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Abstract

The present study provides detailed discussions about the structures, relative stabilities, and vibrational frequencies of hydrog
on MoS2, NiMoS, and CoMoS catalyst edge surfaces. The transition states and activation energies for molecular hydrogen dissoc
surface migration of atomic hydrogen on catalyst edge surfaces have been calculated by complete linear synchronous transit
quadratic synchronous transit (QST) search methods. It has been found that the heterolytic dissociation of molecular hydroge
of sulfur–metal sites to form an –SH group and a metal hydride is energetically preferred. The dissociation of molecular hydrog
Ni-promoted(1010) metal edge of NiMoS requires slightly lower activation energy than that on the unpromoted(1010) Mo-edge of MoS2
(0.87 and 0.91 eV, respectively). The dissociation of molecular hydrogen on the unpromoted(1010) S-edge requires a large activation ene
(about 1.0 eV), and the addition of cobalt to the(1010) S-edge significantly lowers the dissociation energy to approximately 0.6 eV
atomic hydrogen species on the(1010) S-edge and the Co-promoted(1010) S-edge are less mobile than on the(1010) Mo-edge of MoS2 or
the Ni-promoted(1010) metal edge of NiMoS. The calculated vibrational frequencies of different surface hydrogen species agree w
reported experimental observations and have provided references for further spectroscopic experiments.
 2005 Elsevier Inc. All rights reserved.
Keywords: Hydrogen dissociation; Hydrogen migration; Hydrogen; MoS; NiMoS; CoMoS; Density-functional theory; Activation energy; Transition state
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1. Introduction

Hydrotreating processes play an essential role in pro
ing clean transportation fuels to meet increasingly string
environmental regulations. Molybdenum sulfides promo
by nickel (or cobalt) have been widely used as hydrotr
ing catalysts for the removal of sulfur, nitrogen, and ot
impurities from oil fractions. Many aspects of the stru
tures and properties of the catalytically active phase h
been well defined by extensive experimental and theore
studies[1–6]. Whereas the reaction networks of hydrodes
furization (HDS) and hydrodenitrogenation (HDN) for ma
model compounds have been well documented[1,2,7], the
* Corresponding author. Fax: +1-780-492-2881.
E-mail address: alan.nelson@ualberta.ca(A.E. Nelson).

0021-9517/$ – see front matter 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2005.05.009
detailed mechanisms and energetics for elementary reac
on hydrotreating catalyst surfaces are poorly understood

Hydrotreating reactions require the activation of hyd
gen on the catalyst surface and the subsequent reac
between adsorbed hydrogen species and organic molec
Experimental studies have shown that hydrogen and hy
gen sulfide can be adsorbed and dissociated on promote
unpromoted molybdenum sulfide catalysts ([8], and refer-
ences therein). It has previously been shown that the am
of hydrogen adsorbed at temperatures below 373 K is
low and increases with temperature, indicating that the
sorption of hydrogen on MoS2 is an activated process[9].
Furthermore, deuterium tracer studies have shown H–D
topic exchange between H2 and D2 in the presence of molyb

denum sulfide catalysts[10–12]. These results indicate that
hydrogen dissociates and adsorbs on MoS2 as atomic hy-
drogen species, which are mobile and can recombine to

http://www.elsevier.com/locate/jcat
mailto:alan.nelson@ualberta.ca
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Fig. 1. Periodic models of MoS2: (a) exposing the(1010) Mo-edge on top
50% sulfur coverage. Dark grey, molybdenum; light grey, sulfur.

form molecular hydrogen. Possible structures of surface
drogen species, including surface metal hydrides and
species, have been proposed based on experimental o
vations[8,9]. The relative stabilities of different hydroge
species[4,13–18]and the kinetics of hydrogen dissociati
have been investigated with the use of theoretical calc
tions [15,19], and some of the most relevant work has be
performed by Travert and co-workers[15].

The active sites of molybdenum sulfide catalysts are
cated at edge surfaces of the MoS2 hcp layered structure
[1–3]. For the(1010) Mo-edge and the(1010) S-edge of un-
promoted MoS2, molybdenum atoms on the edge surfa
are covered by bridge sulfur atoms under reaction co
tions [4–6,13,15,17,20]. At high H2S concentrations, th
(1010) S-edge can be fully covered by sulfur dimers with a
sorbed hydrogen[17]. For nickel-promoted MoS2 catalysts,
nickel prefers the(1010) metal edge[5,6], and a fully nickel-
promoted(1010) metal edge (termed Ni-edge) is complete
uncovered by sulfur atoms[4–6,21]. For cobalt-promoted
catalysts, cobalt prefers the(1010) S-edge, and the fully
cobalt-promoted(1010) S-edge (termed Co–S-edge) is co
ered by bridge sulfur atoms under reaction conditions[5,6].
Previously we studied the relative stabilities of different h
drogen species on MoS2 and NiMoS edge surfaces[18], and
the hydrogenation of pyridine and pyrrole by surface hyd
gen species on Ni-promoted(1010) metal edge surfaces o
NiMoS [22]. In the present work, the mechanism and kin
ics of hydrogen dissociation on unpromoted and promo
(1010) Mo-edge and(1010) S-edge surfaces are studie
In addition, the vibrational frequencies of hydrogen spe
on various edge surfaces are calculated and compared
experimental observations to validate the DFT calculatio
The present results are compared with previous studies
the implications of these results for hydrotreating reacti
are discussed.

