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Abstract

The structure and adsorption of Mo27S(54−x) (x = 1–6) clusters have been investigated using density functional theory method. It was found that
considerable relaxation occurred at the (1̄ 0 1 0) edge. The activity has been analyzed on the basis of frontier molecular orbital properties. The
results suggest that the possible catalytic sites might be situated between two vicinal 4-fold coordinative unsaturated site CUS. The formation
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f Mo27S(54−x) (x = 4–6) from Mo27S54 is easy in the presence of atomic hydrogen, but difficult under molecular hydrogen. But the situation is
ifferent from the case of Mo27S(54−x) formation (x = 1–3) that is facile under both the atomic and molecular hydrogen reagent (under the normal
YD/HDS condition). The adsorption of thiophene at various vacancies on the (1̄ 0 1 0) edge of MoS2 represents that thiophene is unstable to flatly

dsorb at the vacancy of Mo27S50. Although uprightly adsorbed thiophene is adsorbed weakly, the flatly adsorbed thiohene is strongly activated
hen adsorbed between two vicinal 4-fold CUS (9, 10). On the basis of Hirshfeld charge analysis, the donation and back-donation between the

hiophene and the substrate might account for the activation of thiophene.
2005 Elsevier B.V. All rights reserved.
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. Introduction

With the advent of increasingly stringent regulations of sulfur
ontaining in oil products to less than 50 ppm, hydrodesulfu-
ization (HDS) continues to be the focus of catalytic study.

olybdenum sulfide is believed to be the essential active ele-
ent, which is promoted by other transition metals, such as

obalt and nickel. As one type of the sulfur containing impuri-
ies, thiophene is most averse to HDS and is often regarded as
he target for the model study.

During the last three decades, a large number of experiments
1–4] have been carried out to clarify the active sites of
olybdenum sulfide. It has proved that MoS2 phase is highly

ispersed with size of one to several nanometers in the supported
atalysts [3]. In these dispersed particles, the boundaries in all
irections are believed to provide the high intrinsic activity for

∗ Corresponding author.
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HDS reaction. Furthermore, it has been shown experimentally
that the removal of S atoms from a MoS2 slab starts from the
edge on which the formed CUS has strong adsorption affinity
for thiophene and H2S and is responsible for the thiophene
HDS [5,6]. Although it is easy to form 2-fold CUS on the
(1̄ 0 1 0) edge of MoS2 even under the atmosphere of H2, the
2-fold CUSs may not activate the thiophene to the degree of
cleaving S C bond of thiophene [7,8]. More specifically, 3-
and 4-fold CUSs formed at the edge of (1̄ 0 1 0) together with
SH groups seem to be responsible for the activation of HDS
[7,9].

Apart from the extensive experimental studies, modern theo-
retical methods, especially density functional approaches, have
also been employed to illuminate the nature of active sites of
MoS2 model catalyst as well as the adsorption of thiophene
derivatives and hydrogen species on these sites. With the peri-
odic models, Raybaud et al. [10–12] have carried out detailed
studies on the surface structure of MoS2 with and without pro-
moter. Furthermore, the sulfur coverage of these surfaces in
the gaseous H2S/H2 surroundings of working catalysts is also
381-1169/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2005.11.050
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determined according to the thermodynamical approach [13,14].
N�rskov and co-workers [15] have also calculated the struc-
ture and vacancies of MoS2 as well as the H2 adsorption on
these sites using the periodic models, and indicated the S atoms
located on the (1̄ 0 1 0) surface of MoS2 are more active to H
adsorption. In addition, the vacancy formation mechanisms on
the (1̄ 0 1 0) surface of MoS2 are validated on the basis of a
periodic DFT study [16]. Even so, the periodically repeated
arrangement of chosen units seems not to reflect the geome-
tries of MoS2 slabs in the real catalysts which are actually finite
in size and have boundaries in all directions. In addition, the
roles of atomic hydrogen and proton are not also taken into
account. Using cluster model, Li et al. [8] optimize the structure
of Mo27S54 cluster whose size is similar to that in supported
catalysts. They pointed out the Mo sites situated in (1̄ 0 1 0)
edge are more active for HDS reaction when the sulfur atoms
blocking the Mo atoms are removed. Subsequently, Orita et al.
[17] calculated the same cluster model with DFT method. The
calculated structure data at the edge are in agreement with the
data of real MoS2 catalysts obtained using the EXAFS meth-
ods, further illustrating the rationality of the cluster model of
Mo27S54. Furthermore, the reduction of MoS2 is also calculated
using the cluster model. It is found that the terminal S atoms
at the (1 0 1̄ 0) edge can be removed and the 2-fold CUS can
form even by molecular hydrogen. With the presence of atomic
hydrogen and increasing reaction temperature, the bridge sulfur
s
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Fig. 1. Optimized structure of the Mo27S54 cluster.

