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Abstract

In order to develop a fundamental understanding of the HDS mechanism of thiophenic compounds over molybdenum
disulfide (M0S,), a molecular simulation of the hydrodesulfurization (HDS) of thiophenic compounds over MoS, has been
performed using Zerner's Intermediate Neglect of Differential Overlap (ZINDO) program. On the basis of the calculated
edge structure, stoichiometry of MoS,, shape of the crystal, and the size corresponding to real MoS, particles, a single-slab
cluster, Mo,,Ss,, has been proposed for modeling the highly dispersed MoS,. The proposed cluster is a regular hexagon
with (1010) and (3030) edge planes only. According to the calculated electronic properties of the surface, the coordinately
unsaturated Mo,,, in the (3030) plane is expected to be the active site for hydrogenation of thiophenic and aromatic
compounds. The most stable adsorption configuration of thiophene on the Mo, is a flat adsorption configuration via the
m>-bound coordination, whereas the most stable adsorption configuration of tetrahydrothiophene (THT) on the Mo, is a
tilted adsorption configuration via the S-bound coordination. HDS mechanism of thiophene through the hydrogenation
pathway over the (3030) plane of MoS, is discussed according to quantum chemical insights in combination with
experimental results from the literature. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction phenic compounds, in feed stocks are removed
by hydrogenation or hydrogenolysis in the pres-

Molybdenum sulfide species have been used ence of molybdenum sulfide catalysts. A funda

commercialy as hydrotreating catalysts for more
than 70 years. A useful survey of the early
literature, including the patent literature, was
provided by Killeffer and Linz [1]. One of the
important reactions involved in the hydrotreat-
ing processes is hydrodesulfurization (HDS), in
which sulfur compounds, especidly the thio-

" Corresponding author. Tel.: +1-814-863-8744; fax: +1-814-
863-8892.
E-mail address; mxx2@psu.edu (X. Ma).

mental understanding of the HDS active sites
and the mechanism of such catalysts is essentia
for developing efficient catalysts and processes
for so-called deep HDS, in which the sulfur
content in feed is required to be less than 0.05
wt.%. Consequently, a large number of experi-
mental studies have been devoted to finding the
active sites on the catalyst surface and to explor-
ing the HDS mechanism of thiophenic com-
pounds on them. The major approaches can be
grouped into three genera areas: (1) kinetics
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and poisoning; (2) characterization of catalyst
surface structure using advanced spectroscopic
techniques; and (3) coordination chemistry of
organometallic complexes.

The kinetics and poisoning investigations
have indicated that HDS of thiophenic com-
pounds proceeds through two pathways, a hy-
drogenation pathway (hydrogenation followed
by hydrogenolysis) and a hydrogenolysis path-
way (direct elimination of S atom) [2—8]. Hy-
drogenation and hydrogenolysis prabably occur
at different active sites. H,S was found to be
one of the main inhibitors of the hydrogenolysis
pathway [9-15], while polyaromatic compounds
were found to be the main inhibitors of the
hydrogenation pathway [9,15—-17]. Some excel-
lent reviews of this aspect of HDS research are
available in the literature [18,19]. With respect
to the characterization of catalyst surface struc-
ture, various models for the active site struc-
tures have been proposed on the basis of surface
characterization using X-ray diffraction (XRD),
scanning electron microscopy (SEM), transmis-
sion electron microscopy (TEM), and M dssbauer
emission spectroscopy (MES). Especially within
the past several years, the detailled structura
elucidation of molybdenum sulfide species has
been achieved through the use of high-energy
techniques such as X-ray photoelectron spec-
troscopy (XPS), extended X-ray absorption fine
structure (EXAFS) spectroscopy, and X-ray ab-
sorption near-edge structure (XANES) spec-
troscopy. It was found that there are coordina
tively unsaturated Mo atoms on the surface.
Whitehurst et al. [19] and Topsge et a. [20]
have published excellent reviews of this aspect.
The coordination chemistry investigations have
found that there are S-, 0%, 1%, n°>-, 1%, S-w,-,
and m*, S-p5-bound models in organometallic
complexes for thiophene coordination with tran-
sition metal complexes [21-25]. These models
indicate likely adsorption configurations of thio-
phene on the active sites of the catalyst surface.
Recently, Jones et a. [26] and Bianchini and
Meli [27] respectively reviewed hydrogenation,
hydrogenolysis, and desulfurization of thio-

phenes by soluble metal complexes, which pro-
vides an important insight into the HDS mecha
nism.

