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Abstract

In the same spirit as a recent periodic DFT study on the interaction of MoS, layers on y-alumina and anatase-TiO, surfaces [C. Arrouvel et al.,
J. Catal. 232 (2005) 161], the present DFT investigation brings new insights comparing the thermodynamic stability of MoS; particles anchored
by S-edge and Mo-edge on these two supports under HDS conditions. It is shown that the S-edge interacts more weakly with the y-alumina and
anatase-TiO; surfaces. In particular, the epitaxial relationship found for the Mo-edge is not recovered for the S-edge on anatase. The determination
of adhesion energies of MosCoS,, clusters on the two supports shows that Co weakens the edge anchoring of the active phase. The equilibrium
morphology and the edge-wetting regime of the supported MoS, particles are deduced using the Gibbs—Curie—~Wulff formalism. The DFT results
combined with the morphological models of supported particles lead to a precise evaluation of the proportion of anchored and free edge sites
(including the relative distribution of S-edge and Mo-edge sites). This analysis provides a new interpretation based on the edge-wetting concept
of the two supports by MoS, and CoMoS particles to explain the different HDS activities observed.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction y-alumina with other supports, such as anatase-TiO;, raises
key questions in the exploration of the influence of the support

The price incentive of processing ever heavier petroleum ~ OD HDS catalysis. In particular, it is observed that the thio-
crude oils, together with the continuous strengthening of envi- ~ Phene HDS activity (normalized by Mo atoms) is higher on
ronmental constraints, imply that meeting specific targets for ~ anatase-TiOz support than on y-alumina [5,6]. Even if numer-
ultra-low-sulfur diesel remains a real challenge. Research ef- ~ ©uS proposals were put forward to explain these observations,
forts are still needed to understand different aspects of the such as electronic effects [5], orientation effects [7], or indirect

industrial hydrodesulfurization (HDS) catalysts composed of P romotion by Ti [8-10], the interpretation remains open, partic-

y-alumina supported Co(Ni)MoS [1,2]. Among these compo- ularly as far as promoter effects are concerned. Indeed, for the
nents, the active phase—support interaction may play a key role same Mo loading, the HDS activity of thiophene is promoted

in the resulting activity and selectivity. Changing the phase by Co by a factor of 7.6 on alumina but by only a4 factor O,f ??'3
of the oxide support implies significant changes to the HDS on anatase [5]. Other authors have reported even higher activity
.. . . . . for CoMo and NiMo/Al,O3 than for CoMo and NiMo/TiO; [6,
activity. Two interesting reviews have highlighted these exper- . Lo .
. . . . . 11,12]. Therefore, the investigation of the active phase—support
imental results in detail [3,4] and pointed out that comparing . .. . .
interface at an atomistic level is of paramount importance for
making new progress in understanding the effects of the sup-
* Corresponding author. Fax: +33 147 52 70 58. port, including active phase dispersion, electronic effects, and
E-mail address: pascal.raybaud @ifp.fr (P. Raybaud). orientation effects.
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As highlighted in a recent review [13], first-principles cal-
culations have made significant progress in the characteriza-
tion of the structural, electronic and reactive properties of the
Co(Ni)MoS active phase. Such studies have addressed key
questions, including the localization of the Co(Ni) promoters
[14,15], their role in modifying active nanoparticle morpholo-
gies [16], and active site reactivity [17]. More recently, pre-
liminary investigations of the relevant surfaces of y-alumina
[18-20] and anatase-TiO, [21,22] and their interaction with
MoS, clusters [23] under HDS conditions have been consid-
ered. It must be stressed that even if EXAFS data have provided
some insight into the local distances and coordination at the
interface between the active phase and the support [24], ex-
tracting an atomistic representation of the active phase—support
interface remains a very difficult task. Consequently, modern
first-principles techniques appear particularly well suited for
furnishing improved concepts at the active phase—support in-
terface.

The previous study [23] focusing on the DFT study of the
MoS,—support interaction, considering two supports, y -alumi-
na and anatase-TiO,, aimed at gaining new insights into the
role of active phase—support interaction in the resulting HDS
activity for nonpromoted system. Particular attention had been
devoted to the realistic representation of the support; it in-
volved a nonspinel model for the y-alumina bulk, resulting
from the topotactic transformation of boehmite into y-alumina
[25] and the relevant surfaces with hydroxyl and sulfur species,
which are stable under HDS conditions [18,19,22]. The same
approach was performed for anatase [21,22,26]. For both sup-
ports, different surface orientations were considered to ac-
count for the morphology of the individual support nanocrys-
tallites. It is also important to recall that only the interaction
of MogS,, clusters representing the Mo-edge termination of
MoS, nanoparticles with the supports was investigated previ-
ously [23]. Various possible types of interactions were consid-
ered, involving either iono—covalent bonds (e.g., Mo—-O-Al),
which are susceptible to be formed when the particle is an-
chored through the edge or the corner to the support or H bonds
and dispersive interactions, both of which may be responsible
for the parallel orientation of single MoS; sheets.

In addition, an epitaxial relationship of the Mo-edge of
MoS, with anatase (110) or (001) surfaces was found. When
size effects are taken into account, particles up to 90 A in di-
ameter may be anchored through the Mo-edge on the anatase
surface. Such a strong interaction is not evidenced for alumina.
Only particles with Mo-edge length <15 A are found to interact
strongly with the support and particles of larger size parallel to
the surface. From this epitaxial relationship, two factors may
explain the increased catalytic activity of MoSj/anatase ver-
sus MoS»/alumina: the stabilization of small anchored particles
(with a higher edge/surface ratio) and the existence of a stable
S-vacancy at the edge of those anchored particles.

Previous studies showed that for isolated MoS; particles
[27,28], the Mo-edge is energetically more stable than the
S-edge termination over a wide range of chemical potentials,
and thus under HDS conditions, the shape is a deformed
hexagon with a predominant Mo-edge. For this reason, the

Mo-edge termination was first chosen [23] to investigate the
active phase—support interaction. However, the possibility that
the S-edge termination also may be stabilized due to its specific
interaction with the y-alumina or anatase surfaces cannot be ex-
cluded. Hence, S-edge anchoring must be properly investigated.
Recent DFT calculations by Hinnemann et al. [29] suggested
the possible addition of OH species on the S-edge. Because
OH species are produced from water molecules and not from
the support surface, it is difficult to determine whether the
S-edge can actually create bonds with the supports according
to the latter study. Thus, further investigations at the interface
of the S-edge coupled with a realistic model of the supports, are
needed. Consequently, in the first part of the current work, the
interaction of the S-edge with the two supports, y -alumina and
anatase, is studied, using the same approach and models for the
surfaces as in previous work [23] according to HDS conditions.

The first objective of this paper is thus to gain complemen-
tary insights into the nonpromoted MoS; active phase—support
interaction, with particular emphasis on the comparison be-
tween S-edge and Mo-edge orientation. In Section 3.1, we com-
pare the isolated S-edge clusters with the Mo-edge clusters. In
Sections 3.2 and 3.3, we cover the interaction of the nonpro-
moted S-edge clusters with four surfaces: y-Al, O3 (100), (110)
and TiO, (101), (001). As mentioned earlier, a significant chal-
lenge when considering the experimental catalytic results is to
extend this approach to promoted systems that exhibit different
behaviors with respect to the two supports. Thus, in Section 3.4
we consider the effect of the Co promoter on the active phase—
support interaction using CoMosS,, clusters. We extrapolate
these results to larger particle sizes in Section 3.5, and propose
an approach to solve the equilibrium morphology of the parti-
cles supported on y -alumina and anatase in Section 3.6. Finally,
we discuss the results with respect to the edge-wetting concept
and in relation to available experimental data.