2. Computational methods

Geometry optimizations are carried out with the DMol3 pro-
gram package [23–25] available in Materials Studio 2.2 of the
Accelrys Inc. The doubled numerical basis set with a set of
polarization functions is employed, which is comparable to the
Gaussian 6-31G*. The effective core potential is used for Mo.
The generalized gradient corrected (GGA) functional proposed
by Perdew and Wang (PW91) is used, with the real space cut-
off of atomic orbitals set at 5.5 Å and a smearing of 0.0005
to count the orbital occupancy. In geometry optimization, the
BFGS routine, in which the gradients are computed numeri-
cally, is employed. For the numerical integration, the MEDIUM
quality mesh size of the program is chosen. The tolerances of
energy, gradient and displacement convergence are 2 × 10−5,
1 × 10−2 and 1 × 10−2, respectively. Because lower symmetry
can be formed due to the relaxation of all atoms in the finite
cluster, no symmetry conditions are employed here.

The initial coordinates of Mo27S54 (1) taken from the hand-
book of crystal structures [26] are used for geometry optimiza-
tion. As shown in Fig. 1, 1 has a sandwiched structure with Mo
atoms in the middle layer, doubly covered with two S planes.
There are two individual bridging sulfurs with two Mo S con-
nections along the edge in 1, and we have considered nine
possibilities for bridging sulfur vacancies by successive sulfur
removal. These cluster models can be designed as Mo S
(
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itting in the (1̄ 0 1 0) edge can be removed. Under much high
emperature and atomic or protonic hydrogen, the S atoms on
he basal plane can be removed, which can cause the structure
f MoS2 destroyed and should be avoided [7]. In addition, the
dsorptions of thiophene and dibenzothiophene derivatives over
oS2 nanoclusters have been widely investigated using density

unctional methods [18–21]. The active sites of these models
re supposed as 2-fold coordinatively unsaturated sites (CUS)
n the (1 0 1̄ 0) edge. However, little work dealing with thiophene
dsorption at the CUS of the (1̄ 0 1 0) edge of MoS2 has been
ublished.

In order to model the catalytic activity of heterogeneous cat-
lysts reasonably, two factors must be taken into account: (i)
luster size and (ii) changes of surface structure and compo-
ition. In this paper, both factors are considered, namely (i) a

o27S54 model whose size is close to that of realistic catalysts
nd (ii) possible reduction process of the (1̄ 0 1 0) edge in the
olecular and atomic hydrogen. Experimentally, it is found that

he highly dispersed active MoS2 supported clusters in practical
atalysts have a size within 10–30 Å and build a mono-layered
oS2 structure in some cases [22]. And we investigated the

ase of a fully structured Mo27S54 single slab with a size of
0 Å [19], which is close to that (10–30 Å) of the most highly
ispersed MoS2 in supported catalysts. At the same time, the
ossible removal processes of sulfur from the (1̄ 0 1 0) cluster
dge and the structure of bridging sulfur vacancies are also cal-
ulated. Moreover, the adsorptions of thiophene at the different
USs on (1̄ 0 1 0) edge of MoS2 slab are also optimized. Both
at and the upright adsorption at the different sites are taken into
ccount and the properties of the charge and electrons are also
nalyzed in details.
27 (54−x)
Sn), in which x is the total number of removed bridging sulfur
nd the subscript “n” is the sulfur position Sn of the bridging
acancy as indicated in the figure, respectively.

