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Abstract

Using density functional theory periodic calculations, we investigate the effects of two relevant supports for industrial hydrodesulfurization
catalysts, anatase (titania) apealumina, on the thermodynamic stability of 8, (n = 10 to 24) clusters representing the Mo&tive
phase. Under HDS conditions, anatase surfaces stabilize more sulfur-deficient small clusters than alumina surfaces. Because of an epitaxy
relationship, the anatase surfaces also enhance tilted and perpendicular cluster orientations. For large cluster sizes, we establish a mode
extrapolating the energetic properties obtained on supporteggMausters that reveals how the nature of the chemical interaction of the
MoS; single layer is modified. A concept based on competing “ligand effects” between the support and the gas phase on the active phase
is proposed to explain our results. These new insights are in line with the higher intrinsic HDS activity reported for the anatase-supported
MoS, catalyst.
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction more, no clear interpretation of the support effect on HDS
catalytic activities has emerged. Some of us have found

Industrial hydrodesulfurization (HDS) catalysts are made that the turnover frequency in thiophene HDS is about
of y-alumina-supported Co(Ni)MoS. Numerous experimen- 4-4 times higher for fitania-supported than feralumina-
tal insights have been obtained on the catalytic active phaseSUPPOrted Mog[11-13] Electronic effect¢l1], orientation
[1,2]. At the same time, much progress has been achieved€fféctsl7], and even direct promotion by 10,14,15]have
in the synthesis and preparation of thealumina support beer_1 invoked; however, no rational explaqatlon has been
[3] and titania[4] with the goal of improving ion exchange provided so far. As a consequence, new insights are manda-

and textural properties. Characterization techniques such ad®"Y for making progress in this field. _ _

EXAFS [5,6], TEM [7], infrared (IR) spectroscopi8,9], Density functional theory (DFT)-based simulations have
and UV—vis diffuse reflectance spectroscopy (DRS)] proved to be efficient for characterizing the active sites of
have been successfully applied foalumina- or anatase ~™MOS2-based nanocatalys6—22]and for the surface prop-

(titania)-supported catalysts but have now reached their lim- erties of y-glumma -a}nd anatase SUprE%_N] under
its in providing any more relevant insights at the inter- sulfo-reductive conditions. Some_theoreﬂcal §tum-30]_
face between the active phase and the support. Further—ha\{e attempted to ad(_jress the d|ff_|cultquest|o_n of the inter-
action of the Mo$ active phase with the alumina support.
However, they suffer from weaknesses, particularly in the
* Corresponding author. Fax: +33147527058. representation of stable-alumina surface chemical species
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of the Al,OsH> cluster used 28] is too modest to permit  gen bonds, electrostatic interactions) between the support
a correct description of the electronic features of the sup- and MaS, (rn = 10 to 24) clusters representative of single
port. The representation of the support by lonescu ¢24]. layers of nanosized M@SThis choice is also justified by a
with spinel-like ideal surfaces without consideration of their recent X-ray absorption spectroscopy (XAS) study that has
hydroxylation states is inappropriate. Even if numerous the- revealed that the majority of the active-phase particles in a
oretical studies still focus on the spinel-based model, recentcatalyst in use under industrial conditions is made of single
extensive DFT workf23—25]have also shown that thisideal sheets of Mo$ [32]. In the next section, the methodology
model is not suitable foy-alumina as produced industri- used for calculating Gibbs free energies of supported clus-
ally. Hence, the best way to solve threalumina structure  ters is explained. Sectidhl1focuses on the results obtained
is to consider the chemical process involved during the syn- on the isolated clusters, SectioB2 and 3.3are devoted to
thesis and preparation of the support, that is, the calcinationMogS, clusters supported gn-alumina and anatase, respec-
of the hydrated precursor (boehmifg)23-25] As a con- tively. In Section3.4, we propose a new approach where we
sequence, thg-alumina bulk structure used for the current extrapolate our results to larger sizes by including van der
study results from the topotactic transformation of boehmite; Waals contributions. In the discussion, we furnish new ar-
we take into account that it is energetically more favorable guments to explain the effects of anatase aralumina on
for some Al cations to occupy nonspinel sif@8—-25] as HDS activity.
also found by other31]. In a recent investigatiof80], the
interaction of Mo$ with the support is modeled by an ex-
change of S atoms with —OH groups at the edges of the active2. Methodology
phase. On the one hand, such a simplified approach neglects
the chemical varieties of the Brgnsted Al-OH sites and of  Total energy calculations were performed within the den-
the Lewis basic AI-O-Al sites present at the surface of the sity functional theory (DFT) and the generalized gradient
y-alumina. On the other hand, the question of the steric hin- approximation (GGA) of Perdew and Waiigg]. To solve
drance or of the geometric constraints imposed by the local the Kohn—Sham equations, we use the Vienna ab initio Sim-
structure of the surface may be overlooked. Up to now, no ulation Package (VASP|34]. The electronic convergence
theoretical study has been able to account for the effect of criterion is fixed at 0.1 meV per cell. The eigenstates of the
HDS conditions on the stable states of the surface by includ- electron wave functions are expanded on a plane-wave basis
ing the chemical potential of sulfur. As a consequence, it set, with pseudopotentials used to describe the electron—ion
remains difficult to obtain unambiguous insights from the interactions within the projector augmented waves (PAW)
available works. approacH35]. For total energy calculations, we use a cut-
Addressing the challenging question of the active phase—off energy of 258.7 eV. According to the enlarged super-
support interaction requires the deployment of the most ac- cell sizes within the surface plane (with respect[2d@]),
curate models for the support’s surfaces. Indeed, as shown irthe Brillouin zone sampling can be reduced at [h@oint
the present paper, there are several combined effects (elecenly. In the direction perpendicular to the surface, the slab
tronic, geometric, orientation) between the active phase andthickness is decreased to keep system sizes within reach
the support. As explained previously, we use the refined andof DFT calculations (up to 250 atoms per supercell). The
robust model established recently fpralumina[23-25] geometry optimization is carried out by calculation of the
For anatase, we refer to our previous stud@®27] The Hellmann—-Feynman forces and an energy convergence cri-
surface chemical species and thus the acid-basic propertieserion of 1 meV.
have been quantitatively correlated with the sulfo-reductive  In the same spirit as for the Mg&ctive phas¢18,19],
conditions pH,. pH,s, PH,0, @andT) and the type of sur-  and for the support surfacg®7], the thermodynamic model
face exposed by the support. Thealumina (110) surface  based on the chemical potential of sulfars, as the main
is found to be highly hydroxylated, and the anatase (001) thermodynamic variable bridges the gap between 0 K DFT
surface is hydroxylated and partially sulfidg¥]. The two calculations and the gas-phase conditiopg,( pn,s, and
surfaces exhibit Brgnsted sites under HDS conditions. In T'). The values ofAus as a function ofl’ and pn,s/pH,
contrast, the/-alumina (100) and the anatase (101) surfaces are given by the diagram dfig. 1, so that the reader can
are neither hydrated nor sulfided and thus exhibit mainly more easily converAus (used in the text) into reaction
Lewis sites. These results reveal the distinct chemical be- conditions. For the current study, the Mo&ctive phase
havior of the two supports, and these preliminary steps wereis represented by triangular M8, clusters exposing Mo-
necessary for the investigation of support effects on the HDS edges with various S-coverages similar to those described
activity. To further explore these effects, the potential energy by Schweiger et al. if19]. The isolated MgS, clusters
surface for the adsorption of relevant models of the MoS are described in Sectio®il The slab models representing
active phase must be solved. To meet this challenging taskthe surfaces exhibit the stable hydroxylation and sulfidation
with computational chemistry, we need to determine the sta- states determined in one of our earlier page®@. In the
ble active phase configurations and orientations induced bypresent work, the reaction conditions explored correspond
the formation of different bond types (iono-covalent, hydro- to a temperature range between 600 and 700 K and a water
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Fig. 1. Aps values as a function of temperature amgl,s/pH, ratio (i.e., Aug = hp,s(T) — hH,(T) — Eg, — Tlsp,s(T) — sHy(T)] +
RT In(py,s/pH,) as explained in previous wors7,19). The domain where the MgSbulk phase is stable-1.38 < Aug < 0 eV. The reaction con-