2. Methodology

Total energy calculations are performed using Density Func-
tional Theory (DFT) and the generalized gradient approxima-
tion (GGA) approach of Perdew and Wang [30]. To solve the
Kohn—-Sham equations, we use the Vienna ab initio Simula-
tion Package (VASP) [31]. The electronic convergence criterion
is fixed at 0.1 meV per cell. The eigenstates of the electron
wavefunctions are expanded on a plane waves basis set us-
ing pseudopotentials to describe the electron—ion interactions
within the projector augmented waves (PAW) approach [32].
For all total energy calculations, we use a cutoff energy of
258.7 eV. According to the enlarged supercell sizes within the
surface plane (with respect to [21]), Brillouin zone sampling
can be reduced at the I'-point only. In the direction perpen-
dicular to the surface, the slab thickness is decreased to keep
system sizes within reach of DFT calculations (up to 250 atoms
per supercell). The geometric optimization is carried out by
calculating the Hellmann—-Feynman forces, with an energy con-
vergence criterion of 1 meV.

In the same spirit as for our previous study of the interac-
tion between MogS,, clusters with Mo-edge and the support
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surfaces [23], the thermodynamic model based on the relative
chemical potential of sulfur, Aug, as the main thermodynamic
variable, was used to include gas-phase conditions (pH,, PH,S,
and T). The values of Aug as functions of 7" and pu,s/pH,
are given by the diagram given in supplementary materials to
help the reader to convert Aug (used in the text) to the reaction
conditions. For the current study, the MoS; active phase is rep-
resented by triangular MogS,, clusters exposing S-edges with
various S-coverages similar to those described previously [27].
The isolated MogS,, clusters are described in Section 3.1; the
CoMosS,,, in Section 3.6. The slab models representing the
support surfaces exhibit the stable hydroxylation and sulfida-
tion states determined in our earlier study [21]. In the present
work, the reaction conditions correspond to a temperature range
of 600-700 K and a water partial pressure of 0.01 bar. This im-
plies that the chemical species at the supports surface is kept
unchanged for the range of H,S and H, partial pressures inves-
tigated.

The adhesion energy of the Co,MogS,, clusters (with x =0
or 1) on the (hkl) surface of the support is defined by:

Eagn/ ki = Eco,Mog_Sn/ ki — Enki — ECo,Mog_Sp s (D

where Eco,Mog_,S,/hki Tepresents the total energy of the
Co,MogS,, cluster adsorbed on the (hkl) surface, is the total
energy of the (hkl) surface, Eco,Moq_, S, and the reference en-
ergy of the isolated CoyMogS,, cluster. The adsorption energy
is negative for an exothermic process.

The geometry of the CoyMog_ S, clusters and of the two
outermost atomic layers of the supports are optimized. Because
the cluster is adsorbed on one side of the slab, corrections for
dipole—dipole interactions are included.

As described in detail previously [23], the Gibbs free en-
ergy of the nonpromoted MogS,, cluster adsorbed on the support
(hkl) surface is given by the following relationships, when ex-
pressed with respect to the bulk MoS; phase:

AGwMogS, / hid = AGMoS, + TMogS,/ hki» 2
where

1
T'MogS, / nkl = TMogs, + EEadh/hkl (3)
and

n—12
Iviogs, = T0(MogS,) — Aus. 4

Here AGwmos, represents the Gibbs free energy of the MoS;
bulk phase (about —2.76 eV /Mo). 'S, Tepresents the energy
required to create the Mo-edges of the isolated cluster, whereas
Iy is the energy required to create the edges at Aug = 0 (both
are positive values and expressed in eV per Mo-edge atom).
I'Mogs,./nki 1s the surface energy of the supported cluster. The
lowest I'Mogs, /hki Values determine the stable adsorption con-
figurations of the MogS,, clusters as a function of the sulfo-
reductive conditions. To determine Eqagn, ki, numerous config-
urations for the adsorbed clusters have been tested. The parallel
orientation involves H bonds and/or weak electrostatic interac-
tions between the MogS,, basal plane and the support. Different

types of perpendicular orientations (through one S-edge, cor-
ner, basal plane) were considered.

For the promoted CoMoS systems, our investigation is based
on the analysis of the variation of the adhesion energy [Eq. (1)]
after the addition of promoter. In particular, a systematic analy-
sis of stoichiometries and corresponding AGco, Mog_,S,/hki S
a function of the chemical potential is beyond the scope of the
present work.

For large clusters, as explained previously [23], we use
an approach for extrapolating our DFT results by simultane-
ously accounting for long-range interactions between correlated
charge fluctuations, which are underestimated in the DFT for-
malism. In particular, the van der Waals interactions between
the basal S-atom layer in the MoS, systems and the O-atom
network of the supports are expected to modify the energies for
large particle sizes. Because it is not yet possible to carry out a
self-consistent treatment of the van der Waals contributions in
DFT, we use force-field approaches to estimate the long-range
effects and add van der Waals contributions in the adhesion en-
ergy term. According to [23], the van der Waals contributions
are thus expected to be less than 10 kJ/mol of basal S atoms
and depend slightly on the type of oxide surface. This estimate
seems reasonable when compared with the van der Waals bind-
ing energy of the MoS, layers found within the fully nonlocal
functional formalism recently proposed by Rydberg et al. [33].
The extrapolation formulas used for the S-edge interaction are
given in supplementary materials.

In addition, we carried out a morphology analysis based on
the Gibbs—Curie-Wulff—Kaischew equations. For the sake of
clarity, the details of this approach are reported in Section 3.6.

3. Results
3.1. Isolated MogS,, clusters with S-edge

To model the interaction between the active phase and
the support, small triangular MogS,, clusters exhibiting three
S-edges with different S coverages (i.e., S vacancies) were used,
in a similar manner as performed previously for the Mo-edge
clusters [23]. From the fully sulfided cluster MogSyg (Fig. 1a),
covered with 100% S, sulfur atoms are gradually removed to
create S vacancies at either the corner (c) or the edge (e), lead-
ing to a S coverage of 50% S at the edge and gradually to a
0% S edge. The S-depopulated edge interacts with the support
surface. For a given stoichiometry, there are several possible
choices for the removal of S atoms. In contrast to the previ-
ous study, only the cluster’s edge anchored to the support was
gradually depopulated by S atoms; indeed, the removal of S
atoms on the three edges simultaneously led to highly unsta-
ble S-deficient structures not relevant for HDS conditions. The
two remaining edges were kept at 100% S, as shown in Fig. 1.
The nonequivalent edge’s stoichiometry is included in Eq. (4)
to consistently determine the AG diagram as a function of the
chemical potential of S.

Fig. 1 shows the optimized structures of the isolated MogS,
clusters. For sake of consistency, the notations as explained in
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(a) MogSa0 (100% S)

{

(d) MogS;s (50% S, 3¢)

(b) MosS;7 (100% S, 3c¢)

(c) MogS16 (100% S, 3c, le)

(f) MosS11 (0% S, 5¢) —— (g) MogS1; (0% S, 5¢)

Fig. 1. Stoichiometry, optimized structure and notations for the different MogS;, clusters (violet balls, molybdenum atoms; yellow balls, sulfur atoms). (100% S, 3c)
means 100% S coverage at the edge with three corner vacancies. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

the figure are similar to those of our previous study [23]; the
clusters are as follows:

The MogS>q cluster (Fig. 1a), a model for the 100% S at
the edges, with no sulfur vacancy.

The MogS17 cluster (Fig. 1b), exhibiting one S vacancy at
each corner, with a S-coverage of 100% at the edges.

The MogSi¢ cluster (100% S, 3c, le, Fig. lc), exhibit-
ing three corner vacancies and one edge vacancy. For this
cluster, the creation of two S vacancies at one corner
(100% S, 4c [not shown]) allows the study of the interac-
tion of a totally depopulated corner with the support sur-
faces.