2. Methods
The calculations are based on density-functional theory
(DFT) and were performed with Materials Studio DMol3

from Accelrys (version 2.2)[23]. The double-numerical
red by bridge sulfur atoms, and (b) exposing the(1010) S-edge on top with

r-

plus polarization functions (DNP) and Becke exchange[24]
plus Perdew–Wang approximation[25] nonlocal function-
als (GGA-PW91) are used in all calculations. The real sp
cutoff radius is 4.5 Å. All electron basis sets are used
light elements, such as hydrogen and sulfur. Effective c
potentials[26,27]are used to treat core electrons of moly
denum and nickel, and ak-point of (1 × 2 × 1) was used.
The convergence tolerance for energy is 2× 10−5 Ha and
0.04 Ha/Å for maximum force in geometry optimization
Spin polarization was applied to all calculations for syste
containing cobalt and nickel. To determine the activat
energy for a specific path for the dissociation of hyd
gen and diffusion of surface hydrogen species, the trans
state that connects two immediate stable structures thr
a minimum energy path was identified by complete lin
synchronous transit (LST) and quadratic synchronous tra
(QST) search methods[28,29], followed by transition state
confirmation through the nudged elastic band (NEB) met
[30]. The parameters used in this study have been che
for convergence with an accuracy of total energy less t
0.01 eV and vibrational frequency less than 10 cm−1.

The models used for the(1010) metal edge (Fig. 1a)
and the(1010) S-edge (Fig. 1b) include two metal atom
along the edge surfaces (y direction). Along thez direction
are three layers of MoS2 plus terminal sulfur atoms on th
edge surfaces. The MoS2 bulk structure was optimized be
fore cleaving to generate edge surfaces. In addition to
terminal sulfur atoms and adsorbed species, the first l
of metal atoms and a layer of sulfur atoms are free to re
during surface geometry optimization. The two bottom l
ers of MoS2 are constrained to represent the bulk struct
of MoS2. The model with constrained bulk atoms and
laxed surface atoms allows accuracy similar to that of la
models with less computational time. Vacuum layers of 1
are applied to separate the MoS2 slab in thex and z di-
rections. The energy calculation results obtained with
smaller cell (2-Mo) were compared with the results obtai
with larger cells including four (4-Mo) or six (6-Mo) molyb
denum atoms on the edge surfaces and four layers of M2

in the z direction. The differences in the relative energies
of corresponding surface hydrogen species between 2-Mo,
and 4-Mo and 6-Mo, models are within 0.1 eV, confirm-
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ing that the smaller model is appropriate for this study
addition, transition-state searches and vibrational freque
calculations used the 2-Mo model to study the mechan
and kinetics of hydrogen dissociation to obtain accurate
sults within a reasonable calculation time.

3. Results and discussion

3.1. On the unpromoted MoS2 (1010) Mo-edge

Table 1summarizes the possible structures and rela
energies of hydrogen species on the stable(1010) Mo-edge
of unpromoted MoS2, with the clean surface and gas-pha
molecular hydrogen as energetic references. The dat
cluded in brackets were obtained with the larger 6-Mo su
cell, which includes six MoS2 units along the edge surfac
[18]. Similar relative energies for the same structure of
drogen species on the surface were obtained with the 2
and 6-Mo models. Homolytic hydrogen dissociation to p
duce two –SH groups (Schemes 1e and 1f) is energeti
preferred over heterolytic dissociation to yield an –SH a
Mo–H pair (Schemes 1c and 1d). However, transition-s
analysis indicates that there is not a direct pathway for
molytic dissociation, which connects molecular hydrogen
the two –SH groups.