The CUS models employed here are obtained by removing
he bridge sulfur at the (1̄ 0 1 0) edge of the Mo27S54 cluster. The
ptimized Mo27S54−x structure is bonded with free thiophene
nd then is used as the initial structure of thiophene-Mo27S54−x.
uring the optimization of thiophene adsorbed on Mo27S54−x,

he surface Mo and sulfur atoms of Mo27S54−x and the atoms
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composed of thiophene are allowed relaxed, while the rest atoms
of the slab are held at the initial position. The adsorption energy
of thiophene on Mo27S54 is given by Eq. (1):

�E (kcal/mol) = Ethiophene-Mo27S54−x

−Ethiophene − EMo27S54−x
(1)

where Ethiophene-Mo27S54−x
, Ethiophene and EMo27S54−x

are the total
energy of the thiophene adsorbed on Mo27S54−x, optimized free
thiophene and Mo27S54−x, respectively.

3. Results

3.1. Mo27S54−x

Fig. 2 represents the optimized structure of two distinct
Mo27S53 clusters with sulfur vacancies at the corner (S5, 2) and
edge site (S3, 3), respectively. The reference energies tabulated
in Table 1 show that 2 is more stable than 3 by 10.7 kcal/mol.
This indicates the stability of the corner 3-fold CUS. As com-
pared to 1, the Mo3 Mo4 distance in 2 becomes shorter (2.509 Å
versus 3.053 Å), and the sulfur atom (S6) moves to the Mo plane.
Fig. 2. The optimized structure o
f the Mo27S54−x (x = 1–6).
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Table 1
The reference energies (Eref, au) to the total energy of Mo27S54

(−23354.43985 au) and the thiophene adsorption energy (Ead, kcal/mol)

Eref Ead

Mo27S54 (1) 0 –
Mo27S53 (S5, 2) 398.2479 –
Mo27S53 (S3, 3) 398.2649 –
Mo27S52 (S1,5, 4) 796.4455 –
Mo27S52 (S5,6, 5) 796.5556 –
Mo27S51 (S1,3,5, 6) 1194.698 –
Mo27S50 (S1–3,5, 7) 1593.007 –
Mo27S50 (S1,3–5, 8) 1592.988 –
Mo27S49 (S1–5, 9) 1991.314 –
Mo27S48 (S1–6, 10) 2389.643 –
11 1040.562 −5.13
12 1040.596 16.77
13 1438.893 −10.18
14 1438.853 −35.20
15 1438.859 −30.92
16 1837.241 −7.78
17 1837.187 −41.45

In 3, the Mo2 Mo3 distance also becomes shorter, but to a less
extent than 2.

Two Mo27S52 clusters obtained by removing two sulfur atoms
from 1 at two different corners (S1,5, 4) and at the same corner
(S5,6, 5) bridging the same Mo atoms, are shown in Fig. 2. In 4,
after the loss of two S atoms, S2,6 is located in the same plane
as the Mo atoms. Furthermore, the distance of Mo1 Mo2 (or
Mo3 Mo4) is shortened to 2.485 Å, while that of Mo2 Mo3 is
elongated to 3.625 Å. In 5, both sulfur atoms (S5,6) bridging Mo3
and Mo4 are removed, the distances of Mo3 Mo4 and Mo2 Mo3
are respectively shortened to 2.406, and elongated to 3.163 Å,
compared to 1. The reference energy in Table 1 shows that 4
is more stable than 5 by 69.1 kcal/mol. This indicates that the
formation of 3-fold CUS is more energetically favored than the
4-fold CUS, respectively.

With removal of three sulfur atoms (S1,3,5) from 1 results
in structure 6, as shown in Fig. 2. Similarly, the distance of
Mo1 Mo2 (or Mo3 Mo4) is shortened to 2.485 Å, while that
of Mo2 Mo3 is elongated to 3.581 Å. Furthermore, S2,4,6 atoms
move to the same plane as the Mo atoms.