The MogS15 (resp. MogS13) (Figs. 1d and le) cluster, con-
taining one 50% S-covered edge and two other edges cov-
ered with 100% S. MoeS15 has one S vacancy at each cor-

ner, whereas MogS 13 has two corners with two S-vacancies
and one S-vacancy.

The nonreconstructed metastable MogS1 cluster, exposing
0% S on one edge, with two sulfur vacancies at each cor-
ner terminating this edge (Fig. 1f). This configuration has a
high Gibbs free energy resulting from a strong reconstruc-
tion and leading to the deformed structure shown in Fig. 1g.
The Gibbs free energy for Aug = 0 of this distorted cluster
(Table 1) is significantly reduced, by about 1.12 eV, with
respect to the nonreconstructed one. Such a reconstruction
can be observed only on such a small and isolated cluster.
A similar result was previously reported for the Mo-edge
cluster with MogS1; composition [23]. In the same way,
the nonreconstructed MogS1; (0% S, 3c of Fig. 1f) is con-
sidered to study the interaction of a 0% S edge with the
support.
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Table 1

329

Gibbs free energy (in eV per Mo atom at the S-edge) of the isolated MogS;, clusters in several configurations and adhesion energies (in eV per cluster) as a function
of the orientation (||, L, tilted) on the Al,O3 (100) and (110) surfaces and on the TiO; (100) and (101) surfaces

MogSy n—12 Iy Orientation y-Alumina Anatase-TiOy
(S-coverage) Eadn/100 Eadn/110 Eadn/101 Eadny/001
MogSa (100% S) 8 1.14 Parallel || —0.16 —0.24 —0.01 —0.14
MogS17 (100% S, 3c) 5 1.26 Parallel | —0.13 —0.34 —0.15 —0.30
MogS16 (100% S, 3c, le) 4 1.31 Parallel || —0.06 —0.30 —0.15 —0.19
MogSi6 (100% S, 2c, 2e) 4 1.34 Tilted —0.15 +0.14 —0.12 +0.93
—0.02 +0.27 +0.01 +1.06
MogS16 (100% S, 3c, le) 4 1.46 Ortho L —0.57 —1.48 —0.89 —1.19
+0.32 —0.59 +0.01 —0.30
MogeS15 (50% S, 3c) 3 1.66 Parallel || —0.29 —-0.25 —0.12 —0.16
Tilted —0.37 —0.23 —0.37 +1.31
Ortho L +1.25 +0.59 +1.40 +0.97
MogS13 (50% S, 5¢) 1 1.84 Parallel || —0.04 —0.04 —0.09 —0.37
Tilted —0.60 —1.27 —0.03 —0.15
Ortho L +1.73 +1.79 +0.85 —1.50
MogeS11 (50% S, 3c) —1 1.85 Ortho L +4.72 +2.16 +1.66 +0.48
25
L 2 ﬁ
S
=
s
- D
1.5
E : <
E : ;=
) | f o
' ' r1 =9
: i 1 %
: i =~
! i MogS2
' H T+ 0.5
' i
H |
! :
‘ —_— : S NN P
1.4 1.2 -1 0.8 0.6 0.4 0.2 0
Ap,(eV)

Fig. 2. Gibbs free energy of the isolated S-edge MogS), clusters and comparison with the Mo-edge clusters: (4%) MogS» (100% S); (A) MogS17 (100% S, 3c);
(O) MogS16 (100% S, 3c, e), (+) MogS15 (50% S, 3c); (A) MogS13 (50% S, 5¢); () MogS11 (50% S, 5¢); the most stable stoichiometry of the S-edge clusters is
also indicated as a function of Aug. The envelop of the minima Mo-edge clusters surface energies (from [23]) is represented in dotted lines.

Fig. 2 shows the Gibbs energy diagram of the isolated S-
edge clusters as the function of the chemical potential of sulfur.
At a given chemical potential of sulfur, the lower the Gibbs
free energy, the more stable the corresponding stoichiometry.
As already observed for large Mo-edge clusters [16], in a sul-
fiding atmosphere, the fully sulfided edge (MogS»0) is favored,
whereas clusters with 50% S at the edge and eventually an S
vacancy at the corner are stabilized at low H,S partial pressure,
including HDS conditions (—1 < Aug < —0.8 eV).

To compare the stability diagrams of the Mo-edge and
S-edge MogS,, clusters, Fig. 2 also shows the Gibbs free en-
ergies of the most stable configurations of the Mo-edge MogS,,
clusters found previously [23]. Under sulfiding conditions (i.e.,
high Aus), the Mo-edge is significantly more stable than the
S-edge; in contrast, under more reducing conditions (i.e., lower
Apus), the free energies of the Mo-edge and S-edge become
closer, consistent with previous results obtained for larger clus-

ter sizes [27] and observed experimentally by STM [34]. How-
ever, for these small-sized clusters, the difference between the
S-edge energy and Mo-edge energy appears to be less pro-
nounced. Moreover, the MogS;; cluster with 0% S is stabilized
after relaxation in a wider range of chemical potentials on the
S-edge (Aus < —0.65 eV). We note that this reconstructed
cluster has a structure and an energy very similar to those of
the Mo-edge cluster.

3.2. MosS, clusters supported on y-Al,03

3.2.1. y-Al O3 (100) surface

This surface is not hydroxylated under HDS conditions [21],
and the surface Al and oxygen atoms do not exhibit a high de-
gree of nonsaturation (Aly and ©3-O) with respect to the bulk
(Alpy, Alyy, and u3-O). This rather rigid surface is not very re-
active, and the adhesion energies are weak (Table 1). As in our
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(©)

Fig. 3. Optimized structures of (a) MogSog (100% S, ||); (b) MogS16 (100% S, 4c, L); (c) MogS13 (50% S, Sc, tilted) adsorbed on y-Al,O3 (100) surface. For
the alumina slab: black balls, aluminum atoms; green balls, oxygen. For the MogS;, clusters: violet balls, molybdenum atoms; yellow balls, sulfur atoms. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Gibbs free energy of the clusters adsorbed on the y-Al,O3 (100) surface: (4) MogSyg (100% S, |); (A) MogS17 (100% S, 3c, |1); (O) MogSi6 (100% S,
3c, e, [|); () MogS15 (50% S, 3c, || or tilted); (A) MogS13 (50% S, Sc, ||); (@) MogS13 (50% S, 5c, tilted); (M) MogS11 (0% S, 5¢, L).

previous work, here we considered three types of interaction:
parallel, orthogonal, and tilted. Fig. 3 shows the relevant types
of adsorption modes for the different cluster stoichiometries on
the y-alumina (100) surface. Fig. 4 shows the Gibbs free energy
diagrams of the same clusters adsorbed in different configu-
rations on the alumina (100) surface, including the chemical
potential of sulfur. The clusters MogS29 and MogS17 lie par-

allel to the surface and are stable for —0.76 < Aug < 0 eV.
Fig. 3a shows the corresponding configuration for the MogS2¢
cluster; a similar configuration is obtained for MogS17. Fig. 3b
shows the perpendicular configuration anchored through a sin-
gle point on the corner for the MogS16 cluster, which is less
stable than the parallel configuration. The MogS;3 (50% S, 5¢)
cluster is stabilized for Aus < —0.76 €V in a tilted configura-
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Fig. 5. Optimized structures of (a) MogS1g (100% S, 4c, L); (bl) and (b2) front and side views of MogS13 (50% S, 5c, tilted); (c) MogS11 (0% S, Sc, L) adsorbed
on y-Al,O3 (110) surface. For the alumina slab: black balls, aluminum atoms; green balls, oxygen; white balls, hydrogen atoms. For the MogS,;, clusters: violet
balls, molybdenum atoms; yellow balls, sulfur atoms. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

tion with anchoring through one single Mo—O-Al bond at the
corner (Fig. 3c). The local structural constraints of this configu-
ration inhibit the formation of one or multiple Mo—O-Al-S-Mo
rings; the next Mo atom binds solely to one O atom of the sur-
face. A similar result was found for the Mo-edge. This implies
that S-edge and Mo-edge anchoring are not favored on this sur-
face.