ditions explored in the present work are fobetween 600 and 700 K.

partial pressure of 0.01 bar. This implies that the chemical

of AGwmogs,/nk depends oMviogs,/nki- IN what follows,

species at the support surface is kept unchanged for the rangeve focus on the values taken Byogs,/nx and call them

of H>S and H partial pressures investigated.
The adhesion energy of the M8, clusters on théhikl)
surface of the support is defined by

1)

where Emogs, /ni Stands for the total energy of the W),
cluster adsorbed on thigk!) surface Ey; is the total energy
of the (hkl) surface, andEmoqs, is the reference energy of
the isolated MgS, cluster. The adhesion energy is negative
for an exothermic process.

The geometries of the M&, clusters and of the two out-
ermost atomic layers of the supports are optimized. Since

Eadtynki = EMogS,/nki — Enki — EMogs, »

Gibbs free energy values (being aware thbgs, /i rep-
resents the positive part of the Gibbs free energy of the
cluster).Ip (also expressed per Mo-edge atom) is the en-
ergy required to create the Mo-edges of the isolated clus-
ter at Aus = 0. Aus is the chemical potential of sulfur,
depending orl’ and pn,s/pH,. as defined i19]. Fig. 1
gives theA s values for different”” and pn,s/pH, condi-
tions.

The lowest values ofvogs,/ 1k determine the stable ad-
sorption configuration of the Mg®, clusters as a function of
the sulfo-reductive conditions.

To determineEady nxz, NUMerous configurations for the

the cluster is adsorbed on one side of the slab, corrections,ysarhed cluster were tested. The parallel orientation in-

for dipole—dipole interactions are included.

The Gibbs free energy of the M8, cluster adsorbed on
the suppor{kkl) surface is given by the following relation-
ship, when expressed with respect to the bulk MpBase

AGMogs, / ki = AGMos, + TMogS, / hkl» 2
where

1 n—12
I'viogs,/hkt = To(M06S,) + éEadh/hkl B Aus. (3)

AGwmos, represents the Gibbs free energy of the MbSlk
phase £2.76 eV/Mo). I'vogs,/nki fepresents the energy
required to create the Mo-edges of the cluster: it is posi-
tive and is expressed in eV per Mo-edge atom, so that it

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 AGwmos, is constant and the variation

volves H-bonds and/or weak electrostatic interactions be-
tween the M@S, basal plane and the support. Different
types of perpendicular and tilted orientations were consid-
ered:

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

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

— Through the unsaturated Mo-edge atoms involving mul-
tiple iono-covalent Mo—O-AI(Ti) or Mo—S-Ti bridges
(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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Fig. 2. Stoichiometry, optimized structures and notations for the differegiSylalusters (dark balls, molybdenum atoms; gray balls, sulfur atoms). (50% S,
e) means 50% S-coverage at the edge with one edge vacancy, (50% S, c) 50% S-coverage at the edge with one corner vacancy, (50% S, ed) two edges v
50% S and 3 S-vacancies at the third edge (all distances in Angstrgm).

contributions were considered with the use of an approachMo-S distances of the S-S dimers are 2.40 A at the corner
based on a force-field methodology detailed in Sec3idn and 2.49 A at the edge. The internal Mo—Mo distances are
slightly shorter (2.82 A) than at the edges (2.99 A).
When the sulfur coverage is 50%, the §Bas cluster

3. Results exhibits edge S atoms in a bridge position with a twofold
coordination Fig. 20). The coordination of Mo-edge atoms
3.1. Isolated M@S, clusters remains equal to 6, and at the corner it decreases to 5. The

Mo—»S distances (at the edge) are around 2.37 A, and the
We chose relevant triangular M8, clusters exposing  Mo—u1S distance at the corner is shorter (2.15 A), follow-

Mo-edges with relevant S-coverages (100 and 50%) at theing the bond-order conservation law. The internal MeS
edge, while taking into consideration the presence of one, distances are between 2.30 and 2.53 A. The edge Mo—Mo
two, and three vacancies per edge. The structures and notadistances remain close to those of thed®g, cluster, and
tions used for the clusters are givenRig. 2 The MgS4 the internal Mo—Mo distances expand when compared with
cluster with 100% sulfur coverag€i@. 2a) exhibits sixfold the MasSy4 cluster (at 3.13 to 3.17 A).
coordinated Mo atoms at the edge, and sulfur atoms at the Those clusters can exhibit different numbers and loca-
edges and corners form S-S dimers, as already found in pretions for S-vacancies. The first vacancy (%) can be
vious studieq16,17,19,22] The external Mo—Mo distance located either at the corner (dfig. 2c) or at the edge (e)
becomes shorter (2.98-3.00 A) than in the bulk. The Mo— (Fig. 2d). When a second vacancy is created, the;$e
S bonds of the basals-S linked to a Mo atom at the edge cluster combines both edge and corner vacanéies €e).
are close to the bulk distance (2.43 A), and those linked to We have also considered the case where three vacancies are
a Mo atom at the corner are shorter (2.33 A). The external located on the same edge (ed) as for thes®e cluster
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Table 1

Gibbs free energies of the isolated & clusters (7 in eV per Mo edge-atom) and adhesion energies of the adsorbed clusiggsi; in eV per cluster)
as a function of the orientation