As shown in Fig. 2, the removal of four bridging sulfur atoms
at S1–3,5 and S1,3–5 from 1 results in 7 and 8. Compared with 6, 7
has slight changes, while the Mo2 Mo3 distance in 8 is further
elongated to 4.045 Å. It is also noted that two 3-fold and one 4-
fold CUSs are formed in 7, while four 3-fold CUSs are formed
in 8. Furthermore, 8 is more stable than 7 by 11.4 kcal/mol, indi-
c
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of thiophen on the vacancies of Mo27S54−x (x = 1–3) are cal-
culated firstly, which display the very weak adsorption due to
the strong (repulsion) between the thiophen and the S atoms of
vacancies. Fig. 3 shows the optimized structures of thiophene
adsorbed on the different vacancies from Mo27S50 to Mo27S48.
In 11, thiophene uprightly bonds with Mo27S50 through Mo2
and Mo3, in which the bond lengths of Mo2ST and Mo3ST are
2.542 and 2.539 Å, respectively. Furthermore, the distances of
C2 C3 (1.439 Å) and C1/C4 ST (1.764 Å/1.765 Å) are slightly
elongated and that of C1 C2 (1.318 Å) is slightly shortened
relative to those of free thiophene (1.730, 1.347 and 1.424 Å
for C1 ST, C1 C2 and C2 C3). The low adsorption energy of
thiophene (−5.1 kcal/mol) in Table 1 also indicates that the
adsorption of thiophene at 3-fold CUS is weak. In contrast,
12 is obtained when thiophene is flatly placed above Mo2 and
Mo3 of 8. As shown in 12, thiophene is pushed away from
(1̄ 0 1 0) edge with long distances of Mo2 ST and Mo3 ST
(4.528 and 4.276 Å, respectively). The bond lengths of adsorbed
thiophene changes (slightly). The positive adsorption energy
(16.8 kcal/mol) of thiophene further proves that the structure 2 is
unstable.

At the sulfur vacancies of 9, three optimized structures
(13, 14 and 15) are obtained (in Fig. 3). In 13 with uprightly
adsorbed thiophene at Mo1 and Mo2, the distances of Mo1ST and
Mo2ST are 2.530 and 2.527 Å, respectively. All bond lengths of
C S , C C and C C of thiophene are elongated compared
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ating the thermodynamic stability of 3-fold CUSs in general.
emoval of S1–5 and S1–6 in 1 results in 9 and 10, as shown in
ig. 2. Two 4-fold CUSs and two 3-fold CUSs are formed in 9,
nd four 4-fold CUSs are formed in 10. In 10, the Mo2 Mo3
istance increases to 4.137 Å.

.2. Thiophene adsorption at the vacancies of Mo27S54−x

x = 4–6)

In addition to the formation of CUS, the adsorption of thio-
hene at the formed CUS has been also studied. The adsorptions
1 T 1 2 2 3
ith free thiophene. In 14, thiophene flatly adsorbs between
o1 Mo2 to form 3-fold coordinated structure (�1, ST, �2 and
). The bond lengths of Mo1 ST, Mo2 C2 and Mo3 C3 are
.470, 2.306 and 2.310 Å, respectively. The adsorbed thiophene
s strongly deformed, in which the ST atom is titled over the plane
f thiophene. Relative to the bond length free thiophene, the
ond lengths of C1 ST and C1 C2 are elongated to 1.853–1.855
nd 1.444–1.446 Å, while that of C2 C3 changes slightly. At
he site between Mo2 Mo3, only the flat adsorption of thio-
hene (15) with 5-fold (�1, ST, �4, C) coordinated structure is
ossible, and the uprightly adsorption configuration is not sta-
le. The bond lengths of ST Mo3, C1 Mo2 and C2 Mo2 in 15
re 2.685, 2.285–2.289 and 2.339–2.340 Å, respectively. Simi-
ar to 14, the adsorbed thiophene in 15 is also strongly deformed
ith ST tipping from the thiophene ring and the bond length of
1 ST, C1 C2 are elongated to 1.824–1.826 and 1.427–1.430 Å
nd that of C2 C3 changes (slightly). As given in Table 1,
he adsorption energy decreases as the sequence of 14, 15
nd 13.