Fig. 2 shows the activation energies and the correspo
ing transition states of the direct formation of the H–S

Table 1
Relative energies and optimized surface structures of hydrogen spec
the(1010) Mo-edge of unpromoted MoS2. The clean surface and gas-pha
molecular hydrogen are taken as energetic references. Dark grey, mol
num; light grey, sulfur; white, hydrogen

Scheme �E (eV)/H2

1a +0.00 (0.00)

1b +0.52 (0.60)

1c +0.08 (0.15)

1d +0.09

1e −0.18
1f −0.29 (−0.20)
ysis 233 (2005) 411–421 413

-

-

(Path 1) and that of the Mo–H and –SH pair (Path 2) fr
molecular hydrogen (Scheme 1a). The heterolytic diss
ation of molecular hydrogen to a pair of Mo–H and –S
requires a significantly lower activation energy (0.91 e
compared with the formation of H–S–H (2.31 eV). Con
quently, the dissociation of hydrogen would follow the low
energy path (Path 2) to generate a pair of –SH and M
groups (Scheme 1c). Following the formation of an –
and Mo–H pair, the hydrogen species on the surface
migrate across the edge surface, as shown inFig. 3 The di-
rect migration of hydrogen from the Mo–H to –SH (Sche
1c to 1e) requires an activation energy of 0.39 eV. The
drogen from the –SH group can also translate to the o
side of the MoS2 slab (Schemes 1c and 1d), a process
requires a very small activation energy of 0.12 eV. If t
process occurs, the hydrogen from the Mo–H group can
grate to the terminal sulfur atom with a similar activati
energy of 0.35 eV (Scheme 1d to 1f). The activation ener
for all surface migration processes (0.12–0.72 eV,Fig. 3) are
smaller than that for the initial dissociation process (0.91
Fig. 2), which indicates the highly dynamic nature and m
bility of surface hydrogen species.

In general, these results agree with those of Payen
co-workers[15,16]. They reported an activation energy
0.97 eV for hydrogen dissociation on a S–Mo pair on
(1010) Mo-edge, which is similar to the energy in the pres
study (0.91 eV). However, they obtained a significan
higher activation energy (0.66 eV)[16] for hydrogen trans
ferring from one side of the MoS2 slab to the other (Schem
1c to 1d). In their transition state, the hydrogen is direc
atop the terminal sulfur (Scheme TS2b, in Ref.[16]). The
lowest activation energy pathway for hydrogen transferr
from one side of the MoS2 slab to the other side does n
pass through the hydrogen-atop-sulfur transition state.
ternatively, hydrogen migrates to the other side of the M2
slab by rotating around the sulfur atom, which was c
firmed in the present study by the NEB method. Since
step does not involve the breaking or formation of any bon
it should not require a high activation energy, as had b
previously reported[16].

As discussed above, two –SH groups or an –SH
Mo–H pair may exist on the(1010) Mo-edge plane of MoS2
upon dissociation of molecular hydrogen. In order to supp
the existence of these species, the vibrational frequen
of different adsorbed hydrogen species were calculated
compared with reported spectroscopic data. The top se
of Table 2summarizes the vibrational frequencies for
–SH and Mo–H groups on the(1010) Mo-edge. The –SH
groups in the two structures (Schemes 1c and 1e,Table 2)
have stretching frequencies around 2550 cm−1 and bending
frequencies around 620 cm−1. The Mo–H group in Schem
1c has a stretching frequency around 1650 cm−1 and a bend-

−1
ing frequency around 820 cm. Spirko et al. reported sim-
ilar calculated vibrational frequencies for the –SH group on
the (1010) Mo-edge, the two highest of which were 2588.6
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Fig. 2. Energy profile for the dissociation of molecular hydrogen on the(1010) Mo-edge of unpromoted MoS2.
Fig. 3. Energy profile for the migration of atomic hydrogen on the(1010) Mo-edge of unpromoted MoS2.
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Table 2
Calculated vibrational frequencies (cm−1) of atomic hydrogen species o
various edge surfaces of MoS2, NiMoS and CoMoS catalysts. Black, nick
or cobalt; dark grey, molybdenum; light grey, sulfur; white, hydrogen

S–H Mo(Ni,Co)–H

Stretching Bending Stretching Bendin

Mo-edge MoS2

1c 2550 620 1650 820

1e 2530–2550 530–630

S-edge of MoS2

2c 2550 620 1380 1150

2e 2520–2580 540–590

Ni-edge of NiMoS

3c 2580 490–730 2000 650–79

3d 2080–2090 490–540

Co–S-edge of CoMoS

4c 2570 630 1930 730

4e 2550–2590 620–760

and 661.1 cm−1; however, they did not report the vibration
frequency for the Mo–H group on the(1010) Mo-edge[31].

Many spectroscopic studies on the adsorption of hyd
gen on MoS2 catalysts observed bands around 2550
620 cm−1 [8,32,33], which confirms the presence of the –S
groups on the MoS2 catalysts. However, no such spect
scopic evidence supporting the existence of Mo–H gro
on the catalyst surface exists[8]. As the relative energeti
data indicate, structures with two –SH groups (Scheme
and 1f) are about 0.3 eV more stable than the structures
one –SH group and one Mo–H group (Schemes 1c and
With the use of Boltzmann population analysis[15,18], the
difference in total energy (0.3 eV) can be expressed
population ratio of Schemes 1e to 1c of approximately

to 1. The low concentration of Mo–H groups may explain
the difficulties in recording spectroscopic frequencies corre-
sponding to Mo–H vibrations.
ysis 233 (2005) 411–421 415

.

