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Abstract

Using density functional theory periodic calculations, we investigate the effects of two relevant supports for industrial hydrodesulf
catalysts, anatase (titania) andγ -alumina, on the thermodynamic stability of Mo6Sn (n = 10 to 24) clusters representing the MoS2 active
phase. Under HDS conditions, anatase surfaces stabilize more sulfur-deficient small clusters than alumina surfaces. Because o
relationship, the anatase surfaces also enhance tilted and perpendicular cluster orientations. For large cluster sizes, we estab
extrapolating the energetic properties obtained on supported Mo6Sn clusters that reveals how the nature of the chemical interaction o
MoS2 single layer is modified. A concept based on competing “ligand effects” between the support and the gas phase on the ac
is proposed to explain our results. These new insights are in line with the higher intrinsic HDS activity reported for the anatase-s
MoS2 catalyst.
 2005 Elsevier Inc. All rights reserved.
Keywords:Anatase (TiO); γ -Al O ; MoS ; Hydrodesulfurization (HDS); Surface; Density functional theory (DFT); Ligand effects; Epitaxy
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1. Introduction

Industrial hydrodesulfurization (HDS) catalysts are ma
of γ -alumina-supported Co(Ni)MoS. Numerous experim
tal insights have been obtained on the catalytic active p
[1,2]. At the same time, much progress has been achi
in the synthesis and preparation of theγ -alumina suppor
[3] and titania[4] with the goal of improving ion exchang
and textural properties. Characterization techniques suc
EXAFS [5,6], TEM [7], infrared (IR) spectroscopy[8,9],
and UV–vis diffuse reflectance spectroscopy (DRS)[10]
have been successfully applied toγ -alumina- or anatas
(titania)-supported catalysts but have now reached their
its in providing any more relevant insights at the int
face between the active phase and the support. Fur
* Corresponding author. Fax: +33 1 47 52 70 58.
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more, no clear interpretation of the support effect on H
catalytic activities has emerged. Some of us have fo
that the turnover frequency in thiophene HDS is ab
4.4 times higher for titania-supported than forγ -alumina-
supported MoS2 [11–13]. Electronic effects[11], orientation
effects[7], and even direct promotion by Ti[10,14,15]have
been invoked; however, no rational explanation has b
provided so far. As a consequence, new insights are ma
tory for making progress in this field.

Density functional theory (DFT)-based simulations ha
proved to be efficient for characterizing the active sites
MoS2-based nanocatalysts[16–22]and for the surface prop
erties of γ -alumina and anatase supports[23–27] under
sulfo-reductive conditions. Some theoretical studies[28–30]
have attempted to address the difficult question of the in
action of the MoS2 active phase with the alumina suppo

However, they suffer from weaknesses, particularly in the
representation of stableγ -alumina surface chemical species
(including hydroxyl groups) under HDS conditions. The size

http://www.elsevier.com/locate/jcat
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of the Al2O5H2 cluster used in[28] is too modest to permi
a correct description of the electronic features of the s
port. The representation of the support by Ionescu et al.[29]
with spinel-like ideal surfaces without consideration of th
hydroxylation states is inappropriate. Even if numerous
oretical studies still focus on the spinel-based model, re
extensive DFT works[23–25]have also shown that this ide
model is not suitable forγ -alumina as produced industr
ally. Hence, the best way to solve theγ -alumina structure
is to consider the chemical process involved during the s
thesis and preparation of the support, that is, the calcina
of the hydrated precursor (boehmite)[3,23–25]. As a con-
sequence, theγ -alumina bulk structure used for the curre
study results from the topotactic transformation of boehm
we take into account that it is energetically more favora
for some Al cations to occupy nonspinel sites[23–25], as
also found by others[31]. In a recent investigation[30], the
interaction of MoS2 with the support is modeled by an e
change of S atoms with –OH groups at the edges of the a
phase. On the one hand, such a simplified approach neg
the chemical varieties of the Brønsted Al–OH sites and
the Lewis basic Al–O–Al sites present at the surface of
γ -alumina. On the other hand, the question of the steric
drance or of the geometric constraints imposed by the l
structure of the surface may be overlooked. Up to now
theoretical study has been able to account for the effec
HDS conditions on the stable states of the surface by inc
ing the chemical potential of sulfur. As a consequence
remains difficult to obtain unambiguous insights from
available works.

Addressing the challenging question of the active pha
support interaction requires the deployment of the most
curate models for the support’s surfaces. Indeed, as show
the present paper, there are several combined effects (
tronic, geometric, orientation) between the active phase
the support. As explained previously, we use the refined
robust model established recently forγ -alumina [23–25].
For anatase, we refer to our previous studies[26,27]. The
surface chemical species and thus the acid-basic prope
have been quantitatively correlated with the sulfo-reduc
conditions (pH2, pH2S, pH2O, andT ) and the type of sur
face exposed by the support. Theγ -alumina (110) surface
is found to be highly hydroxylated, and the anatase (0
surface is hydroxylated and partially sulfided[27]. The two
surfaces exhibit Brønsted sites under HDS conditions
contrast, theγ -alumina (100) and the anatase (101) surfa
are neither hydrated nor sulfided and thus exhibit ma
Lewis sites. These results reveal the distinct chemical
havior of the two supports, and these preliminary steps w
necessary for the investigation of support effects on the H
activity. To further explore these effects, the potential ene
surface for the adsorption of relevant models of the Mo2
active phase must be solved. To meet this challenging

with computational chemistry, we need to determine the sta-
ble active phase configurations and orientations induced by
the formation of different bond types (iono-covalent, hydro-
atalysis 232 (2005) 161–178
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gen bonds, electrostatic interactions) between the sup
and Mo6Sn (n = 10 to 24) clusters representative of sing
layers of nanosized MoS2. This choice is also justified by
recent X-ray absorption spectroscopy (XAS) study that
revealed that the majority of the active-phase particles
catalyst in use under industrial conditions is made of sin
sheets of MoS2 [32]. In the next section, the methodolog
used for calculating Gibbs free energies of supported c
ters is explained. Section3.1focuses on the results obtain
on the isolated clusters, Sections3.2 and 3.3are devoted to
Mo6Sn clusters supported onγ -alumina and anatase, respe
tively. In Section3.4, we propose a new approach where
extrapolate our results to larger sizes by including van
Waals contributions. In the discussion, we furnish new
guments to explain the effects of anatase andγ -alumina on
HDS activity.

2. Methodology

Total energy calculations were performed within the d
sity functional theory (DFT) and the generalized gradi
approximation (GGA) of Perdew and Wang[33]. To solve
the Kohn–Sham equations, we use the Vienna ab initio S
ulation Package (VASP)[34]. The electronic convergenc
criterion is fixed at 0.1 meV per cell. The eigenstates of
electron wave functions are expanded on a plane-wave
set, with pseudopotentials used to describe the electron
interactions within the projector augmented waves (PA
approach[35]. For total energy calculations, we use a c
off energy of 258.7 eV. According to the enlarged sup
cell sizes within the surface plane (with respect to[27]),
the Brillouin zone sampling can be reduced at the�-point
only. In the direction perpendicular to the surface, the s
thickness is decreased to keep system sizes within r
of DFT calculations (up to 250 atoms per supercell). T
geometry optimization is carried out by calculation of t
Hellmann–Feynman forces and an energy convergence
terion of 1 meV.