16 and 17 are optimized structures of thiophene adsorbed
t the Mo27S48 cluster. In 16, thiophene uprightly bonded with
o1 and Mo2, and the bond lengths of Mo1 ST and Mo2 ST are

.532 and 2.499 Å, respectively. Similar to thiophene adsorp-
ion at Mo27S49, (13 and 14), all bond lengths of C1 ST,

1 C2 and C2 C3 of 16 are weakly elongated by 0.028–0.039,
.011–0.149 and 0.019 Å, respectively. While in 17, thiophene
s flatly adsorbed over the 4-fold Mo1 and Mo2 CUS. The dis-
ance of Mo1 C1 is 2.402 Å and those of Mo1 C2 and Mo1 C3
re 2.273–2.275 Å. Furthermore, the bond lengths of C1 ST,
1 C2 of 17 are greatly elongated by 0.139–0.149 Å and that
f C2 C3 only changes slightly.
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Fig. 3. Optimized structures of thiophene adsorbed on the vacancies of MoS2.

4. Discussion

Experimental results have revealed that the properly reduced
edges (especially for 3- or 4-fold coordination unsaturation sites)
are responsible for the HDS activities [1–4,9]. From Fig. 1, it is
found there are two types of edge (i.e. (1 0 1̄ 0) and (1̄ 0 1 0)) on
the Mo27S54 cluster [5,27]. Surface science experimental results
and theoretical calculations have shown that the formation of
CUS with the removal of S starts with the terminal S atoms on the

(1 0 1̄ 0) and (1̄ 0 1 0) edges [28–30]. The terminal S atoms on the
(1 0 1̄ 0) surface can be removed even by molecular hydrogen,
however 3- or 4-fold CUSs are difficult to form on (1 0 1̄ 0) edge
because this process needs the removal of S atoms bound to
three Mo atoms and completely destroys the MoS2 structure.
This deep reduction of MoS2 is prevented in HDS process by
introducing small amount of H2S [3–5]. In contrast, 3- or 4-fold
CUSs are easily formed on the (1̄ 0 1 0) edge by only removing
the bridging S atoms at the HDS reaction conditions. Kasztelan
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Table 2
The enthalpy (kcal/mol) for formation of vacancies (Mo27S54−x (x = 1–6)) under the treatment of molecular and atomic hydrogen

Reaction Energy change

Mo27S54(1) + H2 → Mo27S53(S5,2) + H2S (1) 4.0

Mo27S54(1) + 2H → Mo27S53(S5,2) + H2S (2) −100.9

Mo27S54(1) + H2 → Mo27S53(S3,3) + H2S (3) 14.7

Mo27S54(1) + 2H → Mo27S53(S3,3) + H2S (4) −90.2

Mo27S53(S5,2) + H2 → M27S52(S1,5,4) + H2S (5) −27.6

Mo27S53(S5,2) + 2H → M27S52(S1,5,4) + H2S (6) −132.4

Mo27S53(S5,2) + H2 → M27S52(S5,6,5) + H2S (7) 41.5

Mo27S53(S5,2) + 2H → M27S52(S5,6,5) + H2S (8) −63.3

M27S52(S1,5,4) + H2 → Mo27S51(S1,3,5,6) + H2S (9) 6.7

M27S52(S1,5,4) + 2H → Mo27S51(S1,3,5,6) + H2S (10) −98.1

Mo27S51(S1,3,5,6) + H2 → Mo27S50(S1–3,5,7) + H2S (11) 42.2

Mo27S51(S1,3,5,6) + 2H → Mo27S50(S1–3,5,7) + H2S (12) −62.6

Mo27S51(S1,3,5,6) + H2 → Mo27S50(S1,3–5,8) + H2S (13) 30.8

Mo27S51(S1,3,5,6) + 2H → Mo27S50(S1,3–5,8) + H2S (14) −74.0

Mo27S50(S1,3–5,8) + H2 → Mo27S49(S1–5,9) + H2S (15) 52.6

Mo27S50(S1,3–5,8) + 2H → Mo27S49(S1–5,9) + H2S (16) −52.2

Mo27S49(S1–5,9) + H2 → Mo27S48(S1–6,10) + H2S (17) 54.7

Mo27S49(S1–5,9) + 2H → Mo27S48(S1–6,10) + H2S (18) −50.2

et al. [31,32] find the correlation between catalytic activity and
the extent of reduction of MoS2 catalysts, which further confirms
that the CUSs on the reduced (1̄ 0 1 0) edges of MoS2 slabs are
responsible for the activity of HDS. More specifically, 3-fold
CUSs involving SH groups would be the main active sites for
HDS catalysis [5,7].