Table 3
Relative energies and optimized surface structures with hydrogen spec
the (1010) S-edge of unpromoted MoS2. The clean surface and gas-pha
molecular hydrogen are taken as energetic references. Dark grey, mol
num; light grey, sulfur; white, hydrogen

Structure �E (eV)/H2

2a +0.18

2b +0.84

2c +0.04

2d +0.16

2e +0.44

2f +0.33

3.2. On the unpromoted MoS2 (1010) S-edge

Table 3summarizes the possible structures and rela
energies of hydrogen species on the stable(1010) S-edge
of unpromoted MoS2, with the clean surface and gas-pha
molecular hydrogen as energetic references. On the(1010)
S-edge, molecular adsorption of hydrogen on either a mo
denum atom (Scheme 2a,�E = +0.18 eV) or a sulfur atom
(Scheme 2b,�E = +0.84 eV), and the homolytic dissocia
tion of molecular hydrogen to two –SH groups (Schemes
and 2f,�E = +0.44 and+0.33 eV, respectively) are en
dothermic processes. The heterolytic dissociation of mo
ular hydrogen to an –SH and Mo–H bridge hydride pai
athermic (Scheme 2c,�E = +0.04 eV). Although the –SH
group prefers thecis configuration with the hydride (Sche
me 2c vs 2d), the structure is more stable when two ne
boring –SH groups are in atrans configuration (Scheme 2
vs 2e).

Fig. 4 shows the activation energies for the dissociat
of molecular hydrogen and migration of atomic hydrog
on the(1010) S-edge of MoS2. The molecular adsorptio
of hydrogen requires a small activation energy (0.23 e

The adsorption of molecular hydrogen activates the H–H
bond, with the bond distance increased from 0.75 to 0.80 Å.
The dissociation of the adsorbed molecular hydrogen to an
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Fig. 4. Energy profile for the dissociation of molecular hydrogen a

–SH group and a bridge hydride (Scheme 2a to 2c) on
(1010) S-edge of MoS2 requires an activation energy
0.99 eV; however, the migration of the hydride from t
bridge position to a terminal sulfur atom (Scheme 2c to
on the(1010) S-edge requires an even higher activation
ergy (1.19 eV). The hydrogen on the –SH group in Sche
2c can translate to the other side with a small activa
energy (Scheme 2c to 2d, 0.29 eV, not shown inFig. 4).
When the hydrogen on the –SH group is in thetrans posi-
tion, the migration of the hydrogen on the Mo–H still nee
a very high activation energy (Schemes 2d to 2f, 1.41
not shown inFig. 4). This is considerably different from th
(1010) Mo-edge, where the dissociation of molecular h
drogen requires a higher activation energy than the sur
migration of atomic hydrogen. Therefore, surface hydro
species are less mobile on the(1010) S-edge than on th
(1010) Mo-edge, but may be mobile at high temperatur
given the moderate activation energies (less than 1.2
Paul and Payen studied the dissociation of hydrogen on
unpromoted(1010) S-edge and reported a similar reacti
pathway from molecular hydrogen to an –SH group an
bridge hydride (Scheme 2a to 2c), but with lower activat
energies[16].

Hydrogen–deuterium exchange reactions have been
to study the kinetics of hydrogen activation on molybd
num sulfide catalyst surfaces[8,10–12]. To form HD from
molecular hydrogen and deuterium, H2 and D2 must first
dissociate, followed by the migration of surface H and
species and the formation and eventual desorption of m
cular HD[10–12,15]. According to the results presented

Figs. 2–4, the H2–D2 exchange reaction would be first order
with respect to H2 and D2 when the reaction occurs on the
(1010) Mo-edge, and half-order when the reaction occurs on
e migration of atomic hydrogen on the(1010) S-edge of unpromoted MoS2.

d

the (1010) S-edge. Hensen et al. observed that the reac
on MoS2/C was first order with respect to H2 and D2 [11].
Therefore, it can be concluded from the present results
the H2–D2 exchange reaction occurs predominantly on
(1010) Mo-edge, as opposed to the(1010) S-edge. This con
clusion can be further supported by two explanations. F
previous work has shown that unpromoted MoS2 clusters ex-
pose both the(1010) Mo-edge and the(1010) S-edge and
that the(1010) Mo-edge dominates over the(1010) S-edge
under typical sulfidation conditions[35,36]. Indeed, it is pos-
sible to obtain(1010) Mo-edge exposed triangular MoS2
clusters at very high H2S/H2 ratios[3,35,36]. Second, the re
action activation energy on the(1010) Mo-edge is lower than
that on the(1010) S-edge, especially for the migration
Mo–H. Therefore, even if the(1010) S-edge contributes t
the H2–D2 exchange reaction, the proportion is small co
pared with the(1010) Mo-edge.