In the same spirit as for the MoS2 active phase[18,19],
and for the support surfaces[27], the thermodynamic mode
based on the chemical potential of sulfur,�µS, as the main
thermodynamic variable bridges the gap between 0 K D
calculations and the gas-phase conditions (pH2, pH2S, and
T ). The values of�µS as a function ofT and pH2S/pH2

are given by the diagram ofFig. 1, so that the reader ca
more easily convert�µS (used in the text) into reactio
conditions. For the current study, the MoS2 active phase
is represented by triangular Mo6Sn clusters exposing Mo
edges with various S-coverages similar to those descr
by Schweiger et al. in[19]. The isolated Mo6Sn clusters
are described in Section3.1. The slab models representin
the surfaces exhibit the stable hydroxylation and sulfida

states determined in one of our earlier papers[27]. In the
present work, the reaction conditions explored correspond
to a temperature range between 600 and 700 K and a water
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Fig. 1. �µS values as a function of temperature andpH S/pH ratio (i.e., �µS = hH S(T ) − hH (T ) − ES − T [sH S(T ) − sH (T )] +
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RT ln(pH2S/pH2) as explained in previous works[17,19]). The domain
ditions explored in the present work are forT between 600 and 700 K.

partial pressure of 0.01 bar. This implies that the chem
species at the support surface is kept unchanged for the r
of H2S and H2 partial pressures investigated.

The adhesion energy of the Mo6Sn clusters on the(hkl)

surface of the support is defined by

(1)Eadh/hkl = EMo6Sn/hkl − Ehkl − EMo6Sn ,

whereEMo6Sn/hkl stands for the total energy of the Mo6Sn

cluster adsorbed on the(hkl) surface,Ehkl is the total energy
of the (hkl) surface, andEMo6Sn is the reference energy o
the isolated Mo6Sn cluster. The adhesion energy is negat
for an exothermic process.

The geometries of the Mo6Sn clusters and of the two ou
ermost atomic layers of the supports are optimized. S
the cluster is adsorbed on one side of the slab, correc
for dipole–dipole interactions are included.

The Gibbs free energy of the Mo6Sn cluster adsorbed o
the support(hkl) surface is given by the following relation
ship, when expressed with respect to the bulk MoS2 phase

(2)�GMo6Sn/hkl = �GMoS2 + ΓMo6Sn/hkl,

where

(3)ΓMo6Sn/hkl = Γ0(Mo6Sn) + 1

6
Eadh/hkl − n − 12

6
�µS.

�GMoS2 represents the Gibbs free energy of the MoS2 bulk
phase (−2.76 eV/Mo). ΓMo6Sn/hkl represents the energ
required to create the Mo-edges of the cluster: it is p
tive and is expressed in eV per Mo-edge atom, so th

can be compared with edge energies calculated in our pre-
vious work [19]. Because the size of the cluster is fixed
in Sections3.1–3.3, �GMoS2 is constant and the variation
2 2 α 2 2
e the MoS2 bulk phase is stable:−1.38� �µS � 0 eV. The reaction con

e
of �GMo6Sn/hkl depends onΓMo6Sn/hkl . In what follows,
we focus on the values taken byΓMo6Sn/hkl and call them
Gibbs free energy values (being aware thatΓMo6Sn/hkl rep-
resents the positive part of the Gibbs free energy of
cluster).Γ0 (also expressed per Mo-edge atom) is the
ergy required to create the Mo-edges of the isolated c
ter at �µS = 0. �µS is the chemical potential of sulfu
depending onT and pH2S/pH2, as defined in[19]. Fig. 1
gives the�µS values for differentT andpH2S/pH2 condi-
tions.

The lowest values ofΓMo6Sn/hkl determine the stable ad
sorption configuration of the Mo6Sn clusters as a function o
the sulfo-reductive conditions.

To determineEadh/hkl , numerous configurations for th
adsorbed cluster were tested. The parallel orientation
volves H-bonds and/or weak electrostatic interactions
tween the Mo6Sn basal plane and the support. Differe
types of perpendicular and tilted orientations were con
ered:

– Through one Mo-edge saturated by S atoms involv
weak electrostatic interactions and/or H-bonds;

– Through one unsaturated Mo-corner atom involving s
gle iono-covalent Mo–O–Al(Ti) or Mo–S–Ti bridges;

– Through the unsaturated Mo-edge atoms involving m
tiple iono-covalent Mo–O–Al(Ti) or Mo–S–Ti bridge
(also called “edge-bonded” clusters).
The extrapolation of the results to cluster sizes requires
the addition of the van der Waals contributions neglected
within DFT, particularly for the parallel orientation. The
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(a) Mo6S24 (100% S) (b) Mo6S15 (50% S)

(c) Mo6S14 (50% S, c) (d) Mo6S14 (50% S, e) (e) Mo6S13 (50% S, c, e)

(f) Mo6S11 (50% S, ed)

Fig. 2. Stoichiometry, optimized structures and notations for the different MoS clusters (dark balls, molybdenum atoms; gray balls, sulfur atoms). (50
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e) means 50% S-coverage at the edge with one edge vacancy, (50%
50% S and 3 S-vacancies at the third edge (all distances in Angstrøm)

contributions were considered with the use of an appro
based on a force-field methodology detailed in Section3.4.

3. Results

3.1. Isolated Mo6Sn clusters

We chose relevant triangular Mo6Sn clusters exposing
Mo-edges with relevant S-coverages (100 and 50%) a
edge, while taking into consideration the presence of o
two, and three vacancies per edge. The structures and
tions used for the clusters are given inFig. 2. The Mo6S24
cluster with 100% sulfur coverage (Fig. 2a) exhibits sixfold
coordinated Mo atoms at the edge, and sulfur atoms a
edges and corners form S–S dimers, as already found in
vious studies[16,17,19,22]. The external Mo–Mo distanc
becomes shorter (2.98–3.00 Å) than in the bulk. The M

S bonds of the basalµ3-S linked to a Mo atom at the edge
are close to the bulk distance (2.43 Å), and those linked to
a Mo atom at the corner are shorter (2.33 Å). The external
50% S-coverage at the edge with one corner vacancy, (50% S, ed) tw

-

-

Mo–S distances of the S–S dimers are 2.40 Å at the co
and 2.49 Å at the edge. The internal Mo–Mo distances
slightly shorter (2.82 Å) than at the edges (2.99 Å).

When the sulfur coverage is 50%, the Mo6S15 cluster
exhibits edge S atoms in a bridge position with a twof
coordination (Fig. 2b). The coordination of Mo-edge atom
remains equal to 6, and at the corner it decreases to 5
Mo–µ2S distances (at the edge) are around 2.37 Å, and
Mo–µ1S distance at the corner is shorter (2.15 Å), follo
ing the bond-order conservation law. The internal Mo–µ3S
distances are between 2.30 and 2.53 Å. The edge Mo
distances remain close to those of the Mo6S24 cluster, and
the internal Mo–Mo distances expand when compared
the Mo6S24 cluster (at 3.13 to 3.17 Å).