MogS, n-12 Ig Orientation y-Alumina Anatase (TiQ)
(S-coverage) Eadly100 Eadly110 Eadly101 Eadlyoo1
MogSp4 (100% S) 12 @83 Parallel| —0.19 -0.32 —0.19 -0.21
Ortho L +0.01 —0.08 -0.13 —0.16
MogS15 (50% S) 3 135 Parallel| —0.18 —0.65 - -0.17
Ortho L —0.10 —0.78 - -0.17
MogS14 (50% S, e) 2 B4 Parallel| -0.17 -0.22 —0.22 —0.20
Ortho L —0.09 -0.31 -0.21 —-0.10
MogS14 (50% S, ¢) 2 141 Parallel|| — -0.22 — —
—1.40(cvia9
Ortho L -1.29 —1.60 —-1.30
—1.03(cvia O
Tilted - -0.27 —1.60 —1.42
Mo0gS13(50% S, c, €) 1 B9 Parallel|| — — -0.81 —0.90
Ortho L —1.36 —1.66 —1.66 -1.67
Tilted - +0.25 —-215 —1.89
MogS11 (50% S, ed) -1 183 OrthoL +1.58 -0.11 —0.90 -1.29
MogS10 (50% S, ed, c) -2 231 OrthoL +0.3 -1.61 —2.49 —2.43
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Fig. 3. Gibbs free energy diagram of the isolatedg®p clusters (positive part of the energy required for the creation of the cluster edges, see the text for
explanation) O, MogSy4 (100% S);+, M0gS15 (50% S);0J, M0gS14 (50% S, €);A, M0gS14 (50% S, c);A, M0gS:3 (50% S, €)M, M0gS11 (50% S, ed);
x, MogS10 (50% S, ed, c).

(Fig. ). In this case, the isolated cluster strongly recon- ter with 50% sulfur and one vacancy at the edge is stabi-
structs. As a result of their small sizes, we expect that theselized. For Aus values between-0.32 and—1.00 eV (i.e.,
clusters exhibit specific energetic and structural properties, 4 x 103 < PH,S/PH, < 2 X 10%, including usual HDS
when compared with our previous woiiQ]. conditions), the MgS14 (e) structure is more stable than
The Gibbs free energies of the different clusters for the MasS14 (C) cluster with the vacancy strictly located at
Aus =0 are listed inTable 1 The diagram irFig. 3shows the corner, and even more stable than theg$g clus-
that for Aus greater than-0.32 eV (i.e., pH,s/pH, > 2 X ter (without S-vacancy). At this stage, it is worth compar-
10%), the MasSp4 cluster with 100% sulfur at the edge is ing our results with previous studies carried out on larger
the stable structure. Fok s smaller than—0.32 eV, the clusters exhibiting nine Mo atoms per edge. One striking
more reductive conditions imply that the 84 (e) clus- result obtained by Schweiger et al. jh9] was that one
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Fig. 4. Optimized structures of (a) M84ll, (b) M0ogS14-L, (€) M0ogS13-L, (d) MogS11-L adsorbed on the-alumina (100) surface. For the alumina slab:
black balls, aluminum atoms; dark gray balls, oxygen atoms; white balls, hydrogen atoms. Fog®edilisters: dark balls, molybdenum atoms; gray balls,
sulfur atoms (the perpendicularly oriented clusters are anchored through Mo—O-Al bridges only).

S-vacancy located at the corner is stabilized under HDS occur between the S-basal plane of theg®a cluster and
conditions. For a small cluster, this effect seems to be en-the (100) surface, leading to an exothermic adhesion energy
hanced, since one S-vacancy (asg®0) remains the most  of about—0.19 eV. The configuration changes into a per-
stable configuration under a larger range of reaction condi- pendicular type fornus < —0.24 eV, as the loss of S leads
tions. to the MaSy4 cluster. The energy cost for S-removal is bal-

For smallerAus (< —1.00 eV), the stable cluster is anced by the gain from the Mo—O bond formation, via one
MogS11 with one missing row of edge S atoms. This struc- Mo—O-Al bridge. Such a cluster can be depicted as being in
ture is stabilized by a large reconstruction, where S-basala “corner bonded” configuration. The cluster adhesion en-
atoms migrate to the edge. Such a large reconstruction carergy of —1.29 eV decreases the 814 Gibbs free energy,
only take place in small and isolated ¥®), clusters, which permitting the stabilization of this cluster at a highus

explains why it was not found in previous studj&8]. (less reducing conditions) than that observed for isolated
clusters (vide supra). This result will be valid for all sur-

3.2. Case of ther-Al2O3 support faces studied in this work. The optimized Mo-O bond length
of the anchored cluster is 2.15 A, and it remains compati-

3.2.1. y-Al>,03 (100) surface ble with EXAFS data of Leliveld et a[6]. The MaS;3(c)

We showed in27] that the (100) surface is fully dehy-  cluster Eady100 = —1.36 €V) is stabilized only forAus
droxylated for temperatures between 600 and 700 K, andsmaller than—0.98 eV, at the limit of the usual HDS con-
for pn,o0 around 0.01 bar. For the range pffi,s/pH, cor- ditions. Clusters exhibiting even more S-removal (such as
responding taA us between—1.4 and 0 eV, no sulfidation  MogS;1(ed) with S-vacancies on one Mo-edge) are not sta-
occurs. As a consequence, the surface chemical state preble under current sulfo-reductive conditions.
dicted for the (100) surface is the same as that calculated in
[27] (seeFig. 4). The main structures of supported M) 3.2.2. y-Al>03 (110) surface
are given inFig. 4, and their adhesion energies are listed in For the aforementioned conditions, the (110) surface is
Table 1 The Gibbs free energy of supported §8 clus- hydrated with a hydroxyl coverage of 8.8 Qhh?, and it
ters is given as a function & s in Fig. 5. For Aus greater is not sulfided[27]. A slab model of the surface exhibit-
than—0.24 eV (i.e.,pH,s/pH, > 9 X 10%), the MasSp4 clus- ing the different types of hydroxyls is detailed [B4,25]
ter with 100% S is stabilized in a parallel orientation with The main structures are depictedrig. 6, and their adhe-
respect to the support. Only weak electrostatic interactionssion energies are listed ifable 1 The stable models are
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Fig. 5. Gibbs free energy diagram of the y& clusters adsorbed on the-alumina (100) surfaceD, MogSp4 (100% S, ||); +, MogSy5 (50% S, ||);
[0, M0ogS14 (50% S, e||); A, M0gS14 (50% S, c,L); A, M0gS13(50% S, c, e,L); B, M0ogS11 (50% S, ed,L); x, M0gS10(50% S, ed, c,L).