3.2.2. y-ALO3 (110) surface

This surface is hydroxylated with 8.8 OH/nm? and is not
sulfided [21]. Fig. 5 shows the different configurations obtained
after geometry optimization, and Fig. 6 shows the correspond-
ing Gibbs free energies diagram. For —0.66 < Aus < 0 eV,
the clusters with high S-content lie parallel to the surface [not

shown here for the sake of clarity, but similar to the configu-
rations in Fig. 3a for the (100) surface]. For the MogS 14 clus-
ter, one Mo—O—-Al bond is formed at the corner of the cluster
(Fig. 5a); however, this bond is not stable on the surface. For
Aus < —0.66 eV, there is a tilted anchoring through one Mo—
O-Al bond of the MogS13, and the 50% S edge is stabilized
with an adhesion energy of —1.27 eV (Table 1). For this clus-
ter, anchoring through two Mo—O-Al bonds (not shown) was
calculated to be less stable than the configuration shown in
Fig. 5b, due to the mismatch between the Mo rows at the S-edge
and the O network. In addition, no Mo—O-Al-S—Mo ring can
be formed, but there is a flexible hydrogen bond between the
S-atom of the MogS|3 cluster and the hydroxyl group of the
surface.
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Fig. 6. Gibbs free energy of the clusters adsorbed on the Al,O3 (110) surface: (4) MogSo( (100% S, |)); (A) MogS17 (100% S, 3c, ||); (k) MogS16 (100% S, 4c,
1); (O) MogS16 (100% S, 3c, e, ||); () MogS15 (50% S, 3c, |1); (A) MogS 3 (50% S, 5c, ||); (@) MogS13 (50% S, Sc, tilted); (M) MogS11 (0% S, Sc, L).

The MogS1 cluster anchors through one S-edge fully de-
populated from S atoms in a perpendicular orientation (Fig. 5c).
The flexibility of p1-Al-OH groups enhances the stability of
Mo—-O-Al bonds along one S-edge with respect to the (100) sur-
face. This trend, already observed for the Mo-edge, is strength-
ened for the S-edge. However, this configuration is not stable
when the chemical potential of sulfur is taken into account
(Fig. 6).

3.3. MogS,, clusters supported on anatase-TiO2

3.3.1. Anatase (101) surface

Under HDS conditions, the (101) surface of anatase is de-
hydrated and not sulfided [21]. In contrast to the Mo-edge
clusters, for which the adhesion energies were the highest for
this surface [23], the adhesion energies remain as small as
for S-edge clusters on y-Al,O3 (110). Figs. 7 and 8 show
the optimized configurations and the Gibbs free energy dia-
gram of the clusters adsorbed on the anatase (101) surface.
Over a wide range of chemical potential (>—0.92 eV), the
MoeS17 and MogSyg clusters lie parallel to the surface. For
Aus < —0.92 eV, a perpendicular MogS 1 cluster is stabilized,
thanks to the formation of Mo—O covalent bonds with lengths of
1.97-2.19 A. The relaxed Mo—Mo distances (2.64 and 2.67 A,
respectively) are much shorter than those in the MoS; bulk. The
O atoms of the TiO, surface replace the missing bridging S of
the cluster, because the O-O distance (3.8 A) on the surface
is compatible with the S-S distance in a 50% S edge cluster
(3.6-3.7 A).

We investigate whether an epitaxial relationship could ex-
ist for the S-edge clusters (as depicted in Figs. 7b1l and 7b2).
For these configurations, the cluster (MogS15, 50% S, 3c) forms
three covalent bonds with the surface: two Mo—O bonds of 2.08
and 2.31 A and one S—Ti bond of 2.44 A. Only one distorted
Mo-O-Ti—S—Mo ring is formed at the corner, and the four in-
volved atoms are not coplanar. Significant distortions in the
Mo-Mo distances explain the destabilization of this configu-
ration. The development of an epitaxial relationship is thus too

expensive in terms of the cluster reconstruction energy. Conse-
quently, in contrast to the results obtained on the Mo-edge [23]
there is no epitaxial relationship between the S-edge and the
(101) surface.

3.3.2. Anatase (001) surface

The (001) anatase is hydroxylated and partially sulfided,
with a hydroxyl coverage of 3.46 OH/nm” and an S cov-
erage of 1.73 S/nm? [21]. Fig. 9 shows the different stable
conformations obtained for the MogS,, clusters, and Fig. 10
reports the Gibbs free energies as a function of Aus. Again,
the adhesion energies are smaller than for the Mo-edge. For
—0.3 < Aus < 0eV, the MogS»g cluster lies parallel to the sur-
face. For Aus < —0.3 eV, a single point anchoring through one
corner (Mo-S bond length 2.30 A) is stabilized for the MogS 13
(50% S, 5¢) cluster, with the filling of one corner sulfur vacancy
by the S atom belonging to the support’s surface, and two addi-
tional H bonds between OH groups and S atoms of the cluster.

We have also checked for a possible epitaxial relationship.
The MogS13 cluster might exhibit a tilted configuration, imply-
ing the formation of two Mo—O-Ti covalent bonds and two H
bonds between OH groups and S atoms of the edge (Fig. 9b).
As for the hydroxylated y-Al,O3 (110) surface, a Ti-O-Mo-
S---H-O-Ti ring is formed, inducing the cluster to tilt. How-
ever, as the Mo—Mo distances are shortened to 2.8 A, the strong
constraints at the interface lead to high energy for such a con-
figuration. A multipoint anchoring was also simulated for the
MogS11 (0% S) cluster, with the formation of two Ti-O-Mo-O
rings separated by one Ti—S—Mo bond (as depicted in Fig. 9c).
In contrast to the (100) surface, more than one Mo-S- - -H-O-
Ti ring can be formed, due to the flexibility of the OH groups.
The additional covalent bond formed with an S atom adsorbed
on the surface, allows the filling of an S vacancy at the edge.
However, this type of configuration cannot be stabilized due to
the cost of deformation energy of the cluster. This implies that
S-edge anchoring is not stable when the chemical potential of
sulfur is included (Fig. 10). This result is in contrast with the
findings for the Mo-edge, where anchoring along this edge was
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(c) (@

Fig. 7. Optimized structures of (a) MogS6 (100% S, 3c, e, L); (b1) and (b2) front and side views of the MogS15 tilted (50% S, 3c, tilted); (c) MogS13 (50% S, Sc,
tilted); (d) MogS11 (0% S, 5c, L) adsorbed on TiO; (101) surface. For the titania slab: black balls, aluminum atoms; green balls, oxygen. For the MogS;, clusters:
violet balls, molybdenum atoms; yellow balls, sulfur atoms. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

stabilized by the epitaxial relationship, as detailed in supple- ment for Co atoms at the edges in the CoMoS phase. Under

mentary materials. HDS conditions, Co is located in substitution for Mo at the
edges with a preferential affinity for the S-edge [16]. In this
3.4. Co-promoted clusters section, we investigate how the presence of Co may modify

the cluster’s anchoring on the support. Investigating all possi-
Previous DFT studies of isolated Co-promoted clusters [16] ble stoichiometries of the CoMosS,, promoted clusters (as done
and periodic models [14,35] found a stable structural environ- in previous sections for the nonpromoted case) is beyond the
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Fig. 8. Gibbs free energy diagram of the MogS,, clusters adsorbed on the anatase (101) surface. (4) MogS»g (100% S, |); (A) MogS17 (100% S, 3¢, ||); (O) MogS 16
(100% S, 3c, e, ||); (+) MogS15 (50% S, 3c, ||); (x) MogS15 (50% S, 3c, tilted); (A) MogS 3 (50% S, Sc, || or tilted); (l) MogS1 (0% S, 5c, L).

scope of the current study; therefore, we have chosen the most
relevant configurations found for the nonpromoted clusters, and
we analyze the impact of Co substitution at the edges or corners
on the structures and energies.