It is interesting and necessary to compare the enthalpy for
the formation of vacancies for clusters deduced from 1 during
the treatment under hydrogen atmosphere (see Table 2), since
catalyst reduction is one of the most important steps in the cat-
alyst life cycle [1–4]. The enthalpies of formation of vacancies
due to the reaction of the Mo27S(54−x) clusters and H2/H to
form products (reduced Mo27S(54−x−1) and H2S) are listed in
Table 2. It is found that reactions (1) and (9) are slightly positive
(4.0–6.7 kcal/mol) and reaction (5) is negative (−27.6 kcal/mol),
indicating that the formation of the corresponding reduced struc-
tures is thermodynamically possible for the molecular hydrogen
agent at the real HYD/HDS condition, for example, the high
pressure of hydrogen and elevated temperature. Compared to the
other cases, reactions (3) and (7) show high positive enthalpy
(14.7 and 41.5 kcal/mol), indicating that this type of sulfur
vacancy is relatively difficult to form. The negative enthapies
of reactions (2), (4), (6), (8) and (10) show that formations of
corresponding reduced structure are thermodynamically favor-
able for atomic hydrogen.

The enthalpy further increases in the sequence of reactions
(
C
T
[
c
a
t
A
t

for atomic hydrogen. Therefore, atomic hydrogen can nearly
always accelerate the formation of all types of vacancies, which
is in agreement with the experimental results [5]. In laboratory
work and in industrial practice, the promoters such as Co and
Ni are often added to improve the performance of MoS2 cat-
alysts. The remote control theory [33,34] proposes that cobalt
sulfide promoters supply a sufficient amount of atomic hydrogen
species to create more 3-fold and perhaps the majority of 4-fold
CUS sites on the MoS2 edge.

It is informative to compare the changes between the highest
occupied (HOMO) and the lowest unoccupied (LUMO) molec-
ular orbitals, which are analyzed by DFT calculations. As shown
in Fig. 4, the occupied frontier orbitals are located at the vacancy
sites on both Mo and S in 2, 4, 6 and 7 with lower coordina-
tion unsaturated sites, while the higher coordination unsaturated
sites in 8, 9 and 10 do not contribute the occupied frontier
orbitals. This indicates that lower coordination unsaturated sites
can donate electrons as Lewis base for catalytic reactions.

In addition, we also analyzed the LUMO and LUMO + 1.
As shown in Fig. 5, the highly coordination unsaturated sites in
8, 9 and 10 contribute significantly to the unoccupied frontier
orbital, while there are no contributions from the lower coordi-
nation unsaturated site. This indicates that higher coordination
unsaturated sites can accept electrons as Lewis acid for catalytic
reactions. Therefore, the catalytic properties of molybdenum
sulfide depend on the preparations, especially on the reduction
p
t
w
p
i

a
a
i

13) < (15) < (17), implying that the formation of 3- and 4-fold
US is more difficult with molecular hydrogen for reduction.
his result is also in line with the conclusions by Raybaud et al.

10–13], who found that the S coverage of S-terminated edge
ould vary between 100% and 50% under different H2/H2S
tmosphere. However, the role of atomic hydrogen is not
aken into account in the Raybaud’s thermodynamic model.
lthough the enthalpy also increases in the sequence of reac-

ions (14) < (16) < (18), these energy changes remain negative
eriod. For HDS reaction, the cleavage of S C bonds demands
he interaction of the HOMO portion of the S atom in thiophene
ith the LUMO of the metal site [35,36]. On the basis of the
revious results, 8, 9 and 10 might be more important active sites
n HSD reaction.

Because adsorption of thiophene on the S-terminated edge is
lways endothermic [10], the CUS must be formed in order to
dsorb and activate thiophene molecule on the (1̄ 0 1 0) plane. It
s also found that even at 3-fold CUS of 8, the flatly adsorbed
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Fig. 4. Isosurface of the combined HOMO and HOMO-1 of Mo27S54−x cluster.

configuration of thiophene (12) is not stable with the posi-
tive adsorption energy and the structure of thiophenen slightly
changes due to the long optimized distance between thiophene
and adsorbed sites. The upright adsorption configuration is rela-
tively stable, the change trend of adsorbed thiophene is the same
as the results of IR [37] and other theoretical results [20], but
the disturbance of thiophene in 11 is still very weak. Therefore,
it is necessary to remove more sulfur atoms to form 4-fold CUS
for activation of thiophene.