given by the Gibbs free energy diagramFiig. 7. Similarly understanding of the energy results. For thesBiq cluster,

to the (100) surface, the M8,4 cluster with 100% sulfur is similarly to the earlier work$19,36], the occupied orbitals
stable in a parallel orientation for highus. The adhesion  close to the Fermi level, located at the S-dimers (and repre-
energy (-0.32 eV) is slightly larger than for the (100) sur- sented by the dotted domainsHig. 8a), are ofo, charac-
face because of the formation of hydrogen bonds betweenter, giving rise to the out-of-registry protrusions observed in
the sulfur basal plane and the hydroxyls. A perturbation of STM images. The energetically underlying orbitals are lo-
the OH distribution can be seen, and the O—-H stretching of calized at the S-basal atoms; they contribute to hydrogen
about4-0.006 A for interacting hydroxyls may explain the bonding with the surface hydroxyls. The electronic analy-

OH stretching frequency shift observed in IR spe¢&a]. sis of the M@Sy5 cluster shows that the highest occupied
Any proton transfer from the support to the edge S atom of bands are localized on all S atoms (at the edge and in the
the MasSp4 cluster is not stable. basal plane), as shown Byg. 8. These bands are available
More reductive conditions (a decreaseAms) stabilize to contribute to the interaction with the hydrogen atoms of
the perpendicular adsorption configuration of theg®a the surface hydroxyls. When one S-edge vacancy is created

cluster by creating one Mo—O-Al bridge with a Mo—O bond in M0gS14, the orbitals at the basal S atoms neighboring the
length of 2.26 A, compatible with EXAFS dafé]. This S-vacancy location have disappear&t( ). This obser-

is referred to as a corner bonded cluster. The O bridging vation is consistent with previous results showing that for
atom is supplied by a formerly chemisorbed water mole- a 50% S coverage with one S-vacancy at the Mo-edge, the
cule, transferring two protons to two neighboring O atoms simulated STM image also reveals a loss of intensity of the
(seeFig. ). This suggests a new interpretation of the IR bright spot localized at the S atom of the first S-sublayer of
spectrum[9]. The formation of a Mo—S—Al bridge for the the basal plan§l9]. Thus careful electronic analysis helps
MoeSs5 cluster is less favorable than that of the Mo—O—Al us to understand why the strongest adhesion energy for the
bridge for the M@S1 4 cluster, as shown by the more exother- parallel orientation is obtained for the N®y5 cluster for

mic adhesion energy of1.60 eV for the latter. As in the  which all S atoms exhibit orbitals at the Fermi level involved

case of the (100) surface, the B3 cluster Eady110 = in the hydrogen bond interaction with the OH network of the
—1.66 eV) is stable only foAus close to HDS conditions.  (110) surface.
It is important to note that even if the M85 and MaS14 The MaS;1 and MgS;g clusters are more stable than

clusters oriented in a parallel configuration are not stable, they are on the (100) surface, even if the corresponding
they do exhibit a significant adhesion energy0(78 eV for value (< —1.40 eV) remains beyond realistic reaction con-
the MasSy5 cluster). In a similar way as for the MBp4 clus- ditions. The formation of multiple Mo—O-Al bridges along
ter, this effect is explained by the hydrogen bonds between one Mo-edge is enhanced by the- or u2-OH species flex-
the hydroxyls and the S atoms of the clusters. Analysis of the ibility, which allows three Mo—O(H) bonds to be formed.
orbitals close to the Fermi energy for the isolateds®a, Finally, we have considered a peculiar configuration
MogS15, and MagS14 (Fig. 8) makes possible a qualitative  where the cluster interacts with multiple Mo—O-Al bridges
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Fig. 6. Optimized structures of (a) M8p4 ||, (b) MogS14 L, (€) MogSy3 L, (d) MogS;1 L adsorbed on thg-alumina (110) surface. (el) and (e2) represent
two views of the tilted configuration of the M& 4 cluster. (Same colors as ffig. 4; the perpendicularly oriented clusters are anchored through Mo—O-Al
bridges only.)

along one edge while still keeping S atoms present at thisto similar conclusions: for the same reaction conditions, the
edge: the optimized MgS14 clusters are represented in  stable cluster prefers to lie parallel with a higher degree of
Figs. &1 and e2. The repulsive interactions of the S atoms sulfidation (MgS,4). For the sake of clarity, we have not
on the Mo-edge with the O atoms cause the optimized edge-reported the tilted configurations kig. 7.

bonded cluster geometry to become tilted. The S atomsrelax On y-alumina, these results demonstrate that multiple
from the bridge into top positions at the interacting edge. Mo—O-Al bridges involving the Mo-edge cannot stabilize
A similar configuration is found for the optimized M8;3 clusters in tilted or in perpendicular configurations. For the
cluster. These steric constraints imply that the adsorption same HDS conditions, the clusters will be preferentially an-
energies of the tilted clusters are endothermic or slightly chored to the support through one corner Mo-atom (“corner
exothermic (sedlable 1. Hence, these configurations are bonded”). The role of the hydrogen bond network at the sup-
not stabilized with respect to the stable %4 adsorbed port’s surface is crucial for a correct evaluation of the energy
via one corner. We have similarly tested a tilted ¢ of the system. The local flexibility of the OH-— network is
cluster exhibiting 100% S on two edges (as ford8s) and not available on the rigigk3-O square network of the de-
50% sulfur on the third edge linked to the support. This leads hydrated (100) surface. It can be understood why previous
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Fig. 7. Gibbs free energy diagram of the p8 clusters adsorbed on the-al
O, MogS14 (50% S, e,L); A, M0ogS14 (50% S, c,L); A, M0ogS13 (50% S, c, e,L

umina (110) surfaced, MogSp4 (100% S, ||); +, M0gSi5 (50% S, 1);
); B, MogS11 (50% S, ed,L); x, M0gS19(50% S, ed, c,L).

Fig. 8. Highest occupied bands for the (a) M4 cluster in the range 0f{0.53 eV; 0] (the dotted regions correspond to the highest energy inter@81 eV;
0]); (b) MogS; 5 clusters close to Fermi energy0.12 eV; 0] eV; (c) MgSy4 very close to the Fermi energy (lower occupied bands are belaw eV).

studieg[28—30]were not able to capture such subtle effects
that depend precisely on the local structure of the support.

3.3. Case of the anatase support

3.3.1. Anatase (101) surface

The (101) surface of anatase is dehydrated and not sul-
fided according t§27]. The structures and adhesion energies
are given inFig. 9andTable 1, respectivelyFig. 10shows
that for Aus greater than-0.21 eV, the parallel configura-
tion (Fig. 9a) is again the most stable.

