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Abstract

We present density functional theory (DFT) calculations of reaction pathways for both the hydrogenation (HYD) and direct desulfurization
(DDS) routes in the hydrodesulfurization (HDS) of thiophene over the different MoS2 edge structures, which will dominate under typical HDS re-
action conditions. Contrary to the generally accepted view, we find that the HYD reaction path, which involves hydrogenation to 2-hydrothiophene
followed by hydrogenation to 2,5-dihydrothiophene and subsequent S–C scission, can occur at the equilibrium Mo(101̄0) edge without the cre-
ation of coordinatively unsaturated Mo edge sites. This is related to the presence of the metallic-like brim sites also observed in previous STM
studies. It is found that the HYD reaction pathway also can occur at the S(1̄010) edge. At this edge, the equilibrium edge structure itself is not
active, and sulfur vacancies must be created for the reaction to proceed. It is found that the effective energy barrier for vacancy creation depends
on the H2 partial pressure. The sulfur vacancies at the S(1̄010) edge are also found to be active sites for the DDS pathway. This pathway does
involve an initial hydrogenation step to 2-hydrothiophene, followed by S–C scission. Analyzing the relative stabilities of reactants and intermedi-
ates suggests that a catalytic cycle may involve elementary steps that start at one type of edge and are completed at the other; for example, many
intermediates are more stable at the S edge. The regeneration of the active sites is found to be a crucial step for all of the reaction pathways, and
the importance of reactions at Mo brim sites is related to the observation that regeneration is least activated here. It is proposed that an important
activity descriptor is the minimum energy required to either add or remove S from the different equilibrium edge structures.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

As the global energy consumption rapidly increases and en-
vironmental legislation becomes stricter, the need to upgrade
low-quality oil to clean transport fuels increases. To meet cur-
rent environmental regulations, refiners must remove even the
most refractory sulfur-containing species [1–6]. This is gener-
ating increased interest in obtaining a detailed description of
the catalytic hydrotreating reactions occurring during desulfur-
ization. Hydrodesulfurization (HDS) has been investigated for
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many decades, leading to increased insight into the structure of
the active catalyst particles, their interactions with the support,
the effect of promoters, and the kinetics of the reactions [7].
However, much less is known about the reaction mechanisms
and the nature of the active sites, and many different views have
been presented [6–12].

Thiophene is a suitable test molecule for studying the HDS
reaction because it contains an S atom in a benzene-like ring
and also is small. Therefore, thiophene HDS has been the most
studied reaction; but there has been considerable debate re-
garding the mechanism [7,10,13–23]. For instance, it has been
difficult to establish to what extent prehydrogenation to dihy-
drothiophene or tetrahydrothiophene may be necessary before
S–C bond cleavage. It also appears that the observed reaction
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products depend on the reaction conditions [7,22,23]. Tetrahy-
drothiophene typically is not an intermediate at atmospheric
pressure [23], but it may be a major intermediate at high pres-
sure [17] and low temperature [10], because the formation
of tetrahydrothiophene is equilibrium-limited at high temper-
ature [10]. A detailed study of the HDS of 2-methylthiophene
at high pressure [22] found that the splitting of the S–C bond
in tetrahydro-2-methylthiophene (resulting in the formation of
a thiol) is faster than the hydrogenation of the thiophene ring
or of the pentene to yield pentane. Thus, the hydrogenation ac-
tivity of the catalyst appears to be an important feature, which
can influence the concentration of the reaction products. The
proposed thiol intermediate was not observed, leading to the
conclusion that the splitting of S–C bonds in thiols is very fast.

For the larger S-containing molecules like dibenzothio-
phene, it has been established that two parallel routes exist,
a direct desulfurization route (DDS) through biphenyl and a hy-
drogenation route (HYD) in which one of the benzene rings is
hydrogenated first [24]. In order to produce the clean transport
fuels demanded today, even the very refractory sulfur com-
pounds like 4,6-dimethyldibenzothiophene must be removed
[1,2,4,5,7,19,25,26]. For such molecules, the HYD route may
become more important than the DDS route, which dominates
for unsubstituted dibenzothiophene [4,27]. Despite the estab-
lished understanding of the pathways and the overall kinetics,
little direct insight has been obtained regarding the reaction
mechanisms and the surface sites involved in the DDS and HYD
pathways. It has even been difficult to reach agreement on the
mode of adsorption of the reactants. For instance, thiophene has
been found to either exclusively adsorb in a so-called η1 mode
(e.g., standing up and binding only through S [28,29]) or ad-
sorb primarily in a so-called η5 mode (e.g., lying down, bonded
through S and the four C atoms), with only a small fraction of
the molecules being present in the η1 mode [30].

Insight into the mechanism of HDS also has been obtained
from numerous studies on activity correlations [7,31,32], which
have been taken as evidence for MoS2 edge vacancies being
the active sites in HDS, because vacancy formation generally
has been assumed to take place at the MoS2 edges. In support
of this, basal plane surfaces have been observed to be inactive
[33]. For hydrogenation reactions, the activity also has been ob-
served to correlate with the number of MoS2 or WS2 edges sites
[34,35], and vacancies have been concluded to be the active
sites for such reactions. However, in general it is difficult to
draw firm conclusions from such activity correlations [7], be-
cause a variety of other species, like SH groups [36], also may
be located at the edges. Further support for the importance of
vacancies has been provided from experimental studies of the
effect of prereduction temperature [37,38]. Moreover, the ob-
served activity correlation with the metal–sulfur bond strength,
leading to the formulation of the bond energy model (BEM),
suggest that vacancy formation is a key aspect of HDS [39].

Because both HDS and hydrogenation activities have been
observed to correlate with the number of MoS2 (WS2) edge
sites, some authors have suggested [40,41] that the sites for
the DDS route and the HYD route are similar. Indeed, kinetic
models based on this proposal can provide a good fit of ki-
netic results. However, a number of effects strongly suggest that
DDS and hydrogenation sites are not the same. For example, the
presence of methyl groups in dibenzothiophene may severely
reduce the activity for S removal via DDS without significantly
affecting the hydrogenation activity [4]. In addition, H2S is a
strong inhibitor for S removal via DDS but has only a minor
effect on hydrogenation [27]. Evidence for different sites for
HYD and DDS also comes from studies of the effect of nitro-
gen compounds [7,26,42–52]. In contrast to the effect of H2S,
the presence of basic nitrogen compounds is observed to mainly
inhibit the HYD route with only a moderate effect on DDS. The
inhibiting effect was found to correlate with the proton affin-
ity of the nitrogen compounds [44,45]; this result also suggests
that different sites are involved in HYD and DDS. Based on the
observation that quite large molecules may be desulfurized via
the HYD route, Ma and Schobert [53] suggested that the hy-
drogenation sites are multiple vacancy sites on the Mo(101̄0)
edges capable of π -bonding the large molecules. The presence
of such sites has been discussed in the literature [7], because the
single-bonded sulfur atoms created by simply cleaving the bulk
structures at the Mo(101̄0) edges were proposed to be unstable.

Recently, it has become possible to use density functional
theory (DFT) methods to address a number of issues relevant
for HDS [54–72]. In the first DFT study of MoS2 and Co-
MoS structures, Byskov et al. [71] found that it is energetically
very unfavorable to create the “naked” Mo edges, where Mo
is exposed at the edge and only 4-fold coordinated, and they
concluded that such structures probably are not present under
realistic HDS conditions [71]. Subsequent DFT studies have
supported this conclusion [56,67,70]. Even though multiple va-
cancy sites may be very reactive [59,62,64], they are expected
to readily react with H2S, and reactions involving such sites
should be extremely strongly inhibited by H2S. Because the
hydrogenation reactions are not poisoned by H2S, these results
show that some other sites must be involved in HYD. The first
study of mechanistic aspects of HDS using DFT was carried
out by Neurock and Van Santen, who studied the HDS of thio-
phene over NixSy clusters [65]. Although the study does not
directly relate to MoS2 catalysts, coordinatively unsaturated Ni
sites were found to be very reactive.