On the basis of the configure of thiophene uprightly adsorbed
between the two vicinal 4-fold CUS (Mo1 and Mo2) (13 and 16),
it is found that all bond length of ST C�, C� C� and C� C�

are elongated by 0.028–0.043, 0.011–0.012 and 0.018–0.019 Å,
respectively. It is noticeable that the bond length of C� C� also
increases, disagreement with the results of uprightly adsorbed
thiophene at other sites [20,37]. The mild change of bond length
of upright adsorbed thiophen further indicates that the activa-
tion of thiophene is activated at a low degree. In contrast, the
thiophene is strongly activated and the aromaticity is destroyed
when thiophene are adsorbed flatly between two vicinal 4-fold
CUS (14, 17) or between 3- and 4-fold CUS (15). The ST atom is
bent from thiophene ring and the bond length of ST C�, C� C�

are elongated by 0.094–0.141 and 0.080–0.105 Å, respectively.
This value is more evident than that in thiophene adsorbed at the
2-fold CUS of (1 0 1̄ 0) of MoS2 [20]. However, the rupture of
ST C� is not observed in all models employed here.

It is useful and informative to analyze the atomic charge
which always includes the information of structure change and
thiophene activation. The Hirshfeld charge [38] is defined rela-
tive to the deformation density which is the difference between
the molecular and the unrelaxed atomic charge densities. Com-
paring with the change of Hirshfeld charge (see Table 3), it is
found that the charge transfers from thiophene to substrate for the
uprightly adsorbed configuration (11, 13 and 16). The net charge
transfer is 0.272, 0.143 and 0.135 for 11, 13 and 16, respec-
tively. However, the adsorption energy of thiophene increases
as the sequence of 11, 13 and 16, which implies that the back-
donation of Mo atoms to thiophene might cause the adsorbed
configuration more stable. This suspicion can be further evi-
denced by the change of local atomic charge. In structure 11,
Mo2 or Mo3 and Mo1 or Mo4 get 0.077–0.078 and 0.024–0.026
electron, respectively, illustrating Mo2 and Mo3 atoms transfer
the excess negative charge to the vicinal atoms (Mo1 and Mo4).
In contrast, the negative charge mainly locates on the Mo1 and
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Fig. 5. Isosurface of the combined LUMO and LUMO + 1 of Mo27S54−x cluster.

Mo2 atoms and the positive charge of ST of thiophene is much
lower in cluster 13, 16, suggesting the evident back-donation
effect from Mo to ST. It is well known that the electron donation
and back-donation of thiophene accomplish through the lone
pair of ST of thiophene in uprightly adsorbed thiophene. From
the composition of the frontier orbitals of thiophen (Fig. 6), it is
found that the orbits of 1a1 and 2b1 can donate electron while

that of 1b2 and 3b1 can accept electron through the ST atom.
Because the energy of 2b1 and 1a1 are remarkably lower than
that of HOMO (−5.947 eV), the donation of thiophene through
this mode is weak and then the back-donation of thiophene is
also low, which causes thiophene activated at low degree.

In flat adsorbed structure, the 0.037 and 0.058 net charge
transfer from thiophene to substrate in 14, 15, which is much

Table 3
The Hirshfeld charge population of optimized cluster

11 12 13 14 15 16 17

Mo1 −0.026 −0.014 −0.044 −0.018 0.026 −0.034 −0.008
Mo2 −0.078 0.007 −0.015 0.007 −0.007 −0.022 0.032
Mo3 −0.077 0.004 0.024 0.02 −0.042 0.000 0.003
Mo4 −0.024 −0.013 −0.013 −0.012 −0.021 −0.013 −0.001
S1 −0.001 0.012 −0.009 −0.006 0.011
S2 −0.001 0.010
ST 0.052 0.015 −0.002 0.022 0.025 −0.004 −0.005
C1 0.032 0.008 0.012 −0.004 −0.021 0.019 −0.007
C2 0.040 0.001 0.031 −0.011 0.011 0.03 −0.011
C3 0.039 0.001 0.033 −0.01 0.012 0.027 −0.015
C4 0.032 −0.004 0.02 −0.003 −0.019 0.009 −0.012
Substrate −0.272 −0.011 −0.143 −0.037 −0.058 −0.135 0.004
Adsorbate 0.273 0.013 0.144 0.038 0.057 0.136 −0.004
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Fig. 6. Isosurface of different orbitals of thiophene.