The main striking difference witly-alumina is that the
edge-bonded Mg¢S, (10 < n < 14) clusters are stabilized
for Aus below —0.21 eV. Furthermore, the M&14 —
MogS13 transition occurs on this surface for a significantly
higher value ofA us (—0.50 eV) than it does on alumina, be-
cause of the high exothermic adhesion energy of the3¢®
cluster,—2.15 eV (Table 1. As shown inFigs. % and c,

sorbed M@S14 and M@ S, 3 clusters mimic the Ti—-O-Ti—O—
Tiring of the anatase bulk within th@, w) plane. The stable
MogS14 and Ma;S;3 clusters are tilted: the plane of the Mo
atoms exhibits an angle of 52vith respect to the anatase
surface. Such a tilted orientation is induced by the forma-
tion of the Mo—S—Ti—~O—Mo rings. This result may explain
why EXAFS reveals a higher Mo—O coordination number
on anatase than on alumif@], and why tilted orientations
have been observed on this support in electron microscopy
experiment$37,38] Furthermore, the Mo—O-Ti bridges ex-
hibit Mo—O lengths between 1.98 and 2.10 A, which is also
compatible with EXAFS datg5]. The optimized Ti—S bond
lengths are between 2.38 and 2.51 A. It must be stressed that
the regular surface O-O and Ti-Ti spacing (3.80 A) along
theu direction does not perfectly match the Mo—Mo distance
(3.16 A) of the Mo-edge. For small clusters, the relaxation
effects of the surface O atoms and of the Mo atoms compen-

there is an epitaxial relationship between the anatase (101)sate for the mismatch; however, it may be expected that for

surface and the Mo-edge that permits the formation of mul-
tiple Mo—O-Ti and Mo-S—Ti bridges. As highlighted in
Fig. %, the four-member Mo—-S-Ti—-O-Mo rings of the ad-

large clusters (where relaxation effects are reduced), the per-
fect epitaxial relationship along the direction will not be
maintained.
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Fig. 9. Optimized structures of (a) M6o4 ||; (b1) and (b2) M@S14 tilted; (c) MogS; 3 tilted; (d) MogS;g L adsorbed on the anatase (3)@101) surface.
For the titania slab: black balls, titanium atoms; dark gray balls, oxygen atoms; white balls, hydrogen atoms. Fg&helivters: dark balls, molybdenum
atoms; gray balls, sulfur atoms. (The tilted clusters are anchored through Mo—O-Al and/or Mo—S—Ti bonds (the latter are indicated by arrows).)

For Aus less than—1.32 eV, the stable Mghio clus- of 1.73 §nm? [27]. The structures and adhesion energies
ters interact perpendicularly via multiple Mo—O-Ti bridges are given inFig. 11andTable 1
(Fig. o). The MaS;0 anchorage leads to a strong adhesion It is important to note that the hydroxyl concentration
energy of—2.49 eV. For they-alumina surfaces, such an of the (001) surface is less than twice that of the alumina
epitaxial relationship is not possible, which explains why the (110) surface, which reduces the stabilization by hydrogen
Mo-edge-bonded clusters in a perpendicular or tilted config- bonding for parallel orientation. Hence, the adhesion ener-

uration are not stable. gies of such configurations are significantly lower than they
are for alumina. For the Mg 5 cluster, the adhesion energy
3.3.2. Anatase (001) surface is about 3 times smalleiéble ). This difference will play

The (001) surface is hydroxylated and partially sulfided, a role when the larger size cluster is considered in the next
with a hydroxyl coverage of 3.46 On¥ and a S-coverage  section.
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Fig. 10. Gibbs free energy diagram of the 8 clusters adsorbed on the anatase ¢)i(101) surfaceO, MogSp4 (100% S,||); +, MogS15 (50% S, |));
0, MogS14 (50% S, e/|); A, M0ogS14 (50% S, €, tilted)A, MogSy3 (50% S, ¢, e, tilted)>, MogS;2 (50% S, ¢, c, e, tilted)l, MogS;1 (50% S, ed,L);
x, M0gS10 (50% S, ed, c,L).

The stronger stabilization of the M8:3, M0gS11, and the edge length as the relevant cluster size), which is smaller
MogS10 clusters versug-alumina is also observed for this than the sizes observable by electron microscopy. For such
surface (seé-ig. 12. The strong M@S;3 adhesion energy  small clusters, the van der Waals interactions remain neg-
induces a high\ us value for the M@S14 — M0gS; 3 transi- ligible. However, mean sizes observed by HREM are about
tion. As for the (101) surface, the tilted orientations not only 20-30 A, according to Mo loadin@9]. As a consequence, it
involve Mo—O-Ti, but also Mo—S-Ti bridges, and maximize is useful to propose an approach for the extrapolation of our
the number of Mo—S—Ti bridges with the suppdtig. 11b). DFT results for larger sizes. Furthermore, such an approach
An epitaxial relationship between the (001) surface and the requires to account for the effect of the long-range interac-
Mo-edge structure also exists. However, there is a slight dif- tions between correlated charge fluctuations, which are un-
ference with the (101) surface because of the sulfidation statederestimated in the DFT formalism. Two well-known cases
of the (001) surface, which implies that two types of four- show that DFT fails in the description of van der Waals inter-
membered rings ensure the cluster-support interface: Mo—actions: the first is the adsorption of paraffins in zeol€s,
S-Ti-S—Mo and Mo-O-Ti—-O-Mo rings. The two types of and the second is the description of layered systems such as
Mo-S bond lengths are about 2.23 and 2.46 A, the Ti-S bondMoS; itself [41]. Similarly, the van der Waals interactions
lengths are about 2.60-2.64 A, and the Mo—O lengths 2.11between the basal S atom layer in the Maystems and
and 2.30 A. When compared with the (101) surface, the an-the O atom network of the supports are expected to mod-
gle between the Mo atom plane and the surface increases tdfy the energetic results for large particle sizes. It is not yet
77° (Fig. 11b). possible to carry out a consistent treatment of the van der

Finally, the MgS11 cluster is stable foAus less than Waals contributions in the DFT formalism. Thus, as means
—1.02 eV. The configurations shown fig. 11c reveal that of estimating the long-range effects, we use two different
the central edge Mo atom is in a bridging position between force fields: the Universal Force Field (UFBR] and Com-
two O atoms, and the two other corner Mo atoms are linked pasg43], as delivered within the Ceriginterface[44]. UFF
with the S atoms of the surface. The two Mo-S bond lengths contains Lennard—-Jones fitted parameters for the Mo, Al, O,
of the Mo—S—Ti bridges are about 2.31 A, and the Mo—O and S elements, and the Compass force field does not contain

lengths are 2.17 and 2.29 A. available parameters for the Mo element. In the latter case,
the Mo$S cluster is modeled by S atoms only at the same