Since it is dill difficult experimentally to
characterize the chemical properties of the cata-
lyst surface and the adsorbates, especially at the
actual reaction conditions, many attempts at the
computational simulation of thiophene HDS
over molybdenum sulfide catalysts have been
made on the basis of various cluster models.
Many cluster models, MoS; [28], aMo,S; [29],
b-Mo,S, [30,31], Mo,S,, [32], aMo,S,,
[30,32], b-Mo,S,, [32,33], M0o,S,, [33], M0, S,,
[33], Mo:S,, [30], Mo.S,, [34], MogS,, [28],
Mo,,S,s [32,35], etc. have been proposed to
mimic molybdenum disulfide (MoS,) surface or
particles [28—-37]. However, there are yet some
problems in these models: (1) The clusters are
not stoichiometric or electroneutral; (2) The
clusters are too small to mimic the rea MoS,
catalyst surface; (3) The surface structure in the
clusters is unlikely, athough not impossible;
and /or (4) Some studies use empirical approxi-
mation or the Extended Huckel approximation
that give arelatively lower accuracy. Such prob-
lems may give rise to inaccurate or even incor-
rect information about MoS, surface. In order
to overcome these problems, Byskov et a. [38]
used an one-dimensiona periodic unit cell
(Mo,Sg) as a model of MoS, surface and cal-
culated it by using self-consistent density
functional theory (DFT). They found that recon-
structions occur at the MoS, edges. By compar-
ison of the sulfur binding energy (AE(S,,) >
AE(S)) > AE(S,)), the subscript is the coordi-
native number of the S atom) they concluded
that vacancies created at the S edges (S,, posi-
tion) apparently provide the most easily accessi-
ble active sites. Tan and Harris [39] extended
the Fenske—Hall molecular orbital technique to
two- and three-dimensional periodic unit cellsto
study the bulk and surface electronic structure
of MoS,. By comparison of Mo-S overlap
populations(Mo-S, > Mo-S,, > Mo-S,,,), they
concluded that removal of terminal S, atoms to
form coordinatively unsaturated Mo sites may
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be more difficult than remova of either bridg-
ing S(S,)) or tribonding S (S,;,). Raybaus et al.
[40,41] used a three-dimensiona periodic unit
cell (Mo,,S,s) asamodel of MoS, surface, and
calculated it by using ab initio local-density-
function molecular dynamics. They found that
the terminated surfaces (1010, 3030) remain
stable in vacuum up to temperature of 700 K,
with only modest relaxation of the surface atoms.
By calculation, they gave an adsorption config-
uration of thiophene through a bridge—m° bond-
ing to two Mo,,, atoms, with the molecular ring
approximately parallel to the surface (3030).
This adsorption configuration is different from
the conclusion that the adsorption configuration
perpendicular to the active surface (Mo,,,) is
favored, by Pis Diez and Jubert [33] using the
Extended Huckel theory. This adsorption con-
figuration is also somewhat different from that
reported in our previous study [42], though both
are the flat adsorption configurations. As men-
tioned above, the results from different investi-
gators are distinct from each other, making it
difficult to draw meaningful conclusions about
the active sites and adsorption configuration of
thiophenic compounds on the active sites.

A significant advantage of using the periodic
unit cell as a model to study the MoS, surface
is that it decreases the computational cost for
calculating a large MoS, cluster. However, we
need to keep in mind that for the highly dis-
persed supported MoS, catalysts, the predomi-
nant sizes of MoS, particles are within 10-30
A [35,43,44]. This indicates that there should be
only two, three or four Mo atoms (or S pairs) on
a corresponding edge plane, which will be dis-
cussed in detail later. The electron properties of
each Mo atom (or S pairs) at different positions
of the edge planes should be different due to a
corner effect. Therefore, using a MoS, cluster
with the size corresponding to real MoS, cata-
lyst particles as a model instead of the periodic
unit cell may be more reasonable.

In order to simulate the surface structure of a
highly dispersed MoS, particle, it is very im-
portant to build up a reasonable MoS, cluster

model with correct stoichiometry and elec-
troneutrality, stable periphera structure, and a
size corresponding to the real MoS, particles.
In our previous work based on a semiempirical
calculation [45], we proposed regular hexagonal
clusters, Mo,,S,, and Mo,,S,,, for modeling a
single slab of MoS,, the edges of which consist
of the (1010) and (3030) edge planes only.
These models are stoichiometric and el ectroneu-
tral clusters without any saturating H atom and
without charge compensation. Very recently,
Faye et a. [46] employed the M ,,S,, cluster in
their density functional approach of y-alumina-
supported MoS,.

In order to develop a fundamental under-
standing of the HDS mechanism of thiophenic
compounds over MoS,, we performed a system-
atic molecular simulation using Zerner's Inter-
mediate Neglect of Differential Overlap
(ZINDO) program in this study. We attempted
to perfect the previously proposed MoS, clus-
ters, to find the active sites on the surface of
MoS, clusters, and, moreover, to examine how
such active sites interact with sulfur species.
Adsorption configurations of sulfur species on
the active sites and their implication in the HDS
mechanism will be discussed according to quan-
tum chemical insights.

2. Modeling and computational method

Single-slab MoS, clusters were used in this
study. The crystal structure sizes of MoS, used
in this study are from X-ray data in the litera-
ture. It needs to be mentioned that the crystal
structure sizes from different references are
somewhat different. In our previous study
[42,45], we used the data from Wyckoff [47]
and from Joffer et al. [48]. In the present study,
we employed the_data (space group: P3(3)/
MMC, a=3.153 A, c= 12.300 A) from a new
version (1991) of the handbook edited by Daams
et a. [49] as the latter may be more reliable.
The Mo-S coordination distance in bulk MoS,
was used for the edge structure of the clusters,
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as no significant difference of coordination dis-
tance has been observed experimentally be-
tween the edge and bulk of MoS, [50,51]. The
crystal structure of the single-slab MoS, con-
sists of “sandwiches” in which one planar layer
of molybdenum atoms is interspersed between
two layers of sulfur atoms as shown in Fig. 1.
Within the single dlab, each S atom in basal
plane is equidistant from three Mo atoms, and
each Mo atom is surrounded by six equidistant
S atoms at the corners of a trigonal prism with
dltitude and edge dimension of 3.173 and 3.153
A, respectively. The Mo—S bond length is 2.415
A.