Those clusters can exhibit different numbers and lo
tions for S-vacancies. The first vacancy (Mo6S14) can be
located either at the corner (c) (Fig. 2c) or at the edge (e
(Fig. 2d). When a second vacancy is created, the Mo6S13
cluster combines both edge and corner vacancies (Fig. 2e).
We have also considered the case where three vacancies are
located on the same edge (ed) as for the Mo6S11 cluster
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Table 1
Gibbs free energies of the isolated Mo6Sn clusters (Γ0 in eV per Mo edge-atom) and adhesion energies of the adsorbed clusters (Eadh/hkl in eV per cluster)
as a function of the orientation

Mo6Sn

(S-coverage)
n-12 Γ0 Orientation γ -Alumina Anatase (TiO2)

Eadh/100 Eadh/110 Eadh/101 Eadh/001

Mo6S24 (100% S) 12 0.83 Parallel‖ −0.19 −0.32 −0.19 −0.21
Ortho⊥ +0.01 −0.08 −0.13 −0.16

Mo6S15 (50% S) 3 1.35 Parallel‖ −0.18 −0.65 − −0.17
Ortho⊥ −0.10 −0.78 − −0.17

Mo6S14 (50% S, e) 2 1.34 Parallel‖ −0.17 −0.22 −0.22 −0.20
Ortho⊥ −0.09 −0.31 −0.21 −0.10

Mo6S14 (50% S, c) 2 1.41 Parallel‖ − −0.22 − −
−1.40 (c via S)

Ortho⊥ −1.29 −1.60 −1.30
−1.03 (c via O)

Tilted − −0.27 −1.60 −1.42

Mo6S13 (50% S, c, e) 1 1.59 Parallel‖ − − −0.81 −0.90
Ortho⊥ −1.36 −1.66 −1.66 −1.67
Tilted − +0.25 −2.15 −1.89

Mo6S11 (50% S, ed) −1 1.83 Ortho⊥ +1.58 −0.11 −0.90 −1.29

Mo6S10 (50% S, ed, c) −2 2.31 Ortho⊥ +0.3 −1.61 −2.49 −2.43

Fig. 3. Gibbs free energy diagram of the isolated MoS clusters (positive part of the energy required for the creation of the cluster edges, see the
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explanation).!, Mo6S24 (100% S);+, Mo6S15 (50% S);1, Mo6S14 (50%
×, Mo6S10 (50% S, ed, c).

(Fig. 2f). In this case, the isolated cluster strongly rec
structs. As a result of their small sizes, we expect that th
clusters exhibit specific energetic and structural proper
when compared with our previous work[19].

The Gibbs free energies of the different clusters
�µS = 0 are listed inTable 1. The diagram inFig. 3shows
that for �µS greater than−0.32 eV (i.e.,pH2S/pH2 > 2 ×

3
10 ), the Mo6S24 cluster with 100% sulfur at the edge is
the stable structure. For�µS smaller than−0.32 eV, the
more reductive conditions imply that the Mo6S14 (e) clus-
);P, Mo6S14 (50% S, c);Q, Mo6S13 (50% S, e);2, Mo6S11 (50% S, ed);

ter with 50% sulfur and one vacancy at the edge is st
lized. For�µS values between−0.32 and−1.00 eV (i.e.,
4 × 10−3 < pH2S/pH2 < 2 × 103, including usual HDS
conditions), the Mo6S14 (e) structure is more stable tha
the Mo6S14 (c) cluster with the vacancy strictly located
the corner, and even more stable than the Mo6S15 clus-
ter (without S-vacancy). At this stage, it is worth comp

ing our results with previous studies carried out on larger
clusters exhibiting nine Mo atoms per edge. One striking
result obtained by Schweiger et al. in[19] was that one
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Fig. 4. Optimized structures of (a) Mo6S24‖, (b) Mo6S14⊥, (c) Mo6S13⊥, (d) Mo6S11⊥ adsorbed on theγ -alumina (100) surface. For the alumina slab:
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black balls, aluminum atoms; dark gray balls, oxygen atoms; white bal
sulfur atoms (the perpendicularly oriented clusters are anchored throu

S-vacancy located at the corner is stabilized under H
conditions. For a small cluster, this effect seems to be
hanced, since one S-vacancy (as Mo6S14) remains the mos
stable configuration under a larger range of reaction co
tions.

For smaller�µS (< −1.00 eV), the stable cluster i
Mo6S11 with one missing row of edge S atoms. This stru
ture is stabilized by a large reconstruction, where S-b
atoms migrate to the edge. Such a large reconstruction
only take place in small and isolated Mo6Sn clusters, which
explains why it was not found in previous studies[19].

3.2. Case of theγ -Al2O3 support

3.2.1. γ -Al2O3 (100) surface
We showed in[27] that the (100) surface is fully dehy

droxylated for temperatures between 600 and 700 K,
for pH2O around 0.01 bar. For the range ofpH2S/pH2 cor-
responding to�µS between−1.4 and 0 eV, no sulfidation
occurs. As a consequence, the surface chemical state
dicted for the (100) surface is the same as that calculate
[27] (seeFig. 4). The main structures of supported Mo6Sn

are given inFig. 4, and their adhesion energies are listed
Table 1. The Gibbs free energy of supported Mo6Sn clus-
ters is given as a function of�µS in Fig. 5. For�µS greater

3
than−0.24 eV (i.e.,pH2S/pH2 > 9×10 ), the Mo6S24 clus-
ter with 100% S is stabilized in a parallel orientation with
respect to the support. Only weak electrostatic interactions
drogen atoms. For the Mo6Sn clusters: dark balls, molybdenum atoms; gray ba
o–O–Al bridges only).

-

occur between the S-basal plane of the Mo6S24 cluster and
the (100) surface, leading to an exothermic adhesion en
of about−0.19 eV. The configuration changes into a p
pendicular type for�µS < −0.24 eV, as the loss of S lead
to the Mo6S14 cluster. The energy cost for S-removal is b
anced by the gain from the Mo–O bond formation, via o
Mo–O–Al bridge. Such a cluster can be depicted as bein
a “corner bonded” configuration. The cluster adhesion
ergy of−1.29 eV decreases the Mo6S14 Gibbs free energy
permitting the stabilization of this cluster at a higher�µS
(less reducing conditions) than that observed for isola
clusters (vide supra). This result will be valid for all su
faces studied in this work. The optimized Mo–O bond len
of the anchored cluster is 2.15 Å, and it remains comp
ble with EXAFS data of Leliveld et al.[6]. The Mo6S13(c)
cluster (Eadh/100 = −1.36 eV) is stabilized only for�µS
smaller than−0.98 eV, at the limit of the usual HDS con
ditions. Clusters exhibiting even more S-removal (such
Mo6S11(ed) with S-vacancies on one Mo-edge) are not
ble under current sulfo-reductive conditions.