Recently, it has been possible to obtain important clues re-
garding the hydrogenation sites and the HYD pathway from
scanning tunneling microscopy (STM) studies [61]. Such stud-
ies have provided atom resolved images of the MoS2 nanos-
tructures; when they are combined with DFT calculations, quite
detailed information may be obtained from the images [56,
57,61,73,74]. These combined studies clearly show that naked
Mo(101̄0) edges are not present at ultrahigh vacuum conditions.
In contrast, the results show in agreement with the DFT calcula-
tions [54,56,63,69,71] that the Mo atoms will tend to maintain
the full sulfur coordination of 6. This is achieved by extensive
edge reconstruction. Quite surprisingly, it was found that these
fully sulfur-saturated Mo(101̄0) edges of MoS2 have some sites
with metallic character [56,73,75]. These so-called “brim” sites
could bind thiophene and were observed to be involved in fur-
ther hydrogenation reactions [61]. One S–C bond in thiophene
appeared to be cleaved at the brim site, and the resulting ad-
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sorbed butenethiolate could be observed [61]. This is interest-
ing, because such thiolates or thiols have been proposed to be
key intermediates in many of the HDS mechanisms proposed
in the literature [7,22]. However, at realistic HDS conditions,
this intermediate has not yet been detected, presumably due to
its high reactivity. In the STM study [61], the completion of the
HDS reaction could not be observed. Because the MoS2 clus-
ters only exposed the Mo(101̄0) edge, this study [61] did not
yield any information about the possible role of S(1̄010) edges.
Also note that the structures observed in the STM experiments
might not be those structures, which are stable under reaction
conditions [61].

The structures and intermediates present under reaction con-
ditions generally are not accessible for study by direct imaging
methods, but they can be studied by DFT calculations. Indeed,
it has been found experimentally [57] and theoretically [54,56,
63,69,70] that the MoS2 edge structures may be very labile,
and quite different structures may exist depending on the reac-
tion conditions. In the real HDS catalyst, the MoS2 and WS2
structures also may expose the S(1̄010) edges [57,76]. A key
objective of the present study is to examine reactions at the
S(1̄010) edges, which are predicted to be present at reaction
conditions.

The present study used DFT to investigate HDS of thio-
phene. The calculational details are described in Section 2. An
important problem with most reaction pathway studies has been
that the assumed structures may be very different from those ac-
tually present at HDS conditions. Therefore, a key goal of the
present study is to perform calculations on the type of struc-
tures that will be present during HDS catalysis. Section 3.1
discusses the relevant structures and edge configurations to lay
the groundwork for studying the reaction pathway. The ener-
getically most stable structures for both the Mo(101̄0) edge
and the S(1̄010) edge under typical reaction conditions are de-
scribed. Sections 3.2–3.4 discuss the results on hydrogenation,
S–C cleavage and site regeneration reactions at those edges.
These detailed results are subsequently used to discuss some
more general themes. The influence of reaction conditions is
found to be quite significant, and these aspects are discussed
in Section 3.5. Sections 3.6 and 3.7 present an analysis of the
hydrogenation and S–C bond scission reactions and interplay
between the two different edge sites in those reactions based on
the determined reaction paths and the availability of the active
sites. Section 3.8 discusses the relative role of different elemen-
tary reactions and pathways during HDS of thiophene. To avoid
excessive repetition and to aid the presentation of the results,
we have summarized many of the detailed results regarding the
reaction pathways, the stabilities of the intermediates, and key
activation energies in Figs. 3–7 and Table 1. Detailed comments
regarding each elementary step and the nature of the intermedi-
ates are given in the following sections, and further details are
provided in supplementary information.

2. Calculational details

An infinite stripe model, which previously has been proven
successful to investigate MoS2-based systems [55,56,77,78],
Fig. 1. The 4 × 4 supercells used for studies of the Mo edge with 50% S
coverage and the S edge with 100% S coverage. Color code: sulfur (yellow),
molybdenum (blue). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

is used to investigate the edges of MoS2 and is depicted in
Fig. 1. The infinite stripe exposes both the Mo edge and the
S edge. The supercell has 4 Mo atoms in the x-direction and
4 Mo atoms in the y-direction, to allow for important recon-
structions with a period of 2 in the x-direction and to allow
decoupling of the Mo edge and the S edge in the y-direction.
The stripes are separated by 14.8 Å in the z-direction and 9 Å
in the y-direction. This model represents MoS2 structures with
no support interactions such structures are similar to the type
II structures found in today’s high-activity commercial cata-
lysts [78].

The plane wave density functional theory code DACAPO
[79,80] was used to perform the DFT calculations. The Bril-
louin zone was sampled using a Monkhorst–Pack k-point
set [81] containing 4 k-points in the x-direction and 1 k-point
in the y- and z-directions. The calculated equilibrium lattice
constant of a = 3.215 Å and compares well to the experimental
lattice constant of 3.16 Å [82]. A plane-wave cutoff of 30 Ryd-
berg and a density wave cutoff of 45 Rydberg were used using
the double-grid technique [83]. Ultrasoft pseudopotentials are
used except for sulfur, where a soft pseudopotential was used
[84,85]. A Fermi temperature of kBT = 0.1 eV was used for all
calculations, and energies were extrapolated to zero electronic
temperature. The exchange correlation functional PW91 [86]
was used. The convergence criterion for the atomic relaxation
is that the norm of the total force should be <0.15 eV/Å,
which corresponds approximately to a max force on one atom
<0.05 eV/Å. The nudged elastic band (NEB) method was used
to find energy barriers [87], together with the adaptive nudged
elastic band approach [88] and cubic spline fits to the energy
and the forces. Figures of atomic structures were created using
VMD [89].

Unless notes otherwise, all adsorption energies were calcu-
lated using the equation

�Ead = Emolecule/MoS2 − EMoS2 − Emolecule(g),

where Emolecule/MoS2 is the energy of the system with the mole-
cule bound to the surface, EMoS2 is the energy of the stripe,
and Emolecule(g) is the energy of the molecule in vacuum. Mole-
cules in vacuum were calculated using the same setup as for
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(a) (b)

Fig. 2. The equilibrium edge configurations at HDS conditions (PH2 = 10 bar,
PH2/PH2S = 100, and T = 650 K). (a) The Mo edge with 50% S coverage and
50% H coverage. (b) The S edge with 100% S coverage and 100% H coverage.

stripe calculations but using a supercell, which ensures at least
11 Å vacuum between neighboring molecules, using a Fermi
temperature of kBT = 0.01 eV, using only the gamma point in
the Brillouin zone sampling. For all structural relaxations, the
convergence criterion is that the norm of the total force should
be <0.05 eV/Å.

3. Results and discussion

3.1. The choice of active surfaces and elementary reactions

The starting point of this investigation of HDS of thiophene
is the recently improved understanding of the edge configu-
rations at HDS conditions, which has been provided by sev-
eral DFT studies [54,56,63,69,70]. As a starting point, we use
the phase diagrams developed previously [56], which describe
the edge structures as function of the chemical potential of S
and H. The equilibrium edge configuration at HDS conditions
(e.g., PH2 = 10 bar, PH2/PH2S = 100 and T = 650 K, which
are used throughout the article as an example of HDS condi-
tions) determined in previous work [56] was recalculated with
the calculational setup described in Section 2. We find essen-
tially the same structures and adsorption energies as reported
previously [56]; these equilibrium edge structures are shown in
Fig. 2. HDS conditions vary depending on the crude oil being
treated; the hydrogen pressure may vary from 10 to 200 bar, and
PH2/PH2S also may vary depending on the reactor setup. The
structure presented in Fig. 2 is the most stable structure over
most of this range, with the exception that there may be more H
atoms present at the S edge at high hydrogen pressures. S and H
adsorption at sites at the edges of MoS2 introduces structural
changes; therefore, the definition of coverage of S and H needs
to be refined; in this paper, we define the S coverage as the
percentage of S present at the edge, with 100% being the S cov-
erage of the fully sulfided edge (i.e., completely covered by S
dimers). Using this definition, the S coverage is 50% at the Mo
edge and 100% at the S edge (Fig. 2). Furthermore, we define
the H coverage as the fraction of H atoms present per edge unit
cell in the 4 × 4 structure; for example, 4 H atoms correspond
to 100% H coverage. Using this definition, the H coverage in
Fig. 2 is 50% at the Mo edge and 100% at the S edge. This defi-
nition allows for coverage above 100%, when more than four H
atoms are present per unit cell. It should be emphasized that the
structure for each “coverage” represents a new unique structure,
and thus “coverage” should not be understood in the traditional
sense, where it is the coverage of identical sites.