All quantum chemical calculations in this
study, except where specificaly mentioned,
were performed by ZINDO in the Computer
Aided Chemistry (CAChe) using atomic units
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(au.). ZINDO is a series of molecular electronic
programs that have been developed over the last
20 years both at the University of Guelph and at
the University of Florida [52-59]. Due to the
approximate nature of the Hamiltonians in
ZINDO, the time required to run a ZINDO
calculation in only a fraction of that required by
first-principles programs. ZINDO uses a well-
validated technology as supported by a large
number of scientific publications [60]. Geome-
try of thiophene, dibenzothiophene (DBT), H,S,
tetrahydrothiophene (THT) and naphthalene was
optimized using theoretical Intermediate Ne-
glect of Differential Overlap (INDO /1) parame-
ters in ZINDO, as the theoretical INDO/1
parameters give better geometry than the spec-
troscopic INDO/1 parameters [53,54,57,59].
The optimized sulfur compounds and naphtha-
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Fig. 1. Single slab of Mo,, S;4 cluster.
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lene were located at different assigned positions
at the cluster to form various adsorption config-
urations. The clusters and adsorbate—cluster sys-
tems were calculated without further geometric
optimization. Electronic properties and total en-
ergies (the core repulsion energies) of the com-
pounds, clusters and adsorbate—cluster systems
were calculated using the spectroscopic
INDO/1 parameters as use of the spectroscopic
INDO/1 parameters results in better electron
densities, charges, and bond indexes [55,56,58].
For Mo atom, the theoretical INDO /1 parame-
ters were used since the spectroscopic INDO /1
parameters for Mo atom are unavailable. The
formal charge values for each atom in the com-
pounds, clusters, and adsorbate—clusters were
calculated by the population study in the Zero
Differential Overlap (ZDO) basis. Electrostatic
potentials of the sulfur compounds and the clus-
ters were calculated using the multiple expan-
sion.

In order to compare the calculated results
conveniently, a pseudo-adsorption heat was used
in this study, which is defined as follows:;

adsorbate + cluster — adsorbate—cluster
E

a EC Ea—c

Pseudo-adsorptionheat (AH)
= Ea—c - (Ea + Ec)

where, E,, E,, and E,_. are the energy corre-
sponding to the adsorbate, cluster, and adsor-
bate—cluster, respectively. Since the geometry
of the molecules adsorbed on surface of the
cluster was not optimized in the calculations,
the absolute values of the calculated AH may
be inaccurate. However, we believe that the
relative AH vaues should make sense in a
comparison of the stability of various adsorption
configurations.

The geometries of thiophene and THT for the
electrostatic potential calculation were opti-
mized by the Molecular Orbital Package-Para-
metric Method 3 (MOPAC-PM3) method [61,62]
since the MOPAC-PM3 method gives a higher
accuracy than the ZINDO method.

3. Results and discussion

3.1. MoS, cluster model

The crystal structure of MoS, has been known
for along time [63], but the peripheral structure
of the MoS, crystal, even for a single slab, is
still unclear. There are a large number of possi-
ble periphera configurations from the point of
view of morphology [64]. However, MoS, is
quite unreactive chemically, even at elevated
temperature. As a catalyst for hydrotreatment,
its catalytic activity is very stable at tempera-
tures as high as 400°C. Hence, we believe that
the most stable peripheral structure should be
the most probable one.

3.1.1. Peripheral structure of a MoS, single
sab

In order to seek a stable periphera structure
of MoS,, we first examine a single slab of
regular hexagonal Mo,,S;, cluster, as shown in
Fig. 1. The peripheral edges of this cluster
consist of (1010) and (1010) planes only. Each
Mo atom in the cluster is coordinated to six S
atoms without any coordinatively unsaturated
Mo atom. The S atoms in the cluster can be
classified into three groups according to their
coordinative environment: terminal S atoms,
bridged S atoms, and tribound S atoms, which
are symbolized by SP, S56, and S58°, respec-
tively. The superscript is the coordinative num-
ber of each Mo atom neighboring to the S atom.
The S/Mo atomic ratio in the cluster is 3.17,
much higher than the stoichiometry of MoS,.

Many investigators have demonstrated that
there are coordinatively unsaturated sites (CUS)
(e.g. sulfur vacancies) on the MoS, surface on
the basis of the spectroscopic characterization
[50,51,65,66], poisoning studies [20] and
chemisorption of probe molecules [20]. On the
other hand, according to chemica analysis the
S/Mo stoichiometry in MoS, catalysts is pre-
served with a good accuracy [67-70]. Qian et
al. [71] reported that the S/Mo stoichiometry in
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Table 1

Formal charge of the atoms in Mo,,S;g cluster

Atom Number Average charge (a.u.)
sb 18 —0.440

S 6 —0.659

shee 14 —0.667

Moy;>>33 6 1915

Moy 3333 3 1.756

Mog;#3:33 3 1484

asulfided Mo/Al O, catalyst is 1.92 at the real
HDS conditions. Recently, Calais et al. [72]
found that for the highly dispersed unsupported
MoS,, the stoichiometry of S/Mo is around 2.0
when the temperature increased to 200°C during
the TPR (temperature-programmed reduction)
experiments. To form CUS at the edges of the
Mo,,S;; cluster and to retain the MoS, stoi-
chiometry in the Mo,,S;, cluster, it is evident
that excess or non-stoichiometric sulfur atoms
in the Mo,,S;; cluster have to be removed.
Thus, our question becomes one of determining
which kinds of S atoms can be reasonably re-
moved from the cluster in view of the energetics
and electronic properties of the surface.

The calculations of charge distribution and
bond index for the Mo,,S;, cluster were per-
formed. The results are given in Tables 1 and 2,
respectively. According to the calculated results,
sulfur atoms in the cluster show a negative
charge, while Mo atoms show a positive charge.
The charge value of each S atom is primarily
dependent on its coordinative environment. It
was found that sulfur atoms with the same
coordinative environment show a similar charge

value, the average values being —0.440,
—0.659, and —0.667 au. for S°, S%° and
SoP®, respectively.

The Wybery bond index that coincides closely
with the bond order was calculated for the
cluster and the results are listed in Table 2. It
was found that all bond indexes between neigh-
boring S and Mo atoms are higher than 0.79,
while the bond indexes between two neighbor-
ing S atoms and two neighboring Mo atoms are
low, being less than 0.10 and 0.31, respectively.
The results clearly imply that there is a strong
interaction between neighboring S and Mo
atoms, and the atoms in MoS, lattice are held
together dominantly through such bonding.