3.2.2. γ -Al2O3 (110) surface
For the aforementioned conditions, the (110) surfac

hydrated with a hydroxyl coverage of 8.8 OH/nm2, and it
is not sulfided[27]. A slab model of the surface exhibi

ing the different types of hydroxyls is detailed in[24,25].
The main structures are depicted inFig. 6, and their adhe-
sion energies are listed inTable 1. The stable models are
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Fig. 5. Gibbs free energy diagram of the Mo6Sn clusters adsorbed on
1, Mo6S14 (50% S, e,‖); P, Mo6S14 (50% S, c,⊥); Q, Mo6S13 (50% S, c

given by the Gibbs free energy diagram inFig. 7. Similarly
to the (100) surface, the Mo6S24 cluster with 100% sulfur is
stable in a parallel orientation for high�µS. The adhesion
energy (−0.32 eV) is slightly larger than for the (100) su
face because of the formation of hydrogen bonds betw
the sulfur basal plane and the hydroxyls. A perturbation
the OH distribution can be seen, and the O–H stretchin
about+0.006 Å for interacting hydroxyls may explain th
OH stretching frequency shift observed in IR spectra[8,9].
Any proton transfer from the support to the edge S atom
the Mo6S24 cluster is not stable.

More reductive conditions (a decrease in�µS) stabilize
the perpendicular adsorption configuration of the Mo6S14

cluster by creating one Mo–O–Al bridge with a Mo–O bo
length of 2.26 Å, compatible with EXAFS data[6]. This
is referred to as a corner bonded cluster. The O bridg
atom is supplied by a formerly chemisorbed water mo
cule, transferring two protons to two neighboring O ato
(seeFig. 6b). This suggests a new interpretation of the
spectrum[9]. The formation of a Mo–S–Al bridge for th
Mo6S15 cluster is less favorable than that of the Mo–O–
bridge for the Mo6S14 cluster, as shown by the more exoth
mic adhesion energy of−1.60 eV for the latter. As in the
case of the (100) surface, the Mo6S13 cluster (Eadh/110 =
−1.66 eV) is stable only for�µS close to HDS conditions
It is important to note that even if the Mo6S15 and Mo6S14
clusters oriented in a parallel configuration are not sta
they do exhibit a significant adhesion energy (−0.78 eV for
the Mo6S15 cluster). In a similar way as for the Mo6S24 clus-
ter, this effect is explained by the hydrogen bonds betw

the hydroxyls and the S atoms of the clusters. Analysis of the
orbitals close to the Fermi energy for the isolated Mo6S24,
Mo6S15, and Mo6S14 (Fig. 8) makes possible a qualitative
lumina (100) surface.!, Mo6S24 (100% S,‖); +, Mo6S15 (50% S,‖);
); 2, Mo6S11 (50% S, ed,⊥); ×, Mo6S10 (50% S, ed, c,⊥).

understanding of the energy results. For the Mo6S24 cluster,
similarly to the earlier works[19,36], the occupied orbitals
close to the Fermi level, located at the S-dimers (and re
sented by the dotted domains inFig. 8a), are ofσp charac-
ter, giving rise to the out-of-registry protrusions observed
STM images. The energetically underlying orbitals are
calized at the S-basal atoms; they contribute to hydro
bonding with the surface hydroxyls. The electronic ana
sis of the Mo6S15 cluster shows that the highest occup
bands are localized on all S atoms (at the edge and in
basal plane), as shown byFig. 8b. These bands are availab
to contribute to the interaction with the hydrogen atoms
the surface hydroxyls. When one S-edge vacancy is cre
in Mo6S14, the orbitals at the basal S atoms neighboring
S-vacancy location have disappeared (Fig. 8c). This obser-
vation is consistent with previous results showing that
a 50% S coverage with one S-vacancy at the Mo-edge
simulated STM image also reveals a loss of intensity of
bright spot localized at the S atom of the first S-sublaye
the basal plane[19]. Thus careful electronic analysis hel
us to understand why the strongest adhesion energy fo
parallel orientation is obtained for the Mo6S15 cluster for
which all S atoms exhibit orbitals at the Fermi level involv
in the hydrogen bond interaction with the OH network of
(110) surface.

The Mo6S11 and Mo6S10 clusters are more stable tha
they are on the (100) surface, even if the corresponding�µS

value (< −1.40 eV) remains beyond realistic reaction co
ditions. The formation of multiple Mo–O–Al bridges alon
one Mo-edge is enhanced by theµ1- or µ2-OH species flex-

ibility, which allows three Mo–O(H) bonds to be formed.

Finally, we have considered a peculiar configuration
where the cluster interacts with multiple Mo–O–Al bridges
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Fig. 6. Optimized structures of (a) MoS ‖, (b) Mo S ⊥, (c) Mo S ⊥, (d) Mo S ⊥ adsorbed on theγ -alumina (110) surface. (e1) and (e2) repres
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two views of the tilted configuration of the Mo6S14 cluster. (Same colors
bridges only.)

along one edge while still keeping S atoms present at
edge: the optimized Mo6S14 clusters are represented
Figs. 6e1 and e2. The repulsive interactions of the S ato
on the Mo-edge with the O atoms cause the optimized e
bonded cluster geometry to become tilted. The S atoms r
from the bridge into top positions at the interacting ed
A similar configuration is found for the optimized Mo6S13

cluster. These steric constraints imply that the adsorp
energies of the tilted clusters are endothermic or slig
exothermic (seeTable 1). Hence, these configurations a
not stabilized with respect to the stable Mo6S14 adsorbed

via one corner. We have similarly tested a tilted Mo6S21

cluster exhibiting 100% S on two edges (as for Mo6S24) and
50% sulfur on the third edge linked to the support. This leads
ig. 4; the perpendicularly oriented clusters are anchored through Mo–O

to similar conclusions: for the same reaction conditions,
stable cluster prefers to lie parallel with a higher degree
sulfidation (Mo6S24). For the sake of clarity, we have n
reported the tilted configurations inFig. 7.

On γ -alumina, these results demonstrate that mult
Mo–O–Al bridges involving the Mo-edge cannot stabili
clusters in tilted or in perpendicular configurations. For
same HDS conditions, the clusters will be preferentially
chored to the support through one corner Mo-atom (“cor
bonded”). The role of the hydrogen bond network at the s
port’s surface is crucial for a correct evaluation of the ene

of the system. The local flexibility of the OH– network is
not available on the rigidµ3-O square network of the de-
hydrated (100) surface. It can be understood why previous
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Fig. 7. Gibbs free energy diagram of the Mo6Sn clusters adsorbed on theγ -alumina (110) surface.!, Mo6S24 (100% S,‖); +, Mo6S15 (50% S,⊥);
1, Mo6S14 (50% S, e,⊥); P, Mo6S14 (50% S, c,⊥); Q, Mo6S13 (50% S, c, e,⊥); 2, Mo6S11 (50% S, ed,⊥); ×, Mo6S10 (50% S, ed, c,⊥).
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Fig. 8. Highest occupied bands for the (a) Mo6S24 cluster in the range of [−0
0]); (b) Mo6S15 clusters close to Fermi energy [−0.12 eV; 0] eV; (c) Mo6S1

studies[28–30]were not able to capture such subtle effe
that depend precisely on the local structure of the suppo

3.3. Case of the anatase support

3.3.1. Anatase (101) surface
The (101) surface of anatase is dehydrated and not

fided according to[27]. The structures and adhesion energ
are given inFig. 9 andTable 1, respectively.Fig. 10shows
that for�µS greater than−0.21 eV, the parallel configura
tion (Fig. 9a) is again the most stable.

