
Journal of Molecular Catalysis A: Chemical 163 (2000) 117–122

Molecular aspects of the H2 activation on MoS2 based catalysts —
the role of dynamic surface arrangements

Line S. Byskova, Mikkel Bollingera, Jens K. Nørskova,∗,
Bjerne S. Clausenb, Henrik Topsøeb

a Department of Physics, Center for Atomic-scale Materials Physics, Technical University of Denmark, DK-2800 Lyngby, Denmark
b Haldor Topsøe Research Laboratories, Nymøllevej 55, DK-2800 Lyngby, Denmark

Received 27 March 2000; accepted 13 April 2000

Abstract

In order to model one of the key steps in hydrosulfurization (HDS), density functional calculations of the dissociation of H2

on the edges of a Co promoted MoS2 (Co-Mo-S) slab have been performed. The results show that the heterolytic dissociation
of hydrogen is not favored, but there appears to exist different homolytic pathways with similar activation barriers. It is shown
that the dissociation process couples strongly to flexible sulfur atoms such that dynamic surface reconstructions occur during
the adsorption process. By calculating the minimum energy reaction path we find that S atoms at the edge of the MoS2 slabs
can move up to extract one of the H atoms of the dissociating H2 molecule and transport it to the other side of the slab where
it diffuses on. Transition metal sulfides constitute an important class of heterogeneous catalysts and the active part of many
enzymes, and we suggest that the catalytic activity of these systems may be closely coupled to the flexibility of the sulfur
ligands. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Some of the most important catalysts are transi-
tion metal sulfides. The hydrotreating catalysts used in
most refinery processes to remove sulfur, nitrogen, and
aromatics from oil products consist of MoS2 promoted
by Co or Ni [1]. Many biological catalysts also have
transition metal sulfides as the active components. Ni-
trogenases, hydrogenases, and various reductases are
examples of enzymes based on Mo and Fe sulfides [2].

While the processes by which molecules are ad-
sorbed and dissociated on metal surfaces are in many
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cases quite well understood due to a combination of ki-
netics and molecular beam scattering experiments and
theoretical modeling [3], the analogous processes on
sulfides are only poorly described. For example, if we
consider the simple process of hydrogen adsorption on
MoS2, many questions regarding how and where the
activation takes place are still unanswered. This has
prevented a detailed understanding of the mechanism
and kinetics of hydrotreating reactions [1].

It has been known for many years that MoS2 takes
up large quantities of hydrogen [4–6], but the liter-
ature is still debating the details of the dissociation
process and the form in which hydrogen is present on
MoS2. Two different dissociation schemes have been
considered [5,7]. One is the heterolytic dissociation
on a sulfur vacancy site to yield Mo-H and Mo-SH
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species. The other is the homolytic dissociation of hy-
drogen on disulfide groups resulting in the formation
of Mo-SH groups. The latter process has been ob-
served on molecular coordination complexes dubois
[8]. Spectroscopic studies of MoS2-based systems
have provided evidence for disulfide species [5,9–11]
and SH groups [4,12–14], but no such evidence has
yet been given for Mo-H species. The FTIR studies
have shown that the SH groups are located at the
MoS2 edges [13]. This is in accord with the den-
sity functional theory (DFT) studies of Byskov et al.
[15] who also found that disulfide species (or sulfur
dimers) may also be present at the edges of MoS2.

In the present letter, we study the hydrogen activa-
tion on the edges of small Co-Mo-S structures using
density functional theory. We show that at least two
different paths are available and that they are both
moderately activated. Unlike the H2 dissociation pro-
cess on metal surfaces [3], the dissociation on the
sulfide involves a complete dynamical movement of
the surface atoms in the process. The results show
that the “flexibility” of the sulfides is an essential part
of the catalytic action of these materials.

Previous theoretical studies of promoted MoS2 cata-
lysts have been centered on finding the structure of the
active catalysts [15–18] and the adsorption and further
reaction of thiophene on them [19]. The dissociation
pathway of molecular hydrogen on these catalysts has
not yet been found, but the adsorption of hydrogen on
molybdenum sulfide clusters [7,21,22] and on Ni3S2
clusters [23] has been studied.

2. Calculational method and model used

In the present study, we rely on previous experimen-
tal and theoretical work to define a simple, but realistic
model of the active part of the promoted MoS2 catalyst
[1,15,16]. It is known experimentally that the active
sites of the Co promoted MoS2 catalysts are associated
with Co atoms located at the edge of small two di-
mensional MoS2 slabs 10–20 Å in diameter [1]. Such
structures are referred to as Co-Mo-S structures [1].

