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Abstract

Density functional theory computations have been carried on the hydrogen adsorption mechanism on a Mo,7Ss4 single layer cluster, which has
a size (15-20 A) close to that of real catalysts. For one molecule of H, adsorption, the most stable adsorption form (E,qs = —27.2 kcal/mol) is the
homolytic dissociation on the S edge with the hydrogen atoms keeping away from the plane consisting of all Mo atoms, followed by the heterolytic
dissociation (E,4s = —26.1 kcal/mol) on the intersection of S and Mo edges with the formation of Mo.—H and S.—H bonds. At high coverage with two
and three H,, however, dissociated hydrogen adsorption on the Mo sites are much more favored thermodynamically than on the S sites. Moreover,
the corner sites are more favored thermodynamically for hydrogen adsorption and formation of coordinatively unsaturated sites than the edge sites.
In addition, the activation energy of H, dissociation and hydrogen transfer processes have been computed to be 2.7-19.2 kcal/mol, and these rather
low barriers indicate the enhanced mobility of the adsorbed hydrogen on the surface.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

During the last decades lots of efforts have been devoted to
the understanding of the MoS; active sites for hydrodesulfuriza-
tion (HDS) and hydrogenation (HYD) [1-5]. Hydrogen species
on the surfaces of catalysts is crucial to catalytic activity. In
the “remote-control” model, Delmon et al. have proposed two
distinct sulfide phases (CogSg and MoS;) on the Co promoted
MoS; catalyst for thiophene HDS, and the catalytic activity is
ascribed to the surface —SH, which can be enriched by activated
hydrogen over CogSg (hydrogen spillover). The activated hydro-
gen species forms not only surface —SH for hydrogenolysis of
sulfur containing compounds [6-9] but also remove surface sul-
fur to maintain an effective degree of coordinately unsaturated
sites (CUS) on MoS,. It has been proven experimentally that
properly reduced MoS; edges have unique activities for HDS
and HYD [1,3,6]. However, the detailed mechanism of forma-
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tion and exact structures of the active sites still remain unclear,
and they continue to be the subject of investigations in many
aspects [2,3,9].

It is well known that MoS; consumes large quantities of Hy
[10-12], but the dissociation process of Hy and the states of
the adsorbed hydrogen on MoS; are unclear. Two H, dissoci-
ation schemes, i.e.; heterolytic dissociation on sulfur vacancies
to yield Mo—H and Mo—SH species, and homolytic dissociation
on disulfide groups to form Mo-SH groups, have been consid-
ered [11,13]. The latter process has been observed on molecular
coordinated complexes [14].

Raman spectroscopy and X-ray photoelectron spectroscopy
studies on MoS;-based systems have detected disulfide species
[11,15-17] and —SH groups [10,18-20], but no Mo-H species
has been found, and infrared studies have shown the location of
—SH groups at the MoS; edges [19]. The —SH groups have been
directly observed by inelastic neutron scattering by Wright et
al. [10] and Sundberg et al. [21] on bulky and Al,O3 supported
MoS», and a spectral peak at ca. 600cm™! has been assigned
to the Mo—S-H deformation mode. Other spectroscopic studies
have only evidenced —SH groups indirectly. On the basis of the
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infrared spectra of (Co)Mo/Al,O3 catalysts, Topsge et al. have
observed the hydrogen bonding interaction between the —OH
groups on the support and the acidic —SH groups [22], and shown
the enhanced acidity of —SH group by using pyridine as a probe
molecule [19]. Recently, Maugé et al. have shown an increase
in the Brgnsted acidity of —SH groups by H,S adsorption, com-
pared to the sulfide phase on similar catalytic systems [23-25],
Lauritsen et al. have observed in scanning tunneling microscopy
experiment the formation of —SH groups on the edges of MoS»
nanocluster [26,27]. On the unsupported and supported catalysts
Thomas et al. [28-31] and Hensen et al. [32] have observed the
heterolytic dissociation of Hy, as indicated by the exchanges of
H,/D; and H,S/D;S. This shows the importance of the mobil-
ity of hydrogen species on the surface. Since the catalytic HDS
activity depends on the types of CUS, it is necessary to under-
stand the adsorbed hydrogen on the catalyst surface. CUS is
formed by the removal of surface sulfur by activated hydrogen,
and therefore, the higher the concentration of activated hydro-
gen, the higher the CUS concentration, and the higher the HDS
activity. Despite the extensive experimental studies, however,
the detailed mechanism of formation and exact structures of the
active CUS still remain unclear, and they continue to be the
subject of investigations in many aspects.