In the literature, “naked” Mo(101̄0) edges with a coverage
of 0% S have been considered as possible sites for hydrogena-
tion reactions [53]. In this configuration, the Mo(101̄0) edge
contains Mo atoms coordinated to only four sulfur atoms, com-
pared with a coordination number of 6 in the bulk. This situa-
tion is energetically very unfavourable under HDS conditions.
In contrast, we find [56] an equilibrium S coverage of 50% at
the Mo edge under HDS conditions. Note that in Fig. 2, the Mo
coordination number is 6 at both edges. The H coverage at the
S and Mo edges given in Fig. 2 corresponds to PH2 = 10 bar.
However, we show that it is possible to further increase the H
coverage at the S edge by increasing the H2 pressure, result-
ing in a H coverage above 100% (see atomic configuration 2
in Fig. 4). Such an increase is not possible at the Mo edge due
to strong interaction between H atoms, as discussed further in
Section 3.5 and also reported previously [78]. Our calculations
show that a basic requirement for the removal of S from thio-
phene and other S-containing compounds is an available site
for the adsorption of removed S. In this connection, an interest-
ing finding is that the equilibrium edge configuration at the Mo
edge allows for the addition of an S atom, whereas the equilib-
rium configuration at the S edge is fully covered by S and H
atoms and does not allow for such an addition. Therefore, at the
S edge, a vacancy must be created before S removal at the S
edge.

Experimental studies of thiophene HDS have suggested that
various pathways may be involved, and that the relative involve-
ment of these pathways depends on the reaction conditions
[7,10]. The elementary reactions in the different proposed reac-
tion pathways include both hydrogenation and S–C bond scis-
sion reactions; thus, we have chosen to investigate both elemen-
tary hydrogenation and S–C bond scission reaction steps. Many
different steps have been considered; to simplify the subsequent
discussion, we summarize the elementary reactions investigated
in the present study in Table 1, together with the calculated reac-
tion and activation energies. The choice of elementary reactions
and intermediates has been guided by recent STM and DFT
studies, which have shown that thiophene hydrogenation and
S–C scission can occur at the fully sulfided Mo edge [61]. Ex-
cept for 2-hydrothiophene, all of the other intermediates given
in Table 1 have been reported to be present during HDS of
thiophene [7,90,91]. The reason that 2-hydrothiophene has not
been observed experimentally is most likely related to the fact
that it is not a stable molecule in the gas phase. Furthermore,
the present study shows that the subsequent hydrogenation
of 2-hydrothiophene to 2,5-dihydrothiophene is a nonactivated
process.

We investigate both the HYD and DDS pathway of thio-
phene HDS. We define the difference between the DDS and
the HYD pathway so that it is the DDS pathway when the
initial S–C cleavage (reaction VI in Table 1) occurs in 2-hydro-
thiophene after the first hydrogenation step (reaction I in Ta-
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Table 1
An overview of the reactions involved in HDS of thiophene including the activation barriers (Ea) and energy change (�E) of the reactions

Reaction S edge Mo edge

Ea (eV) �E (eV) Ea (eV) �E (eV)

I 0.80 0.43 0.57 0.57

II 0.00 −1.02 0.00 −0.74

III 0.82 −0.78 1.13 0.51

IV 1.63 1.09 0.14 −0.26

V 0.00 −0.66 0.12 −0.41

VI 0.21 −1.11 1.10 1.09

VII 2HS– * → H2S– * + S– *
1.70a 1.57a 1.00c 0.7c

1.49b 1.32b

VIII (1/2)H2(g) + * → H– *
−0.57a −0.33d

−0.11b

IX H2S(g) + * → H2S– * −0.12h −0.19e

X 0.21g −0.07f

XI −0.59g −0.12f

XII −0.52g −0.12d

XIII −0.05i −0.28d

a Low H2 pressures.
b High H2 pressures.
c Calculated as EVII = �E1 + E2, where �E1 is the energy change of reaction 1: 2H–S (50% H coverage 50% S) + S (0% H and 62.5% S) + S–S (0% H

and 62.5% S) → S (25% H coverage 50% S) + HS (50% H and 62.5% S) + H–S–S (50% H and 62.5% S) and E2 is the activation energy of reaction 2: HS (50% H
and 62.5% S) + H–S–S (50% H and 62.5% S) → H2S–S (Mo edge 50% S).

d Adsorption at the Mo edge with 50% S and 25% H.
e Adsorption at the Mo edge with 50% S and 0% H.
f Adsorption at the Mo edge with 50% S and 50% H.
g Adsorption at the S edge with 87% S and 75% H.
h Adsorption at the S edge with 87% S and 50% H.
i Adsorption at the S edge with 100% S and 25% H.
ble 1) and the HYD pathway when S–C cleavage (reaction III
in Table 1) occurs in 2,5-dihydrothiophene, which is formed
by two successive hydrogenation steps (reactions I and II in Ta-
ble 1). It is interesting to note that the thiophene DDS and HYD
pathways involve a common prehydrogenation step, because a
similar common prehydrogenation step has been proposed in
the HYD and DDS pathway for DBT and 4,6-DMDBT [41].
In what follows, we summarize the reactions in the HYD
pathway as we have investigated them at both the Mo and S
edges. The HYD pathway involves reactions I–V and reactions
VII–XIII in Table 1. The reactions occur in the following order:
X–I–II–III–IV–V–VII–IX. Reaction I in Table 1 hydrogenates
thiophene and forms 2-hydrothiophene, which is then further
hydrogenated (reaction II) to produce 2,5-dihydrothiophene.
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The removal of S from 2,5-dihydrothiophene proceeds via ini-
tial S–C bond scission (reaction III) with cis-2-butenethiolate
as a product, followed by cis-2-butenethiol formation by a H
transfer reaction (reaction IV). Then cis-2-butene is the product
formed by the final S–C scission (reaction V). In this context, it
should be noted that the present study also investigates the S ex-
trusion from cis-2-butenethiol, because it is an intermediate in
the HYD pathway. It is quite likely that cis-2-butene will react
further either by hydrogenation to butane or by intramolecular
rotation to form trans-2-butene. We do not consider these here
because they occur after S removal and are not important for
sulfur removal. Further hydrogenation of 2,5-dihydrothiophene
to tetrahydrothiophene has not been investigated, because we
have assumed that tetrahydrothiophene is a likely intermediate
only at high H2 and low temperatures, because the presence of
tetrahydrothiophene has been shown to be equilibrium-limited
at temperatures typical for HDS conditions [10].

The DDS of thiophene was investigated using the following
reaction path: reactions X–I–VI–(IV–V) in Table 1. The DDS
pathway was initiated by thiophene adsorption (reaction X), fol-
lowed by the hydrogenation of thiophene (reaction I), forming
2-hydrothiophene. Then the initial S–C bond was broken (re-
action VI) and cis-butadienethiolate was formed. The further
removal of S from cis-butadienethiolate was not investigated di-
rectly; however, these reactions are assumed to be very similar
to reactions IV and V, because the involvement of the carbon
chain is insignificant in these reactions, which are dominated
by H diffusion and addition. The product of the DDS path-
way is cis-butadiene under the assumption that the final S–C
bond scission reaction is similar to reactions IV and V. Cis-
butadiene may react further by hydrogenation or intramolecular
rotation.

