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We present density functional theory (DFT) calculations of the hydrogenation (HYD) and direct desulfur-
ization (DDS) pathways of thiophene hydrodesulfurization (HDS) over cobalt-promoted MoS2. We find
that the Co–Mo–S edge in its equilibrium state under HDS conditions is reactive toward both hydrogena-
tion and C–S bond scission without the initial creation of vacancies. This can be accomplished such that
additional S is bound to the Co–Mo–S subsequent to C–S bond scission and then removed in the final
reaction step. We find thus that coordinatively unsaturated sites (CUS) are present in the equilibrium
structure, and at these sites HDS can take place without sulfur removal in the first step. No traditional
vacancies are formed and the present mechanism is therefore very different from the previously pro-
posed vacancy mechanisms requiring the initial creation of a sulfur vacancy for the reaction to proceed.
We find that Co-promotion decreases the barrier of hydrogenation reactions and active site regeneration
but increases the barrier of C–S-scission reactions. The net result of Co promotion is found to be an
increase in the hydrogenation activity and also of the relative importance of the DDS pathway. We com-
pare our results to available experimental information and find a number of consistencies and parallels.
Therefore, we can rationalize the promoting effect of Co such that at the Co–Mo–S edge, good hydroge-
nation properties are combined with the ability to bind additional sulfur upon C–S-scission. Finally, we
propose that the interactions between the Co-promoted S-edge and the non-promoted Mo-edge may play
a role in the hydrogenation pathway.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

MoS2-based catalysts are widely used as hydrodesulfurization
(HDS) catalysts and the need to optimize these catalyst is driven
by both the need to process heavier feeds and the increasing de-
mand for ultra clean diesel products. Typically, Co- or Ni-promoted
MoS2 is used for industrial HDS catalysts, since promotion of MoS2

with Co or Ni increases the activity of the catalyst [1]. In this work,
we focus on Co-promotion, and the structure responsible for cata-
lytic activity in Co-promoted catalysts is the Co–Mo–S-type struc-
ture [2], which consists of MoS2 particles in which Mo-edge atoms
are substituted by Co or Ni. The Co–Mo–S structure was initially
identified by using a series of in situ techniques [1]; and recent
joint theoretical and experimental investigations have revealed
that Co substitutes Mo atoms at the ð�1010Þ edge of MoS2 [3–8].
This edge is commonly denoted as the S-edge, whereas the other
low-index ð10 �10Þ edge is denoted as the Mo-edge. Despite the in-
creased understanding of the Co–Mo–S structure, very little is
known about the nature of the active site and the reaction mecha-
ll rights reserved.
nism of HDS over Co–Mo–S catalysts. Furthermore, there is still
much debate on the effect of promotion with regard to the relative
increase in hydrogenation and C–S-scission activity [9–15] and the
resistivity toward inhibitors such as H2S [9,11,16].