3.4. Extrapolation for larger clusters and size effects position as found in Mog For the parallel orientations, we
have first determined the distance of the Md&yer to the

3.4.1. Description of the model used oxide surface at the energy minimum of the system. We have

The results obtained in the previous sections concern carried out this approach for clusters exhibiting 3 Mo per
MogS, clusters exhibiting three atoms per edge. This cor- edge (as in the previous sections) and for a large cluster with
responds to a particle size of about 6 A (if one considers 9 Mo atoms per edge (45 Mo atoms and 99 S atoms). The
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Fig. 11. Optimized structures of (a) M84 ||; (b1 and b2) M@S; 3 tilted; (c1 and c2) MgS;1 L adsorbed on the anatase (3)3001) surface (same colors
as inFig. 9). (The perpendicularly oriented and tilted clusters are anchored through Mo—O—-Al and/or Mo—S—Ti bonds (the latter are indicated by arrows). The
tilted MogSy 4 cluster (not represented here) is similar tod8gs with two S-atoms at the corner.)

values found with Compass are reportedable 2 they are Table 2
rather consistent with the UFF results (a slightly larger value Van der Waals corrections (in eV per S-atom) used for large Mgs-
is found for UFF). The van der Waals contributions are thus ters on alumina and anatase located at the equilibrium distBgaaf the
expected to be less than 10/kdol of basal S atoms and outermost oxygen plane of the support
depend slightly on the type of oxide surface. This estimate Surfacet:kl) Do A Exih (eV/s)
seems to be reasonable when it is compared with the;MoS Alumina (100) 3.00 —0.10
layer van der Waals binding energy found within the fully Alumina (110) 200 —0.07
nonlocal functional formalism recently proposed by Ryd- Anatase (101) 2.50 —0.08
berg et al[41]. Anatase (001) 3.00 —0.06

The S atoms mainly contributing to the van der Waals
corrections are those of the first row of S atoms belong- cally. Hence, we scale the van der Waals contributions with
ing to the basal plane and directly facing the surface of the the number of S atoms belonging to the first row of basal
support. When considering the S atoms located at a greatelS atoms. Such a consideration implies that the Gibbs free
distance, we observe that their contributions diminish drasti- energy for the different types of clusters (including various
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Fig. 12. Gibbs free energy diagram of the B clusters adsorbed on the anatase g)i@O01) surfaceO, MogSy4 (100% S,|); +, MogS:5 (50% S, |));
0, MogS14 (50% S, e,]|); A, M0ogS14 (50% S, c,L); A, MogS13 (50% S, ¢, e, tilted) >, MogSy2 (50% S, ¢, ¢, e, tilted)M, MogSy1 (50% S, ed,L);
x, M0gS10 (50% S, ed, c,L).

S-coverages) can be written as a function of the size repre-and E;g‘r’]" is the van der Waals adhesion energy per S atom.

sented by thé number of Mo per edge. NI and NOFT are the scaling numbers for the S atoms
In the case of a parallel oriented cluster with Mo-edges involved in the van der Waals and DFT contributions, re-
covered by 100% S, the stoichiometry is Ma-1)/2Sk(k+5) - spectively. To the S-basal atoms is added the contribution of
By analogy with Eqs(2) and (3) the Gibbs free energy (per  one-half of the S atoms belonging to the S-dimers located
Mo-edge atom) is at the edge N and NOFT are proportional ta?. The

fourth term corresponds to the effect of the sulfur chemi-

AG (MO k+1)/25k(k-+5)) cal potential term resulting from the stoichiometry changes.

k(k+1)/2 i i
- 3/ AG(M0Sp) + I'(MOks1) 2k +5).  (4) As a consequence, and according to &), the Gllbbs freg
- energy of such clusters decreases as a function ofksize
because of the van der Waals and H-bond attractive interac-
I" (MO (k-+1)/2Sk (k+5)) tions.
NEFT EDET(M0gSp4) In the case of a Mo-edge cluster covered by 50% S at
= I0(MogSp4) + 22— 1 the edge adsorbed in a parallel orientation, the expression
becomes
NEw 4k
S vdw
+ Exdh — 5= AUs, S
k-3 2" 3%k-3 ©) I (MOg41)/2Skk+2))
Where NDFT EDFT Mo
= I'n(MogSy5) + 3ks 3 adh (12 6515
NEOFT = N3O — ke (k — 1)/2 4 3k. (6) e - .
The bulk energy part of the Gibbs free energy depends on S RN T Aps, (7)

— adh —
the cluster size. In particular, the expected trend is that the -3 -3

stability of the cluster increases with the size. Because we Where
focug on t.he comparison of different.supports an(_j cluster NSDFT —k(k—1)/2+3k and Ngd‘”: kk—1)/2. (8)
configurations for the same cluster size, we consider only

the variation inI" (also called Gibbs free energy) in what The differences with Eqg5) and (6)come from the sto-
follows. In contrast, if we wanted to compare clusters of dif- ichiometry of the clusters and from the number of sulfur
ferent sizes, the bulk term should be included. As for the atoms involved in the van der Waals correction (the basal
MogSp4 cluster, I'p(MogSp4) and I represent the energies atoms only). For the same reason as in the previous case, the
required to create the cluster edges of the isolated and ad-Gibbs free energy (expressed per Mo-edge atom) decreases
sorbed clusters, respectively2fT/12 is the DFT adhesion  as a function ok, because of the van der Waals and H-bond
energy per S-edge atom obtained from thegB}q cluster, attractive interactions.
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d
In the case of a Mo-edge cluster covered by 50% S at the Ng™  vaw 1 Aus (15)
edge plus one S-vacancy and adsorbed in a parallel orienta- 3k—3 adh 33 ’
tion, the expression becomes where
I (MO (k-+1) /28,242 —1) NIW — 2(k — 1). (16)

NDFT EDFT(M06814)
— I'h(Mo S adh
0(M0gS14) + 2= 11

3.4.2. Case of-Al>,03
On the alumina support, the first insight is that for a

+ Ngdw E"g‘r’]"— EAMS, (9) size above four Mo per edgéif. 13, the perpendicular
k-3 %" 3k-3 orientation is no longer thermodynamically stable. The sta-
where ble clusters in a parallel orientation are pM8gs, M021S47,
and, eventually, Mg S48, according to the chemical poten-
NS T =k(k—1)/2+3k—1 and N&"=k(k—1)/2. tial of sulfur. At high chemical potential of sulfur, the cluster