The vibrational frequencies of different adsorbed hyd
gen species on the(1010) S-edge were calculated; these a
summarized inTable 2. Correlating these calculated valu
to experimentally observed vibrational bands provides
ther insights. The –SH groups have similar stretching
bending frequencies around 2550 and 620 cm−1, respec-
tively, and the two highest frequencies for bridge Mo
group are 1380 and 1150 cm−1. Spirko et al. reported
that the calculated vibrational frequencies were 2544.4
620.1 cm−1 for –SH, and 1222.8 and 1207.0 cm−1 for bridge
Mo–H groups on the(1010) S-edge[31], which are similar
to the frequencies in the present study. It should be no
however, that there is only one hydrogen in their unit c

[31], which is in contrast to the model in the present study,
with a pairing of –SH and bridge Mo–H groups in the unit
cell.
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Table 4
Relative energies and optimized surface structures with hydrogen spec
the Ni-promoted(1010) metal edge of NiMoS. The clean surface and g
phase molecular hydrogen are taken as energetic references. Black,
dark grey, molybdenum; light grey, sulfur; white, hydrogen

Structure �E (eV)/H2

3a −0.22

3b +0.62

3c +0.51

3d +0.41

From the relative energetic data presented inTable 3, one
can predict that the structure of Scheme 2e would exis
much lower concentrations compared with the structur
Scheme 2c on the S-edge. Furthermore,Fig. 4 shows that
once the bridge Mo–H (Scheme 2c) is formed it is difficult

convert to other structures. Therefore, if molecular hydrogen

Fig. 5. Energy profile for the dissociation of molecular hydrogen and the m
ysis 233 (2005) 411–421 417

l;

Mo–H groups at around 1150 to 1380 cm−1 (Table 2). In-
deed, inelastic neutron scattering (INS) spectra show p
at these regions, although they were not explicitly attribu
to the Mo–H vibrations[8,34]. A high concentration of H2S
in the preparation of MoS2 would favor the formation o
the(1010) Mo-edge over the(1010) S-edge[35,36]. There-
fore, the vibrational band around 1150 to 1380 cm−1 would
decrease or disappear when the H2S concentration was in
creased in the sulfidation mixture, or increase when the2S
concentration was decreased.

3.3. On the Ni-promoted (1010) metal edge surface

Previous studies have shown that Ni prefers to inc
porate into the(1010) Mo-edge of MoS2 under normal
sulfidation conditions[5,6]. Table 4 summarizes the pos
sible structures and relative energies of hydrogen spe
on the Ni-promoted(1010) metal edge of MoS2, with
the clean surface and gas-phase molecular hydroge
energetic references. The adsorption of molecular hy
gen on the Ni-promoted(1010) metal edge is exother
mic (Scheme 3a,�E = −0.22 eV) and nonactive (ac
tivation energy< 0.02 eV). The dissociation of adsorbe
molecular hydrogen to atomic hydrogen species on
Ni-promoted(1010) metal edge is endothermic (Table 3,
Schemes 3b–3d).

Fig. 5 shows that the formation of two nickel hydrid
from adsorbed molecular hydrogen (Scheme 3a to 3d) pa
through a series of steps, and that the rate-determining

requires an activation energy of 0.87 eV (Scheme 3a to 3b).

one
his
is dissociated on the(1010) S-edge of MoS2 catalysts, one
should be able to observe the vibrational bands for bridge

Scheme 3b presents an intermediate structure, in which
hydrogen atom bridges the nickel and the sulfur atoms. T
igration of atomic hydrogen on the Ni-promoted(1010) metal edge of NiMoS.
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structure is not stable, and the bridge hydrogen can easi
ther recombine with the other hydrogen to form molecu
hydrogen, or migrate over to form an –SH group on the e
of the basal plane (Scheme 3b to 3c) with a small activa
energy (0.26 eV). The hydrogen on the basal plane su
atom can further migrate to the neighboring nickel site
form a new Ni–H group with an activation energy of 0.35
(Scheme 3c to 3d) on the surface. The energy barriers
surface hydrogen species to migrate on the Ni-promo
(1010) metal edge surface are lower than that required
the dissociation of the adsorbed molecular hydrogen.
indicates that molecular hydrogen dissociation on the
promoted(1010) metal edge is rate-limiting, and, followin
molecular hydrogen dissociation, atomic hydrogen is v
mobile.