Table 2 reports the adhesion energies of the Co-promoted
clusters in comparison with the nondecorated ones for the four
support surfaces. On the alumina (110) surface, the adsorption
through Co at the corner (Fig. 11a) is less favorable than that
through Mo. The optimized Co—O distance is 2.00 A, smaller
than the corresponding Mo-O distance (2.26 A) found for the
stable nonpromoted cluster [23]. The interaction of a promoted
cluster anchored through the S-edge (Fig. 11b) is also less fa-
vorable. Although one Mo—O-Al bond is conserved at the cor-
ner, no Co—O-Al bond is formed, and the resulting adhesion
energy is weak. On the alumina (100) surface, the adhesion
energies decrease when the Mo-edge cluster is bound to the
surface through the Co atom at the corner with a Co-O dis-
tance of 2.14 A, slightly longer than on alumina (110). (Note
that the Mo—O distance is 2.15 A for the corresponding non-
promoted cluster [23].) No interaction of the promoted S-edge
with the alumina (100) surface has been simulated. Indeed, it
was previously found that on this face, the nonpromoted S-edge
clusters are not chemically bonded with the surface (Table 1).
Then, following a bond order conservation principle, it can
be reasonably admitted that the strong stabilization of Co on
the S-edge [16,36] prevents strong interaction between Co on
the S-edge and the alumina surface. Consequently, Co atoms
weaken the interaction by edges or corners on the y-alumina
support.

On the anatase (101) and (001) surfaces, all adhesion ener-
gies of the promoted cluster are reduced when Co is located at
the edge. Formation of the Co—O bond destabilizes the epitax-
ial relationship observed for nonpromoted cluster. In Figs. 11c
and 11d, the respective C—O lengths are 1.95 and 2.03 A.
For the corresponding nonpromoted cluster in epitaxy, the
Mo-O distances are slightly longer, between 1.98 and 2.10 A
on anatase (101) and between 2.11 and 2.30 A on anatase (001).
Howeyver, the electronic effect of Co is to decrease the adhe-

sion energy due to the smaller intrinsic Co—O bond energy
with respect to Mo—O. In particular, for anatase (001), only one
Co-0 bond is found, whereas two Mo—O bonds are present for
the corresponding nonpromoted cluster. Finally, the interaction
of a promoted cluster is slightly increased on the (101) surface
(with respect to the nonpromoted cluster) when Co is present at
the corner (Fig. 11e), the resulting Co—O distance is 1.96 A. In
summary the presence of Co at the Mo-edge/support interface
is not energetically favored with respect to an edge interaction
involving Mo atoms preferentially.

3.5. Extrapolation for large particles

As in our previous work concerning Mo-edge clusters, we
use a simplified approach to extrapolate the Gibbs free ener-
gies of triangular S-edge particles obtained in previous sections
for larger supported particles. We have thus considered surface
energies for large clusters calculated by Schweiger et al. [27]
and add adhesion energy per Mo atom as determined in earlier
sections or in previous work [23]. With increasing cluster size,
the van der Waals contributions and/or hydrogen interaction be-
tween the S atoms of the basal plane of the MoS; particle and
oxygen or hydroxyls become predominant, thus stabilizing par-
allel configurations with respect to the tilted or orthogonal ones.
The model used allows determination of Mo per edge (k), char-
acterizing the size, and kr, the threshold value corresponding
to the transition from chemical interaction (perpendicular ori-
entation) to predominant van der Waals or hydrogen-bonding
interaction (parallel orientation).

For the anatase-TiO; (101) and y-alumina (110) surfaces,
Fig. 12 shows the variation of edge energy as a function of
size for HDS conditions (Aus = —0.9 eV). On the anatase
(101) surface, kT is significantly smaller for the S-edge (kT = 5)
than for the Mo-edge (kT = 14), meaning that particles are an-
chored preferentially through the Mo-edge. Furthermore, the
Mo-edge Gibbs free energy remains smaller than the S-edge
energy, whatever the size may be. This important insight will
play a role in the equilibrium morphologies of supported par-
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(cl) (c2)

Fig. 9. Optimized structures of (a) MogS13 (50% S, Sc, L); (bl) and (b2) front and side views of MogS 3 (50% S, Sc, tilted); (c1) and (c2) front and side views of
MogS11 (0% S, Sc, L) adsorbed on TiO, (001) surface. For the titania slab: black balls, aluminum atoms; green balls, oxygen; white balls, hydrogen atoms. For the
MogS), clusters: violet balls, molybdenum atoms; yellow balls, sulfur atoms. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

ticles, as discussed in the next section. In contrast, for the chemical potential investigated, with k1 values of 5. Due to
y-alumina (110) surface, the parallel orientation of both S-edge edge anchoring, a significant decrease of the edge energy is
and Mo-edge clusters is the most stable in the whole range of =~ observed on anatase. Table 3 also reports the numerical val-
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Fig. 10. Gibbs free energy diagram of the MogS,, clusters adsorbed on the anatase (001) surface. (4¢) MogSag (100% S, ||); (O) MogS16 (100% S, 3c, e, || or L);
(+) MogS15, (50% S, 3c, ||); (A) MogS13 (50% S, 5c, ||); (@) MogS13 (50% S, Sc, tilted); (x) MogS13 (50% S, 5c, L); (l) MogS11 (0% S, 5S¢, L).

Table 2
Adhesion energies (in eV cluster) of the Co-promoted clusters compared to the non promoted clusters for relevant configurations with chemical interactions (L or

tilted) between the M(S)-edge and the y-Al,O3 or TiO; surfaces

Edge y-Alumina Anatase-TiOp
Eadn/100 Eadn/110 Eadn/101 Eadn/001
Mo-edge CoMos5S14 CoMosS14 (Fig. 11a) CoMosS13 (Fig. 11c) CoMosSq3 (Fig. 11d)
—0.81 —0.91 —1.31 —-1.5
MogS14 (L, corner) MogS14 (L, corner) MogS13 (tilted) MogS13 (tilted)
—1.29[23] —1.60 [23] —2.15[23] —1.89[23]
S-edge n.c. CoMosS13 (Fig. 11b) CoMosS15 (Fig. 11e) CoMosS16
—0.98 —0.75 —0.86
MogS13 (Fig. 5b) MogS15 (Fig. 7b) MogS16
—-1.27 —0.37 —1.19
Table 3

Edge length, kT (in Mo atoms/edge), corresponding to the transition between chemical anchoring and parallel configuration under HDS conditions

Surface y-Al,O3 Anatase-TiOp

(100) (110) (101) (001)

k <kt kT k <kt k1 k <kt kT k <kt kT
Mo-edge & 5 & 5 € 14 € 14
S-edge € 5 o 74 5 ﬁ 5 & 5

ues of kt for the two other support surfaces at a chemical
potential close to HDS conditions (Aus = —0.9 eV). Similar
conclusions can be drawn. Thus, only particles with very small
MoS; clusters (certainly beyond the limits of current charac-
terization techniques) are expected to be chemically anchored
on y-alumina. These results highlight the distinct behavior be-
tween anatase-TiO, and y-alumina, and are discussed further
in Section 4.