The main striking difference withγ -alumina is that the
edge-bonded Mo6Sn (10 � n � 14) clusters are stabilize
for �µS below −0.21 eV. Furthermore, the Mo6S14 →
Mo6S13 transition occurs on this surface for a significan
higher value of�µS (−0.50 eV) than it does on alumina, b
cause of the high exothermic adhesion energy of the Mo6S13
cluster,−2.15 eV (Table 1). As shown inFigs. 9b and c,
there is an epitaxial relationship between the anatase (

surface and the Mo-edge that permits the formation of mul-
tiple Mo–O–Ti and Mo–S–Ti bridges. As highlighted in
Fig. 9b, the four-member Mo–S–Ti–O–Mo rings of the ad-
; 0] (the dotted regions correspond to the highest energy interval [−0.31 eV;
y close to the Fermi energy (lower occupied bands are below−0.6 eV).

)

sorbed Mo6S14 and Mo6S13 clusters mimic the Ti–O–Ti–O–
Ti ring of the anatase bulk within the(v,w) plane. The stable
Mo6S14 and Mo6S13 clusters are tilted: the plane of the M
atoms exhibits an angle of 52◦ with respect to the anatas
surface. Such a tilted orientation is induced by the form
tion of the Mo–S–Ti–O–Mo rings. This result may expla
why EXAFS reveals a higher Mo–O coordination numb
on anatase than on alumina[6], and why tilted orientations
have been observed on this support in electron microsc
experiments[37,38]. Furthermore, the Mo–O–Ti bridges e
hibit Mo–O lengths between 1.98 and 2.10 Å, which is a
compatible with EXAFS data[6]. The optimized Ti–S bond
lengths are between 2.38 and 2.51 Å. It must be stressed
the regular surface O–O and Ti–Ti spacing (3.80 Å) alo
theu direction does not perfectly match the Mo–Mo distan
(3.16 Å) of the Mo-edge. For small clusters, the relaxat
effects of the surface O atoms and of the Mo atoms com
sate for the mismatch; however, it may be expected tha

large clusters (where relaxation effects are reduced), the per-
fect epitaxial relationship along theu direction will not be
maintained.
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Fig. 9. Optimized structures of (a) Mo6S24 ‖; (b1) and (b2) Mo6S14 tilted; (c) Mo6S13 tilted; (d) Mo6S10 ⊥ adsorbed on the anatase (TiO2) (101) surface.
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For the titania slab: black balls, titanium atoms; dark gray balls, oxygen
atoms; gray balls, sulfur atoms. (The tilted clusters are anchored throu

For �µS less than−1.32 eV, the stable Mo6S10 clus-
ters interact perpendicularly via multiple Mo–O–Ti bridg
(Fig. 9d). The Mo6S10 anchorage leads to a strong adhes
energy of−2.49 eV. For theγ -alumina surfaces, such a
epitaxial relationship is not possible, which explains why
Mo-edge-bonded clusters in a perpendicular or tilted con
uration are not stable.
3.3.2. Anatase (001) surface
The (001) surface is hydroxylated and partially sulfided,

with a hydroxyl coverage of 3.46 OH/nm2 and a S-coverage
s; white balls, hydrogen atoms. For the Mo6Sn clusters: dark balls, molybdenum
o–O–Al and/or Mo–S–Ti bonds (the latter are indicated by arrows).)

of 1.73 S/nm2 [27]. The structures and adhesion energ
are given inFig. 11andTable 1.

It is important to note that the hydroxyl concentrati
of the (001) surface is less than twice that of the alum
(110) surface, which reduces the stabilization by hydro
bonding for parallel orientation. Hence, the adhesion e
gies of such configurations are significantly lower than t
are for alumina. For the Mo6S15 cluster, the adhesion energ

is about 3 times smaller (Table 1). This difference will play
a role when the larger size cluster is considered in the next
section.
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Fig. 10. Gibbs free energy diagram of the Mo6Sn clusters adsorbed on the anatase (TiO2) (101) surface.!, Mo6S24 (100% S,‖); +, Mo6S15 (50% S,‖);
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1, Mo6S14 (50% S, e,‖); P, Mo6S14 (50% S, e, tilted);Q, Mo6S13 (50%
×, Mo6S10 (50% S, ed, c,⊥).

The stronger stabilization of the Mo6S13, Mo6S11, and
Mo6S10 clusters versusγ -alumina is also observed for th
surface (seeFig. 12). The strong Mo6S13 adhesion energ
induces a high�µS value for the Mo6S14 → Mo6S13 transi-
tion. As for the (101) surface, the tilted orientations not o
involve Mo–O–Ti, but also Mo–S–Ti bridges, and maxim
the number of Mo–S–Ti bridges with the support (Fig. 11b).
An epitaxial relationship between the (001) surface and
Mo-edge structure also exists. However, there is a slight
ference with the (101) surface because of the sulfidation
of the (001) surface, which implies that two types of fo
membered rings ensure the cluster-support interface:
S–Ti–S–Mo and Mo–O–Ti–O–Mo rings. The two types
Mo–S bond lengths are about 2.23 and 2.46 Å, the Ti–S b
lengths are about 2.60–2.64 Å, and the Mo–O lengths
and 2.30 Å. When compared with the (101) surface, the
gle between the Mo atom plane and the surface increas
71◦ (Fig. 11b).

Finally, the Mo6S11 cluster is stable for�µS less than
−1.02 eV. The configurations shown inFig. 11c reveal that
the central edge Mo atom is in a bridging position betw
two O atoms, and the two other corner Mo atoms are lin
with the S atoms of the surface. The two Mo–S bond leng
of the Mo–S–Ti bridges are about 2.31 Å, and the Mo
lengths are 2.17 and 2.29 Å.

3.4. Extrapolation for larger clusters and size effects

3.4.1. Description of the model used

The results obtained in the previous sections concern

Mo6Sn clusters exhibiting three atoms per edge. This cor-
responds to a particle size of about 6 Å (if one considers
, e, tilted);E, Mo6S12 (50% S, c, c, e, tilted);2, Mo6S11 (50% S, ed,⊥);

the edge length as the relevant cluster size), which is sm
than the sizes observable by electron microscopy. For
small clusters, the van der Waals interactions remain
ligible. However, mean sizes observed by HREM are ab
20–30 Å, according to Mo loading[39]. As a consequence,
is useful to propose an approach for the extrapolation of
DFT results for larger sizes. Furthermore, such an appro
requires to account for the effect of the long-range inte
tions between correlated charge fluctuations, which are
derestimated in the DFT formalism. Two well-known cas
show that DFT fails in the description of van der Waals int
actions: the first is the adsorption of paraffins in zeolites[40],
and the second is the description of layered systems su
MoS2 itself [41]. Similarly, the van der Waals interaction
between the basal S atom layer in the MoS2 systems and
the O atom network of the supports are expected to m
ify the energetic results for large particle sizes. It is not
possible to carry out a consistent treatment of the van
Waals contributions in the DFT formalism. Thus, as me
of estimating the long-range effects, we use two differ
force fields: the Universal Force Field (UFF)[42] and Com-
pass[43], as delivered within the Cerius2 interface[44]. UFF
contains Lennard–Jones fitted parameters for the Mo, A
and S elements, and the Compass force field does not co
available parameters for the Mo element. In the latter c
the MoS2 cluster is modeled by S atoms only at the sa
position as found in MoS2. For the parallel orientations, w
have first determined the distance of the MoS2 layer to the
oxide surface at the energy minimum of the system. We h