In addition to experiments, theoretical studies have shown
the heterolytic dissociation of H; on the surfaces of metal sul-
fides (MoS,, NiS, and RuS;) [13,33,34] with the formation of
metal hydrides and —SH groups. On the basis of periodic density
functional theory study on H, adsorption on MoS,, Cristol et al.
have found that the most stable surface does not contain any
CUS, and that the heterolytic dissociation of H, forming Mo-H
and —SH is always endothermic without formation of new CUS
on the surface [35]. Travert et al. also have found the ability to
dissociate Hy on the surface depending on the nature of metal
atom and the sulfur coordination environment [36]. Byskov et
al. have studied the dissociation of H on the edges of a Co
promoted MoS; slab, and found that sulfur atoms at the edges
of the MoS; slabs can move up to extract one hydrogen atom
from the dissociating Hp and transport it to the other side of
the slab where it diffuses on [37]. Also using a periodic model,
Bollinger et al. [38] studied the electronic structures of MoS,
nano-particles, and the hydrogen adsorption on the Mo and S
edges. It is found that hydrogen adsorption on the S edge with
the formation of two —SH groups represents the most stable con-
formation, and that on the Mo edge is also possible with half S
coverage on it. On the basis of calculated free energy including
H; and H»S, Bollinger et al. found that hydrogen is expected
to be adsorbed at both the Mo and S edges in the form of —SH
groups under HDS conditions, and concluded that the availabil-
ity of activated hydrogen is an important prerequisite for the
HDS process. Li et al. have discussed the effect of removal of
sulfur atoms from Mo7S»4 edges for understanding the activa-
tion mechanisms of HDS/HYD catalysts [39]. Paul and Payen
have studied the vacancy formation mechanism on the edges of
MoS, nano-crystallites as active phases in HDS process, and the
dynamic equilibrium on these edges [40]. From the thermody-
namic point of view, the formation of vacancies on the edges of
the MoS» nano-crystallites is an unfavorable process. The results

of catalytic testing and kinetic study have proven that the reduced
edges of the highly dispersed MoS; crystals with a size of one
to several nanometers with boundaries in all crystallographic
directions provide the necessary active sites for the HDS/HYD
reactions [1-4,41-44]. The data of the extended X-ray adsorp-
tion spectroscopy and scanning tunneling microscopy showed
that the boundaries of MoS, were more relaxed [26,45,46].

The present work reports a detailed approach to explore Hy
adsorption and activation on the Mo27Ss54 cluster by using the
density functional theory method. The vibrational frequencies
of —SH and Mo-H groups are computed and compared with the
available experimental data. The transfer of activated hydrogen
(spillover hydrogen) and the role of hydrogen in the formation
of CUS are discussed. The reactivity of activated hydrogen with
different sulfur atoms on the edges of Moy7Ss4 is analyzed to
understand the HDS catalytic nature on MoS,.

2. Method and model

All calculations are performed with the program package
DMol? in the Materials Studio 2.2 of Accelrys Inc. In DMol3
the physical wave functions are expanded in terms of accurate
numerical basis sets [47]. We have used the doubled numer-
ical basis set with p-polarization function for hydrogen and
d-polarization functions for other atoms (DNP), while effective
core potential (ECP) is used for molybdenum. The general-
ized gradient corrected functional by Perdew and Wang (PW91)
is employed [48], and the medium quality mesh size is used
for the numerical integration. The tolerances of energy, gradi-
ent, and displacement convergence are 2 x 1075,4 x 1073 au/A,
5 x 1073 A, respectively. The real space cutoff of atomic orbitals
is set at 5.5A, and a Fermi smearing of 0.0005 was used to
count the orbital occupancy. The Linear Synchronous Tran-
sit/Quadratic Synchronous Transit method at the same level is
used for the search for transition states.

In order to model the nanometer sized crystallites observed
experimentally, a Mo7Ss54 cluster is used, and the initial coor-
dinates are taken from the handbook of crystal structures; this
cluster has also been used by Li et al. [49] and Orita et al. [50] to
study the structural and electronic properties of MoS,. It is to be
noted that the highly dispersed supported MoS; catalysts have
predominant sizes in the range of 1030 A [51]. This indicates
that there should be two, three, or four Mo atoms on a corre-
sponding edge plane and that the electronic properties of Mo
atoms at different positions (corner or edge sites) of the edge
planes should be different [52]. Recently, theoretical studies on
CO adsorption show that Mo¢S, and Mo;oS; clusters are large
enough to represent both stoichiometric and non-stoichiometric
cluster models [53,54]. Further calculations on the surface struc-
tures and stability show that Mo¢Syx and Mo19S; clusters on
Mo sites, and Mo;gS, cluster on S site are realistic models for
studying Hj adsorption and activation [55]. Therefore, the use
of Mo,7S54 cluster with size close to real MoS, particles should
be reasonable and realistic.

However, the adsorption of H, on Mo,7Ss4 still remains
unclear. We have optimized the cluster by using our methods,
as shown in Fig. 1. This finite slab represents (10 10) for the
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Bond length(A)
Mo(c)-Mo(i)= 2.965
Mo(c)-Mo(o)= 3.052
Mo(c)-Mo(e)= 3.134
Mo(c)-S(c)=2.331
Mo(c)-S(e)=2.383
Mo(c)-S(0)= 2.384
Mo(0)-S(0)= 2.386

Mo(0)-S(c)= 2.429

Fig. 1. Optimized structure parameters for Mo27Ss54 with the S and Mo edges for adsorption Hy.

S edge and (10 10) for the Mo edge of MoS,. Due to its D3y,
symmetry, there are two types of bridge sulfurs (S, and S¢) on
the S edge, and two types of molybdenum centers (Mo, and
Moe) on the Mo edge, respectively. To validate the method in
DMol, we have compared the optimized structural parameters
of our Mo,7Ss4 cluster with those from the EXAFS data [56]
and those from DFT based calculation with the Vienna Ab Initio
Simulation Program (VASP) [35]. The characteristic distances
of the bulk structure (d1) and those (d2 and d3) of neighboring
molybdenum atoms at the two types of edge estimated from our
calculation (3.16, 3.08 and 3.25 A) agree well with the available
EXAFS (3.16, 3.32 and 3.32 A) and VASP data (3.16, 3.12 and
3.22A).