For the promoted CoMoS systems, the DFT results of adhe-
sion energies obtained in Section 3.4 imply that for y-alumina,
Co does not stabilize particles with larger diameters in a perpen-
dicular or tilted orientation. Only corners of very small particles

of CoMoS may interact strongly with y-alumina surfaces. On
anatase-TiO,, the strong adhesion energy of the nonpromoted
Mo-edge implies that the stable CoMoS particles are anchored
via the Mo-edge (without promoter atoms at the interface) for
diameters as large as in the promoted case.

3.6. Morphology and edge wetting of supported MoS> and
CoMosS particles

Considering the data obtained on the S-edge and Mo-edge
particles interacting with the supports, we are now able to
determine the shape of the MoS; nanoparticles anchored on
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(d

Fig. 11. Optimized structures of (a) CoMosS14 of Mo-edge type and Co at the corner on y-Al,O3 (110); (b) CoMo5S;3 of S-edge type with Co at the edge
on y-Al,O3 (110); (c) CoMosS;3 of Mo-edge type with Co at the edge on TiO, (101); (d) CoMosS13 of Mo-edge type with Co at the edge on TiO, (001);
(e) CoMosS15 of S-edge type with Co at the corner on TiOp (101). For the titania slab: black balls, aluminum atoms; green balls, oxygen; white balls, hydrogen
atoms. For the Mog$S;, clusters: violet balls, molybdenum atoms; yellow balls, sulfur atoms. Blue balls, Co atoms. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

alumina or anatase at the thermodynamic equilibrium using
the Gibbs—Curie—Wulff-Kaischew (GCWK) approach [37,38].
This approach is commonly used for supported metallic parti-
cles [39].

It was found that under HDS conditions, the unsupported
(isolated) particles have a deformed hexagonal shape exposing
more Mo-edge than S-edge, due to the lower surface energy of
the Mo-edge [27,40]. We expect that, depending on the interac-
tion with the support, the equilibrium morphology may change.
Thus, in what follows we consider deformed hexagonal par-
ticles with surface free energies of the non-anchored S-edge,
non-anchored Mo-edge and anchored Mo-edge.

Fig. 13a depicts the GCWK morphology of a particle an-
chored through the Mo-edge; the approach described herein can
be easily extended to S-edge anchoring. Using the schematic

configuration and notations of Fig. 13, the geometric parame-
ters of the anchored particle’s morphology can be deduced from
the GCWK equations,

h
hwmo h_S _ hﬁ}[‘g

®)

Nvo  Is I’
where h represents the distance of the particle center of grav-
ity to the corresponding edges, Iy, and [s are the surface
energies of the free edges, and Flf,‘f(‘fh is the surface energy of
the anchored Mo-edge. According to this definition, hﬁf}gh and
3¢ are algebraic values and are allowed to become nega-
tive, because h%}llgh is the center’s height or depth of the virtual
noninteracting particle. As explained previously, Ff}gh depends
on the adhesion energies (negative by convention if anchor-
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Fig. 12. Gibbs free energy of the supported MoS, particles as a function of size represented by k (number of Mo per edge) on the anatase-TiO; (101) surface (plain
symbols) surface and the y-alumina (110) surface (empty symbols) at Apug = —0.9 eV (HDS conditions). (A, A) Mo-edge; (OJ, W) S-edge. Arrows indicate the

threshold kT values for the edge anchored/parallel orientation transition.
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Fig. 13. Schematic Gibbs—Curie—Wulff morphologies for the supported MoS, particles anchored by the Mo-edge on the TiO; (101) surface (a) case for Lg“Ch > 0;
(b) stable configuration in HDS conditions (Apug = —0.9 eV) and Lg““h = 0. The plane of the MoS, monolayer is tilted with respect to the normal of the surface

(see insets and [23]).

ing through the Mo-edge exists) and the chemical potential
of S,

N (Aps) = Nvio(Apts) + Eadn. (6)
From Egs. (5) and (6), it follows that

Ah  —Ean
hMo FMO

:1_/3’ (7)

where 8 = I ﬁ‘:fh /Mo (according to the value of Eugn, 8 =
0.19). In the same spirit as for metallic particles [39], differ-
ent edge-wetting regimes of the supported MoS; particles can
be defined as a function of the Ah/ hyo ratio:

e For B8 > 1, there is no edge wetting by the Mo-edge; the
particle lies parallel to the surface. This can be defined as
basal wetting of the support by the particles.

e For 0 < B < 1, the edge wetting by the Mo-edge is bad.

e For —1 < B <0, the edge wetting by the Mo-edge is good.

e For B < —1, the edge wetting is perfect.

The relevant geometric parameters for the morphology depend
on the respective values of 8 and o = I's/Ivo. When the par-
ticle exposes both edges (1/2 <a <2)andfora — 1 < g < 1
(.e., I's < 2I'vo + Eadh), Lﬁ}}gh remains > 0, as represented by
the configuration of Fig. 13a,

Lihch _2e-p

Ly 8
Lmo 20— 1 ®)
L anch 1 —
s _loeth ©)
Lg 2—«a
Ls _ 2—«a (10)
Lvo 20—1°

For B <a — 1 (ie., I's > 2IMo + Eagn), L& is equal to 0,
as represented by the configuration in Fig. 13b, and the other
geometric parameters are

L;‘;gh_2+ﬁ an
Lmo 05+13
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Fig. 14. (a) Proportion of non-anchored (free) and anchored Mo-edge sites (re-
spective to the total number of Mo atoms) as a function of the MoS; particles
diameter (as defined in Fig. 13). (A) Mo-edge atoms anchored on y-alumina
(Li}}gh); (O) free Mo sites at S- and Mo-edge on y-alumina; (A) Mo-edge
atoms anchored on anatase; (l) free Mo sites at the S- and Mo-edge on anatase.
(Arrows represent the transition between edge-anchored (edge-wetting) parti-
cles and flat lying particles.) (b) Distribution of free edge sites: (A) Mo-edge
sites on y-alumina; (CJ) S-edge sites on y-alumina; (A) Mo-edge sites on
anatase; () S-edge sites on anatase.
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Note that the definition of the edge-wetting regime depends
neither on o nor on the existence of Lg“Ch. Considering these
morphologies and using geometric models analogous to [41]
for anchored and nonanchored particles, the proportion of edge
sites (anchored, nonanchored, S-edge, and Mo-edge) is deduced
as a function of particles diameter and reported in Figs. 14
and 15.

3.6.1. Nonpromoted particles

Table 4 reports the numerical values of the geometrical
parameters for a given particle size stable in such an an-
choring mode on anatase (kT < 14) under HDS conditions.
In particular, the Gibbs free energy values under HDS con-
ditions for the nonanchored edges were calculated for large
stable edges in [27] (o = 1.19 eV /surface unit and I's =

1.0
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Fig. 15. Distribution of edge sites for the promoted CoMoS particles supported
on y-alumina and anatase. Same legend as in Fig. 14.

Table 4

Morphology parameters of the MoS, particles anchored through the Mo-edge
on the TiO, (101) surface under HDS conditions (i.e., particle with kT < 15).
The notations are defined in Fig. 13b

Active o B Ah/hvio  Ls/Lmo LN /Lyie  L3N/Lg
phase

MoS, 135 0.19 0.61 0.42 1.42 0

CoMoS 1.18 0.19 0.61 0.60 1.60 0.01

1.61 eV/surface unit), leading to o = 1.35. The value used
for is taken from our previous work [23] for the case of Mo-
edge anchoring. On the (101) anatase TiO; surface, the stable
configuration was the tilted MogS14 or MogS;3 clusters, with
adhesion energies of —1.60 or —1.66 eV per cluster. Adding
van der Waals contributions (—0.08 eV per S atom) estimated
previously [23] led to Egh equal to —0.96 or —0.99 eV per Mo
atom belonging to the anchored edge.