A simple model of a Co-Mo-S system is shown in
Fig. 1. It consists of MoS2 strings, two Mo atoms wide
and with Co atoms substituted for Mo at one of the
edges. By performing calculations on MoS2 strings
which are up to six Mo atoms wide, it has been verified

Fig. 1. The calculated equilibrium structure of a single layer MoS2

slab with every second Mo atom substituted for a Co atom at the
S-edge. Both a top and a side view is shown. The slab is chosen
as a model of the structures active as catalysts in HDS processes.
When Co is present at the edge, the lowest energy structure has
S dimers at every second site and an S vacancy at the others.
At the vacancies the remaining S atoms has moved up into the
plane of the Mo atoms. Very similar results for the S-edge are
obtained if sulfur atoms are stripped off the Mo-edge such that
the stoichiometry is close to two S atoms per metal atom.

that the basic features of the chemistry at the edges do
not depend on the width of the MoS2 strings [16,20].

The effect of the Co has been shown to lower the
binding energy of the S atoms at the edge so that
S vacancies are easily created next to the Co atoms
[15,16]. It is generally believed for many different
transition metal sulfides that S vacancies are respon-
sible for at least part of the catalytic activity of the
catalyst [1,15,16].

In our density functional calculations for this sys-
tem we exploit the periodicity of the model along the
chains and repeat the chains periodically separated
by vacuum in the other two directions. Along the
chains we superimpose a periodicity of two Mo-Mo
distances. The Kohn–Sham equations are solved by
expanding the wavefunctions in plane waves while
describing the ion cores by non-local ultra-soft pseu-
dopotentials [24]. Plane waves with kinetic energies
up to 25 Ry and three specialk-points have been used
to sample the first Brillouin zone. Exchange and cor-
relation effects are described within the generalized
gradient approximation [25]. The self-consistent elec-
tron density is determined by iterative diagonalization
of the Kohn–Sham Hamiltonian, Fermi-population of
the Kohn–Sham states (kBT = 0.1 eV), and Pulay
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mixing of the resulting electronic density [26]. All
total energies have been extrapolated tokBT = 0 eV.
Complete structural relaxation is made for each con-
figuration studied.

In the model studied here where every second Mo
edge atom is substituted by Co, the most stable struc-
ture has one S vacancy per Co atom [15–16]. When
there are no vacancies, the S atoms at the edge dimer-
ize (i.e. form disulfide like species), and when one of
the dimer S atoms is removed the other swings up into
the plane of the Mo atoms. The edge, we are studying
contains both S dimers and the restructured vacancy,
cf. Fig. 1. It is of importance in the present context that
the dimerization of the S atoms and the edge is present
irrespective of the width of the strings [20]. This is in
contradiction with the similar calculations of Raybaud
et al. [18], a difference that can most likely be traced
back to their use of an infinitely thick slab of MoS2.
The small MoS2 slabs in catalysts are usually only a
single layer high [1] making the thick slabs a poor
model of the active catalyst. In addition, we find that
the calculated vibrational frequency of the S dimer at
the edge of a six Mo wide string is in close agreement
with the measured value (483 cm−1 [20] in the DFT
calculation to be compared to 529 cm−1 in the Raman
experiments of Knözinger and coworkers [5]).

To find the reaction path for dissociation, we use
the method described by Ulitsky and Elber [27]. It has
proven useful in describing several surface reactions
[28–30]. The method which can also be considered as
a simplified version of the nudged elastic band method
[31], finds iteratively the minimum energy path be-
tween a prescribed initial and final state. We study
two different dissociation paths, one where the disso-
ciation takes place directly over an S dimer, and one
where the dissociation takes place over the vacancy,
thus involving both the S atoms and the metal atom
more directly. In each case, the final state is the same,
see Figs. 2 (7) and 3 (12). This is the lowest energy
state of the system with two H atoms at the edge.

3. Results and discussion

We note first that adsorbed H is always found to be
more stable as SH groups at the edges [16] than when
it is bound directly to the transition metal. In fact, if hy-
drogen is deliberately placed at one of the metal atoms

Fig. 2. Snapshots of the minimum energy reaction path for the
dimer dissociation process and the calculated energy along the path.
The letters in the energy diagram reflect those in the snapshots.
For each point along the reaction path all degrees of freedom
perpendicular to the path have been minimized.

in the S vacancy, it moves without a barrier ontop one
of the S atoms. For this reason, we do not consider H
bound to the transition metal as a realistic final state,
and such a strictly “heterolytic” process is, therefore,
not considered further. We also note that H bound to
S atoms on the basal plane of large MoS2 slabs is
unstable relative to H2 by as much as 0.97 eV [16].
This makes dissociation of H2 on the basal planes of
MoS2 unlikely under normal conditions in agreement
with experimental findings [32–34]. This process is,
therefore, not considered further. It is interesting that
the formation of sulfhydryl groups was also observed
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Fig. 3. Snapshots of the minimum energy reaction path for the
vacancy dissociation process and the calculated energy along the
path. The letters in the energy diagram reflect those in the snap-
shots. For each point along the reaction path all degrees of freedom
perpendicular to the path have been minimized.

upon reaction of hydrogen with a dinuclear disulfide
complex [8].