In this work, both dissociative and non-dissociative adsorp-
tions of Hy molecule on the Mo edge and on the S edge have
been calculated. In addition, we also have calculated the frequen-
cies of S—-H and Mo-H groups using the partial Hessian matrix
including only atoms of S—H, Mo-H to reduce the computational
cost. Indeed, this approximation has been found reasonable on
the basis of the identical CO stretching frequencies computed for
adsorbed CO on MoS; from the matrix corresponding to all CO
and surface atoms and from matrix corresponding only to CO,
indicating that surface atom does not influence CO stretching at
all [55]. Comparison of the experimental and calculated stretch-
ing frequency for Hy (expt. 4401 cm™! and calc. 4369 cm™!)

e _

Bond length(A)

Mo(c)-H(1)=1.896

ARV AR

1 (-17.3 keal/mol)

Bond Icngth(A)
Mo(c)-H(1)=1.924

SRR

3 (-24.2 keal/mol)

Mo(e)-H(2)=1.732

-~ Mo(c}-H(2)=1.886 _
H()-HR)= 0854 \/

) Mo(e)-H(1)=1.902 C

gives a ratio of 1.01, which is used to scale other frequencies. In
addition, the possible CUS on the S edge and the migration of
hydrogen are discussed. From these results, we can propose the
mechanism of creating CUS over MoS; cluster. Adsorption ener-
gies are computed by subtracting the energies of the gas-phase
Hj and cluster from the energy of the optimized Hy/cluster com-
plex; n is the number of adsorbed H», as shown in Eq. (1). On
this basis, the more negative the E,qs, the stronger the adsorption.
Energetic data are listed in Table 1:

Eqaqs = E(nHy /M027S54) — [En(Hp) + E(M027S54)] (D

3. Results and discussion
3.1. Adsorption at low hydrogen coverage

3.1.1. Adsorption on the Mo edge

Fig. 2 shows four different adsorption structures (1-4) of Hy
on the Mo edge. In 1 and 2, H; is located germinally at Mo,
with the Mo—H bond lengths of 1.886/1.896 and 1.873/1.866 A,
and the H-H bond length of 0.854 and 0.878 A, respectively.
This shows that the adsorbed H» is activated but not dissociated,
and represents the initial point for Hy dissociation. In 3, there
are one Mo—H-Mo bridge group (Mo—H =1.902-1.924 A) and
one terminal Mo—H group (Mo—H =1.732 A), while there are

Bond length( &)
Mo(c)-H(1)= 1.873
Mo(c)-H(2)=1.866

/ H(1)-H(2)= 0.878

Bond length( /&)
. Mo(o)-H(1)= 1712
\/ Mo(e)-H2)= 1746

4 (-20.8 keal/mol)

Fig. 2. The stable H, adsorption modes (1-4) and adsorption energies on the Mo edge.
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Table 1
Calculated total electronic energies (Ey, au), the relative energies (Ee|,
kcal/mol) and the adsorption energies (E,gs, kcal/mol)

Model Eiot Erel Eadsa
1 —23355.06760 99 -17.3
2 —23355.07011 8.3 —18.9
3 —23355.07866 3.0 —24.2
4 —23355.07321 6.5 —20.8
5 —23355.06055 14.3 —12.9
6 —23355.05409 18.4 —8.8
7 —23355.08166 1.2 —26.1
8 —23355.08335 0.0 —272
9 —23355.07856 3.0 —24.2
10 —23355.07239 6.9 —20.3
11 —23355.07035 8.1 —19.1
12 —23355.06840 95 -17.8
13 —23355.05840 15.7 —115
14 —23355.05253 19.4 -7.8
15 —23355.05009 21.0 -6.2
16 —23355.04612 233 -39
17 —23355.01236 445 17.3
18 —23357.45080 [22.8]° —43.8
19 —23357.48727 [0.0]° —66.6
20 —23356.26043 (12.9)° —314
21 —23356.25897 (14.1)° —30.2
22 —23356.28124 (0.0)° —443
23 —23356.28091 0.2)¢ —44.0
24 —23356.27749 2.3)¢ —42.0
25 —23357.44091 [29.1° —37.6
26 —23356.26398 (10.8)° —334
27 —23356.25009 (19.4)° —24.9
28 —23357.42418 [39.71° -27.0
29 —23356.25153 (18.7)¢ —25.6
30 —23356.24030 (25.6)° —18.7
31 —23355.02841 - -
32 —23355.02505 - -
33 —22955.63610 - -
34 —22955.61168 - -
TS(1) 2 — 3) —23355.06021

TS(2) (4— 3) —23355.06030

TS@)1—7) —23355.04739

TS@) (5—17) —23355.03348

TS(5) (5— 16) —23355.03006

TS(6) (16 — 11) —23355.04173

TS(7) (14 — 11) —23355.04386

TS(6) (6 — 14) —23355.03304

Mo27S54 —23353.86943
H —0.50141

H, —1.17057

H,S —399.40282

% According to Eq. (1).
Y For six hydrogen atoms.
¢ For four hydrogen atoms.

two terminal Mo—H groups in 4 (Mo—H=1.712 and 1.746 A),
respectively. They represent homolytic adsorption of H, on the
Mo edge.