(10) covered by 100% S of sulfur with dimers (M) is sta-
These expressions are very similar to the previous ones.  bilized, and under HDS conditions, the cluster with 50% S
For the same cluster type adsorbed in a perpendicular ori-(M021S47) including one vacancy close to the corner can be

entation through one corner, stabilized. As already mentioned in Sectidd, this result
remains very close to the previous work by Schweiger et
I (MOk(k-+1) /2521 2 1) al. in[19] on isolated large triangular clusters, where it was
NSDFT DET found that under HDS conditions, the 50% coverage plus
= I0(M0S14) + == Eagn (M06S14) one vacancy close to the corner position is stabilized. For
A vaw E_1 the highly hydroxylated (110) surface, the stability of par-
4+ S E;g\év — —— Aus, (11) allel clusters such as MgSsg (without vacancy) is slightly
3k -3 3k —3 enhanced versus Mgs47 because of hydrogen bond inter-
where actions. In the case of the sike= 6, we thus observe that the
DET vdw Gibbs free energy of Mg Sag is lower than that of Me;Sy7.
Ng™ =1 and Ng" =4 (12) This never occurs on weakly hydrated surfaces. Finally, the

According to the corner anchoring, the four S atoms, in Straight lines representing the Gibbs free energies of the per-
the coordination sphere of the Mo atom linked to the support, Pendicular configurations are significantly shifted to higher
account for the van der Waals contributions. In this case, it Values in energy. The hydroxylated (110) surface is slightly
is clear that the van der Waals and DFT adhesion energies of10r€ favorable for the perpendicular orientation because of
the support become negligible for large sizes, and the clus-the flexibility of the hydroxyl groups, which can relax more
ters behave as if they were isolated. easily to fit with the Mo—Mo spacing of the Me$hase.

For a cluster adsorbed in a tilted configuration with an On the (100) surface the misfit of the O and Al surface net-
anchoring through one edge, work_wnh the Mqtedge, together w_|th the low S_—afﬁnlty of

alumina, destabilizes the perpendicular and tilted anchor-

I (MOk(k+1)/2Sk244—1) ing via the Mo-edge. Hence, only particles with a Mo-edge
1 length smaller than 10 A (i.e., a diameter of 20 A, assuming
= I'9(M0gS14) + éEaDthT(MOGSn) hexagonal particles) can be thermodynamically stabilized in
vaw a perpendicular configuration bonded via one corner. On-
4+ S gg\év _ EAMS’ (13) going simulations of the S-edge interaction are intended to
3k—3 3k -3 determine whether this effect is influenced by the type of

where edge exposed by the active phase.

NE™ =2(k - 1). (14) 3.4.3. Case of anatase

The van der Waals contribution scales linearly with the size O the titania supportrig. 14 shows that for the edge

of the edge /¥ is proportional tok, that is, the number lengthk = 6 the perpendicular and tilted orientations remain
of the row of tﬁe basal S-atoms close to the ,edge) As a con-Stable. On the two anatase surfaces, our model shows that

sequence, the van der Waals and the DFT adhesion energiel® €dge-bonded clusters are thermodynamically stable up
exhibit a finite limit when the size increases. to k = 14 and for conditions close to HDS. This means that

For a cluster adsorbed in a perpendicular orientation with M0S2 crystallites with an edge length smaller than 45 A
an anchoring through one edge, '(l.e.., a dlameter. of 90 A for hexagpnal partlcles) may ex-
ist in a perpendicular or tilted configuration, thanks to the

I (MO (k+1)/2Sk21 k1) epitaxial relationship between the Mo-edge and the anatase

1 support. To a certain extent, this result may furnish an expla-

= I'o(MogS11) + éEaDdFJ(MOGSm) nation of the electron microscopic observations of Sakashita
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Fig. 13. Gibbs free energy diagrams of the MaSusters withk = 6 Mo per edge adsorbed on thealumina: (a) (100) surface, (b) (110) surface.M021Sss
(100% S,|1); +, M0o21S48 (50% S, |1); U, M021S47 (50% S, e/]]); A, M021S47 (50% S, c.1); A, M021S46 (50% S, c, e,L); B, M021S41 (50% S, ed,L);
x, M021S40, (50% S, ed, c,L).
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Fig. 14. Gibbs free energy diagrams of the MaSusters withk = 6 Mo per edge adsorbed on the anatase £YiQa) (101) surface, (b) (001) surface.
O, M021Ss6 (100% S,||); +, M021S48 (50% S,||); O, M021S47 (50% S, e|l); A, M021S47 (50% S, c, tilted):A, Mo21S46 (50% S, ¢, e, tilted)M, M021S41
(50% S, ed,L); x, M021$40, (50% S, ed, c,l).

et al. [37,38], revealing large edge-bonded MoBarticles than in the case of smaller clusters or compared with pre-
on anatase, whereas single-layer Mafarticles with basal  vious works[17,19] This shift is due to the van der Waals
bonding are predominant gn-alumina. However, one must and hydrogen interaction of the S-dimers at the edge with
be careful with such a qualitative agreement, because thethe support, which enhances slightly the adhesion energy of
stacking parameter reported in the studi@g,38] is sig- the cluster with 100% S versus the 50% S coverage.
nificantly high for some samples, whereas our work deals  On the other hand, the stability of edge S atoms belonging
only with single sheets, as usually found in industrial cata- to parallel clusters with 50% S coverage is enhanced slightly
lysts[32]. by H-bonding. In contrast tp-alumina, large parallel clus-
Two remarks can be made about the impact of the weak ters interact less strongly via hydrogen bonds (M-OB)
interactions (van der Waals or H-bonding) on the stability of with the anatase support, because of the smaller hydroxyla-
edge S-vacancies for parallel clusters. On the one hand, action state of anatase. As a consequence, the creation of edge
cording to our model, van der Waals and H-bonding interac- S-vacancies on large clusters (leading topMay) lying par-
tions may modify the 100% S-coverage to 50% S-coverage allel to the support is easier on the dehydroxylated (100)
transition. As appears in the diagramsFafis. 13 and 14 alumina surface and on anatase surfaces than on the hydrox-
this transition is shifted to smaller chemical potential values ylated (110) alumina surface. To a certain extent, this may
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also explain the lower HDS activity gf-alumina-supported  implies that the electronic donation from the-O 2p or-
MoS, compared with anatase catalysts. bitals to the Mo 4 orbitals enhances the stabilization of
the MasSy3 cluster versus MgS14. Using the language of
homogeneous catalysis, we suggest that these two coupled
4. Discussion effects (geometric and electronic) induce a so-called strong
chemical ligand effect of the anatase support acting on the
As mentioned in the Introduction, the higher HDS activity MO0S2 active phase. For anatase, this effect stabilizes more
of anatase-supported MgSatalysts has often been referred S-deéficient M@S, clusters. To some extent, this behavior is
to in the literature as a manifestation of a direct promotional @nhalogous to the interpretation of the strong metal-support
effect of TPt specied10,14,15] It was shown if27] that interaction (SMSI) effect proposed by Tauster et[4b],
the anatase (001) surface is partially sulfided, explaining the Who reported a strong decrease in thesdd CO chemisorp-
perturbation of the Ti 2 level, as observed by XA$4] and tion for supported metal c_ataly_sts exhibiting SMSI. In our
U\-vis spectr410]. According to thermodynamic consider- €aS€, the stronger “chemical ligand effect” of anatase in-
ations similar to those i[27], a pure TiS is not stable versus ~ dUces & decrease in the S-species stability on the active