Thus, the two S-edges located on each side of the an-
chored Mo-edge are no longer present (LgnCh =0). As shown in
Fig. 13b, the anchored Mo-edge, Li}l‘gh, is longer than the non-
interacting one, Lyg,. Furthermore, a Ah/hy, ratio <1 char-
acterizes the bad “edge-wetting regime” of the sulfide particles
even if L'g“Ch = 0. The morphology of anatase-supported MoS;
particles can be defined as trapezoidal.
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For the y-alumina surfaces, the edge wetting by the sulfide
particles is even weaker due to the low adhesion energy reported
in this paper or in previous work [23] characterizing the weaker
ligand effect of this support.

According to this morphology, we can evaluate the propor-
tion of free and anchored Mo-edge atoms (with respect to the
total of Mo atoms). Fig. 14a shows these distributions as a func-
tion of particle diameter for the y -alumina (110) and the anatase
(101) surfaces. Similar results, not reported here, were obtained
for the other two surfaces. As shown, the transition between
chemically anchored (edge wetting) and “flat lying” (basal wet-
ting) particles occurs for smaller sizes on y-alumina than on
anatase: D =15 A (arrow 1) versus D =45 A (arrow 2). Con-
sequently, for the same particle size (<45 A), MoS; on alumina
exhibits a proportion of free Mo-edge atoms (empty squares in
Fig. 14a) 1.3 higher than that on anatase (plain squares) due to
the loss of anchored Mo-edge atoms (plain triangles) involved
in the wetting of the anatase surface. However, the TEM par-
ticle sizes are not the same on the two supports. This effect is
discussed in Section 4. Fig. 14b shows the distributions of the
S-edge and Mo-edge sites on the two supports. It appears that
the proportion and variation of Mo-edge sites are rather sim-
ilar, whereas S-edge sites are significantly more numerous on
y-alumina for diameters <45 A. The consequences of these re-
sults with respect to TEM and catalytic activity data are further
detailed in Section 4.

3.6.2. Case of promoted CoMoS particles

According to the work by Schweiger et al. [16], the sur-
face energies for the Co-promoted S-edge and nonpromoted
Mo-edge lead to a value of o of about 1.18. According to Sec-
tion 3.4, the particles are anchored through the nonpromoted
Mo-edge, the value of § thus remains unchanged. The morpho-
logical parameters reported in Table 4 show that the decrease in
« implies an enhanced S-edge. The value of Lg“Ch is not rigor-
ously equal to O, even if very close to 0. Consequently, adding
the promoter mainly influences the proportion of the S-edge
sites, as shown in Fig. 15b. As for the nonpromoted case, the
consequences of these results with respect to TEM and catalytic
activity data are further detailed in Section 4.

4. Discussion

The preceding results provide new insight into sulfide active
phase—support interactions. They enrich our previous work [23]
and allow a rather exhaustive comparison with experimental re-
sults available in the literature.

For nonpromoted MoS» supported either on y-alumina or
on anatase-TiO;, the present investigation implies that the
S-edge does not interact strongly with the four relevant sup-
port surfaces. As proposed previously [23], the ligand effect of
y-alumina remains weak whatever the interacting edge consid-
ered for the MoS; active phase. On anatase-TiO;, a distinction
between the Mo-edge and the S-edge is clearly identified. In-
deed, the epitaxial relationship exists only between the anatase
surfaces and the Mo-edge. According to our simulations, no
such epitaxial relationship is possible between the S-edge and

the surface due to the mismatch between the Mo-, S-, Ti-,
and O-atomic networks at the interface, which does not en-
able the formation of Mo—S(O)-Ti—O-Mo rings as found for
the Mo-edge. Consequently, the strong chemical ligand effect
of anatase-TiO; is oriented toward the Mo-edge of the MoS,»
active phase. This finding seems to contradict recent theoreti-
cal studies by Hinnemann et al. [29] suggesting that the S-edge
would be the one at the support—active phase interface. To ex-
plain this discrepancy, recall that Hinnemann et al. [29] pro-
posed mimicking the interaction with the support by exchang-
ing S atoms at the MoS; edges with —OH groups produced
from water molecules. But this approach does not take into ac-
count the local geometric constraints and electronic properties
of the Lewis and Brgnsted active sites of the support. Our re-
sults demonstrate that the complex nature of sites present on the
support may change the interface stability, and thus considering
the exact nature of the support surface is crucial.

Regarding size effects, we have found that on the y -alumina
surface, a chemical interaction involving the formation of Mo—
O-Al bonds is possible only at the corner of very small particles
(edge length <10 A), probably not visible by electronic mi-
croscopy. The resulting orientation of the MoS, particles with
usual sizes should be with the basal plane parallel to the support
surface. On anatase-TiOy, insights resulting from this paper and
previous work [23] show that large MoS; particles can be an-
chored through Mo—O(S)-Ti bonds in a tilted orientation. One
Mo-edge is located at the interface with the support for edge
length <45 A (k < 15).

Numerous attempts to identify the mode of the MoS,/y-
alumina interaction by use of electron microscopy have been re-
ported in the literature. Earlier studies, reviewed by Luck [42],
reported that the MoS; slabs may be oriented normally or par-
allel to the support surface. Vrinat et al. [43] concluded that
the basal planes of MoS; crystallites lie parallel to the alumina
surface, a result also found by others [44,45]. Pratt et al. [46]
recommended using HREM at the location of MoS, vertically
to the surface of the support. More recent studies by Sakashita
et al. [47,48] favored basal adsorption of single MoS; sheet on
the (110) surface and edge anchoring for MoS; on the (100)
surface. Even more recently, Shimada suggested that only small
size particles are edge-bonded, because of the large lattice mis-
fit between MoS, and y-Al,O3 (100) [7]. The same author
reported sizes of 30-50 A for basal-bonded single MoS; layers
on the (110) surface and stacked MoS, sheets on the (111) and
(100) surfaces. Our present theoretical results seem to be in line
with the latter characterization and suggest that most MoS; sin-
gle layers are thermodynamically stable when the basal plane
lies parallel to the y-alumina surfaces. Edge- or corner-bonded
layers are restricted to very small MoS; clusters. The very poor
edge wetting of alumina by sulfide particles is the possible ex-
planation for these observations.

On the anatase support, within the limit of the techniques
used, experimental work seems to put forward the presence of
edge-bonded MoS; particles with chemical Mo—O-Ti bridges.
On one hand, EXAFS studies by Leliveld et al. [24] re-
veal a higher Mo—O coordination number on anatase than on
y-alumina. On the other hand, tilted orientation of MoS, layers
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on anatase have been observed by HRTEM [49,50]. Our theo-
retical results are in line with such experimental observations
and indicate that, in addition, edge bonding occurs through the
Mo-edge of the MoS; particles.

We also provide a new prediction of the shape of edge-
bonded MoS; particles on anatase-TiO (Fig. 13). To the best of
our knowledge, no characterization technique has been able to
furnish such subtle morphology characterization on oxide sup-
ports. Our density functional theory calculation results show
that the “wetting regime” of edge-anchored particles is weak
on y-alumina and significantly improved on anatase-TiO5, with
crucial consequences for the number and nature of sites, as dis-
cussed in what follows.