lower than that in 11, 13, 14, while 0.004 net charge in 7 transfers
in the reverse direction. This cannot illustrate the weak interac-
tion between thiophene and substrate because of much larger
adsorption energy and strong disturbance of thiophene in these
configures. Only the electron donation and back-donation can
account for the activation of thiophene in flatly adsorbed struc-
ture because all C�, C� and ST can participate in the electron
donation and back-donation in these adsorbed configuratons.

From the frontier orbitals of thiophene (shown in Fig. 6), it is
feasible that the HOMO (1a2) of thiophene donates electron and
LUMO (3b1) of thiophene accepts the electron, which can be
responsible for the weakening bonds and the increased distances
of C� C� and ST C�.

Because all the CUSs do not be sufficient for C S bond cleav-
age, the hydrogen is necessary for the rapture of ST C�. Delmon
and Froment [1] and Startsev [3] believe that the hydrogen or
proton concentration near the active sits is crucial for the cat-
alytic activity of thiophene hydrogenation. Hadjiloizou et al. [9]
also propose that the strongly acidic sites including SH is respon-
sible for the activity for thiophene HDS. We also put a hydrogen
molecule between ST and S1of 15, and get the optimized struc-
ture in which the H2 molecule is dissociatively adsorbed to form
-STH and S1H. When H of STH transfers to C4, the cleavage of
C4 ST is observed [39]. In the concerted mechanism of thio-
phene hydrogenolysis, it is considered that the excess negative
charges transfer from thiophene to substrate are located on the
coordinative unsaturated S atoms in the (1̄ 0 1 0) plane, compen-
sation for this charge will be possible by dissociative adsorption
of the dihydrogen molecule [3,4]. However, the data shown in
Table 3 show that the atomic change of S1 or S2 in 11, 13, 4 and
15 is mild. Even so, the vacancy of Mo27S49 is important for
thiophene hydrogenolysis not only because this site can effec-
tively activate the thiophene, but also because the S1 atom of
this cluster bearing −0.245 to 0.262 charge is active to disso-
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iatively adsorb the hydrogen molecule. The hydrogenation of
hiophen at this site will be carried out in the future work.

. Conclusion

The various structures of bridging sulfur vacancies on the
1̄ 0 1 0) edge of Mo27S(54−x) are optimized using density func-
ional theory. The theoretical results represent that clusters 2, 4
nd 8 are more stable than 3, 5 and 7. The distances between
o1 Mo2 or/and between Mo3 Mo4 become shortened to form

onds with the loss of corner sulfur atoms while the distance
etween Mo2 Mo3 increases with the removal of edge sulfur
toms.

On the basis of the frontier molecular orbitals, a possible site
or activation of thiophene might be situated between vicinal
-fold CUS.

From the enthalpy for vacancy formation, it is concluded that
he vacancies of Mo27S(54−x) (x = 1–3) are easily formed dur-
ng the treatments with molecular (under the normal HYD/HDS
ondition) or atomic hydrogen. However, the formation of
o27S(54−x) (x = 4–6) clusters is always difficult using molecu-

ar hydrogen while it can be accelerated by atomic hydrogen
The adsorption of thiophene at the various vacancies on the

1̄ 0 1 0) edge of MoS2 is optimized using density functional
heory. On the basis of the theoretical results, it is found 12 is
nstable compared with other clusters. The uprightly adsorbed
hiophene in 11, 13 and 16 is activated at the limited degree
hile the flatly adsorbed one in 4, 5 and 7 is strongly activated.
According to Hirshfeld charge analysis, the donation and

ack-donation between the thiophene and the substrate might
e responsible for the activation of thiophene.
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