The terminal S atoms (SP) in the (1010) edge
planes are bonded to only one Mo atom with an
average S’-M,, bond index of 1.041. The
bridged S atoms (S7°) in the (1010) edge planes
are bonded to two neighboring Mo atoms with a
S5°~Mot2233 bond index of 1.010. The tri-
bound S atoms (S48°) in the basal planes are
bonded to three neighboring Mo atoms simulta-
neously with a S8°-M 0333333 pond index of
0.823. The sum of three bond indexes for the
SHP° atoms is greater than 2.460, indicating
they have the strongest interaction with the
MoS, bulk. By comparing the bond indexes, it
is clear that in al of the S atoms in the cluster
the S, atoms in the (1010) edge planes are the
easiest to be removed from the cluster to form
CUS, while the sulfur atoms in the basal plane
are the most stable. The results are in contrac-
tion with the conclusion by Tan and Harris [39],
although our calculated Mo-S bond orders are
roughly consistent with their calculated Mo-S

Table 2

Bond indexes in Mo,, Sz cluster

S-Mo Bond index Mo-Mo Bond index S-S Bond index
Si(@-Mo}12233 1.069 Mo}h2233_\oll3333 0.191 S-S < 0.100
SP(b)-Mol 3333 0.984 Moyh2233_Moll2233 0.271

SE8(c)-Molt2233 1.010 Mo“'z*“’3 Mo33'3'3'3'3 0.283

SEEE(d)-Mot223:3 0.831 M 0“'3'3'3-3 Mo*’\',-|3v3~3~3~3 0.277

SEEE(d)-Moy333 0.792 M 03'3’3’3'3'3 Mo$:3:3:3:33 0.307

SEEE(d)-Mod 33333 0.830

Sﬁ |6 6(e)—M 03\;?)3-3-3~3 0.823
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overlap populations. Probably, they did not take
account of the fact that the S,;, atoms are bonded
to three neighboring Mo atoms simultaneously.

In addition, the calculation of the total energy
for the clusters with a S vacancy at different
positions was aso performed. The total energi%
of the clusters with a S vacancy at S%(a), SA°,
She(d) and S5f°(e) (see Fig. 1) are —524.00,
—52341, —52252, and —522.14 (au.), re-
spectively, indicating the S(a) vacancy is the
most stable in the four cases. In other words, the
facilitation for removing sulfur from the MoS,
surface is in the order of S, > S, > S, which
further supportsthe point that S vacancies should
be formed more readily in the (1010) planes
than in others. This result is different from that
(S, >S,>S,,) obtained by Byskov et al. [38].
The reasons for this discrepancy probably are:
(1) as mentioned by Byskov et al., the relatively
narrow model was used in their calculation and

n=2
Linear Q m
Mo,S, MosS,g

e 5) &gj

MosS,

Regular
hexagonal

Mo,,S,,

Mo,S;

(2) in our model, the surface atoms were not
relaxed. It is generally believed that the activity
of the sulfur atoms in the surface will be in-
versely proportional to their coordinative satura-
tion. From this view, our results seem to be
more reasonable. The result that the tribound
S, aoms are difficult to be removed than the
S, and S, atoms from the MoS, surface is in
good agreement with the work by Byskov et al.
[38] and the surface science experiments [73].

3.1.2. Soichiometry, shape, and particle size of
MoS, _

If CUS on the (1010) edge planes and the
stoichiometry of MoS, were the only considera-
tion we could still draw up many clusters,
as shown in Fig. 2. All these clusters, inclu-
ding the linear (Mo,,, ,S,,,,), rhomboidal
(Mog,,,Ss,.4) and regular hexagonal
(Mo0g,2S;,2) clusters (n is the number of Mo,,

- Formula
m e M0(2n+1)s(4“+2)
Mo;S
&‘ﬁ “ee MO 3.5 6n44)
Moy,S,,
189 A

Mo 2,8 g2y

Moy;Ss,

Fig. 2. Stoichiometric MoS, clusters with CUS in the (3030) planes only; n: the number of Mo, in the top (3030) edge plane.
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atoms in the top (3030) edge plane, see Fig. 2),
have the stoichiometry of 2, and their peripheral
edges consist of (1010) and (3030) edge planes
only. However, from natural mineral crystals of
MoS, [63,74] and from the SEM of MoS, mi-
crocrystals [75], it was found that the angle
included between two edge planes is aways
120° regardless of stacking numbers. Only regu-
lar hexagonal clusters (Mog,2:Sg,2) in Fig. 2 are
consistent with this requirement. In order to
demonstrate theoretically that the regular hexag-
ona clusters are the most stable ones, the total
energies of various clusters as displayed in Fig.
2 were calculated. The unit energy per MoS,
atomic group (the total energy divided by the
total numbers of MoS, atomic group in the
cluster) for each cluster as a function of the
number of the MoS, atomic groups is shown in
Fig. 3. It is clear that for the comparable num-
ber of the MoS, atomic groups the regular
hexagonal clusters have the lowest unit energy,
demonstrating that the regular hexagona clus-
ters is the most stable form in the three cluster
shapes. The results are in agreement with the
predication by Toulhouat and Kasztelan [76]
using the Gibbs—Curie-Wulf law.

The diameter (D) of the regular hexagonal
clusters can be described by a function of the

-26

9 Linear clusters
ORhomboidal clusters
ORegular hexagonal clusters

=271

-28 1

-29 1

-30

Energy per MoS, atomic group (a.u.)

-311

-321

-33 — T T T T T
0 2 4 6 8 10 12 14
The number of MoS, atomic groups in cluster

Fig. 3. Stahility of clusters with different shapes.

number of the Mo,, atoms in a (3030) edge
plane.