For a long time it has been a common belief that the catalytic
activity of HDS is related to its ability to form sulfur vacancies,
i.e., coordinatively unsaturated sites (CUS) at which sulfur can be
bound subsequent to carbon–sulfur bond scission [1,17,18]. The
present results show that this simple picture has to be modified
somewhat. Therefore, this concept warrants further discussion. A
natural starting point for each edge structure is its stoichiometric
termination. However, this may not be the structure dominating
under different experimental or reaction conditions, but such
structures can be determined from DFT-based phase diagrams
[6,18–21]. These phase diagrams reveal a large variety of struc-
tures with different sulfur and hydrogen coverages depending on
temperature and H2 and H2S partial pressures. It is interesting that
we found [22] that in several cases the equilibrium structures ‘‘as
is” are reactive toward hydrogenation and/or sulfur scission. For
example, we found in our previous study that the relevant Mo-
edge structure can adsorb thiophene and catalyze HDS on unpro-
moted MoS2. In other cases, sulfur has to be removed first for the
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edge to be reactive at all, as was calculated for the S-edge in our
previous study of MoS2 [22,23]. For the unpromoted Mo-edge,
we would thus consider this edge to be ‘‘born with sulfur vacan-
cies”, which means that sulfur vacancies are already present in
the equilibrium structure. In contrast, for the unpromoted S-edge,
sulfur vacancies have to be created first. For promoted structures,
Byskov et al. showed some years ago that the introduction of Co
and Ni to the MoS2 edges increases the tendency to form vacancies
[4]. In contrast, the incorporation of Fe, which is known not to be
an efficient promoter, did not decrease vacancy formation energy
[4]. More recently, scanning tunneling microscopy (STM) [24] re-
vealed that MoS2 nano-clusters have bright brim structures (the
so-called brim sites) which were subsequently identified by DFT
to be formed by metallic edges states [25] and combined STM
and DFT studies showed that these sites may play a role in adsorp-
tion, hydrogenation, and C–S-scission [26,27]. These brim sites
may be reactive without removal of sulfur in the first step, i.e. they
may already contain sulfur vacancies in their equilibrium struc-
ture. In the present paper, we demonstrate a similar reaction
mechanism for the Co–Mo–S edge. In its equilibrium structure,
the sulfur coordination number is four, but additional sulfur atoms
can be bound easily subsequent to C–S-scission.

For the case of unpromoted MoS2 catalysts, we have recently
performed DFT calculations of the complete thiophene HDS path-
way [22,23]. In the present paper, we extend these mechanistic
studies to Co-promoted systems and present the pathways for thi-
ophene HDS over Co–Mo–S structures. In Section 3.1, we present
the equilibrium edge configuration of the Co-promoted S-edge un-
der typical HDS conditions and introduce the different investigated
elementary reactions. In Sections 3.2 and 3.3, we investigate the
hydrogenation (HYD) and direct desulfurization (DDS) pathways,
with the two pathways being defined in the same way as in Ref.
[22]. Specifically, the DDS pathway is defined as the pathway
which is initiated by an initial addition of an hydrogen atom to car-
bon 2 forming 2-hydro-thiophene-3-yl which reacts further by di-
rect C–S-scission. In the HYD pathway,thiophene is hydrogenated
such that 2,5-dihydrothiophene is formed prior to the initial C–S
bond scission. In Section 3.4 we compare the results for Co–Mo–
S for the two pathways to those for the unpromoted MoS2 catalyst.
In Section 3.5, we discuss the overall effect of promotion.
2. Computational details

An infinite stripe model, which had previously been used suc-
cessfully to model MoS2-based systems [4,19,22,28], is used to
investigate the edges of Co–Mo–S. The infinite stripe exposes both
the Mo-edge and the S-edge. We use a unit cell consisting of 4 Mo
atoms in the x-direction and 4 Mo atoms 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 sup-
port interactions and can be regarded as a model for Type II struc-
tures found in present-day high activity commercial catalysts [29–
31]. The plane-wave density functional theory code DACAPO
[32,33] is used to perform the DFT calculations. The Brillouin zone
is sampled using a Monkhorst–Pack k-point set [34] containing 4
k-points in the x-direction and 1 k-point in the y- and z-direction.
The calculated equilibrium lattice constant of a = 3.22 Å compares
well to the experimental lattice constant of 3.16 Å [35]. A plane-
wave cutoff of 30 Rydberg and a density-wave cutoff of 45 Rydberg
are employed using the double-grid technique [36]. Ultrasoft
pseudopotentials are used except for sulfur, where a soft pseudo-
potential is employed [37,38]. A Fermi temperature of kBT = 0.1 eV
is used for all stripe calculations and energies are extrapolated to
zero electronic temperature. The exchange correlation functional
PW91 is used [39]. All calculations have been performed spin
polarized, due to the presence of cobalt. The convergence criterion
for the atomic relaxation is that the norm of the total force should
be smaller than 0.15 eV/Å, which corresponds approximately to a
maximum force below 0.05 eV/Å on one single atom. Fixed bond
length filters and the nudged elastic band (NEB) method are used
to find energy barriers [40] together with the adaptive nudged
elastic band approach [41] and cubic spline fits to the energies
and the forces. Furthermore, a fixed bond length filter and a tran-
sition state search algorithm have been used to check NEB transi-
tion states. The algorithm utilizes a quasi Newton algorithm and
an approach similar to the one presented in [42] to follow the
eigenvector corresponding to the lowest eigenvalue to the saddle
point. Figures of atomic structures have been made using VMD
[43].