Travert et al. studied structures of possible hydro
species on nickel-promoted(1010) metal edge surfaces wit
one out of three molybdenum atoms replaced by nickel[15].
On this partially Ni-promoted(1010) metal edge, the sur
face configuration with two molybdenum atoms covered
a bridge sulfur atom is the most stable configuration co
pared with other edge structures. They assumed tha
Mo–S(Mo,Mo) pairs were the only stable heterolytic d
sociation sites for hydrogen and, therefore, that hydro
dissociation would occur on the partly Ni-promoted(1010)
metal edge in the same way as on the unpromoted(1010)
Mo-edge[15]. They further proposed that this was the rea
(or a partial reason) why nickel did not significantly pr
mote the activity of MoS2 for the H2–D2 exchange reactio
[12]. The addition of nickel, however, would also reduce
number of dissociation sites by replacing molybdenum,
thus nickel should decrease the H2–D2 exchange reactio
rate if hydrogen is only dissociated on the Mo–S(Mo,M
pairs. Consequently, the fully Ni-promoted(1010) metal
edge would have very low activity for this isotope exchan
reaction because there are no such hydrogen dissoci
sites. This would be the most plausible scenario for NiM
catalysts because nickel is more stable at the(1010) metal
edge than other forms under sulfidation conditions[5,6].
This mechanism is still subject to debate and interpreta
however, since Thomas et al.[12] observed no significan
change in the H–D exchange reaction rate with Ni-promo
MoS2, and Lacroix et al.[10] showed that the activity o
the Ni-promoted MoS2 was twice that of unpromoted MoS2
for H–D exchange reactions. As has been shown inFig. 5,
molecular hydrogen can be adsorbed on the nickel sites
heterolytically dissociate into a Ni–H and –SH group wit
basal sulfur atom. This process requires an activation en
of 0.87 eV, only slightly lower than the activation energy
quired on the unpromoted(1010) Mo-edge (0.91 eV), and
evidence for the existence of Ni–H on the NiMoS cataly
was also reported in spectroscopic studies[8,35].

The calculated vibrational frequencies of the hydrog

species on the Ni-promoted(1010) metal edge are summa-
rized in Table 2(Schemes 3c and 3d). The stretching fre-
quency of the –SH group at the basal plane is similar to that
ysis 233 (2005) 411–421

n

Table 5
Relative energies and optimized surface structures with hydrogen sp
on the Co-promoted(1010) S-edge of CoMoS. The clean surface and g
phase molecular hydrogen are taken as energetic references. Black,
dark grey, molybdenum; light grey, sulfur; white, hydrogen

Structure �E (eV)/H2

4a +0.51

4b +0.37

4c +0.01

4d −0.01

4e −0.81

4f −0.87

of other –SH groups on the unpromoted edge surfaces (a
2580 cm−1), but the bending frequency is slightly high
(730 cm−1). The Ni–H stretching frequencies are arou
2000 cm−1, and the bending frequencies are around 650
790 cm−1. The difference in relative energy between the t
structures of Schemes 3c and 3d is small (0.1 eV,Table 4);
thus, their concentrations should be on the same orde
magnitude. In an INS study, it was reported that new pe
centered at 795 and 1895 cm−1 appeared after the incorpo
ration of nickel into MoS2, [8,35], which agree well with
the calculated values corresponding to Ni–H bending
stretching vibrations on the Ni-promoted(1010) metal edge
of NiMoS (Table 2). Furthermore, the calculated stretchi
frequency for Ni–H (around 2000 cm−1) corresponds very
well to the INS peak reported for hydrogen adsorbed
Raney nickel[8,38].

3.4. On the Co-promoted (1010) S-edge surface

Previous studies have shown that Co prefers to inco
rate into the(1010) S-edge of MoS2 under normal sulfida
tion conditions[5,6]. Table 5summarizes the possible stru

tures and relative energies of hydrogen species on the stable
Co-promoted(1010) S-edge of MoS2, with the clean surface
and gas-phase molecular hydrogen as energetic references.
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Fig. 6. Energy profile for the dissociation of molecular hydrogen and

The surface geometry of the Co-promoted(1010) S-edge is
the same as that of the unpromoted(1010) S-edge, whereby
terminal sulfur atoms bridge tetrahedral coordinated m
atoms. The adsorption of molecular hydrogen on an e
cobalt atom (Scheme 4a,�E = +0.51 eV) or sulfur atom
(Scheme 4b) of the promoted(1010) surface is endother
mic, and the formation of a pair of –SH and Co–H grou
is athermic (Schemes 4c and 4d). The most stable hydr
species on the Co-promoted(1010) S-edge are the terminal
SH groups; the formation is highly exothermic (Schemes
and 4f,�E = −0.81 and−0.87 eV, respectively). This con
trasts sharply with the unpromoted(1010) S-edge, on which
the formation of –SH groups from molecular hydrogen
highly endothermic (Schemes 2e and 2f,Table 2). This is
due to the weaker bonding between the sulfur atoms
the cobalt atoms on the Co-promoted(1010) S-edge, which
leads to a stronger interaction between the terminal su
and the hydrogen atom[15].