D=(2n-1)a+2Rg (1)

where n is the number of the Mo, atomsin a
(3030) edge plane of the regular hexagonal
clusters (Fig. 2); Rg is the atomic radius of S
(the van der Waals radius of S being 1.7 A); a
is the crystal constant (a = 3153 A). Assuming
2R, = a, then

D = 2na=6.31n( A) (2)

The Mo,,, /Mo, and S, /S, aomic ra
tios in the regular hexagonal clusters can be
calculated by an equation that derived from the
common formula of Mo,,.S;,> (see Fig. 2) and
Eqg. (2):

Mo,, /MO,y = S);/Siga = 1/N=6.31/D
()

This equation indicates that the Mo, /MO,y
and S, /S,y aomic ratios are equal and are the
function of the size of the basal plane for the
regular hexagonal clusters. This relationship
should be very important and useful in the
fundamental study of MoS, catalysts.

For the highly dispersed aumina-supported
MoS, cataysts, the predominant size of MoS,
particles is within 10-30 A [28,43,44]. For the
highly dispersed unsupported MoS, catalysts,
the predominant size of crystal particlesiswithin
40-130 A [77]. If we consider the structure of
highly dispersed MoS, particles in the size
around 20 A in combination with the stable
peripheral structure, stoichiometry, and crystal
shape as discussed above, the Mo, S;, cluster,
as shown in Fig. 2, should be the best model for
modeling highly dispersed MoS, particles. The
peripheral edges of the Mo,,S;, cluster consists
of three (1010) edge planes and three (3030)
edge planes. Each (3030) plane contains one
Mo3?*? and two Mo3*® atoms, while each
(1010) plane contains two S&°® and four S;i°
atoms. The average coordination number of Mo
atoms in this model is 5.33, in good agreement
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with the experimental value (5.20 + 0.5) ob-
tained by EXAFS [50,51,66]. The atomic ratio
of S,,/S,a 1N the cluster is 0.333. Interestingly,
this S, /S,y rétio in the Mo,,S,, cluster is
within the range of the S, /S ratios in a
supported MoS, catalyst measured by *S-
labeled HDS experiment [78], indicating that the
S,, atoms in the cluster probably correspond to
the labile S atoms in the surface of MoS,
catalyst. It needs to be mentioned that in the
sulfided atmosphere, e.g. in the presence of 5%
H,Sin H,, a weaker adsorption of H,S at the
coordinatively unsaturated Mo,,, atoms is possi-
ble at lower temperatures ( < 200°C), leading to
the excess or non-stoichiometric S atoms in the
MoS, catalysts as observed in some experi-
ments [68,77]. According to our MoS, model,
these excess S atoms should be the S; atoms in
the (1010) edge planes. However, at the HDS
reaction conditions (200—400°C and lower H,S
partial pressure) since the experimentally mea-
sured S/Mo stoichiometry of supported and
unsupported MoS, catalysts is around 2.0 or
even dlightly lower than 2.0 [68,77,78], the exis-
tence of S, in the (1010) planes of MoS, crystal
is unlikely. The proposed Mo,,S;, cluster in

3030 plane

3333 2233
Mo Moy,

22,2233
Moy,

simplifying

1010 plane

Moy;Ss,

this study is similar to the model MogS,,
predicted by Topsge et a. [20] on the basis of
their understanding. Their model is an approxi-
mate regular hexagonal cluster, in which two
sulfur atoms in the (1010) edge plane are re-
moved to maintain the Mo/ S stoichiometry of
the model.

3.1.3. Smplification of Mo,,S;, cluster

As there is an atom-number limit in our
calculation program, we designed a smaller, but
still stoichiometric, Mo,,S,, cluster, as shown
in Fig. 4, to mimic the edge structure of the
Mo,,Ss,. Since the bottom plane (1010) and the
top plane (3030) in Mo,4S,, cluster are respec-
tively the same as the corresponding edge planes
in the Mo,,S;, cluster, we assume that the
electronic properties of the edge planes calcu-
lated from the Mo,4S;, cluster should be the
same as, or very close to, those of the corre-
sponding planes in the Mo,,S;, cluster. The
charge distribution and bond indexes of the
Mo,¢S,;, cluster were calculated and the results
are listed in Tables 3 and 4, respectively. The
coordinatively unsaturated Mo,,, in the (3030)
plane shows a positive charge, being +0.291

3030 plane

3030 plane

3333 2,233
Moy, Moy,

33,33 22,33
Moy, Moy,

simplifying

Suﬁ‘() Sy .
1010 plane

Mo, S,

Mo, ¢S4,

Fig. 4. Simplification of Mo, S;, cluster.
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Table 3
Formal charge of the atomsin Mo,¢S;, cluster

Atom Number Average charge (a.u.)
shea 4 —0.261
S 2 -0.212
Sieo 4 -0.129
006 10 —-0.077
Moz?3:30 2 0.291
Mo3233 1 0.350
Mog222:33a 2 0.326
Mo§3332 5 0.248

#In the bottom edge plane of the Mo,4S;, as shown in Fig. 3.
®In the top edge plane of the Mo0,6S;, as shown in Fig. 3.

and +0.350 (au.) for Mo3**3® and Mo>333,
respectively. The middle Mo,, (Mo3>3®) is
more positive than the end Mo,, (Mo03%?33),
indicating that the Mo3*® is more ionizable.
The bridge S atoms in the (1010) edge planes
show a negative charge with a value of —0.261
and —0.212 (au.) for S'® and S&°, respec-
tively. The tribound S atoms in the basal planes
have a lower negative charge, the average value
being —0.077 (a.u.). The bond indexes for S,,—
Mo and S,,—Mo are around 1.0 and 0.8, respec-
tively, in agreement with those obtained from
the Mo,,S; cluster. Since there is much evi-
dence that the active sites for HDS involve CUS
[20,50,51,65,66], we consider that the coordi-
nately unsaturated Mo,,, in the (3030) planes
should have a significant role in HDS. In the
following discussion, we will focus on the Mo,,,
in the (3030) plane.