As given in Table 1, the adsorption of dissociated
hydrogen is more favored thermodynamically than the acti-
vated Hy, as indicated by the computed adsorption energies
(—24.2/—20.8 kcal/mol versus —18.9/—17.3 kcal/mol, respec-
tively). It also shows that the adsorption of dissociated hydrogen
favors 3, which is also the most stable structure for hydrogen
on the Mo edge. It is to be noted that the adsorption energy

(—24.2 kcal/mol) of 3 is close to the experimental value of —28.8
to —24.9 kcal/mol on Mo surface obtained by Farias et al. [57].
The most stable activated H, complex is 2, which is 5.3 kcal/mol
higher in energy than 3, and this energetic difference is much
smaller than the dissociation energy of Hy by 104.2 kcal/mol
[58], indicating the considerable activation of H in 2 and the
enhanced stabilization of atomic hydrogen in 3. On the basis
of the calculated relative energies, it is interesting to note that
structure 2 should be the initial point for H; activation, and that
the adsorbed Hy, complex will dissociate oxidatively into the
dihydride complex (3) with the shift of one hydrogen to the
bridge position, while 4 and 1 should be the higher energetic
intermediates for Hy adsorption and hydrogen transfer.

3.1.2. Adsorption on the S edge

In addition to the adsorption on the Mo edge, we calculated
the possible adsorption on the S edge. As shown in Fig. 3, there
are four structures (5-8) for hydrogen adsorption on the S edge,
and 5, 6 and 8 represent the homolytically dissociated hydrogen
at S¢ and S, bridges, while 7 shows the heterolytically dissoci-
ated hydrogen.

In S and 6, the Sc—H and S.—H bond lengths are 1.361 and
1.357 A, and the Mo—S. and Mo.—S, distances are 2.490 and
2.509 A, respectively, which are longer than those in the bare
surface (2.331 and 2.383 A). In 7, the Sc—H; and Mo.—H; bond
lengths are 1.356 and 1.726 A. For 8, the two S—H groups with
the corner and edge on the same side have bond lengths of 1.367
and 1.366 A, respectively.

The computed relative energies in Table 1 identify 8 as the
most stable form, and the second most stable form is 7, which is
higher in energy than 8 by only 1.2 kcal/mol. In contrast, other
structures (1-6) are higher in energy. The most stable form 8 has
also the largest adsorption energy of —27.2 kcal/mol, while that
of 7is —26.1 kcal/mol. These results agree very well with those
from periodic conditions by using other theoretical models and
methods. For example, Cristol et al. [35] found that the most
stable adsorption geometry on the S edge has two —SH groups,
and that the adsorption energy is —31.8 kcal/mol. Bollinger et
al. [38] have found that hydrogen adsorption on the top of the
fully covered S edge with the formation of two —SH groups
is the most stable configuration, and the adsorption energy is
—29.1 kcal/mol. It is to be noted that our most stable adsorption
model (8) has the same adsorption configuration as the two most
stable models from the periodic calculations. This validates not
only our cluster model but also the methods employed. There-
fore, there are no fundamental difference between our cluster
model and periodic model for hydrogen adsorption on the S
edge.

At this step, it is very interesting to compare the relative
energies for Hy adsorption at both S and Mo edges. As shown in
Table 1, structure 8 is the most stable species with one S.—H and
one S.—H on the S edge, and structure 7 is the second most stable
species with one S—H and one Mo—H bonds around the corner
of one CUS at Mo, which represents the intersection of molyb-
denum and sulfur edges. The third most stable adsorption form
is structure 3 with one Mo—H-Mo bridge group and one termi-
nal Mo—H bond. This small energetic difference of 1.2 kcal/mol



X.-D. Wen et al. / Journal of Molecular Catalysis A: Chemical 249 (2006) 191-200 195

Bond length(A)
S(c)-H=1.361

Bond length(A)

S(c)-H(2)=1.356

7 (-26.1 kcal/mol)

Mo(c)-S(¢)=2.490
Mo(0)-S(¢)=2.579

iy MO H(1)=1.726

Mo(c)-S(¢)=2.508

Mo(0)-S(c)=2.551

H2 o o H(1)
I3

PUQIR R
0)

p Bond length(A)
e Wt

S(e)-H=1.357
Mo(0)-S(e)=2.509

Bond length(A )
S(c)-H(1)=1.366
S(e)-H(2)=1.367

8 (-27.2 keal/mol)

Fig. 3. H; dissociation adsorption modes (5-8) and adsorption energies on the S edge.

between 7 and 8 indicates the possibility of co-existence of both
forms from homolytic and heterolytic hydrogen adsorption on
the basis of thermodynamic consideration. Indeed, Hall et al.
have reported that heterolytic chemisorptions afford the best
rationalization of the experimental catalysis data [59]. On the
basis of this small energy difference one can consider that the
adsorbed hydrogen can migrate easily from one CUS to another
CUS to archive the most stable adsorption with rather low bar-
rier, as discussed below.