All adsorption energies have, unless otherwise noted, been cal-
culated using the equation:

Ead ¼ EmoleculeþMoS2
� EMoS2 � EmoleculeðgÞ; ð1Þ

where EmoleculeþMoS2 is the energy of the system with the molecule
bound to the surface, EMoS2 is the energy of the stripe, and Emolecule(g)

is the energy of the molecule in vacuum. Molecules in vacuum have
been calculated with the same setup as stripe calculations, except
using a supercell which ensures at least 11 Å vacuum between
neighboring molecules, a Fermi temperature of kBT = 0.01 eV, gam-
ma point sampling of the Brillouin zone, and a tighter force conver-
gence criterion, which requires that the norm of the total force be
smaller than 0.05 eV/Å.
3. Results

3.1. The active sites in equilibrium structures

We investigate the Co-promoted S-edge, since experiment and
theory have found that Co atoms preferentially substitute Mo
atoms at the S ð�1010Þ edge [3,5–8]. We focus on the fully pro-
moted S-edge which in addition to providing insight into the fully
promoted MoS2 also provides a reference point for understanding
partially substituted edges such as the structures proposed in ref-
erence [3,44,45] and observed for NiMoS [7]. We find that the Co–
Mo–S edge at HDS conditions is covered with 50% S and 25% H
(Fig. 1) using a thermodynamic model similar to the one described
in Ref. [19]. Thus, compared to the fully sulfided S-edges the pro-
moted edges are ‘‘born” with vacancy sites and we find that they
are reactive toward thiophene without any prior removal of sulfur.
The edge Co atoms are 4-fold coordinated to S. Thus, they have a
lower coordination number than the edge Mo atoms at the corre-
sponding unpromoted equilibrium S-edge, since at this edge Mo
atoms are 6-fold coordinated to S. The Co–Mo–S preference for a
lower S coordination number than MoS2 can be understood as a re-
sult of the preferred valence state of Co(II) compared to Mo(IV),
and thus at the same chemical potential of sulfur Co prefers a low-
er S coordination than Mo. Consequently, one can regard the Co–
Mo–S equilibrium structure as having one sulfur vacancy per
MoS2 unit cell present. These findings are in good agreement with
earlier DFT results [6,20] and with EXAFS experiments which
determined the S coordination number to be substantially below
6 [46,47].

It is interesting to note that the HDS equilibrium edge is similar
to the edge observed in STM experiments [7], except for the H cov-
erage. STM provides very valuable atomic insight into the structure
and reactivity of this edge. Usually, the STM experiments are per-
formed at higher H2S/H2 ratios than those found under HDS condi-
tions which give rise to the slightly different edge structures.
However, DFT calculations carried out at both sets of conditions
can link the STM experiments to real HDS conditions. In this



Fig. 1. Phase diagram of the S ð�1010Þ Co–Mo–S edge. (+H) mark the chemical potential at HDS condition (PH2 ¼ 10 bar; PH2 =PH2 S ¼ 100 and T = 650 K). The stable edge
configuration at HDS conditions is emphasized by a red square. (For interpretation of the references in colour in this figure legend, the reader is referred to the web version of
this article.)
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way, STM combined with DFT provides direct atomic insight into
the edge present at HDS conditions.