carried out this approach for clusters exhibiting 3 Mo per
edge (as in the previous sections) and for a large cluster with
9 Mo atoms per edge (45 Mo atoms and 99 S atoms). The
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Fig. 11. Optimized structures of (a) Mo6S24 ‖; (b1 and b2) Mo6S13 tilted; (
as inFig. 9). (The perpendicularly oriented and tilted clusters are ancho
tilted Mo6S14 cluster (not represented here) is similar to Mo6S13 with two S

values found with Compass are reported inTable 2; they are
rather consistent with the UFF results (a slightly larger va
is found for UFF). The van der Waals contributions are t
expected to be less than 10 kJ/mol of basal S atoms an
depend slightly on the type of oxide surface. This estim
seems to be reasonable when it is compared with the M2

layer van der Waals binding energy found within the fu
nonlocal functional formalism recently proposed by Ry
berg et al.[41].

The S atoms mainly contributing to the van der Wa
corrections are those of the first row of S atoms belo

ing to the basal plane and directly facing the surface of the
support. When considering the S atoms located at a greate
distance, we observe that their contributions diminish drasti-
d c2) Mo6S11 ⊥ adsorbed on the anatase (TiO2) (001) surface (same color
hrough Mo–O–Al and/or Mo–S–Ti bonds (the latter are indicated by arr

s at the corner.)

Table 2
Van der Waals corrections (in eV per S-atom) used for large MoS2 clus-
ters on alumina and anatase located at the equilibrium distanceD0 of the
outermost oxygen plane of the support

Surface(hkl) D0 (Å) Evdw
adh (eV/S)

Alumina (100) 3.00 −0.10
Alumina (110) 2.00 −0.07

Anatase (101) 2.50 −0.08
Anatase (001) 3.00 −0.06

cally. Hence, we scale the van der Waals contributions w
r
the number of S atoms belonging to the first row of basal
S atoms. Such a consideration implies that the Gibbs free
energy for the different types of clusters (including various
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Fig. 12. Gibbs free energy diagram of the Mo6Sn clusters adsorbed on th
1, Mo6S14 (50% S, e,‖); P, Mo6S14 (50% S, c,⊥); Q, Mo6S13 (50% S
×, Mo6S10 (50% S, ed, c,⊥).

S-coverages) can be written as a function of the size re
sented by thek number of Mo per edge.

In the case of a parallel oriented cluster with Mo-ed
covered by 100% S, the stoichiometry is Mok(k+1)/2Sk(k+5).
By analogy with Eqs.(2) and (3), the Gibbs free energy (pe
Mo-edge atom) is

�G(Mok(k+1)/2Sk(k+5))

(4)= k(k + 1)/2

3k − 3
�G(MoS2) + Γ (Mok(k+1)/2Sk(k+5)),

Γ (Mok(k+1)/2Sk(k+5))

= Γ0(Mo6S24) + NDFT
S

3k − 3

EDFT
adh (Mo6S24)

12

(5)+ Nvdw
S

3k − 3
Evdw

adh − 4k

3k − 3
�µS,

where

(6)NDFT
S = Nvdw

S = k(k − 1)/2+ 3k.

The bulk energy part of the Gibbs free energy depend
the cluster size. In particular, the expected trend is that
stability of the cluster increases with the size. Because
focus on the comparison of different supports and clu
configurations for the same cluster size, we consider o
the variation inΓ (also called Gibbs free energy) in wh
follows. In contrast, if we wanted to compare clusters of d
ferent sizes, the bulk term should be included. As for
Mo6S24 cluster,Γ0(Mo6S24) andΓ represent the energie

required to create the cluster edges of the isolated and ad
sorbed clusters, respectively.EDFT

adh /12 is the DFT adhesion
energy per S-edge atom obtained from the Mo6S24 cluster,
atase (TiO2) (001) surface.!, Mo6S24 (100% S,‖); +, Mo6S15 (50% S,‖);
e, tilted);E, Mo6S12 (50% S, c, c, e, tilted);2, Mo6S11 (50% S, ed,⊥);

andEvdw
adh is the van der Waals adhesion energy per S at

Nvdw
S and NDFT

S are the scaling numbers for the S ato
involved in the van der Waals and DFT contributions,
spectively. To the S-basal atoms is added the contributio
one-half of the S atoms belonging to the S-dimers loca
at the edge.Nvdw

S and NDFT
S are proportional tok2. The

fourth term corresponds to the effect of the sulfur che
cal potential term resulting from the stoichiometry chang
As a consequence, and according to Eq.(5), the Gibbs free
energy of such clusters decreases as a function of sizk,
because of the van der Waals and H-bond attractive inte
tions.

In the case of a Mo-edge cluster covered by 50% S
the edge adsorbed in a parallel orientation, the expres
becomes

Γ (Mok(k+1)/2Sk(k+2))

= Γ0(Mo6S15) + NDFT
S

3k − 3

EDFT
adh (Mo6S15)

12

(7)+ Nvdw
S

3k − 3
Evdw

adh − k

3k − 3
�µS,

where

(8)NDFT
S = k(k − 1)/2+ 3k and Nvdw

S = k(k − 1)/2.

The differences with Eqs.(5) and (6)come from the sto
ichiometry of the clusters and from the number of sul
atoms involved in the van der Waals correction (the ba
atoms only). For the same reason as in the previous cas

-Gibbs free energy (expressed per Mo-edge atom) decreases
as a function ofk, because of the van der Waals and H-bond
attractive interactions.
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In the case of a Mo-edge cluster covered by 50% S a
edge plus one S-vacancy and adsorbed in a parallel ori
tion, the expression becomes

Γ (Mok(k+1)/2Sk2+2k−1)

= Γ0(Mo6S14) + NDFT
S

3k − 3

EDFT
adh (Mo6S14)

11

(9)+ Nvdw
S

3k − 3
Evdw

adh − k − 1

3k − 3
�µS,

where

(10)
NDFT

S = k(k − 1)/2+ 3k − 1 and Nvdw
S = k(k − 1)/2.

These expressions are very similar to the previous ones
For the same cluster type adsorbed in a perpendicula

entation through one corner,

Γ (Mok(k+1)/2Sk2+2k−1)

= Γ0(Mo6S14) + NDFT
S

3k − 3
EDFT

adh (Mo6S14)

(11)+ Nvdw
S

3k − 3
Evdw

adh − k − 1

3k − 3
�µS,

where

(12)NDFT
S = 1 and Nvdw

S = 4.

According to the corner anchoring, the four S atoms
the coordination sphere of the Mo atom linked to the supp
account for the van der Waals contributions. In this cas
is clear that the van der Waals and DFT adhesion energi
the support become negligible for large sizes, and the c
ters behave as if they were isolated.