For comparison, we have calculated other structural isomers
with two —SH groups on the S edge. The optimized structures
are given in Fig. 4, and the energetic data are listed in Table 1.
It shows clearly that structure 9 with two bridging —SH groups
is only 3.0 kcal/mol higher in energy than 8, and this is only due
to the different orientations of the —SH group at S, while other
structures (9-13) are much higher in energy. In addition, we
have computed structures with one —SH and one —MoH groups

12 (-17.8 keal/mol)

H2)

H(1)
o]

15 (-6.2 kcal/mol)

16 (-3.9 kcal/mol)

(14-16) or with two —MoH groups (17) on the sulfur edge,
and they are higher in energy. The calculated adsorption energy
(Table 1) shows that on the sulfur edge structures with two —SH
groups or one —SH group and one -MoH group are exothermic,
while structure 17 with two —MoH groups is endothermic. This
is in sharp contrast to the adsorption on the Mo edge, where
structures with molecular or atomic hydrogen adsorption are
exothermic. This indicates the fundamental difference between S
and Mo edges, and this is because Mo centers for hydrogenation
adsorption are coordinatively unsaturated on the Mo edge but
coordinatively saturated on the S edge. Nevertheless, the most
stable adsorption forms are structure 8 with two —SH groups on
the S edge and structure 7 with one —SH and one —-MoH at the
intersection of both Mo and S edges.

Lots of efforts also have been devoted to clarify the pro-
cess of H spillover. In the remote control theory, Delmon et
al. [6] proposed that promoter (Co, Ni) could accelerate the

17 (17.3 kcal/mol)

Fig. 4. H adsorption modes (9-17) and adsorption energies on the S edge.
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dissociation of adsorbed H; effectively into atomic hydrogen,
which can migrate to the active phase and create active sites.
It is well known that spillover displays a powerful explanatory
ability associated with the capability to be a very useful oper-
ating tool for the design of multi-component catalytic systems
[60], as those generally encountered in heterogeneous catalysis.
This property of spillover is either of a static or dynamic nature.
Due to the very small amounts of promoter needed, it is hard to
characterize the detailed spillover process by experiments [61].
In other cases spillover species act as a true reactant responsible
for the main catalytic reaction [61]. For this purpose, we have
computed the mobility of the adsorbed surface hydrogen. The
mobility of the surface hydrogen on the Mo edge, S edge and the
intersection of Mo and S edges is discussed, respectively, and
the potential energy surfaces are shown in Fig. 5.

As shown in Fig. 5a, the activation barrier from the more
stable molecular hydrogen complex (2) to the more stable disso-
ciated hydrogen complex (3) is only 6.2 kcal/mol, and the corre-
sponding hydrogen transfer barrier from 4 to 3 is 8.1 kcal/mol.
For comparison, we have calculated the activation barrier of
hydrogen transfer from the Mo edge to the S edge. As shown in
Fig. 5b, the barrier between 1 and 7 is 12.7 kcal/mol, and that
between 5 and 7 is 17.0 kcal/mol.

Furthermore, the activation barriers of hydrogen transfer on
the S edge are calculated. As shown in Fig. Sc, the largest acti-
vation barrier from 5 to 11 via intermediate 16 is 19.2 kcal/mol,
and the corresponding barrier from 6 to 11 via intermediate 14 is
only 13.2 kcal/mol. For structures 10 and 11 with small energy
difference, the activation barrier of the mobility process is sim-
ilar to that from 5 or 6. Therefore, these rather lower barriers
show the high mobility of the adsorbed hydrogen over the sur-
face. All these indicate that hydrogen can migrate or walk freely
on the catalyst surface under real reaction condition, and this
will simplify further investigation in HYD and HDS processes.

For further comparison we have computed the frequencies
for the most stable adsorption models on the Mo edge (3 and 2)
and the S edge (8) as well as on the intersection (7). All these
data are listed in Table 2, and data for the other less stable models
are given for comparison. The stretching frequencies (v) of 3 for
Mo-H-Mo and Mo.—-H are 1275 and 2027 cm™ ! and their bend-
ing frequencies are 972 and 635cm™!, respectively, and there
are also combined bending frequencies at 755 and 548 cm™'.
For 4, the stretching frequency of activated Hy is 2539 cm™!,
which is lower that that of free Hy (calc. 4369 cm~! and expt.
4401 cm™1). On the intersection, the stretching frequencies of
Sc—H and Mo —H for 7 are at 2662 and 2055 cm ™!, respectively,
and the bending frequencies of S.—H are at 649 and 514 cm™!.
On the S edge, the stretching frequencies of S—H of 8 are 2546
and 2556cm™!. The bending frequencies are in the range of
659-699 cm ™.

Ratnasamy and Fripiat [62] have reported the S—H group fre-
quencies (2640 and 2500 cm™) after adsorption of hydrogen
on the MoS,-pressed samples. The multiplicity of S—H bands
was ascribed to the existence of different valence states of Mo
cations including Mo**, Mo>* and Mo>" states. Jones et al. [63]
also have observed the formation of S—H groups at 662 cm™!
after hydrogen dissociation on MoS;. Hydrogen adsorption on

36
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Fig. 5. Energy diagram of hydrogen migration: (a) on the Mo edge; (b) from
the Mo edge to the S edge; (c) on the S edge.