The reaction pathways shown in Figs. 3–6 have been con-
structed under the assumption that H2 in the gas phase is in
equilibrium with the H atoms adsorbed at the edge of MoS2.
This assumption is justified by the fact that experimentally H2

dissociation is not found to be the rate-determining step [7,10].
Previous DFT studies have found the barrier to be 0.9–1 eV
at the Mo edge with 50% S coverage [72,92]; however, these
studies used a unit cell, which resulted in a H coverage after dis-
sociation equal to 66 or 100%, respectively. The H adsorption
energy at the Mo edge is highly dependent on the H cover-
age [78], and it can be speculated that the barrier changes when
the H coverage is lowered to 50%, corresponding to HDS con-
ditions. There have been no studies of the H2 dissociation at
the S edge of MoS2; the only similar result is for the S edge
promoted with 50% Co and with S coverage of 75%, where
the barrier was found to be 0.6 eV [68]. The DFT results in-
dicate that at certain reaction conditions (e.g., low hydrogen
pressures), there could be an influence on the apparent acti-
vation energy due to H2 dissociation; however, in the present
study we have assumed that this is not the case at HDS con-
ditions, and thus the hydrogen addition steps are not included
in the reaction pathways. (A complete reaction path in which
H addition steps are included is provided in supplementary in-
formation.) Furthermore, we contracted the hydrogenation of
thiophene reactions (reactions I and II) to one barrier, because
we found that only reaction I was activated.

3.2. The HYD pathway at the Mo edge

Using the elementary steps discussed in Section 3.1, we de-
termined the detailed potential energy diagram for the HYD
reaction pathway at the Mo edge; the results are depicted in
Fig. 3. To arrive at the diagram shown in Fig. 3, we investigated
the intermediates in various configurations as part of determin-
ing the minimum energy and the optimal reaction pathway. We
evaluated the adsorption of the cyclic intermediates both above
edge S atoms and in bridge positions between edge S atoms.
Furthermore, we investigated both the η1 (binding through the
S atom) adsorption mode and the η5 (binding through the π

system) adsorption mode. For thiophene, we considered both
adsorption modes proposed in the literature based on IR or
INS studies [28–30,93] or proposed based on analogous struc-
tures observed in organometallic complexes [94]. We find that
the preferred adsorption site for 2,5-dihydrothiophene is in be-
tween the front row S atoms, which is the location of the brim
at the Mo edge at HDS conditions [56]; thus, there is no direct
binding to the Mo atoms. Thiophene η1 and η5 adsorption at
both the brim site and on top of edge S atoms are very simi-
lar in energy (within 0.02 eV); therefore, all of these adsorption
modes will be expected to be present at HDS conditions. The
present results thus support the conclusion from the INS exper-
iments where both the η1 and η5 adsorption modes were ob-
served [30]. However, the possibility that van der Waals (vdW)
forces will stabilize one of the adsorption configurations can-
not be ruled out. Such forces are not included in present-day
exchange correlation functionals, and thus we cannot assess
the importance of vdW forces. It should be emphasized that
the present study investigates the adsorption at the equilibrium
edge configurations under HDS conditions (50% H coverage,
50% S coverage). Clearly, the adsorption modes will change
when the experimental conditions are changed and new edge
structures are created. For example, a recent theoretical inves-
tigation found that the η1 mode was most stable at a reduced
Mo edge with a vacancy [95], but such very reduced Mo edges
most likely will be present only in insignificant numbers under
HDS conditions.

The HYD pathway at the Mo edge (Fig. 3) is initiated by
thiophene adsorption at the brim site (reaction X). Following
this, two hydrogenation reactions occur (reactions I and II in
Table 1), resulting in the formation of 2,5-dihydrothiophene.
Furthermore, the overall barrier of the hydrogenation steps is
given by the barrier of reaction I, because reaction II is non-
activated. Thus, the reaction product (2-hydrothiophene) of re-
action I is not expected to be abundant. This may explain why
2-hydrothiophene has never been observed. The hydrogenation
reactions involve H from SH groups, which are present at the
Mo edge. The binding energy of H at the 50% S-covered Mo
edge depends on the H coverage, as also reported previously
[78]; therefore, it will primarily be the H atoms corresponding
to 50%, which will participate because H is too strongly bound
(−0.7 eV) at lower coverage. H adsorption at coverage >50%
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Fig. 3. The Mo-edge thiophene HYD pathway. The reference energy is the equilibrium edge configuration under HDS conditions (Mo edge with 50% S and 50%
H) and thiophene in the gas phase. The atoms have the following color scheme: yellow, sulfur; blue, molybdenum; cyan, carbon; black, hydrogen. Arabic numerals
denote intermediates, and Roman numerals denote reactions. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
has an endothermic binding energy (0.4 eV) [78] and are not
occupied.

The initial hydrogenation steps are followed by reaction III,
which breaks the first S–C bond in 2,5-dihydrothiophene and
forms cis-2-butenethiolate. Cis-2-butenethiol is formed by H
transfer in reaction IV, and finally S is removed by breaking
the last S–C bond in the thiol in reaction V. Note that the re-
moval of S from cis-2-butenethiol (reaction V) has a very low
barrier (0.1 eV) and that the most difficult step is the initial S–C
bond breaking. Removal of S from the thiol leaves behind an S
atom. Subsequently, the active site must be regenerated to com-
plete the catalytic cycle. The activation energy of regenerating
the active site (reaction VII) is similar to the activation energy
of the cleavage of the first S–C bond (reaction III).

STM experiments did not reveal the removal of S from thio-
late [61]. This is not in contradiction with the present findings,
because the equilibrium edge structure under the STM exper-
imental conditions differs from that under reaction conditions.
Under the STM conditions, the edges are completely covered
with sulfur dimers (100% sulfur coverage). This surface does
not allow the accommodation of an extra S atom, and thus the
reaction stops once thiolate is formed. The present results show
that it is of key importance that H atoms are present at the Mo
edge at HDS conditions and that these H atoms react readily
with thiophene and the intermediates. Thus, the Mo edge con-
figuration present at HDS conditions is more suitable for HDS
reactions than the highly sulfided Mo edge present at STM
experimental conditions. The relative importance of the differ-
ent hydrogenation reactions, the S–C bond scission reactions,
and regeneration of the active site are explored further in Sec-
tions 3.5–3.8.

3.3. HYD pathway at the S edge

In the preceding section, we dealt with the HYD reaction
pathway at the Mo edge. Under realistic HDS conditions, MoS2
is likely to expose S edges as well, and possible reactions at this
edge must also be considered [54,57]. The calculated potential
energy diagram of the HYD reaction path at the S edge is shown
in Fig. 4. It consists of reactions I–V and reactions VII–XIII in
Table 1.

The HYD reaction pathway is initiated by vacancy forma-
tion (reaction VII), because a vacancy is needed to bind the
intermediates and for the final removal of S from the organic
molecule. We calculated the barriers for creating vacancies at
high and low hydrogen pressures corresponding to 125% H and
100% H coverage, respectively; see Fig. 4. The binding energy
of H decreases when there is more than one H atom per S dimer
at the edge, as seen in Table 1. The importance of such weakly
bound and more reactive H atoms is discussed further in Sec-
tion 3.5, which also includes a discussion of the influence of the
hydrogen pressure on the equilibrium H coverage.