In order to examine the interaction of sulfur
species with the (3030) edge plane, we designed

Table 4

Bond indexes in Mo,5S3, cluster

S-Mo Bond index
Siie-MoR?33 1.026

S8 M %2223 1.008
S{fe-Mogp>? 0.806
Sii*e-Mop >33 0.849
St -Mo¥3:333 0.776

ShPe-Moj;2333 0.807

another smaller cluster Mo,,S;g, as shown in
Fig. 4, to mimic a (3030) edge plane in consid-
eration of the atomic number limit in our ZINDO
program and of computational time. The
Mo,,S,g cluster has a (3030) edge plane the
same as that in the Mo,,S, cluster though it is
not stoichiometric. We assume that the influ-
ence of the atoms at the positions far from the
(3030) edge plane on the properties of the (3030)
plane is negligible. The orbital populations
(Mulliken) and formal charge of the Moj**? in
the (3030) plane of the Mo,,S,;s and Mo,¢S,,
clusters were calculated. As listed in Table 5,
the charge and orbital populations of the Mo,
in the (3030) plane of the Mo,,S,g cluster is
similar to those of the Mo,,, in the (3030) plane
of the Mo,¢S;, cluster. This indicates that the
smplification of the Mo,,S;, cluster by the
Mo,,S;5 cluster is reasonable for examining the
(3030) plane.

3.2. Interaction of the (3030) plane with sulfur
species

3.2.1. Adsorption configuration of thiophene on
the (3030) plane

In order to examine the interaction of the
Mo3>33 with thiophene, we located the sulfur
atom of thiophene at the S, position in the
(1010) plane of the Mo,,S;g cluster, and then

Table 5
Comparison of electronic properties of Mo3>32 between Mo,4Ss,
and Mo,,S, 4 clusters

MO,6Ss, M01oS;g
Mo >33 charge (au.) 0.350 0.338
St —Moi >33 bond index 0.849 0.856
Mulliken’s orbital populations
S 0.505 0.534
Px 0.240 0.171
Py —-0.113 —0.061
P, 0.035 0.038
d,2 1.265 1.297
dyo_y2 0.897 0.832
dyy 1.122 1.149
dy, 0.840 0.747
d 0.331 0.421
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changed the angle included between the molecu-
lar plane and the (1010) plane, as shown in Fig.
5(T-0). The total energies and pseudo-adsorp-
tion heat (AH) of thiophene-Mo,,S,q at differ-
ent angle were calculated. Other possible ad-
sorption configurations where the S;—Mo bond
length of 2.415 A isfixed, also shown in Fig. 5
and noted by A, B, C, D-0, D-45, D-90, and E,
were also calculated. The results are listed in
Table 6. The adsorption configuration (T-0) with
the included angle of 0° was found to be the
most stable one as the pseudo-adsorption heat
(AH = —8.49 (au.)) of thiophene-Mo,,S,; for
this configuration is the highest in absolute
magnitude in all of the configurations. In other
words, the adsorption configuration of thio-
phene paralel to the (3030) plane, as shown in
Fig. 6, is the most stable and the most probable
one. Other adsorption configurations addressed
in Fig. 5 are unlikely, as they have much lower
pseudo-adsorption heats (AH > —6.75 (au.))

in absolute magnitude than that for the flat
adsorption configuration. From Fig. 6, it is aso
clear that thiophene is adsorbed on the Mo atom
not only through a S;—Mo bond, but also
through bonds between 1r-electrons on the thio-
phenic ring and the Mo. The bond index values
are 0.566, 0.507, 0.472, 0.473, and 0.507 for
S+—Mo, C,—Mo, C;—Mo, C,—Mo, and C,—Mo,
respectively.

The calculated formal charge of the adsorbed
thiophene for the flat adsorption configuration is
+0.872 (a.u.), indicating that the electrons shift
partially from the thiophene ring to the (3030)
plane during the adsorption process. In all of the
adsorption configurations examined in this
study, the formal charge of adsorbed thiophene
for the flat adsorption configuration is the high-
est, which is in agreement with the highest
pseudo-adsorption heat in absolute magnitude.

The calculated electrostatic potentials of thio-
phene and the Mo,,S,4 cluster are displayed in

D-90

Fig. 5. Various adsorption configurations of thiophene on Mo3232,
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Table 6

Pseudo-adsorption heat and formal charge for different configurations
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No. configuration

Mo, S;g—thiophene

M0,,S;g—THT

Total energy AH Charge of Total energy AH Charge of whole
(au) (au.) whole T (au.) (au) (au) 4Ht (au)
1.T-0 —333.93 —8.49 0.872
2.T-225 —332.60 —7.16 0.869 X
3.T-45 —331.66 —-6.22 0.654 —335.81 —6.68 0.661
4.T-90 —330.88 —5.44 0.430 —335.08 —5.95 0.435
5. T-135 —330.77 —-5.33 0.371 —335.06 —-5.93 0.392
6. T-180 —331.25 —5.80 0.447 —335.84 —-6.71 0.497
7.T-190 —336.21 —7.08 0.569
8. T-200 —331.80 —6.35 0.518 —336.78 —7.65 0.835
9. T-210 —-332.14 —6.70 0.587 X
10. T-220 x2
11. A —330.68 —-5.23 0.551 —334.93 —5.80 0.375
12.B —330.56 -511 0.424 —334.85 —5.72 0.454
13.C —331.83 —6.38 0.663 —336.10 —-6.97 0.681
14. D-0 —332.19 —6.75 0.804
15. D-45 —330.87 —5.43 0.471
16. D-90 —330.55 -511 0.423 —334.67 —554 0.416
17. E —331.26 —-5.82 0.618 —335.59 —6.46 0.642

®As the atoms between sulfur specie and MoS, cluster are too close, the SCF density calculation cannot be performed.