MoS, was also investigated by inelastic neutron scattering [64],
which shows strong band at 694 cm ™!, accompanied by weaker
overtone maximums at 1380 and 2074 cm™ !, as well as by two
more features at 2470 and 2679 cm™! at 673 K. These latter two
frequencies were reasonably attributed to the stretching modes
of two kinds of S—H groups, similar to those observed in the IR
spectra of MoS; [62]. The computed frequencies for S—H groups
(2568-2662 cm™! versus 500-769 cm™!) and the available IR
data (2640 and 2500 cm ™! versus 662 and 694 cm™!) [62-64]
show very good agreement. However, one has to consider this
agreement with caution, this is because our model has only one
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Table 2

The stretching (v) and bending (8) frequencies (cm™!) for Mo—H and S-H
Mode Frequency Mode Frequency

1 VH-H 2910 6 Vsym(S-H) 2627
Vsym(Mo(c)-2H) 898 Vasym(S-H) 2633
Vasym(Mo(c)-2H) 1513 (Ssym(S—H) 642, 536
SMo(c)-2H 683, 470 Sasyms-H) 564, 500

2 VH-H 2539 7 VS_H 2662
Vsym(Mo(c)-2H) 1058 VMo-H 2055
Vasym(Mo(c)-2H) 1650 BM(FH 769, 620
SMol(c)-2H 755, 469 8s-H 649, 514

3 VMo(e)-H 2027 8 VS(c)-H 2546
VNMo-H-Mo 1275 VS(erH 2556
BM()—H—MO 972 ISS(C)fﬂ 699, 679
dsym(Mo-H-MoMo-H) 755 8S(e)-H 691, 659
aasym(Mo—H—Mo/Mo—H) 548 11 VS(c)-H 2615
‘SMo(e)—H 635 VS(e)-H 2647

4 UMo(c)-H 1956 3s(c)1-n 673, 525
VMo(e)-H 1745 BS(e)—H 683, 571
SMo(c)-H 727 14 VS(e)-H 2660
‘SMo(e)—H 495 VMo(o)-H 1991

5 Vsym(S-H) 2568 85(5)4—[ 689, 570
Vasym(S-H) 2587 8M0(0)—H 1027
asym(S—H) 699, 560
‘Sasym(S—H) 611,496

Hp adsorbed, and it differs from the experiments, in which mul-
tiple adsorptions are possible. This is discussed in the following
section.

3.2. Adsorption at high hydrogen coverage

3.2.1. Adsorption on the Mo edge

In order to clarify coverage effects, we have calculated the
hydrogen coverage of 100% (six hydrogen atoms) and 67% (four
hydrogen atoms) on the Mo edge. The optimized adsorption
structures are shown in Fig. 6, and 18 and 19 have 100% hydro-

H

22 (-44.3 kcal/mol)

24 (-42.0 keal/mol)

gen coverage. In 18, three H, probes are located germinally at
two Mo, and one Mo, and the H-H bond lengths are 0.820 and
0.854 A, respectively. This shows that Hy at Mo is more acti-
vated than that at Mo.. Alike one H, adsorption (1 and 2), they
are activated, but not dissociated, and represent the initial point
for H, dissociation.

In 19, there are two Mo—H—Mo bridge groups, two terminal
Mo-H groups and two —SH groups. It represents the dissoci-
ated adsorption of Hp on the Mo edge, and this is similar to
those in 3 and 4 for one H; adsorption. As given in Table 1, the
adsorption energy of 19 is higher than that of 18 (—66.6 kcal/mol
versus —43.8 kcal/mol). The adsorption of dissociated hydro-
gen is more favored thermodynamically than the activated one
at high coverage.

For 67% hydrogen coverage, there are five different struc-
tures (20-24) on the Mo edge. The two adsorbed H, molecules
are located at one Mo, site and one Mo, site in 20, while they are
located at two Mo sites in 21. The adsorption energies in Table 1
show that 20 has more activated H, than 21 (—31.4 kcal/mol ver-
sus —30.2 kcal/mol), and indicate in turn that the edge Mo atoms
favor hydrogen adsorption thermodynamically more strongly
than the corner Mo atoms. As shown in Fig. 6, the most stable
22 has three terminal Mo—H groups and one Mo—H-Mo bridge
group within 67% hydrogen coverage, and the next most stable
adsorption forms are structures 23 (0.2 kcal/mol) with two ter-
minal Mo—H groups, one Mo—H—Mo bridge group and one —SH
group, and 24 (2.3 kcal/mol) with three terminal Mo—H groups
and one —SH group. It generally shows that the adsorption of
dissociated hydrogen represents the more stable structures for
hydrogen on the Mo edge, and this agrees well with the case of
one Hy adsorption.