Fig. 6presents the activation energies and correspon
transition states for the adsorption and dissociation of
drogen on the Co-promoted(1010) S-edge surface. The ad
sorption of molecular hydrogen on the Co-promoted(1010)
S-edge is an activated process, requiring an activation
ergy of 0.58 eV. The dissociation of adsorbed molecu
hydrogen has a lower activation energy (Scheme 4a to
0.38 eV). The associatively adsorbed hydrogen is an in

mediate for the formation of atomic hydrogen species on the
Co-promoted(1010) S-edge surface. Once atomic hydro-
gen species are formed, they are stable and require a muc
migration of atomic hydrogen on the Co-promoted(1010) S-edge of CoMoS.

higher activation energy to recombine to molecular hyd
gen (Scheme 4c to 4a, 0.87 eV); however, the hydride f
Co–H can very easily migrate to the neighbor terminal su
atoms to form two surface –SH groups on the catalyst
face (Scheme 4c to 4e, 0.22 eV). The terminal –SH gro
on the Co-promoted(1010) S-edge are very stable, and th
require an activation energy of about 1.0 eV for the hydro
of the –SH group to migrate from the terminal sulfur ato
back to the neighbor cobalt site (Scheme 4e to 4c). Ba
on these results, the migration of atomic H (and D) wo
be the rate-limiting step in the H2–D2 exchange reactions o
the Co-promoted(1010) S-edge, and, thus, the rate of H
formation would be half-order with respect to H2 and D2.
This is exactly what was observed by Hensen et al. in t
H2–D2 exchange experiments[11].

Travert et al.[15] also predicted that the H2–D2 exchange
reaction on CoMoS is half-order with respect to H2 and D2;
however, their model included cobalt atoms substituted
the (1010) metal edge. On the Co-promoted(1010) metal
edge, the Co–S bonds have some similarities with the C
bonds on the Co-promoted(1010) S-edge, and this explain
why a similar conclusion about the kinetics of H2–D2 ex-
change reactions was obtained in this study. Theore
studies have shown, however, that cobalt prefers the(1010)
S-edge[5,6], and cobalt was indeed observed to be loca
at the(1010) S-edge by STM[37]. Even if cobalt could be
h

stabilized on the(1010) metal edge, the fully Co-promoted
(1010) metal edge surface with zero sulfur coverage would
be more stable than the surface with bridge sulfur (Table 1,
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in Ref. [15]). The bridge sulfur is not stable on the N
promoted or Co-promoted(1010) metal edge[4,6,15,21]. It
is suggested that the Ni–S pair is more active than the C
pair for the H2–D2 exchange reaction because the Ni–S b
is weaker than the Co–S bond[4,6,15,21]. Based on previ-
ous studies[5,6] and the results of the present work, it can
concluded that the most likely dissociation sites for CoM
catalysts are Co–S pairs on the Co-promoted(1010) S-edge
with bridge sulfur, which are stable under typical sulfidat
conditions. Thus, it can be concluded that it is the differe
in edge preference that makes cobalt and nickel behave
ferently in the H2–D2 exchange reaction.

The vibrational frequencies of different adsorbed
drogen species on the Co-promoted(1010) S-edge were
calculated; these are summarized inTable 2. The –SH
groups have slightly higher stretching frequencies on
Co-promoted(1010) S-edge than on other edge surfac
(around 2580 cm−1) because of a stronger interaction b
tween the hydrogen and the sulfur in the –SH groups. T
is consistent with the energetic result that the –SH gro
on the Co-promoted(1010) S-edge are more stable th
other hydrogen species (Table 5). The Co–H stretching
band is around 1930 cm−1, and the bending band is aroun
730 cm−1. These bands can distinguish the Co–H gro
from the Mo–H groups on the unpromoted(1010) S-edge.
However, considering the large differences in relative ene
(about 0.8 eV) between the structures of Schemes 4e an
one can predict that the population of Co–H groups rela
to the –SH groups would be below the ppm level and
the Co–H vibrational band (around 1930 cm−1) could not
be detected. In a Compton neutron scattering study of
drogen adsorption on MoS2, CoMoS, and Co9S8, Mitchel
et al. [33] observed frequencies around 2500–2600 cm−1

and 650–670 cm−1, which are associated with the S–
vibrations (Scheme 4e,Table 2), but no frequencies wer
observed around 1930 cm−1 corresponding to Co–H vibra
tions. The calculated energetic data and frequencies a
very well with experimental observations.