After vacancy creation, the HYD pathway continues with
adsorption of thiophene (reaction X) at the vacancy (corre-
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Fig. 4. The S-edge thiopene HYD pathway. The reference energy is the equilibrium edge configuration under HDS conditions (S edge with 100% S and 100%
H) and thiophene in the gas phase. The color scheme for the atoms is the same as in Fig. 1. Arabic numerals denote intermediates, and Roman numerals denote
reactions. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
sponding to 75% S coverage and 75% H coverage); this is
endothermic (0.2 eV at 75% H coverage and 0.0 eV at 50% H
coverage). The present adsorption mode is an end-on η1 adsorp-
tion through the sulfur atom. Thus, thiophene adsorption will
occur only if the van der Waals forces (which are not included in
the present exchange correlation functional) are strong enough
to give an exothermic adsorption energy; otherwise, thiophene
hydrogenation and adsorption may occur in a concerted man-
ner. Thus we expect that thiophene will be observed in high
concentration only at the S edge in η1 adsorption mode at low
temperatures or at edges far from HDS equilibrium edge con-
figurations with vacancies and low H coverage. This is in agree-
ment with a recent theoretical study of thiophene adsorption at
the S edge of stacked MoS2 that found it to be strongest at the S
edge with multiple vacancies or 0% H coverage [95]. The thio-
phene coverage at the vacancy sites is expected to be very small
at HDS conditions, due to the endothermic adsorption energy
(0.2 eV). The first hydrogenation reaction (reaction I), resulting
in the formation of 2-hydrothiophene, had a higher barrier than
the same reaction at the Mo edge (0.8 eV vs 0.6 eV), and the
second hydrogenation reaction was also nonactivated at the S
edge vacancy. The higher reaction barrier of the first hydrogena-
tion step is ascribed to the stronger binding energy of H at the
S edge. In fact, the results show that the SH bond strength is a
key parameter for all the hydrogenation reactions including the
reaction involved in site regeneration. The hydrogenation reac-
tions are followed by reactions III, IV, and V, where the two S–C
bond scission reactions (reactions III and V) have lower barriers
than at the Mo edge, whereas the creation of cis-2-butenethiol
has a higher barrier (reaction IV). The highest barrier involved
in the HYD pathway is the initial vacancy and the H2S forma-
tion step.

We investigated to what extent it could be possible that ad-
sorption and hydrogenation could occur without the presence
of an S vacancy at the S edge. For this purpose, we evaluated
the S edge with 100% S and 75% H, which is a slightly lower H
coverage than the equilibrium edge configuration (100% H), to
leave room for thiophene adsorption. Thiophene adsorption at
the S edge with 100% S and 75% H is in fact slightly exother-
mic (−0.1 eV). But this adsorption energy is smaller than the
H adsorption energy (−0.6 eV) at the same site. Thus, H atoms
will adsorb predominately at these sites and create the equilib-
rium structure, and the adsorption of thiophene is favored only
at reaction conditions, where hydrogen pressure is low and thio-
phene pressure is high. Nevertheless, a full microkinetic model
must be developed before the catalytic role of the “nonvacancy”
sites can be evaluated in detail.

The relative catalytic importance of the hydrogenation re-
actions, S–C bond scission reactions, and regeneration of the
active site at the S and Mo edge are further discussed in Sec-
tions 3.5–3.8.

3.4. DDS pathway at the Mo and S edges

As discussed in Section 3.1, the DDS pathway is character-
ized by the initial S–C scission reaction occurring immediately
after the formation of 2-hydrothiophene. Thus, the first step af-
ter adsorption of thiophene (reaction X) is hydrogenation to
2-hydrothiophene (reaction I), followed by S–C bond scission
(reaction VI) to cis-butadienethiolate. The final S removal from
cis-2-butadienethiolate is assumed to be similar to the final S
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Fig. 5. The Mo-edge DDS pathway of thiophene. The reference energy is the equilibrium edge configuration at HDS conditions (Mo edge with 50% S and 50%
H) and thiophene in the gas phase. The color scheme for the atoms is the same as in Fig. 1. Arabic numerals denote intermediates, and Roman numerals denote
reactions. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
removal from cis-2-butenethiolate. The calculated potential en-
ergy diagrams of the DDS pathway at the Mo edge and the
S edge are shown in Figs. 5 and 6, respectively. At the equi-
librium Mo edge (50% S coverage and 50% H coverage), the
DDS pathway is initiated by hydrogenation (reaction I), fol-
lowed by S–C bond scission (reaction VI). The DDS pathway
at the equilibrium S edge (100% S coverage and 100% H cover-
age) must (as discussed in Section 3.3) be initiated by vacancy
formation (reaction VII). This is then followed by adsorption
of thiophene (reaction X), the initial hydrogenation step (re-
action I), and S–C bond scission (reaction VI). The barrier of
reaction VI is 0.2 eV at the S edge, which is 0.9 eV lower than
the barrier at the Mo edge. The present results indicate that the S
edge vacancy site has a higher activity in elimination reactions
of S–C bonds, which could indicate that the S edge vacancy site
more readily eliminates the S–C bond in the DDS of DBT and
similar molecules. The availability of the active site and the rel-
ative importance of the S and Mo edge in DDS are discussed in
Sections 3.1 and 3.7.

3.5. The influence of hydrogen and H2S pressure on the
availability of the active sites

The brim site at the Mo edge and the vacancy site at the S
edge are fundamentally different, and the interplay between the
sites will depend on the relative availabilities of the sites. The
Mo edge brim site is present at the equilibrium edge configura-
tion, which has 50% S coverage and 50% H coverage, and the
site is located in between the front-row S atoms with a neigh-
boring H atom. In contrast to the readily available brim site, a
large concentration of vacancy sites is not present at the S edge.
Table 1 and Fig. 4 show that the energy required to remove S
from the S edge by creating H2S depends on the H2 pressure,
in the sense that at high H2 pressures, the coverage of weakly
bound H atoms becomes quite large, and this H gives a lower
barrier for vacancy formation than the more strongly bound H.
At low H2 pressure, and thus at low coverage of weakly bound
H atoms, the overall barrier of H2S formation is given by the
lowest of Eoverall = E

strong
a and Eoverall = Eweak

a + �E, where
Eweak

a is the activation energy of H2S formation involving the
weakly bound H atoms, E

strong
a is the activation energy of H2S

formation involving the strongly bound H atoms, and �E is the
energy difference in binding energy between the weakly and
strongly bound H atoms. At high H2 pressure, and thus at high
coverage of the weakly bound H atoms, the overall energy bar-
rier is given by Eoverall = Eweak

a . In the current work, high cov-
erage is defined as 0.8, which corresponds to approximately 80
bar hydrogen pressure. Quantification of high coverage could
be possible using a microkinetic model. The H binding energy
is −0.6 eV when only a single H is bound to each S dimer,
whereas an additional H added to an S dimer has a binding en-
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Fig. 6. The S-edge DDS pathway of thiophene. The reference energy is the equilibrium edge configuration at HDS conditions (S edge with 100% S and 100% H) and
thiophene in the gas phase. The color scheme for the atoms is the same as in Fig. 1. Arabic numerals denote intermediates, and Roman numerals denote reactions.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

(a) (b) (c)

Fig. 7. H and vacancy coverages at 650 K. (a) Contour plot of the H coverage as a function of the partial pressure of hydrogen and H binding energies. The dotted
line marks the binding energy of weakly bound H atoms. (b) H coverage of weakly bound H at the S edge dimers. (c) Coverage of vacancies at high and low
hydrogen pressure.
ergy of −0.1 eV. Fig. 7a shows the calculated coverage of H
as a function of the hydrogen pressure and H binding energy.
It is seen that the strongly bound H will have 100% coverage;
that is, all available sites will be filled, whereas the coverage of
the weaker bound H will depend on the H2 pressure. Fig. 7b
shows the coverage of the weakly bound and thus more reac-
tive H atoms. Many of the steps in the different HDS pathways
involve H, and the barriers of these reactions likely are also
lowered if the coverage of the weakly bound H is appreciable.
A similar effect cannot occur at the Mo edge, because the differ-
ential H binding energy from 50 to 75% H coverage is 0.4 eV,
which, according to Fig. 7a, corresponds to 0% coverage.
As discussed above, the creation of vacancies at the S edge
involves reactions with H atoms, with the amount of vacan-
cies depending on the partial pressure of hydrogen and the H
coverage. Fig. 7c shows an estimate of the coverage of va-
cancy sites at the S edge under different reaction conditions.
High H2 pressure refers to the regime in which only the weakly
bound H is involved in vacancy formation, and low H2 pres-
sure refers to the regime in which only strongly bound H is
involved in vacancy formation. The calculations are based on
the dissociative H2S adsorption energy and assume that equi-
librium is reached and that the H2S entropy of the adsorbed
state is 0 eV/K. For a particular choice of conditions like
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(PH2 = 10 bar, PH2/PH2S = 100, and T = 650 K), which cor-
respond to the low-pressure region, there is a vacancy coverage
of 0.0001; however, as can be seen in Fig. 7c, this changes with
reaction conditions, and the coverage of vacancy sites at the S
edge typically will be in the range of 10−6–0.1. This is much
lower than the coverage of Mo edge brim site, which is close to
100%. The difference in availability of active sites has impor-
tant catalytic consequences, and the active sites at the S edge
must be far more active than the Mo edge brim site to play any
role in HDS reactions.