The stretching frequencies of different Mo—H groups and
activated Hj are listed in Table 3. In 18, 20 and 21, the stretch-
ing frequencies of activated H, are lower that of free H; (calc.
4369 cm™! and expt. 4401 cm™'). In 19, 22-24, the stretching

23 (-44.0 kcal/mol)

Fig. 6. The optimized structures (18-24) of multiple hydrogen adsorptions and adsorption energies on the Mo edge.
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Table 3 Table 4

The stretching (v) and bending (8) frequencies (cm~!) for Mo—H and H-H The stretching (v) and bending (8) frequencies (cm™!) for S—H
Mode Frequency Mode Frequency Mode Frequency Mode Frequency

18 VH-H 2818 (Moe)? 22 UMo(c)-H 1826 25 V(Sc-H)D 2559, 2547 28 V(Se-H)D 2563, 2553
VH-H 3263, 3239 (Mo, )" UMol(e)-H 1905, 1890 V(Se-H)D 2531, 2501 V(Se-H)D 2580, 2560
VMo(c)-2H 1 494, 1390 VMo-H-Mo 1337 (Ssym(Sc—H)D 706 ‘Ssym(Sc—H)D 741 , 715
VMof(e)-2H 1522, 952 SMo-H-Mo 979, 786 Sasym(Sc-H)D 685 Sasym(Sc-H)D 648, 636

19 VS-H 2634 23 VS_H 2657 Ssym(Se-H)D 648 Ssym(Se-H)D 679
VMo(c)-H 2059, 1897 UMo(c)-H 1816 SasymSc-H)D 634 SasymSe-p)p 617
VMo-H-Mo 1217, 1078 VMo(e)-H 2057 26 V(Sc-H)D 2584, 2572 29 V(Sc-H)D 2567, 2546
SMo-H-Mo 1050, 910 VMo-H-Mo 1400 Ssym(Se—H)D 697, 637 Ssym(Se—H)D 715,705

20 VH-H 2688 (Moe) 24 VS-H 2636 Sasym(Sc-H)D 673, 608 Sasym(Se-H)D 630
VH-H 3278 (Mo) UMo(c)-H 2105, 2087 27 V(Sc-H)D 2570, 2558 30 V(Sc-H)D 2539, 2505
VMo(c)-2H 1567, 989 VMo(e)-H 1874 V(Se-H)D 2569, 2544 V(Se-H)D 2608, 2587
VMo(e)-2H 1396, 837 ‘Ssym(Sc—H)D 674, 655 (Ssym(Sc—H)D 770

21 VH-H 2579 (Mo) Basym(Sc-H)D 641, 621 Basym(Sc-H)D 687
VMo(c)-2H 1087, 904 Jsym(Se—H)D 635 Ssym(Se—H)D 667

2 Hj located at Moe.
b H, located at Mo.

frequencies of terminal Mo—H groups and Mo-H-Mo groups
are in the range of 1816-2087 and 1078-1400cm™", in a good
agreement with the stretching frequency difference between 1
and 2 with one H» adsorption in Table 2. Due to the frequency
overlap of the terminal Mo—H groups, it should be hard to iden-
tify the frequencies of each terminal Mo—H group experimen-
tally. However, it is certainly possible to identify the frequencies
of terminal Mo—H groups (18162087 cm™!) and Mo—-H-Mo
bridging groups (1078-1400cm™").

3.2.2. Adsorption on the S edge

For further comparison, we have calculated the hydrogen cov-
erage of 100% (six hydrogen atoms) and 67% (four hydrogen
atoms) on the S edge. We have calculated two kinds of hydro-
gen adsorption with different orientations at high coverage. The
optimized adsorption structures are shown in Fig. 7. For struc-
ture 25-30, the —SH groups with the hydrogen atoms keeping
away from the plane consisting of all Mo atoms are created,
while in structures 28-30 the orientation of —SH gets closer to
the plane consisting of all Mo atoms. Here the S—H groups are
classified into two groups according to their character: double
S¢—H group and double S.—H group, which are symbolized by
(Sc—H)p, (Se—H)p, respectively.

aasym(Se—H)D 605 Sasym(Se—H)D 601

As shown in Table 1, the adsorption energies of 25, 26 and
27 are higher than those of 28, 29 and 30, respectively. This
shows that the adsorption configuration with hydrogen atoms
keeping away from the plane consisting of all Mo atoms is more
stable. This is similar to the case of one H; adsorption in 8 and
10, and they agree with those found from the periodic model
calculations [35,38].

The stretching frequencies of different —SH groups are
listed in Table 4. In 25-27, the stretching frequencies of
(Sc—H)p and (Se—H)p groups are in the range of 2547-2584
and 2501-2569 cm ™!, respectively. In 28-30, the stretching fre-
quencies of (Sc—H)p groups (2505-2567 cm™!) are lower than
those of (Se—H)p groups (2560-2608 cm™!), and the difference
is 55-59 cm~!, which agree well with the stretching frequen-
cies difference between structure 5 (2568-2587cm™!) and 6
(2627-2633 cm™ ) in Table 2. This shows that the frequencies
of S—H will reduce with the increase in hydrogen coverage. The
results show that all S-H groups stretching frequencies are in
the experimentally observed region of 2500-2670 cm~!, and the
bending frequencies are in the region of 595-770 cm™'. Due to
the overlap of the S—H group frequencies, it is hard to identify
the frequencies of individual S—H groups.

28 (-27.0 kcal/mol)

29 (-25.6 keal/mol)

30 (-18.7 kcal/mol)

Fig. 7. The optimized structures (25-30) of multiple hydrogen adsorptions and adsorption energies on the S edge.