Fig. 7. The electron-rich regions around thio-
phene are located at two sides of the thiophene
ring, whereas the Mo,,S,5 cluster shows a rich
positive electrostatic potential on the M3>33
sites in the (3030) plane in agreement with the
charge distribution (see Table 3), indicating
where the electron density is poor. It is clear

Fig. 6. The most stable adsorption configuration of thiophene on
the (3030) plane.

that the electrostatic potentials are in favor of
the flat adsorption configuration (T-0).

Molecular orbital calculations of the M0,,S,4
cluster were aso performed. The lowest unoc-
cupied molecular orbital (LUMO) of the
Mo,,S;5 cluster is shown in Fig. 8. The LUMO
on the MoS, cluster is dominantly located on
the Mo3>33 atom, indicating electron acceptor
property of the Mo>>33 position. The results
suggest that thiophene is most likely to donate
the m-electrons to the Mo3>33. A significant
increase in the total formal charge of thiophene
and a decrease in the charge of the Mo3>33
were found during the flat adsorption process.
The Mulliken's orbital populations aso indicate
that there might be a back donation of the
electrons from the Mo to thiophene as the 5s
and some 4d orbital populations of Mo3>33
decrease after the adsorption. However, the net
electron transfer is from thiophene to the sur-
face. The results, in good agreement with the
electrostatic potential, support further the flat
adsorption configuration.

From the coordination chemistry, a coordina-
tion geometry of thiophene with a transition
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Flat adsorption

Thiophene

Mo,(Sg

Fig. 7. The adsorption configuration suggested by electrostatic interaction.

metal through m°-bonding has been reported to
be one of the most common forms in transition
metal complexes [79-89). This m®-bound geom-
etry implies a probable form in the adsorption
of thiophene on the surface, which is well con-
sistent with the flat adsorption configuration
derived from our molecular simulation.

The flat adsorption configuration obtained in
this study is somewhat different from the flat
adsorption configuration reported by Raybaus et
al. [41], where thiophene coordinates with two
Mo,, atoms through a bridge-v° bonding. As
Raybaud et al. used a periodic unit cell for
modeling the (3030) edge plane, the electron
structure of each Mo,,, on the edge plane were
equal. In our model, the electron structure at the
middle Mo (Mo3???) and the end Mo (Mo3732
in the (3030) plane are different as shown in
Fig. 8 and Table 3. This may be a reason why
the adsorption configuration obtained in this

study is somewhat different from theirs, al-
though both are the flat adsorption configura
tions. Another probable reason is no relaxation
of the surface and the adsorbate in our work.
Analogous to thiophene, the flat adsorption
configuration was found to be the most stable
one for both DBT and naphthalene over the
(3030) plane, as shown in Fig. 9. The AH is
—18.16 and —14.21 (a.u.), respectively. It was
found that DBT and naphthalene interact with
the (3030) edge plane not only through a m°-
bonding or a m°bonding to the Mo3>33 but
also through other bonds between aromatic C
atoms in the adsorbate and other Mo,,, atoms
because there are three exposed Mo,,, atoms in
a same edge plane of the MoS, cluster. How-
ever, in the transition metal complexes there is
only a mono-metal center or a bi-metal center at
a specia geometric space. This is a probable
reason why such an adsorption configuration is



422

Front view
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Left view

Fig. 8. The LUMO of M0,;S;5.

not found in transition metal complexes of DBT.
We believe that the flat adsorption configuration
of thiophenic compounds and aromatics is re-
sponsible for the hydrogenation, and the Mo,
in the (3030) plane would be an active site for
hydrogenation. Furthermore, since thiophenic
compounds prefer the flat adsorption rather than
a S-bound coordinative adsorption on the (3030)
edge plane, the direct hydrogenolysis of thio-
phenic compounds by the S-bound coordinative
adsorption on the (3030) edge plane would be
unlikely.

DBT

AH =-18.16 a.u.
Fig. 9. The adsorption configurations of DBT and naphthalene on the (3030) plane.

Q19

3.2.2. Adsorption configuration of THT on the
(3030) plane

Some possible adsorption configurations of
THT on the Mo in the (3030) plane are shown
in Fig. 10. The calculated total energies and
electronic properties corresponding to various
adsorption configurations are listed in Table 6.
In al of the adsorption configurations addressed
in this study, the tilted configuration (T-200), as
shown in Fig. 11, where THT tilts to the (1010)
plane at an angle of 200°, was found to be the
most stable one. The AH is —7.65 (a.u.), being

Naphthalene

18

AH =-14.21 a.u.
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Fig. 10. Various adsorption configurations of THT on Moy,

comparable to the AH (—8.49 a.u.) for the flat
adsorption of thiophene. The Mulliken’'s orbital
populations from our calculation indicate that
there is a o-bonding between the S;,,; and the
Mo where the S;,;; might donate an alone pair

Front view

3,3,3,3

to the Mo. The Mulliken’s orbital populations
aso indicate a probable m-back donation from
the Mo to the S;,;; due to a decrease in some
4d orbital populations of the Mo. The net elec-
tron transfer is from the S;,; to the Mo. The

Left view

Fig. 11. The most stable adsorption configuration of THT on the (3030) plane.
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Left view

Mo, oS¢

Fig. 12. The THT adsorption configuration suggested by electro-
static interaction.

electrostatic potentials of THT and the (3030)
plane, as shown in Fig. 12, strongly support the
tilted adsorption configuration. According to the
calculated A H and electrostatic potential analy-
Sis, other adsorption configurations of THT on
the (3030) plane are unlikely, although not nec-
essarily impossible.