anatase for realistic partial pressures e8H5 bar) and HO phase. In contrast, the surfapg-O- and Al-species of the
(0.01 bar), and aT’' = 600 K, the Gibbs free energy of the y-A|?Og (100) surface are not fgvorable for multiple Mo-O-
reaction TiQ + 2H,S — TiS, + 2H,0 is strongly positive: Al bridges. The high hyd_roxylatlon stat_e of the (11_0) surface
+0.74 eV per Ti atom. Furthermore, the energetic balance °f ¥ “Al20s enhances slightly the multiple anchoring of the
for a TiMoS mixed phase leads to similar conclusions, as- 2Ctive phase (even op-alumina) from a geometrical point
suming that Ti would be transferred from the stable anatase®f View. However, the impact remains weak, and no signif-
surface to the active MoSand would be located in the sub-  1€ant ligand effect of the/-alumina (110) or (100) surfaces
stitution of Mo either at the Mo-edge or at the S-edge, as for

is revealed.
the Co or Ni promoter aton{d8]). The most favorable case The concept of the ligand effect can be extended to the
is described by the following chemical process:

gas phase itself. Under strong sulfiding conditiongc§ >
—0.2 eV), our simulations show that the fully sulfided
3M04Sg + TiO2(101)+ 3H2S MoeSz4 cluster is stable. The interaction with the support
— TiM03Sg + %Hz + 2H,0, (17) is prevented by the high sulfidation state of the active phase:
only weak electrostatic interactions or eventually H-bonds
where TiG(101) represents the anatase (101) dehydratedoccur between the S atoms of the basal plane and the sup-
surface, M@, is the stable slab exhibiting the Mo- and S-  port. This means that for such a higtus, the support's
edge, and TiM@Sy is the stable slab used for the TiMoS  “chemical ligand effect” vanishes and is replaced by a weak
phase, where Ti is located at the S-edge with 50% S. ligand effect governed by van der Waals interactions and/or
For the usuapn,s/ pn, = 0.05 andpn,0 =0.01 bar,and  H-bonds. Because of the intrinsic physical nature of these
at 600 K, the calculated Gibbs free energy0(84 eV per Ti weak interactions, we define it as a “physical ligand effect”
atom) does not favor the TiMoS phase. Chemical processesof the support. At the same time, for higtys, the chemi-
similar to(17), where Ti is located at the Mo-edge, are even cal state of the active phase is determined by the S-species
less favorable energetically. In contrast, similar thermody- present in the gas phase and adsorbing strongly on the ac-
namic calculations comparing the stability of the oxide states tive phase. Because such gas-phase S-species modify the
of Mo, Co, or Ni with their sulfided forms (MoS CosSg, chemical behavior of the active phase, we deduce that we are
Ni3S, or CoMoS, NiMoS) favor the latter. Such thermody- in reaction conditions where the “chemical ligand effect” is
namic considerations rule out the proposal of a direct pro- controlled by the gas phase.
moting effect of Ti involving the formation of the TiSor When considering size effects, we have found that van
TiMoS phase$45]. der Waals and H-bond contributions (the latter play a role
The results presented above show that the anatase supenly for highly hydrated surfaces such as the alumina (110)
port is able to interact strongly with the Mo-edges or surface) reduce the stability of perpendicular or tilted MoS
Mo-corners of the clusters and thus stabilizes ¢Big, clusters. The stronger “chemical ligand effect” of the anatase
MogS11, and MaSyo clusters exhibiting sulfur deficien-  support makes possible the thermodynamic stabilization of
cies under HDS conditions. On the one hand, the stabi- clusters with a Mo-edge length smaller than 45 A (on the
lization of M0osS;3, M0gS11, Or MOS0 clusters through  (001) surface) in perpendicular or tilted orientations. fer
multiple Mo—O-Ti or Mo—S—Ti anchoring (so-called edge- alumina, most Mo$ particles with an edge length larger
bonded clusters) is induced by the epitaxial relationship than 10 A should lie in a parallel configuration on the sup-
(geometric effect) between the surface structure of anataseport. As a consequence, being given the HDS conditions and
and the Mo-edge structure. This leads to the formation of the particle size, anatase exhibits more S-deficient particles
four-membered rings, Mo—S(O)-Ti—S(O)-Mo. On the other thany-alumina.
hand, the stronger Lewis basicity of the fib-O or Ti—up- For MoS particle sizes beyond these size limits, the
S species involved in the Mo—O-Ti or Mo-Ti—S bridges chemical ligand effect of the support vanishes, whereas
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the “physical ligand effect” governed by hydrogen bonds Steve C. Parker from the University of Bath for a careful
(OH---S) and van der Waals interaction becomes predom- reading of the paper.

inant. When the OH group concentration is rather high,
as on the (110) surface gf-alumina, OH--S interactions
stabilize less sulfur-deficient clusters lying in a parallel ori-
entation.

All of these different new insights may bring arguments
in line with the lower HDS activity of/-alumina-supported
MoS, versus anatase-supported MoS

5. Conclusions

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

MoS, particles with an edge length smaller than 10 A
(i.e., a diameter of~20 A for hexagonal particles) op-
alumina and smaller than 45 A (i.e., a diameterdd0 A)
on anatase interact more strongly with the support, act-
ing as a “ligand” modifying the chemical properties of the
MogS, clusters. In the case of anatase (I)Cthe “chemi-
cal ligand effect” on the MgS, clusters strengthened by the
epitaxial relationship permits the creation of more sulfur-
deficient edge-bonded particles in tilted or perpendicular
orientations. This might explain the enhancement of the ob-
served HDS activity of anatase-supported Maatalysts.

For MoS particles with an edge length larger than 10 A
(respectively 45 A) ory-alumina (respectively anatase), the
support’s “chemical ligand effect” vanishes and is replaced
by a “physical ligand effect” driven by van der Waals forces
or H-bonds, which stabilizes parallel adsorption of the oS
sheet. To a certain extent, this “physical ligand effect” stabi-
lizing S atoms on the active phase favors less sulfur-deficient
particles.

The positive “chemical ligand effect” of anatase is pro-
posed as an interpretation of the higher HDS activity ob-
served for anatase-supported Mo&tive phase versus-
alumina-supported MaS

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