3.6. Hydrogenation reactions

The HYD pathway is especially important for the HDS of
larger molecules like DBT and is the dominating reaction path-
way for the desulfurization of 4,6-DMDBT [4,7,19,27]. Al-
though the present investigation deals with desulfurization of
the much simpler and more reactive thiophene molecule, many
of the hydrogenation steps observed presently likely will also
be important for the key features of the hydrogenation steps of
the aromatic rings in the more complex molecules. Here we an-
alyze the relative importance of the S edge vacancy site and the
Mo edge brim site in hydrogenation reactions, then examine to
what extent the elementary reactions and hydrogenation reac-
tion pathways presented in the preceding sections may describe
the kinetic observations reported in the literature.

Thiophene is found to bind quite weakly (−0.1 eV) to the
Mo edge brim site, but the bond is still 0.3 eV stronger than that
at the S edge vacancy site. These adsorption energies will be-
come more exothermic if van der Waals forces can be included.
Moreover, the barrier for the initial hydrogenation elementary
step at the Mo edge brim site is 0.2 eV lower than at the S edge
vacancy site. Based on this and the higher number of active sites
at the Mo edge, it is concluded that hydrogenation reactions
most likely occur at the Mo edge brim site. The difference in
hydrogenation activation energy between the Mo edge brim site
and the S edge vacancy site is probably related to the different H
binding energy at the two edges. H is bound more weakly at the
Mo edge than at the S edge. The differential desorption energy
of 0.5 H2 from the equilibrium structures is 0.3 eV/(0.5 H2)
at the Mo edge, compared with 0.6 eV/(0.5 H2) at the S edge.
Thus hydrogen may be bound too strongly at the S edge, which
could explain why the H transfer processes involved in hydro-
genation of thiophene on the Mo edge in Fig. 3 have barriers
only equal to or very close to the thermochemical differences,
whereas Fig. 4 shows that there are significant barriers at the S
edge.

It has been reported that hydrogenation reactions are not
significantly poisoned by H2S [27]. This has been difficult to
reconcile with vacancies as the active sites, but the present find-
ing that the hydrogenation reactions occur at the Mo brim sites
without involving a vacancy explains the low inhibiting effect
of H2S on hydrogenation.

The literature reports that the HYD pathway is most impor-
tant for sterically hindered molecules like 4,6-DMDBT [4,7,
27]. Therefore, the hydrogenation site must be able to adsorb
the sterically hindered molecules. The Mo edge brim site is
a very open site that can adsorb thiophene in both the η1 and
η5 modes. These adsorption modes are of such a character that
analogue adsorption of DBT or 4,6-DMDBT is probably not
sterically hindered. However, the vacancy site at the S edge
is subject to steric constraints. This further supports the afore-
mentioned conclusion that these sites are not expected to be
involved in the hydrogenation of both smaller and larger sulfur-
containing molecules.

During real feed HDS, the catalysts are also exposed to high
concentrations of aromatics and different types of nitrogen-
containing compounds [1,2]. The present findings elucidate the
inhibition mechanism of the HYD pathway, in which such hete-
rocyclic organic compounds are found to inhibit hydrogenation.
Recently, we have investigated the inhibiting effect of basic ni-
trogen compounds using pyridine as an example. We found that
pyridine is an inhibitor [58], because it not only can adsorb like
benzene to the brim site, but also is able to react with H+ from
neighboring SH groups, resulting in the formation of a pyri-
dinium ion, which adsorbs more strongly than pyridine. The
thiophene adsorption energy is −0.1 eV, significantly lower
than that of the pyridinium ion (−0.6 eV) [58]. These results
allow us to explain the role of pyridine as an inhibitor and to
understand the different observed kinetics of feeds including
basic nitrogen-containing organic compounds.

3.7. S–C bond scission reactions

We investigated S–C scission reactions belonging to ei-
ther the HYD or the DDS pathway. The distinction between
the HYD and the DDS pathways is that in the DDS path-
way, scission of the S–C bond (reaction VI) occurs after the
first hydrogenation reaction (reaction I), whereas in the HYD
pathway, S–C scission occurs after further hydrogenation (re-
action II) of 2-hydrothiophene into 2,5-dihydrothiophene. We
investigated the S–C scission reaction for three different S–C
scission reactions: in 2-hydrothiophene (leading to DDS), in
2,5-dihydrothiophene, and in cis-2-butenethiolate. The latter
two steps are the first and second S–C scission steps involved
in the HYD pathway. In Sections 3.2–3.4 we discuss how the
HYD or DDS pathways can occur at either the Mo or S edge.
However, the reactants and intermediates are not forced to go
through all of the elementary reactions at one edge exclusively,
because the intermediates may move from one site to another,
either by surface diffusion or by desorption and gas-phase dif-
fusion. The likelihood of moving from a site at one type of edge
to a site at another through desorption and gas-phase diffusion
depends on the relative adsorption energy of the intermediates.
The green lines in Figs. 3 and 4 indicate the adsorption energies
of reactants and intermediates (reactions X–XIII); the adsorp-
tion energies are also tabulated in Tables 1 and 2. We see the
quite general trend that all of the intermediates adsorb at the S
edge vacancy site rather than at the Mo edge; in contrast, the
reactant thiophene adsorbs most strongly at the Mo edge brim
site. Therefore, it is possible that some of the elementary reac-
tions may start at the Mo edge brim, followed by desorption of
intermediates and readsorption at the S edge, where the reaction
may be completed.
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Table 2
Differential adsorption energies of the intermediates in thiophene HDS

H coverage 0.5 H2
(eV)

Thiophene
(eV)

2,5-Dihydro-
thiophene (eV)

Cis-2-butene-
thiol (eV)

S edge 100% H, 100% S −0.11
75% H, 87.5% S 0.21 −0.59 −0.52
50% H, 87.5% S −0.56 0.05 −0.85 −0.62
25% H, 87.5% S −0.48

