sulfur coverage revealed in the present work is c
sistent with results from previous theoretical investigations
transition metal sulfide systems. Our investigation of the
drogenolysis reaction of CH3SH to CH4 on the same system
was based on the findings of Raybaud et al.[11,12] that the na-
ture and the concentration of the active sites vary in the rea
atmosphere above the surface. Furthermore, the incorpor
of promoter atoms has an influence on the sulfur–metal b
energy at the surface, leading in particular to a reduced equ
rium sulfur coverage of the active metal sites.

Not only sulfur atoms, but also Co and Ni promoter atom
lead to a less strongly bound CH3S intermediate and thus t
a lower barrier for CH4 formation and desorption from th
surface. Activation energies of 19.1 and 18.6 kcal/mol were
obtained for CH4 formation over the Co–Mo and Ni–Mo edg
with two bridging S atoms, respectively, whereas 18.8 kcal/mol
was the lowest activation energy obtained for the unprom
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Scheme 1. Adsorption of an alkane- or arenethiol on the Cp′
2Mo2Co2S3(CO)4

cluster (Cp′ = pentamethylcyclopentadienyl), followed by activation and cle
age of the C–S bond, and formation of a hydrocarbon (Mo= MoCp′,
Co= Co(CO)2).

Mo edge (Table 1). A parallel can be drawn between this low a
tivation energy for C–S bond breaking on the Co–Mo edge
the conclusion drawn by Curtis and coworkers[35,36] that the
association of the aliphatic thiols with a Cp′

2Mo2Co2S3(CO)4
cluster is the rate-determining step in the reaction of the
ols. The bridge bonding of the RS group between metal at
of the Cp′2Mo2Co2S3(CO)4 cluster led to the activation of th
C–S bond and eased the subsequent cleavage of the C–S
(Scheme 1). In general, the activation energyEa(2) for the S–C
bond breaking is not significantly modified by the promo
atom. This implies that the role of the promoter atom is
to facilitate the S–C bond breaking, but rather to lower the
rier for product desorption from the surface. Another poss
explanation might be that the promoter is not activated w
incorporated on the metal edge of the catalyst.

4.4. Regeneration of the active site

After the adsorption and reaction of CH3SH to methane an
a sulfur atom adsorbed on the catalyst surface, the sulfur
must be removed, so that the catalytic cycle of the reac
of methanethiol and H2 to methane and H2S is closed. The
removal of sulfur and creation of a vacancy for subsequen
sorption of CH3SH is achieved by dihydrogen. H2 splits on the
sulfided Mo-terminated edge and forms two SH groups w
an energy barrier of 89 kcal/mol and an endothermic rea
tion energy of 32.1 kcal/mol. Cristol et al.[13,14]and Travert
et al.[15] also found that the dissociation of H2 on the fully cov-
ered Mo edge is endothermic, although less strong than in
case, whereas Sun et al. calculated H2 adsorption to be slightly
exothermic[47]. For Co–Mo–S surfaces, in contrast, the2
dissociation was calculated to be exothermic and not stro
activated[15].

Diffusion of hydrogen over the fully sulfided Mo edge a
formation of molecularly adsorbed H2S costs 12.8 kcal/mol
(Fig. 13). Desorption of H2S from the surface leaves a su
face with a sulfur vacancy and H2S in the gas phase and
endothermic by 8.6 kcal/mol. Thus the second step of th
d

-
s
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t
-

n

m
n

-

ur

ly

regeneration of the catalyst surface—creation of the coo
natively unsaturated site on the Mo edge—is endothermi
21.4 kcal/mol (Fig. 13). Therefore, the whole process of r
generation of the active site and closing of the catalytic cy
(i.e., H2 dissociation, H diffusion on the sulfided surface, H2S
formation, and desorption) is endothermic by 53.5 kcal/mol.
If only one S atom is left on the Mo-terminated edge, th
the process of regeneration of the active site occurs by
dissociating H2 on the Mo and S atoms. This endothermic
action costs 30.5 kcal/mol. Then H2S forms by diffusion of
the H atom from the Mo atom to the S atom (endothermic
11.2 kcal/mol), and finally H2S is desorbed (endothermic b
10.8 kcal/mol). The overall regeneration process of the ac
site thus costs 52.5 kcal/mol. With these regenerations of th
active sites, energies of−14.4 and−13.8 kcal/mol are calcu-
lated for the overall hydrogenolysis reaction of CH3SH+H2 →
CH4 + H2S on the surface with one S vacancy (Fig. 5) and
the surface with three S vacancies (Fig. 3), respectively. Thes
values are in good agreement with the experimental valu
−17 kcal/mol and lend support to the theoretical approach
we used.