For a cluster adsorbed in a tilted configuration with
anchoring through one edge,

Γ (Mok(k+1)/2Sk2+k−1)

= Γ0(Mo6S14) + 1

6
EDFT

adh (Mo6S11)

(13)+ Nvdw
S

3k − 3
Evdw

adh − k − 1

3k − 3
�µS,

where

(14)Nvdw
S = 2(k − 1).

The van der Waals contribution scales linearly with the s
of the edge (Nvdw

S is proportional tok, that is, the numbe
of the row of the basal S-atoms close to the edge). As a
sequence, the van der Waals and the DFT adhesion ene
exhibit a finite limit when the size increases.

For a cluster adsorbed in a perpendicular orientation w
an anchoring through one edge,
Γ (Mok(k+1)/2Sk2+k−1)

= Γ0(Mo6S11) + 1

6
EDFT

adh (Mo6S11)
atalysis 232 (2005) 161–178

-

f

s

(15)+ Nvdw
S

3k − 3
Evdw

adh − 1

3k − 3
�µS,

where

(16)Nvdw
S = 2(k − 1).

3.4.2. Case ofγ -Al2O3

On the alumina support, the first insight is that for
size above four Mo per edge (Fig. 13), the perpendicula
orientation is no longer thermodynamically stable. The
ble clusters in a parallel orientation are Mo21S66, Mo21S47,
and, eventually, Mo21S48, according to the chemical pote
tial of sulfur. At high chemical potential of sulfur, the clust
covered by 100% S of sulfur with dimers (Mo21S66) is sta-
bilized, and under HDS conditions, the cluster with 50%
(Mo21S47) including one vacancy close to the corner can
stabilized. As already mentioned in Section3.1, this result
remains very close to the previous work by Schweige
al. in [19] on isolated large triangular clusters, where it w
found that under HDS conditions, the 50% coverage p
one vacancy close to the corner position is stabilized.
the highly hydroxylated (110) surface, the stability of p
allel clusters such as Mo21S48 (without vacancy) is slightly
enhanced versus Mo21S47 because of hydrogen bond inte
actions. In the case of the sizek = 6, we thus observe that th
Gibbs free energy of Mo21S48 is lower than that of Mo21S47.
This never occurs on weakly hydrated surfaces. Finally,
straight lines representing the Gibbs free energies of the
pendicular configurations are significantly shifted to hig
values in energy. The hydroxylated (110) surface is slig
more favorable for the perpendicular orientation becaus
the flexibility of the hydroxyl groups, which can relax mo
easily to fit with the Mo–Mo spacing of the MoS2 phase.
On the (100) surface the misfit of the O and Al surface n
work with the Mo-edge, together with the low S-affinity
alumina, destabilizes the perpendicular and tilted anc
ing via the Mo-edge. Hence, only particles with a Mo-ed
length smaller than 10 Å (i.e., a diameter of 20 Å, assum
hexagonal particles) can be thermodynamically stabilize
a perpendicular configuration bonded via one corner.
going simulations of the S-edge interaction are intende
determine whether this effect is influenced by the type
edge exposed by the active phase.

3.4.3. Case of anatase
On the titania support,Fig. 14 shows that for the edg

lengthk = 6 the perpendicular and tilted orientations rem
stable. On the two anatase surfaces, our model shows
the edge-bonded clusters are thermodynamically stabl
to k = 14 and for conditions close to HDS. This means t
MoS2 crystallites with an edge length smaller than 45
(i.e., a diameter of 90 Å for hexagonal particles) may
ist in a perpendicular or tilted configuration, thanks to

epitaxial relationship between the Mo-edge and the anatase
support. To a certain extent, this result may furnish an expla-
nation of the electron microscopic observations of Sakashita
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Fig. 13. Gibbs free energy diagrams of the MoS2 clusters withk = 6 Mo per edge adsorbed on theγ -alumina: (a) (100) surface, (b) (110) surface.!, Mo21S66
(100% S,‖); +, Mo21S48 (50% S,‖); 1, Mo21S47 (50% S, e,‖); P, Mo21S47 (50% S, c,⊥); Q, Mo21S46 (50% S, c, e,⊥); 2, Mo21S41 (50% S, ed,⊥);
×, Mo21S40, (50% S, ed, c,⊥).
Fig. 14. Gibbs free energy diagrams of the MoS2 clusters withk = 6 Mo per edge adsorbed on the anatase (TiO2): (a) (101) surface, (b) (001) surface.
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!, Mo21S66 (100% S,‖); +, Mo21S48 (50% S,‖); 1, Mo21S47 (50% S, e,
(50% S, ed,⊥); ×, Mo21S40, (50% S, ed, c,⊥).

et al. [37,38], revealing large edge-bonded MoS2 particles
on anatase, whereas single-layer MoS2 particles with basa
bonding are predominant onγ -alumina. However, one mus
be careful with such a qualitative agreement, because
stacking parameter reported in the studies[37,38] is sig-
nificantly high for some samples, whereas our work de
only with single sheets, as usually found in industrial ca
lysts[32].

Two remarks can be made about the impact of the w
interactions (van der Waals or H-bonding) on the stability
edge S-vacancies for parallel clusters. On the one hand
cording to our model, van der Waals and H-bonding inter

tions may modify the 100% S-coverage to 50% S-coverage
transition. As appears in the diagrams ofFigs. 13 and 14,
this transition is shifted to smaller chemical potential values
Mo21S47 (50% S, c, tilted);Q, Mo21S46 (50% S, c, e, tilted);2, Mo21S41

-

than in the case of smaller clusters or compared with
vious works[17,19]. This shift is due to the van der Waa
and hydrogen interaction of the S-dimers at the edge
the support, which enhances slightly the adhesion energ
the cluster with 100% S versus the 50% S coverage.

On the other hand, the stability of edge S atoms belong
to parallel clusters with 50% S coverage is enhanced slig
by H-bonding. In contrast toγ -alumina, large parallel clus
ters interact less strongly via hydrogen bonds (M–OH· · ·S)
with the anatase support, because of the smaller hydrox
tion state of anatase. As a consequence, the creation of
S-vacancies on large clusters (leading to Mo21S47) lying par-

allel to the support is easier on the dehydroxylated (100)
alumina surface and on anatase surfaces than on the hydrox-
ylated (110) alumina surface. To a certain extent, this may
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also explain the lower HDS activity ofγ -alumina-supported
MoS2 compared with anatase catalysts.

4. Discussion

As mentioned in the Introduction, the higher HDS activ
of anatase-supported MoS2 catalysts has often been referr
to in the literature as a manifestation of a direct promotio
effect of Ti3+ species[10,14,15]. It was shown in[27] that
the anatase (001) surface is partially sulfided, explaining
perturbation of the Ti 2p level, as observed by XPS[14] and
UV–vis spectra[10]. According to thermodynamic conside
ations similar to those in[27], a pure TiS2 is not stable versu
anatase for realistic partial pressures of H2S (5 bar) and H2O
(0.01 bar), and atT = 600 K, the Gibbs free energy of th
reaction TiO2 + 2H2S→ TiS2 + 2H2O is strongly positive:
+0.74 eV per Ti atom. Furthermore, the energetic bala
for a TiMoS mixed phase leads to similar conclusions,
suming that Ti would be transferred from the stable ana
surface to the active MoS2 (and would be located in the su
stitution of Mo either at the Mo-edge or at the S-edge, as
the Co or Ni promoter atoms[18]). The most favorable cas
is described by the following chemical process:

3
4Mo4S9 + TiO2(101)+ 9

4H2S
→ TiMo3S9 + 1

4H2 + 2H2O, (17)

where TiO2(101) represents the anatase (101) dehydr
surface, Mo4S9 is the stable slab exhibiting the Mo- and
edge, and TiMo3S9 is the stable slab used for the TiMo
phase, where Ti is located at the S-edge with 50% S.