Mo edge 50% H, 50% S −0.07a −0.12
(−0.02)b

25% H, 50% S −0.33 −0.09 −0.12

a Perpendicular adsorption.
b
 Parallel adsorption.
Later we discuss where the three different S–C reactions
will occur, how reaction conditions influence the relative im-
portance of the Mo edge brim site and the S edge vacancy site,
and the interplay between these sites. The S–C scission in 2-
hydrothiophene (reaction VI) is an intramolecular elimination
reaction involved in DDS that does not involve a hydrogen from
a neighboring –SH group as for the other S–C scission reactions
investigated. The activation energy is 0.2 eV at the S edge va-
cancy site and 1.1 eV at the Mo edge brim site (see Table 1).
The low barrier at the S edge vacancy site indicates that this
site is able to break S–C bonds by elimination, whereas the
high barriers at the Mo edge brim show that this site is not well
suited for the elimination reaction. It should be emphasized that
reaction VI occurs after the initial hydrogenation reaction (re-
action I), and, as mentioned in Section 3.6, this reaction occurs
primarily at the Mo edge brim. But the DDS path cannot eas-
ily continue at this edge, because reaction VI has a high barrier
at the Mo edge brim site, and this reaction is competing with
the further hydrogenation reaction (reaction II) involved in the
HYD pathway. However, the DDS of thiophene possibly can
occur if 2-hydrothiophene can move from the Mo edge to the
S edge by surface diffusion. Thus, a region with high reactivity
could be close to the corner region between a Mo edge and an S
edge. Another possibility is that 2,5-dihydrothiophene formed
at the Mo edge brim site desorbs and readsorbs at a S edge
vacancy, where it is dehydrogenated to form 2-hydrothiophene
before S–C scission occurs (reaction VI). In all situations, the
results suggest that the S–C scission in the DDS pathway oc-
curs at the S edge vacancy, which is consistent with the fact that
the DDS pathway is strongly inhibited by H2S [7]. The rela-
tive rate of the DDS pathway compared with the HYD pathway
seems to be quite low due to the low barriers for the compet-
ing hydrogenation reaction of 2-hydrothiophene (reaction II),
but a more quantitative assessment of the relative rate of the
DDS and the HYD pathway requires development of a com-
plete microkinetic model. The present results, which show that
the elimination step VI has a low barrier, indicate that the S edge
vacancy site also could be the active site for other types of S–C
elimination reactions, such as for thiols or S–C bond scission
in the DDS mechanism of DBT or 4,6-DMDBT. It also can be
speculated that the S edge vacancy site may be able to eliminate
both S–C bonds in 2,5-dihydrothiophene and form butadiene in
a reaction mechanism similar to that found for very small clus-
ters [60]. Furthermore, the present findings support the proposal
that an S edge vacancy site is needed to remove S from DBT and
4,6-DMDBT [56,66].

Along with the intramolecular elimination reactions in-
volved in DDS, we also studied the hydrogenolysis reactions
involved in the HYD pathway that occur when S–C bonds are
broken in 2,5-dihydrothiopene and cis-2-butenethiolate. The S
extrusion from cis-2-butenethiolate consists of two elemen-
tary steps: the transfer of H from an SH group to the sulfur
in cis-2-butenethiolate (reaction IV) and the subsequent S–C
scission reaction (reaction V). The H transfer step (reaction IV)
turns out to be of key importance. It has a much lower bar-
rier at the Mo edge brim site than at the S edge, which we
propose to be related to the weaker binding of H atoms at
the Mo edge (see Section 3.6). In contrast to the H transfer
step, the S–C scission reaction has the highest barrier at the
Mo edge brim site. This appears to be analogous to the situ-
ation for step VI. The final S–C scission (reaction V) likely
also will occur at the Mo edge brim site, as shown in Fig. 3,
even though it has a 0.1 eV higher barrier than at a S edge va-
cancy site. The rate of S extrusion from cis-2-butenethiolate at
the S edge vacancy site will be determined by the H transfer
step. S extrusion from cis-2-butenethiolate at the S edge va-
cancy site is competing with the backward reaction of step III,
which leads to the formation of 2,5-dihydrothiophene. The bar-
rier of 2,5-dihydrothiophene formation is similar to the barrier
of H transfer (reaction IV); thus, 2,5-dihydrothiophene may be
formed and subsequently desorbed and readsorbed at the Mo
edge, where cis-2-butenethiol formation can occur. The other
possibility is that cis-2-butenethiolate moves to the Mo edge by
surface diffusion. We did not calculate the corresponding diffu-
sion barriers, but they can be estimated by the energy required
to move cis-2-butenethiolate from a vacancy site to a site next
to the vacancy, which is 1.1 eV.

From the foregoing discussion, we can conclude that the Mo
edge brim site is the primary site of cis-2-butenethiol forma-
tion. In view of the results shown in Fig. 7 and the discussion in
Section 3.5, it can be speculated that the H transfer step and H
transfer steps in general can occur more easily at the S edge va-
cancy site under high hydrogen partial pressure, where weakly
bound H atoms are present.

Interplay between the Mo edge brim site and the S edge
vacancy site is important for the desulfurization of cis-2-
butenethiolate. For example, the final S–C scission step may
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occur at the S edge vacancy even though the cis-2-butenethiol
intermediate is formed at the Mo edge site. Such interplay be-
tween the S and Mo edges requires that cis-2-butenethiol move
via surface diffusion or desorb from the Mo brim site. The
present study found that cis-2-butenethiol will easily desorb
due to the weak binding (−0.1 eV) at the Mo edge brim site.
In this connection, it is interesting to note that thiols have been
found as intermediates in the HDS of thiophene [90]. Because
of their high reactivity, they are expected to be present in very
small concentrations, as also has been observed experimentally
[22,90].

The rate of S removal from cis-2-butenethiol will depend
on the coverage of cis-2-butenethiol at the Mo edge brim site
and the S edge vacancy site. At present, the coverage of cis-
2-butenethiol cannot be calculated with high accuracy, due to
the lack of thermodynamic data on gas-phase butane thiols;
nonetheless, the relative coverage can be estimated. This cover-
age is a function of the Gibbs free energy of adsorption. Assum-
ing that the entropy of cis-2-butenethiol [96] in the gas phase
is similar to the entropy of cis-2-pentene, and using the upper
limit of the entropy loss (found by assuming that all of the en-
tropy is lost upon adsorption), −T �Sadsorb is 2.3 eV at 650 K
and 1 atm. Thus, the entropy loss dominates the Gibbs free en-
ergy of adsorption, and the coverage of cis-2-butenethiol will be
low. The large positive Gibbs free energy leads to the following
simplification

θ = K · P/(1 + K · P) ≈ K · P,

where K is the equilibrium constant (K = exp(−�G/kBT )),
P is the partial pressure of the reactant or intermediates, and θ

is the coverage of the reactant or intermediates. Assuming that
the entropy loss is similar at the two edges, the relative coverage
is given by

θS edge/θMo edge = exp
(−(�ES edge − �EMo edge)/(kBT )

)
,

where �ES edge is the adsorption energy at the S edge,
�EMo edge is the adsorption energy at the Mo edge, and kB is
the Boltzmann constant.

The adsorption energy of cis-2-butenethiol is most exother-
mic at the S edge vacancy site: between −0.5 and −0.6 eV,
depending on H coverage. In contrast, it is −0.1 eV at the Mo
edge brim site. Consequently, the coverage is 3 orders of mag-
nitude larger at the S edge vacancy site. The activity for the
final S–C scission is approximately 10 times higher at the S
edge vacancy site than at the Mo brim site (a barrier differ-
ence of 0.12 eV). Combining this with the higher coverage of
cis-2-butenethiol at an S edge vacancy site means that the S
edge vacancy site is approximately 104 times more active for
the HDS of cis-2-butenethiol than the Mo edge brim site. The
same analysis for 2,5-dihydrothiophene leads to the conclusion
that the S edge vacancy site is approximately 106 times more
active in the initial S–C bond scission of 2,5-dihydrothiophene
than the Mo edge brim site.

Consequently, the S edges will contribute more to the over-
all activity than the Mo edge if the S edge vacancy coverage is
larger than approximately 10−4, which (as shown in Fig. 7c) is
the case at high H2 pressure or H2S pressure <0.1 bar. The
picture is expected to differ somewhat for species like DBT
and 4,6-DMDBT, in which geometrical hindrance of adsorption
plays a larger role. For these species, the difference in adsorp-
tion energy between the different sites also may be larger and
this also is expected to play a role. It can be added that the rel-
ative contributions of the different MoS2 edges also depend on
the sulfiding conditions, which influence the relative abundance
of the Mo and S edges [57].

The present study, which investigated the reactions at a sin-
gle MoS2 slab, represents the structures observed in many com-
mercial catalysts quite well. The results indicate that the relative
contribution of different pathways and interaction between the
S edge and the Mo edge are different in stacked multislab MoS2
structures; for example, in such cases, only the top layer will ex-
pose readily accessible brim sites. This may be one reason why
it is desirable to have mainly single slab catalysts in commer-
cial catalysis, as well as why differences in activity depending
on the degree of stacking degree has been found experimentally
to be an important factor [97].