The higher negative electrostatic potential and
the higher electron density concentrated on S;,¢
(electron density: 6.042) than those on S; (elec-
tron density: 5.696) [90] indicate that Sy; is
more readily subject to an electrophilic attack,
in comparison with S;, by a positive metal site
at the catalyst surface, and more readily forms a
S-bound coordinative adsorption. On the con-
trary, thiophene is more readily subject to an
electrophilic attack in the direction perpendicu-
lar to thiophene plane. The tilted adsorption
configuration of THT on the Mo aso makes the
C, and Cg atoms of THT close to the surface of
MoS,, favoring an attack of the surface-
activated hydrogen on the C, and C; atoms.
Consequently, the S elimination from THT over
the (3030) plane might result from such tilted
adsorption configuration of THT.

3.2.3. Adsorption of H, S on the (3030) plane
The adsorption configurations of H,S on the
(3030) plane were also examined. Analogous to

THT, a tilted adsorption configuration is the
most stable. The corresponding AH value is
—2.41 (au.), much lower in absolute magni-
tude than those for thiophene and THT. The
lower AH value is favorable for the evolution
of H,S formed in HDS from the surface, and,
thus, is favorable for the regeneration of the
active side.

3.3. Hydrogenation pathway of thiophene on the
(3030) plane

The adsorption configurations of thiophene,
THT, and H, S on the Mo of the (3030) plane in
combination with the experimental observation
from the literature [2,11,14,18] suggest a likely
catalytic cycle procedure, as shown in Fig. 13,
for the hydrogenation pathway of thiophene over
MoS,. Thiophene is first adsorbed on the Mo in
the (3030) plane by a m°-bound coordination,
and then hydrogenated to form an intermediate,
THT. Because the AH of THT on the Mo by a
S-bound coordination is close to that of thio-
phene by the flat adsorption, the formed THT
might be likely adsorbed on the same Mo,,, and
subsequently hydrogenolyzed to produce a hy-
drocarbon and a H,S on the surface. The H,S
is then desorbed from the surface due to its
weaker interaction with the Mo, and the active
site is regenerated. Hence, we expect that the
HDS of thiophene through the hydrogenation
pathway would be likely to occur on the same
active site (Mo,,,), but by the n*>- and S-bound
coordinations for thiophene and THT, respec-
tively. One may argue that desulfurization of
thiophene and DBT by elimination of S atoms
has been reported by many investigators in the
literature [2—4,7,10,14,15,18,91-94]. We be-
lieve that such reactions would be likely to
occur on the hydrogenolysis active sites rather
than the hydrogenation active sites [7,45].

A much lower pseudo-adsorption heat of H,S
on the Mo, in absolute magnitude, than that of
thiophene also implies that there would be no,
or very weak, inhibition of H,S against the
hydrogenation of thiophene compounds, which
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Thlophene J
C i\ 2
Adsorptzon ;
AH= -8.49 a.u. ; ;
Mo;4S,5 Mo, (S, - thiophene
H,S v * H,
Desorption T
AH= +2.41 a.u Desorptl()n‘ Hydrogenation
AH= +7.65 au.
Hydrocarbon e
fj Hydrogenolysis j
Mo,S,5- H,S Mo,¢S,g- THT

Fig. 13. HDS catalytic cycle of thiophene through hydrogenation pathway on the (3030) plane.

coincides with the experimental results [9—15].
A higher pseudo-adsorption heat of naphthalene
on the Mo,,, indicates that naphthalene proba-
bly inhibits the hydrogenation of thiophenic
compounds strongly by a competitive adsorp-
tion on the same active site, which has been
reported in previous experiments [15-17].

In this paper, we have addressed the active
sites on the (3030) plane of MoS, surface for
hydrogenation of thiophenic and aromatic com-
pounds, and also likely for the hydrogenolysis
of THT, via the semi-empirical quantum chemi-
ca calculation. It should be emphasized that
thiswork does not represent an exhaustive study,
especially since we have not taken into account
relaxation of the adsorbates. However, the rea-
sonable agreement of our model and calculated
results with many experimental results from the
literature, as mentioned above, makes us believe
that very useful results for HDS over MoS, can
be obtained from the present approach. Many
questions still remain. The location of the active
sites on MoS, surface for the hydrogenolysis of
thiophenic compounds and hydrogenated thio-
phenic compounds, as well as the hydrogenoly-

sis pathway is not addressed in the present
study. We are investigating this question [45],
and the detailed results will be presented in a
subsequent paper. The adsorption and dissocia
tion of H, on the surface and the surface reac-
tion of adsorbates are also very important issues
for a fundamental understanding of HDS mech-
anism of thiophenic compounds. Further explo-
ration is necessary to evaluate these issues.

4, Conclusions

In order to develop a fundamental under-
standing of the HDS mechanism of thiophenic
compounds over MoS,, a systematic molecular
simulation of the HDS of thiophenic compounds
over MoS, has been performed using ZINDO.
On the basis of the calculated edge structure,
stoichiometry of MoS,, shape of the crysta,
and the size corresponding to real MoS, parti-
cles, a single-slab cluster, Mo,,S;,, has been
proposed for modeling the highly dispersed
MoS, catalyst. The proposed cluster is a stoi-
chiometric and regular hexagonal cluster with
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(1010) and (3030) edge planes only. The atomic
ratio of S, /S,y N the cluster is 0.33 and the
average coordinative number of Mo atoms is
5.33, which is consistent with the previous ex-
perimental results in the literature. According to
the calculated electronic properties on the sur-
face, the coordinately unsaturated Mo, in the
(3030) plane is expected to be the active site for
hydrogenation of thiophenic and aromatic com-
pounds. The most stable configuration of thio-
phene on the Mo,,, is a flat adsorption configu-
ration via the m°>-bound coordination, whereas
the most stable configuration of THT on the
Mo,, isatilted adsorption configuration via the
S-bound coordination. HDS of thiophene
through the hydrogenation pathway is likely to
proceed on the Mo,,, sites in the (3030) planes.
An HDS mechanism of thiophene through the
hydrogenation pathway has been proposed in
the light of quantum chemica understanding,
which is well in agreement with the experimen-
tal results from the literature.
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