ComparingFigs. 5 and 6shows that the energy of the fi
nal state after dissociation of methanethiol and the forma
of methane and an adsorbed sulfur atom is not as low for
promoted surface as for the Mo-only surface. This is a re
of the weaker Co–S and Ni–S bonds compared with the M
bond. Consequently, the energy required to remove the s
atom from the surface by hydrogenation to H2S is 18 (Co–Mo
surface) or 14 kcal/mol (Ni–Mo surface) lower than for the M
surface. This indicates that the promoter also decreases th
sorption energy of the sulfur atom from methanethiol on
catalyst surface and thus decreases the sulfur-removing en

The calculated activation energies can be compared
the experimental activation energies of 22.9 and 22.0 kcal/mol
for the hydrogenolysis of methanethiol and dimethylsulfi
to methane and H2S over unsupported MoS2, respectively,
and 19.7 kcal mol for the formation of dimethylsulfide fro
methanethiol[26]. In the case of zero-order conditions, the e
perimental activation energy is equal to the activation energ
the rate-determining step; in the case of first-order conditi
it should be equal to the activation energy of that step minus
heat of adsorption of the reactants. Because the hydrog
ysis of methanethiol was studied under zero-order conditi
the observed activation energy should be compared with
largest activation energy of the different reaction steps. In
case this is clearly H2 dissociation followed by sulfur atom re
moval. In addition, DFT calculation of the HDS of thiophene
the bare Mo edge of (100) MoS2 indicated that sulfur remova
is the rate-determining step and that its energy cost dep
on the sulfur coverage of the Mo edge[11]. In contrast, on a
metallic Ni(111) surface, C–S bond breaking was sugge
to be the rate-determining step for methane formation f
methanethiol[34], whereas a DFT calculation for small nick
sulfide clusters found S–C bond scission and sulfur rem
to be about equally slow and rate-determining for thioph
desulfurization[56]. A possible explanation for this differenc
is that the Ni–S bond is weaker than the Mo–S bond, and
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stabilization of the sulfur-containing intermediates is lower
nickel sulfide. The strong binding of CH3S on the Mo edge o
(100) MoS2 is a consequence of Mo–S interactions involv
the occupied sulfur lone pairs of the molecule and the empt
orbitals of molybdenum.

4.5. An overview of the investigated mechanisms

The calculations demonstrate that the hydrogenolysis r
tion of methanethiol is not a concerted reaction of C–S b
breaking and C–H and S–H bond creation, but rather oc
in two steps. In the first step, the S–H bond of methanethi
broken and a CH3S group is adsorbed on the surface. This
sorbed CH3S and a neighbouring adsorbed SH group reac
methane and two surface sulfur atoms. In the second step
of the sulfur atoms is removed from the surface by reaction w
two adsorbed hydrogen atoms to H2S desorbing from the sur
face. The chemistry that occurs is radical chemistry, as it w
The metal sulfide surface stabilizes the CH3S, H, and SH radi-
cals and allows them to react with each other. But the chem
is not the same as on the surface of a metal, where alkan
ols decompose to alkyl groups and sulfur and hydrogen at
that all become attached to metal atoms. Instead, on the m
sulfide surface, the alkyl and hydrogen fragments are bon
to sulfur atoms, and they react with one another on these
fur atoms other to alkanes. The results from this study s
that in the presence of adsorbed sulfur atoms, methanethio
dimethylsulfide react as follows:

X–S–Y+ * + S* → X–S* + Y–S* → X–Y + 2S*, (1)

where X, Y= CH3 or H, and * indicates a site consisting of o
or two Mo atoms.

Thus,

H2S+ * + S* → 2H–S*→ H2 + 2S*

and

CH3SH+ * + S* → CH3–S* + H–S* → CH4 + 2S*.