The two different reaction paths are created by
choosing different initial states, so that in the first
process (which we will term the dimer process) the

H2 molecule is placed right above an S dimer (Fig. 2
(1)) whereas in the second case (the vacancy process)
the H2 molecule is started out above the vacancy
where it can interact directly with the Mo atoms un-
derneath (Fig. 3 (1)). The initial state in this case was
found by minimizing the energy of the H2 molecule
outside the slab. In the following we discuss the two
processes one by one.

First, consider the dimer dissociation process in
Fig. 2. Along the minimum energy path, the H2 and the
S2 bonds split up in a concerted way. In other words, as
the H–H and S–S bonds are split, the two S–H bonds
are formed. In the absence of H2, the energy associ-
ated with breaking the S–S bond in the S dimers at the
edge is 0.6 eV. This is close to the barrier for the H2
dissociation process and suggests that the relatively
low energy barrier for this process (Fig. 2) comes pri-
marily from the low energy involved in splitting up
the S dimer. The presence of an activation barrier for
H2 activation is in accord with experiments [6].

The vacancy process is more complicated, see
Fig. 3. Three different elementary processes separated
by potential energy barriers are found. First, the H–H
bond is broken. This happens by the S atom next to
the vacancy moving up and picking up one of the H
atoms. The other H atom ends up on one of the S
atoms of the nearby S dimer. The dimer also breaks
up in this case. The barrier for this step is 0.62 eV.
The next step involves the vacancy S atom which
picked up one of the H atoms, it moves down through
the Mo plane into the plane of the lower S atoms in
order to prepare for the delivery of the H atom to the
lower S atom of the neighboring S dimer. This pro-
cess is also moderately activated. The final step is the
diffusion of the H atoms from the vacancy S atoms to
the lower S atoms of the dimer. This step has only a
very minor barrier.

Note that the elementary steps of this complicated
process were not an input to the calculation. They
are the result of the procedure used for finding the
minimum energy path where only the initial and the
final states were specified. We cannot rule out that
other, even lower energy paths exist, but the procedure
clearly points to two feasible reaction routes. They
have very similar barriers and we cannot on the basis of
the calculations decide which process is fastest. They
may both contribute under ordinary reaction condi-
tions. The fact that H2 can be dissociated at an S dimer
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shows that H2 activation needs not be at the same place
where the rest of the catalytic desulfurization takes
place. This combined with the relatively low barrier
for dissociation and the ease by which H atoms are
transferred along the S atoms at the edge (the last step
in the vacancy process) means that hydrogen should be
readily available at the edges. On unpromoted MoS2
where there are few S vacancies, we expect the dimer
process to dominate whereas the larger vacancy con-
centration on the Co promoted MoS2 makes the two
processes of more similar importance.

Both reaction paths are characterized by large dy-
namic restructuring of the surface on which the process
is taking place. In the dimer process, the two S atoms
at the edge split up during the H2 dissociation pro-
cess, thus providing new possibilities for the S atoms
to bond to the H atoms in the final state. The vacancy
process shows an even more interesting involvement of
the S atoms of the surface, since here one S atom acts
like an “elevator” by picking up one of the H atoms
from the dissociating molecule, swinging around to the
other side of the slab and delivering the atom close to
its final state. This is very different from the behavior
at a metal surface [3]. The origin of the large effects
in the sulfide is clearly the large bending flexibility
of the metal-sulfur bonds at the edges. The energy of
dissociating the S dimer or moving an S atom at the
edge of the sulfide is quite small and this provides new
degrees of freedom for the reaction to take place.

Movies of the two different hydrogen dissocia-
tion paths can be seen on the internet at http://www.
fysik.dtu.dk/CAMP/movies/comosdimer.mpg and
http://www.fysik.dtu.dk/CAMP/movies/comosvacan-
cy.mpg

On the basis of the calculations, we suggest that the
flexibility of the S atoms at the edges of MoS2-like
structures is an important part of the unique reactiv-
ity of these compounds. In particular, the ability of
the surface S atoms of the compound to pick up and
transport H atoms may indeed be of vital importance
not only for the H2 dissociation process but also in
connection with all the hydrotreating processes where
C–S or C–N bonds are broken by the addition of hy-
drogen or where hydrogen is added to aromatic C–C
bonds. Since the catalytically active part of many en-
zymes are also transition metal sulfide clusters, it is
possible that similar effects are of importance for their
catalytic activity.
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