For the usualpH2S/pH2 = 0.05 andpH2O = 0.01 bar, and
at 600 K, the calculated Gibbs free energy (+0.84 eV per Ti
atom) does not favor the TiMoS phase. Chemical proce
similar to(17), where Ti is located at the Mo-edge, are ev
less favorable energetically. In contrast, similar thermo
namic calculations comparing the stability of the oxide sta
of Mo, Co, or Ni with their sulfided forms (MoS2, Co9S8,
Ni3S2 or CoMoS, NiMoS) favor the latter. Such thermod
namic considerations rule out the proposal of a direct p
moting effect of Ti involving the formation of the TiS2 or
TiMoS phases[45].

The results presented above show that the anatase
port is able to interact strongly with the Mo-edges
Mo-corners of the clusters and thus stabilizes Mo6S13,
Mo6S11, and Mo6S10 clusters exhibiting sulfur deficien
cies under HDS conditions. On the one hand, the st
lization of Mo6S13, Mo6S11, or Mo6S10 clusters through
multiple Mo–O–Ti or Mo–S–Ti anchoring (so-called edg
bonded clusters) is induced by the epitaxial relations
(geometric effect) between the surface structure of ana
and the Mo-edge structure. This leads to the formation

four-membered rings, Mo–S(O)–Ti–S(O)–Mo. On the other
hand, the stronger Lewis basicity of the Ti–µ2-O or Ti–µ2-
S species involved in the Mo–O–Ti or Mo–Ti–S bridges
atalysis 232 (2005) 161–178
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implies that the electronic donation from theµ2-O 2p or-
bitals to the Mo 4d orbitals enhances the stabilization
the Mo6S13 cluster versus Mo6S14. Using the language o
homogeneous catalysis, we suggest that these two co
effects (geometric and electronic) induce a so-called str
chemical ligand effect of the anatase support acting on
MoS2 active phase. For anatase, this effect stabilizes m
S-deficient Mo6Sn clusters. To some extent, this behavior
analogous to the interpretation of the strong metal-sup
interaction (SMSI) effect proposed by Tauster et al.[46],
who reported a strong decrease in the H2 and CO chemisorp
tion for supported metal catalysts exhibiting SMSI. In o
case, the stronger “chemical ligand effect” of anatase
duces a decrease in the S-species stability on the a
phase. In contrast, the surfaceµ3-O- and Al-species of the
γ -Al2O3 (100) surface are not favorable for multiple Mo–O
Al bridges. The high hydroxylation state of the (110) surfa
of γ -Al2O3 enhances slightly the multiple anchoring of t
active phase (even onγ -alumina) from a geometrical poin
of view. However, the impact remains weak, and no sig
icant ligand effect of theγ -alumina (110) or (100) surface
is revealed.

The concept of the ligand effect can be extended to
gas phase itself. Under strong sulfiding conditions (�µS >

−0.2 eV), our simulations show that the fully sulfide
Mo6S24 cluster is stable. The interaction with the supp
is prevented by the high sulfidation state of the active ph
only weak electrostatic interactions or eventually H-bo
occur between the S atoms of the basal plane and the
port. This means that for such a high�µS, the support’s
“chemical ligand effect” vanishes and is replaced by a w
ligand effect governed by van der Waals interactions an
H-bonds. Because of the intrinsic physical nature of th
weak interactions, we define it as a “physical ligand effe
of the support. At the same time, for high�µS, the chemi-
cal state of the active phase is determined by the S-sp
present in the gas phase and adsorbing strongly on th
tive phase. Because such gas-phase S-species modi
chemical behavior of the active phase, we deduce that w
in reaction conditions where the “chemical ligand effect”
controlled by the gas phase.

When considering size effects, we have found that
der Waals and H-bond contributions (the latter play a r
only for highly hydrated surfaces such as the alumina (1
surface) reduce the stability of perpendicular or tilted Mo2
clusters. The stronger “chemical ligand effect” of the ana
support makes possible the thermodynamic stabilizatio
clusters with a Mo-edge length smaller than 45 Å (on
(001) surface) in perpendicular or tilted orientations. Forγ -
alumina, most MoS2 particles with an edge length larg
than 10 Å should lie in a parallel configuration on the s
port. As a consequence, being given the HDS conditions
the particle size, anatase exhibits more S-deficient part

thanγ -alumina.

For MoS2 particle sizes beyond these size limits, the
chemical ligand effect of the support vanishes, whereas
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the “physical ligand effect” governed by hydrogen bon
(OH· · ·S) and van der Waals interaction becomes pred
inant. When the OH group concentration is rather hi
as on the (110) surface ofγ -alumina, OH· · ·S interactions
stabilize less sulfur-deficient clusters lying in a parallel o
entation.

All of these different new insights may bring argume
in line with the lower HDS activity ofγ -alumina-supported
MoS2 versus anatase-supported MoS2.

5. Conclusions

We have shown how the supported catalyst’s active ph
is influenced under reaction conditions by competing “
and effects” induced by both the gas phase and the
port. For very high partial pressures of H2S, the “chem-
ical ligand effect” of S-species present in the gas ph
is predominant. For HDS conditions, the “chemical l
and effect” depends on the size of the active phase p
cles.

MoS2 particles with an edge length smaller than 10
(i.e., a diameter of∼20 Å for hexagonal particles) onγ -
alumina and smaller than 45 Å (i.e., a diameter of∼90 Å)
on anatase interact more strongly with the support,
ing as a “ligand” modifying the chemical properties of t
Mo6Sn clusters. In the case of anatase (TiO2), the “chemi-
cal ligand effect” on the Mo6Sn clusters strengthened by th
epitaxial relationship permits the creation of more sulf
deficient edge-bonded particles in tilted or perpendic
orientations. This might explain the enhancement of the
served HDS activity of anatase-supported MoS2 catalysts.
For MoS2 particles with an edge length larger than 10
(respectively 45 Å) onγ -alumina (respectively anatase), t
support’s “chemical ligand effect” vanishes and is repla
by a “physical ligand effect” driven by van der Waals forc
or H-bonds, which stabilizes parallel adsorption of the Mo2
sheet. To a certain extent, this “physical ligand effect” sta
lizing S atoms on the active phase favors less sulfur-defic
particles.

The positive “chemical ligand effect” of anatase is p
posed as an interpretation of the higher HDS activity
served for anatase-supported MoS2 active phase versusγ -
alumina-supported MoS2.

We plan to generalize this concept to the so-called S-e
orientation of the MoS2 active phase, and beyond to cluste
representing the Co(Ni)MoS-promoted active phase.
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