3.8. Possible rate-determining steps

The present results suggest that the regeneration of the ac-
tive site is the crucial step in S removal. Regeneration of the
active site at the Mo edge is comparable in energy barrier to
the first S–C scission; at the S edge, the regeneration of the ac-
tive site is the highest barrier involved in the HDS of thiophene.
The barrier for regenerating the active site has the lowest value
at the Mo edge; however, the barrier at the S edge can be low-
ered by high H2 pressure, as discussed in Section 3.5. It is well
known from the literature that H2S acts as an inhibitor of S re-
moval [7]; our results agree with this observation. The present
results indicate that the S edge is inactive at low H2 pressure and
that catalytic reactions thus occur at the Mo edge. It is impor-
tant to note that depending on the type of the active site, it can
be either a site at which S is added to the equilibrium edge con-
figuration or a site at which S is removed from the equilibrium
edge configuration. Thus, a possible activity parameter could be
the minimum energy required to either add or remove S from
the equilibrium edge configuration. This insight can form the
basis for refining the BEM model using S binding energy as the
descriptor.

Various experimental studies have reported apparent acti-
vation energies in the ranges of 0.62–0.68 eV [98] and 0.83–
1.01 eV [99]. Although a direct comparison to these apparent
activation energies must await further study, the barriers found
in the present study appear to compare well with the experi-
mental values.

4. Conclusions

The present study has identified several HYD and DDS reac-
tion pathways for thiophene HDS at both the Mo edge and the
S edge, as summarized in Fig. 8. Note that as a starting point,
we considered the edge configurations, which are thermody-
namically most stable under realistic HDS conditions. These
correspond to a Mo edge with 50% S coverage and 50% H
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Fig. 8. Schematic overview over the reactions and MoS2 structures involved in the HDS of thiophene. The upper part is a side view of MoS2 perpendicular to
the S(1̄010) edge, with the S and H coverage present at HDS conditions. The middle part is a schematic overview of the reactions involved in HDS of thiophene,
including the possible interaction between the S(1̄010) edge and the Mo(101̄0) edge. The dotted arrows denote reactions found to be slow. The lower part is a side
view of MoS2 perpendicular to the Mo(101̄0) edge, with the S and H coverage present at HDS conditions.
coverage and an S edge with 100% S coverage and 100% H
coverage; these structures are illustrated in Fig. 8.

Considering the elementary steps of thiophene hydrogena-
tion and subsequent S–C bond scission, we have found some
significant differences between the Mo and S edges, which can
be summarized as follows:

1. H transfer and hydrogenation reactions have lower barriers
at the Mo edge brim site (>0.2 eV lower than those at the
S edge vacancy site).

2. Thiophene prefers to adsorb at the Mo edge brim site,
where the binding is 0.3 eV stronger than at the S edge
vacancy site.

3. 2,5-Dihydrothiophene and cis-2-butenethiol prefer to ad-
sorb at the S edge vacancy site, where the binding is
>0.4 eV stronger than at the Mo edge brim site.

4. S–C scission reactions have lower barriers at the S edge
vacancy site (>0.1 eV lower than at the Mo edge brim site).
5. Regeneration of the active site has a higher barrier at the S
edge (>0.5 eV higher than at the Mo edge).

Our results suggest that the HYD pathway is initiated by hy-
drogenation at the Mo edge, because thiophene preferentially
adsorbs at the Mo edge and hydrogenation is energetically un-
favorable at the S edge. In contrast, the S–C scission reaction
can occur at both the Mo and S edges; which edge is preferred
depends on the reaction conditions. Specifically, S–C scission
preferably occurs at the Mo edge at high H2S partial pres-
sure and low H2 pressures (PH2 < 80 bar and PH2S > 0.1 bar),
whereas the S edge is more reactive at low H2S partial pres-
sure or high H2 partial pressures. This is due to the presence of
different forms of adsorbed hydrogen and the resulting changes
in the availability of S edge vacancy sites, which exhibit a low
barrier for S–C scission.

Because the intermediates (e.g., 2,5-dihydrothiophene and
cis-2-butenethiol) prefer to bind at the S edge rather than the
Mo edge, it is possible that they diffuse to the S edge after initial
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hydrogenation at the Mo edge, because desorption and diffusion
are facile. Therefore, we suggest that the edges can catalyze the
reaction in interplay between sites; that is, thiophene adsorbs
and becomes hydrogenated at the Mo edge and subsequently
diffuses to the S edge, where final S–C bond scission occurs.
Cis-2-butenethiol is found to be an intermediate in the HYD
pathway, and the low barriers of S removal from thiol at both the
Mo edge brim site and the S edge vacancy site explain the high
reactivity of thiols observed in kinetic and reactivity studies [7].

We find that the DDS pathway is initiated by a hydrogena-
tion step occurring preferentially at the Mo edge, and the subse-
quent S–C scission occurs at the S edge. The calculated energies
and barriers indicate that the DDS pathway is relatively less im-
portant than the HYD pathway for MoS2.

The active site for thiophene HDS at the Mo edge is the
so-called “brim” site, located 0.8 Å away from the edge. Note
that these brim sites are present at the equilibrium edge con-
figuration and thus should not be considered vacancies. In fact,
the neighboring Mo atoms are fully coordinated by sulfur (see
Fig. 8). Thus, this active site does not have to be created be-
fore the reaction can occur, but of course it must be regenerated
between cycles. The active site for thiophene HDS at the S
edge is a vacancy site that is not present at the equilibrium
edge structure (see Fig. 8), but must be created first and subse-
quently regenerated between cycles. The relative concentration
of S edge vacancies is significantly lower than that of the Mo
edge brim sites, because the energy barrier involved in the cre-
ation of the vacancies is quite large, especially at low H2 partial
pressures. Therefore, they are present only at high H2 partial
pressures. In their absence (i.e., at low H2 partial pressures),
S–C scission must proceed by the energetically less favorable
route involving the Mo edge.

Our results suggest that regeneration of the active site is a
key step in the extrusion of S from thiophene at both edges.
Thus, an important activity descriptor is the energy required to
either add or remove S from the equilibrium edge configura-
tions under reaction conditions.

We find that our proposed model for thiophene HDS involv-
ing the HYD and DDS pathways clarifies several experimental
observations reported in the literature. We identify the Mo edge
brim sites as the hydrogenation sites for the aromatic-like thio-
phene molecule and see that they do not require creation of a
vacancy to be active. This explains the experimental observa-
tion that H2S does not significantly inhibit hydrogenation of
aromatics [7,27]. The present findings also elucidate the inhibit-
ing effect of nitrogen-containing compounds on hydrogenation,
because these species were found to preferably bind to the Mo
edge brim sites [58]. At these edges, basic nitrogen contain-
ing molecules can gain extra stability through protonation by a
SH group. Furthermore, the Mo edge brim site is a very “open”
site that allows for adsorption of larger molecules without in-
troducing significant steric hindrances. Thus, hydrogenation of,
for example, 4,6-DMDBT likely occurs at the Mo edge brim
site before desulfurization. Consequently, the S edge vacancy
site also may play a large role in final removal of S from hy-
drogenated DBT and hydrogenated 4,6-DMDBT in a similar
mechanism, where the stronger adsorption of hydrogenated in-
termediates at the S edge vacancy site aids S removal. This is
consistent with the observed inhibition of these final steps by
H2S [27].

The present results show that HDS of thiophene involves a
complicated interplay among edge structures, adsorption en-
ergies of reactants and intermediates, activation barriers, and
reaction conditions. This may explain why researchers have
found it so difficult to concur on the kinetics of thiophene HDS.
It is interesting that the present results can form the basis for
the development of a microkinetic model of HDS of thiophene
that could be a very useful tool in quantifying the contributions
of the different edges to thiophene HDS. Knowing the nature
of the different sites involved in HDS can guide future design
of catalysts with specific HYD/DDS properties. We can specu-
late that certain additives or supports may stabilize either the S
or the Mo edge, and identifying such supports or additives can
enable more intelligent catalyst design.
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