The average MoS, particle sizes calculated from histogram
diagrams reported previously [5] is ca. 38 A for the titania
support and ca. 49 A for y-alumina. For MoS; supported on
mixed-phase TiO,—Al>O3, a similar trend is observed: decreas-
ing average crystallite length in mixtures with a decreasing
TiO,/(TiO2 + Al;O3) ratio [S1]. Even if according to TEM ac-
curacy there is a slight overestimation of average sizes on both
supports, our following arguments will not change. First, the
Mo-edge wetting by anatase is at the origin of the smaller par-
ticle sizes observed on anatase. Then, using these two diameter
values in the diagrams of Fig. 14a leads to a similar propor-
tion of free edge sites (including nonanchored Mo and S edges)
on anatase-TiO» (25-30%) and y -alumina (24-29%). Thus, the
number of Mo edge atoms trapped at the MoS,/anatase inter-
face is compensated for by the smaller sizes of edge-anchored
particles and the decrease of Mo bulk atoms. The calculated
proportion of free edge sites cannot explain the activity factor
of 4.4 (expressed by Mo atom) observed on anatase. Conse-
quently, the main part of the higher activity observed on anatase
must be found in intrinsic effects on the nature of sites. Accord-
ing to Fig. 14b, the relative distribution of S-edge and Mo-edge
sites is 21% on anatase and 38% on y-alumina for the two
sizes. The loss of two S-edges on anatase is induced by the
edge wetting of anatase. Furthermore, Arrouvel et al. [23] found
that the ligand effect of anatase on anchored MoS; clusters
exposing Mo-edge only stabilizes sulfur-deficient particles ex-
hibiting more vacancies required for the HDS reaction. These
two combined effects certainly elucidate the enhancement of
the intrinsic activity on anatase-TiO; as observed previously for
nonpromoted particles [5].

At this stage, it is difficult to quantitatively evaluate whether
the tilted orientation of MoS, particles on anatase may play a
positive or negative role for site accessibility and steric hin-
drance. Knowing that the nature and bulkiness of the reactant
also should be considered, such considerations are beyond the
scope of the current work.

Regarding the promoted CoMoS phase, its interaction with
alumina is reduced to single-point anchoring, probably involv-
ing one Mo atom, because the interaction through the Co atom
is not energetically favored (see Table 2). One exception to this
general trend has to be found in corner interaction for which Co
atom might be more favourable; however, this local effect con-
cerns very small corner-bonded particles. Thus, this result is in
agreement with Mossbauer studies showing that the support in-

teractions involve the Mo atoms and not the promoter atoms
[52,53].

On y-alumina, Ramirez et al. [5] observed by TEM that the
addition of Co implies a displacement of particle size distri-
bution toward smaller diameters with respect to nonpromoted
ones [5]. Nonpromoted particles exhibit a mean size of 49 A;
promoted CoMoS particles, ca. 40 A. The ligand effect of the
Co promoter enables decreasing the edge energy of the particles
[16], which stabilizes particles with higher edge-to-volume ra-
tios. In summary, the increased activity under HDS observed
on y-alumina is due essentially to the electronic effect of the
promoter [14,15,17] and the decreased particle size.

On anatase-TiO;, two effects are revealed by the present
DFT work for promoted systems. A strong Mo-edge/support
interaction exists for the nonpromoted systems. TEM analysis
shows that the Co promotion also modifies the size distribution
now centered around 30 A [5].

According to Fig. 15a, the proportion of free edge sites (in-
cluding nonanchored Mo- and S-edges), is about 29-38% on
anatase and 27-31% on y-alumina (within the accuracy as-
sumed for the estimation of mean sizes by TEM). As for the
nonpromoted case, the total number of free sites for CoMoS
remains similar on anatase and y-alumina. Thus, dispersion
effects can be ruled out to explain different activities. The pro-
moting effect on anatase (factor of 1.7) is significantly less
pronounced than that on y-alumina (factor of 7.6) [5]. Accord-
ing to Fig. 15b, the S-edge sites are about 23% more prevalent
than Mo-edge sites on anatase and 60% more prevalent on y-
alumina. Previous DFT studies [16] found that Co preferentially
locates on the S-edge. Thus, the loss of S-edge sites on anatase
impairs optimal promoter distribution in decoration of the sup-
ported CoMoS particles. The different nature of promoted sites
on y-alumina and anatase induced by different edge-wetting
regimes also elucidates the origin of the different intrinsic ac-
tivities of CoMoS particles on the two supports.

5. Conclusion

DFT molecular modeling of MoS, and CoMoS supported
on y-alumina and anatase TiO, was used for rationalizing the
phase—support interaction and its role on HDS activity. The
following conclusions are fully consistent with the earlier pro-
posals by Ramirez et al. [5] that “catalyst activities calculated
on the basis of edge surface area from the HREM results also
show that the TiO,-supported catalysts are more active than
Al,O3-supported catalysts. We suggest that the role of TiO,
is to promote the formation of edge-up MoS; particles due to
an interaction between the MoS; edge planes and some planes
of TiO,. These particles are intrinsically more active than the
randomly distributed MoS; particles found in Al,O3.”

Based on the edge-wetting concept, our quantitative DFT
insights give a rational interpretation of the intrinsic catalytic
behavior of MoS; and CoMoS supported on anatase and
y -alumina.

For the nonpromoted MoS; active phase, the following con-
clusions can be stated:
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e On y-Al,O3 (110) and (100) surfaces, MoS, particles of
very small size (<15 A) exhibit chemical interaction as
Mo—O-Al bonds for both Mo- and S-edges. For commonly
seen sizes (>15 A), H bonds and van der Waals interac-
tions stabilize the particles in a parallel orientation to the
surface.

e On anatase-TiO; (101) and (001) surfaces, an epitaxial re-
lationship is formed between the Mo-edge of MoS; par-
ticles and the support surfaces, with the formation of Mo—
O-Ti—S—Mo rings. This epitaxy is not possible between the
S-edge and the TiO» surface. Particles with sizes up to 45 A
are strongly anchored at the surface through the Mo-edge.
This trend was previously termed the “chemical ligand ef-
fect” of anatase-TiO, [23].

e The edge-wetting regime of the MoS, particles is weak
for y-Al,03, and the morphology of the isolated parti-
cles is modified only slightly by the support’s effect. In
anatase-TiO», the wetting is significantly increased and the
anchored MoS; particles exhibits a trapezoidal morphology
with two predominant Mo-edges and one single S-edge.

e The smaller particles size observed by TEM on anatase-
TiO» is attributed to the stronger edge wetting of the sup-
port by MoS, particles. However, rigorous free edge site
counting have shown that size or dispersion effects cannot
account for the different activities observed on anatase and
y-alumina.

e The higher HDS activity observed on anatase-TiO»-sup-
ported MoS; is attributed to the edge-wetting and ligand ef-
fects of anatase. The different natures of edge sites (higher
Mo-edge/S-edge on anatase) and the stabilization of sulfur-
deficient particles induced by the strong ligand effect of
anatase are at the origin of the higher HDS activity ob-
served on anatase.

For the promoted CoMoS active phase, the following findings
are noted:

e Promotion by Co generally weakens the edge interaction
between the support TiO, and y-Al,03. Corner effects
may invert this trend on TiO;; however, they remain lim-
ited to very small particle sizes.

e On y-Al;Os, the ligand effect of the promoter (i.e., decora-
tion of the MoS particles by the promoter) is predominant.
Smaller particles sizes on y-alumina are stabilized by the
ligand effect of the promoter, which diminishes the Mo-
and S-edge energies.

e As for the nonpromoted active phase, the enumeration of
free edge sites on anatase and y -alumina shows that disper-
sion effects cannot explain the different promotion effects
on HDS activities.

e The different HDS catalytic activities for the promoted sys-
tems on the two supports are explained by the distinct
edge-wetting regimes inducing a significant higher S-edge/
Mo-edge ratio on y-alumina, which is favorable for opti-
mal promoter decoration.

The edge wetting of the support by MoS> and CoMoS appears
to be a key factor in understanding the effect of supports in
catalysis by sulfides. A possible area for future exploration is
whether this concept can be extended to other types of supports
as the two investigated herein (e.g., zirconia, ceria). Finally,
DFT results [16] have revealed that promoter Ni has a stronger
affinity for the Mo-edge than Co. Specific catalytic behavior
recently observed for anatase- and zirconia-supported NiMoS
[54] could be explored in light of the edge-wetting concept.
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