On the bare Mo edge, methanethiol adsorption and decom
tion occur slightly differently,

CH3SH+ 2* → CH3* + HS* → CH4 + S* + *. (2)

Because in reality the Mo edge is (almost) fully covered w
S atoms, reactions(2) are not important for catalysis. Rea
tion (1) predicts that ethane may be formed from dimeth
sulfide (X= Y = CH3), and the calculations show that th
reaction has a similar activation barrier as the reaction of m
anethiol (X= CH3 and Y= H) to CH4. Nevertheless, exper
mentally, ethane has not been observed in the HDS of dime
sulfide. The reason for this is probably that the reaction
dimethylsulfide to two CH3S groups is faster than the reacti
to ethane, as suggested by the lower activation energy fo
reaction of dimethylsulfide to two CH3S groups.

The same chemistry responsible for the reaction of a
nethiols to alkanes may be responsible for the reaction of di
zothiophene to biphenyl. Dibenzothiophene is exemplary
molecules present in gas oil, and its sulfur atom is remo
d
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mainly by direct desulfurization, an apparent hydrogenoly
reaction. Surface science studies of the reaction of the re
benzenethiol on metal surfaces have indeed shown a grea
ilarity with the reactions of alkanethiols[57–60]. The S–H
bond of benzenethiol is already broken at low temperature,
the resulting C6H5S reacts to benzene below room tempe
ture. This suggests that the hydrodesulfurization of arylthi
such as benzenethiol, benzothiophene, and dibenzothiop
on metal sulfides occurs in the same way as the hydrogeno
of alkanethiols and dialkylsulfides.

4.6. Implications for hydrotreating catalysis

It has been shown that the dissociation of CH3SH on dif-
ferent edge surfaces of MoS2 occurs on a pair of sulfur–meta
sites to form an S–H group and CH3S species that are ad
sorbed in bridging positions between two metal surface ato
followed by transfer of hydrogen to the neighbouring CH3S
species to form CH4. The mechanism is similar to that pr
posed for the dissociation of H2 [47,52] and reveals a simila
behaviour for small molecules when dissociated and adso
on catalyst surfaces. However, the difference in the geom
structures and chemical properties of these sulfur–metal
is clearly affected by the amount of sulfur present on the m
edge surface. Therefore, different energy barriers for adsorp
and desorption have been calculated, determining a diffe
kinetic behaviour. Low sulfur coverage on the metal surf
is not likely to exist under real HDS conditions, as confirm
in Fig. 14, despite the lower energy barriers for dissociat
when the metal atoms are uncovered. But metal edges
pletely covered by sulfur will contribute to associative, rat
than dissociative, mechanisms. Furthermore, to achieve a
certed reaction with moderate energy barriers for adsorp
and desorption, our calculations favour about 67% coverag
the molybdenum edge by sulfur atoms.

5. Conclusion

The present calculations demonstrate that the hydroge
ysis reaction of methanethiol is not a concerted reaction,
rather occurs in consecutive steps. First, the S–H bond is
ken and a CH3S group is formed on the surface, which th
reacts with a neighbouring adsorbed SH group to methane
nally, a sulfur atom is removed from the surface by reac
with adsorbed hydrogen atoms to H2S. Sulfur, promoter, and
hydrogen atoms strongly affect the adsorption and reactio
methanethiol on the MoS2 catalyst surface. At low sulfur cov
erage of the surface, the thiol adsorption has low activa
energy, but the subsequent cleavage of the C–S bond an
mation of methane is difficult. The C–S bond in adsorbed CH3S
is broken by reaction with the H atom on a neighbouring
atom, leaving the S atom on the surface and freeing CH4 to the
gas phase. Sulfur atoms adsorbed on the catalyst surface
the activation energy for the reaction of CH3S to methane. In
addition, hydrogen atoms adsorbed on sulfur atoms at the
alyst surface and promoter atoms (Co and Ni) direct the
drogenolysis to less strongly bound CH3S and lower the energ
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barrier for CH4 desorption from the surface in the dissociat
of CH3SH.

Although the reactions of methanethiol on metal sulfide s
faces have many similarities with reactions on metal surfa
the chemistry is not the same. On the metal sulfide surface
alkyl and hydrogen fragments are bonded to sulfur atoms
to metal atoms. The results presented here also suggest th
hydrogenolysis of benzenethiol and dibenzothiophene occu
a similar mechanism.
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