3.5. Implications for hydrotreating catalysis

In the previous sections, it has been shown that on
ferent edge surfaces of MoS2-based hydrotreating catalyst
the dissociation of molecular hydrogen preferably occur
a pair of sulfur–metal sites to form an –SH group an
metal hydride, followed by the possible migration of atom
hydrogen to a neighboring sulfur site or metal site. The
ferences in geometric structures and chemical propertie
these sulfur–metal pairs result in the different kinetic beh
iors in the catalysis of hydrogen dissociation and migra
on catalyst surfaces.

On the stable unpromoted(1010) Mo-edge surface
molybdenum atoms are covered by bridge sulfur, and on

stable Ni-promoted(1010) metal edge the open nickel sites
are available for different surface reactions, including hy-
drogen dissociation. On these(1010) metal edge surfaces,
ysis 233 (2005) 411–421

,

e

f

the activation energies for hydrogen dissociation are s
lar (0.91 and 0.87 eV, respectively), but different hydrog
species are generated. On the(1010) Mo-edge, most of the
activated hydrogen species are in the form of –SH gro
whereas on the Ni-promoted(1010) metal edge Ni–H is the
major form of activated hydrogen with possibilities of –S
groups at the basal plane. Relative to molecular hydro
and a clean catalyst surface, the hydrogen species o
Ni-promoted(1010) metal edge are less stable than on
unpromoted(1010) Mo-edge, which suggests that they a
more active in reacting with organosulfur or organonitrog
species.

The ability to generate hydrogen species with higher
activity on the surface is a key to an active hydrogena
catalyst. The Ni-promoted(1010) metal edge of NiMoS cat
alyst not only has such an ability; it also provides open s
for the adsorption of reacting hydrocarbons. These un
properties make NiMoS an excellent hydrogenation cata
In a previous study, we studied the reactions between th
tivated hydrogen species on the Ni-promoted(1010) metal
edge and pyridine and pyrrole[22]. These surface hydro
genation reactions require only moderate activation ener
(around 1.2 eV)[22], but these energies are still higher th
that for hydrogen dissociation (0.87 eV). These results
dicate that the dissociation of hydrogen on the Ni-promo
(1010) metal edge surface is not the rate-determining ste
the hydrogenation of pyridine and pyrrole.

For CoMoS catalysts, cobalt replaces the molybden
atoms on the(1010) S-edge. Compared with the unpromot
(1010) S-edge, the addition of cobalt significantly lowers t
dissociation energy (to about 0.6 eV). However, the diss
ated atomic hydrogen species on the(1010) S-edge are muc
less mobile than that on the Ni-promoted(1010) metal edge
because of the high stability of the Co–SH groups. The h
stability and low mobility of the hydrogen species can
translated into low reactivity in subsequent surface hyd
genation reactions. This can partly explain why CoMoS
less active for hydrogenation reactions. CoMoS has a s
rior activity in HDS reactions and consumes less hydro
to achieve the same level of HDS conversion as NiMoS[7].
The difference in behavior in the catalysis of hydrogen dis
ciation between CoMoS and NiMoS catalysts has provi
some insights, but further work is required to complet
reveal their different catalytic behaviors in HDS and HD
reactions.

4. Conclusions

The activation energies for hydrogen dissociation on
unpromoted(1010) Mo-edge and Ni-promoted(1010) metal
edge are similar (0.91 and 0.87, respectively). The hydro
species on the(1010) Mo-edge and the Ni-promoted(1010)

metal edge are different in chemical properties, which re-
sults in different reactivities toward further surface reactions
(hydrogenation). The activation energy for hydrogen dis-
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sociation on the Co-promoted(1010) S-edge is very low
(0.58 eV), and dissociated surface hydrogen species
higher energy to migrate on the surface (around 1.0 e
Hydrogen dissociation on unpromoted MoS2 (mainly on the
Mo-edge) and on CoMoS (on the Co-promoted S-edge) i
exothermic process, generating stable surface –SH gro
Since the Co–SH groups are more stable than the Mo
groups, the addition of cobalt could increase the amo
of adsorbed hydrogen species on the catalyst surface.
drogen dissociation is an endothermic process on the
promoted(1010) metal edge of NiMoS, mainly genera
ing Ni–H on the surface. Therefore, the amount of hyd
gen species on MoS2 and CoMoS would decrease, and
NiMoS it would increase with increasing adsorption te
perature. The calculated vibrational frequencies of differ
surface hydrogen species agree very well with experim
tal observations and can be used as references for fu
spectroscopic studies of hydrogen on molybdenum su
catalysts.
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