The active site at the equilibrium edge can either be at one of
the vacancies formed by Co-promotion or an additional S vacancy
created in the equilibrium structure. However, creating this addi-
tional vacancy in the Co–Mo–S structure, i.e. removing a sulfur
atom from the equilibrium structure, requires 1.8 eV (calculated
as DEvac ¼ E� þ EH2SðgÞ � EH2ðgÞ � ES��) in good agreement with a re-
cent study of HDS of DBT [48]. This value is even higher than that
for the non-promoted equilibrium S-edge (DEvac = 1.69 eV) and
renders the creation of these additional vacancies very unlikely.
This indicates that the active sites at the Co–Mo–S ð�1010Þ-edge
are the vacancy sites created by Co-promotion and are present in
the equilibrium edge structure.

The equilibrium Co–Mo–S edges have been observed to exhibit
a bright brim right behind the edge with protrusions at the front
row S atoms [7]. We denote these sites as ‘‘Co–Mo–S brim sites”,
since they are analogous to the Mo-edge brim sites. The Co–Mo–
S brim sites have a coverage of one as they are present on the en-
tire edge at equilibrium edge configuration.

We investigate both the HYD and the DDS pathways at the Co–
Mo–S brim site using the same definition of the two different path-
ways as for MoS2 [22]. We define the DDS as the pathway where
the initial C–S scission takes place in the 2-hydro-thiophene-3-yl
species formed after one hydrogen addition reaction. In the HYD
pathway, the initial C–S scission takes place in dihydrothiophene
after addition of two hydrogen atoms. We do not consider tetrahy-
drothiophene as an intermediate, because it is known that at HDS
conditions hydrogenation of 2,5-dihydrothiophene is thermody-
namically unfavored [1,49]. We assume that the second addition
of a hydrogen atom, which hydrogenates 2-hydro-thiophene-3-yl
into 2,5-dihydrothiophene as well as the reaction for the final S re-
moval from cis-2-butenethiol have zero barrier, as we calculated a
zero or close to zero barrier for these reactions on both the S- and
Mo-edge of MoS2 [22].

To find the reaction path, we investigate several adsorption con-
figurations for all the intermediates. We only list the most relevant
structures below and an overview of all the intermediates is pro-
vided in the Supplementary material. In Table 1, the HDS reactions
at the Co–Mo–S brim site are summarized along with the non-pro-
moted S-edge for comparison. To allow for easy comparison with
the results for the unpromoted MoS2 structures in Ref. [22], we
use the same numbering of the reactions. Fig. 2a shows the con-
tracted reaction path which has been constructed under the
assumption that gas phase hydrogen is in equilibrium with surface
hydrogen.

Until recently van der Waals (vdW) interactions have not been
included in DFT: Recently, however, a new XC-functional which in-
cludes vdW interactions has been developed [50]. We have imple-
mented this scheme in the grid-based real space projected
augmented wave code GPAW [51,52] and applied it to adsorption
on MoS2 [52]. We find that the binding due to vdW interactions
is considerable (�0.5 eV for thiophene on the MoS2 basal plane),
and thus the coverage of thiophene is likely to be higher than that
we calculate here due to the absence of vdW interactions. Further-
more, in Ref. [52] we found a linear correlation between the num-
ber of main atoms and the vdW adsorption energy. For the present
study, this means that the inclusion of vdW interactions in the
reaction path energy diagram to a first approximation leads to a
constant down shift of the entire reaction path by �0.5 eV. How-
ever, the conclusions which are drawn in this work are based on
the energy differences and will not be affected by vdW
interactions.