X.-D. Wen et al. / Journal of Molecular Catalysis A: Chemical 249 (2006) 191-200

Bond length( A)
S(0)-H(1)=1.366
S(0)-H2)=1.372
Mo(c)-S(c)=2.488
Mo(0)-S(c)=2.542

Bond length(A)
Mo(¢)-S(¢)=2.277
Mo(0)-S(¢)=2.408

33

Mo(c)-Mo(0)=2.582

199

HE) Bond length(A)
y S(e)-H(1)=1.368
S(e)-H(2))=1.353
Mo(1)-S(e)=3.297

Mo(2)-S(e)=2.562

Bond Iength(A)
Mo(0)-S(e)=2.308

RN
A

Fig. 8. Hydrogen adsorption on the S sites (31 and 32) and the formation of the reduced Mo,7Ss3 clusters (33 and 34).

3.3. Formation CUS on the S edge

It has been suggested that —SH groups can develop by break-
ing a Mo-S-Mo linkage with hydrogen [1,9], which plays a
crucial role in the HDS reaction. Ample experimental evidence
corroborates the faculty of forming —SH groups over stoichiom-
etry [10,18-22]. Furthermore, —SH groups are essential for the
formation of CUS, which is proposed to be the active sites for
HDS.

Recently, a study of scanning tunneling microscopy
allowed the direct observation of the surface reaction
*~SH + *~SH — * + H,S proceeding during the hydrogenation
of monolayer MoS; films by atomic hydrogen (P= 10" Torr,
T=600K) [45]. On the basis of these findings, it is necessary
to study the mechanism of CUS formation on the S edges by
molecular hydrogen and adsorbed H.

In our model, the removal of the S(c) and S(e) were cho-
sen. Starting from Mo;7Ss4, there are two possibilities to adsorb
hydrogen with two germinal —SH bonds, as shown in Fig. 8. In
structure 31, the HoS(c) group is at the corner of the S edge,
while the HS(e) group in 32 is in the middle of the S edge, and
the former is 2.1 kcal/mol more stable than the latter (Table 1).
After the removal of H,S, two Mo,7Ss3 structures with newly
created CUS on the corner (33) and in the middle of the S edge
(34) are formed, and 33 is 15.3 kcal/mol more stable than 34,
respectively, indicating the preferred formation of CUS at the
corner of the S edge thermodynamically; i.e., sulfur removal
from corners is much easier than that from edges, and this dif-
ferent thermodynamic property validate the use of the cluster
model, while models from periodic condition have only edges.
This suggests that corners might play a key role in the catalytic
process. This agrees with the previous result [65].

In addition, we have also calculated the formal reaction
enthalpies. Eq. (2) represents the reduction of Mo,7S54 clus-
ter with the removal of S(c) to form Moy7Ss3 (33), and Eq.
(3) the formation of Mo,7S53 (34) with the removal of S(e),
respectively. The rather thermal neutral reaction enthalpy of
0.7 kcal/mol in Eq. (2) indicates the potential ability of molecu-
lar H to move sulfur at the corner of the S edge, while Eq. (3) is
highly endothermic and the removal of sulfur in the middle of the
S edge by Hy is unlikely. On the basis of H, dissociation energy

of 104.2 kcal/mol [58], it is expected that both types of sulfur
can be removed by atomic hydrogen with highly exothermic
reaction enthalpies of —104.6 and —83.9 kcal/mol. Our compu-
tational results correspond to the experimentally findings that H,
cannot react directly with MoS; slabs under normal HYD/HDS
conditions [66]. Therefore, the adsorbed hydrogen (or atomic
hydrogen) on the S edges plays a very important role in creating
CUS for HYD/HDS:

Mo027S54 +Hz — Mo27S53(33) + H3S,

AE = 0.7 kcal/mol 2
Mo27S54 +Hp — Mo027S53(34) + HjS,
AE = 16.0kcal /mol 3)

4. Conclusion

Hydrogen adsorption, dissociation and transfer as well as the
formation of coordinatively unsaturated sites (CUS) on the sur-
face of a singly slab M0,7S54 cluster have been computed at the
level of density functional theory. On the surface of Mo27Ss4,
there are S and Mo edges for hydrogen adsorption. The computed
adsorption and relative energies have revealed that homolytic
dissociation on the S edge with two S—H groups and heterolytic
dissociation on the intersection of Mo and S edges with the
formation of —SH and/or Mo-H bonds is more favored thermo-
dynamically. The calculated frequencies of S—H agree well with
experimental vibrational frequencies.

It has been computed that the adsorbed hydrogen on the
Mo,7S54 surface has enhanced mobility, as indicated by the
rather low activation barriers for hydrogen dissociation and
transfer processes. In agreement with the experiments, molec-
ular hydrogen is not active enough for the removal of surface
sulfur to create CUS, but atomic hydrogen is highly active. It
is shown that sulfur removal from corner sites is much easier
than that from edge sites. The thermodynamically more favored
property of corner sites for hydrogen adsorption and formation
of CUS validate the use of the cluster model, which is more real-
istic than the periodic model under the real reaction condition.
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Despite the close agreement between computation and exper-
iment, it is necessary to point out that the employed molecular
systems for modeling the complicated real catalysts are approxi-
mated and limited. For example, the changes of surface structure
and composition (like 0% Mo and 100% S) of MoS; are not taken
into account. In addition, the degree and thermodynamic prop-
erties of cluster aggregations are very sensitive to the catalytic
activity, and the roles of supports and promoters are very impor-
tant to the catalytic properties. All these will direct our future
work.
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