3.2. HYD pathway

The HYD pathway shown in Fig. 2a is initiated by thiophene
adsorption (reaction X in Table 1). The weakly bound thiophene
(�0.1 eV) reacts further by addition of an hydrogen atom to carbon
2 to form 2-hydro-thiophene-3-yl (reaction I in Table 1) with a cal-
culated barrier of 0.4 eV which is equal to the calculated energy
change of the reaction. The second hydrogen addition reaction in
which 2,5-dihydrothiophene is formed is assumed to be non-acti-
vated in accordance with the results from MoS2 [22]. After the for-
mation of 2,5-dihydrothiophene the HYD pathway proceeds by an
initial C–S-scission reaction for which we find that the C–S bond
can be broken without involving a H atom (reaction XIV in Table 1).
The subsequent hydrogen addition reaction (reaction XV in Table 1)
leads to the formation of cis-2-butenethiolate and has a barrier of
0.05 eV. The overall barrier of the initial C–S-scission reaction is
1.67 eV and is given by the activation energy of reaction XIV, be-
cause the activation energy of the subsequent hydrogen addition
reaction (reaction XV) is negligible (0.05 eV). Reactions XIV and
XV may therefore be contracted to reaction III in Table 1 with
Ea = 1.67 eV and DE = �0.1 eV. Reaction III is followed by a H trans-
fer reaction (reaction IV in Table 1) which leads to cis-2-buteneth-
iol with an activation energy of 1.0 eV. The final C–S scission
reaction is assumed to be non-activated, justified by the 0.0 eV
and 0.1 eV barriers at the non-promoted MoS2 S-edge and Mo-
edge, respectively.

The HYD pathway may also proceed via a different route after
the C–S bond breaking in 2,5-dihydrothiophene (reaction XIV),
since the second C–S bond can be broken directly without further
hydrogen addition (reaction XVI), thereby forming cis-butadiene.
The overall activation barrier for this pathway is given by the initial
C–S-scission (reaction XIV) barrier of 1.67 eV, since the direct



Table 1
An overview of the reactions involved in HDS of thiophene over Co–Mo–S and the
non-promoted S-edge including the activation barriers (Ea) and energy changes (DE)
of the reactions. Non-promoted S-edge values are taken from Ref. [22].

Reaction Co–Mo–S S-edge

Ea (eV) DE (eV) Ea (eV) DE (eV)

I 0.44 0.44 0.80 0.43

II 0.0f �1.01 0.00 �1.02

III 1.67e �0.10 0.82 �0.78

IV 0.96 0.21 1.63 1.09

V 0.00f �0.72 0.0 �0.66

VI 0.63 0.03 0.21 �1.11

VII 2HS� � ! H2S� � þ S� � 1.00a �0.01 1.70a 1.57
VIII 1=2H2ðgÞ þ � ! H� � �0.24b �0.57
IX H2SðgÞ þ � ! H2S� � �0.02b �0.12
X �0.07c 0.21

XI �0.57c �0.59

XII �0.55c �0.52

XIII �0.03d �0.05

XIV 1.67 1.59

XV 0.05 �1.69

XVI 0.01 0.32

a Calculated as EVII = DE1 + E2, where DE1 is the reaction energy of reaction 1: 2H–
S (25% H and 50% S) + S(0% H and 62.5% S) + S–S (0% H and 62.5% S) ? 2 (0% H and
50% S) + H–S–S (50% H and 62.5% S) + H–S (50% H and 62.5% S) and E2 = 0.54 eV is
the activation energy of reaction 2: H–S–S (50% H and 62.5% S) + H–S (50% H and
62.5% S) ? H2S–S (50% S).

b 50% S and 0% H.
c 50% S and 25% H.
d 62.5% S and 0% H.
e Proceeds in two steps, (1) S–C scission without involving H (reaction XIV), (2)

hydrogenation (reaction XV). The overall activation energy is given by the Ea of step
1 due to the low barrier of step 2.

f The activation energy is assumed to be 0.00 eV which is justified by results on
MoS2 [22].

Fig. 2. (a) The S ð�1010Þ Co–Mo–S edge HYD and DDS pathway. The reference
energy is chosen as the equilibrium edge configuration at HDS conditions (S-edge
with 50% S and 25% H) and thiophene in the gas phase. The atoms are colored in the
following color scheme: sulfur is yellow, molybdenum is blue, cobalt is red, carbon
is cyan, and hydrogen is black. Arabic numerals denote intermediates: (1) the
equilibrium structure, (2) thiophene, (3a) 2-hydro-thiophene-3-yl, (3b) cis-butadi-
ene, (3) 2,5-dihydrothiophene, (4) cis-butenethiolate, (5) cis-butenethiol, (6) cis-
butene in gas phase, (6b) cis-butadiene, (7) the equilibrium structure. Roman
numerals refer to reaction numbers in Table 1. The DDS pathway is marked by the
red line. The black line refers to the HYD pathway and the pathway leading to cis-
butadiene is marked by a dotted black line. (b) The S ð�101 0Þ edge of non-promoted
MoS2, adapted from Ref. [22]. The reference energy is chosen as a vacancy in the
equilibrium edge configuration at HDS conditions and thiophene in the gas phase.
Arabic numerals denote intermediates: (1) vacancy in the equilibrium structure
with 75% H coverage, (2) thiophene, (3a) 2-hydro-thiophene-3-yl, (3b) cis-butadi-
ene, (3) 2,5-dihydrothiophene, (4) cis-butenethiolate, (5) cis-butenethiol, (6) the
equilibrium structure, (7) 125% H coverage, (8) vacancy with 50% H coverage, (9)
vacancy with 75% H coverage. Roman numerals refer to reactions numbers in
Table 1 of Ref. [22] which has the same numbering as Table 1. The DDS pathway is
marked by the red line. (For interpretation of the references in colour in this figure
legend, the reader is referred to the web version of this article.)
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breaking of the second bond is non-activated (0.01 eV). Thus, sulfur
can be removed without forming a thiolate. A detailed microkinetic
model is needed to determine the relative importance of the two
different HYD pathways. However, in both cases the highest barrier
is the initial C–S-scission, indicating that the overall rate of the two
HYD pathways will be similar. However, one could speculate that
the pathway leading to cis-butadiene might be dominating due
to the fact that this pathway does not involve hydrogen. Experi-
mentally, it has been difficult to distinguish between the pathways,
and this may be related to fast adsorption and further hydrogena-
tion of butadiene. Perhaps, reaction studies on planar model sys-
tems may provide further detailed insight.
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3.3. DDS pathway

The DDS pathway shown in Fig. 2a is initiated by thiophene
adsorption (reaction X in Table 1). The weakly bound thiophene
(�0.1 eV) reacts further by addition of an hydrogen atom to carbon
2 to form 2-hydro-thiophene-3-yl (reaction I in Table 1) with a bar-
rier of 0.4 eV, equal to the energy change of the reaction. The C–S
bond between S and the hydrogenated C in 2-hydro-thiophene-
3-yl is broken without further hydrogenation forming cis-butadi-
enethiolate with a barrier of 0.6 eV (reaction VI in Table 1). The fi-
nal C–S-scission in the DDS pathway is assumed to take place in
the same way as the final C–S-scission in the HYD pathway. The
low hydrogenation barrier combined with the relatively low C–S-
scission barrier indicates that the DDS pathway plays a major role
at the Co–Mo–S brim site.
3.4. Hydrogenation and C–S-scission

In the case of non-promoted MoS2, we concluded that hydroge-
nation primarily takes place at the Mo-edge due to the stronger
binding of thiophene and the lower barrier at the Mo-edge com-
pared to the S-edge [22]. Co-promotion of the S-edge increases
the thiophene binding energy from 0.2 to �0.1 eV (see Fig. 2b). This
is quite similar to the binding energy at the Mo-edge brim site
which is also �0.1 eV. At the same time, the reaction barrier of
0.4 eV on the Co–Mo–S site is lower than the Mo-edge brim site
barrier of 0.6 eV. The lower barrier could stem from the less tightly
bound H atoms on Co–Mo–S, which are bound with 0.2 eV com-
pared to 0.3 eV on the Mo-edge. Promoting MoS2 with Co seems
to increase the hydrogenation properties, an effect which also
has been observed experimentally [9,10]. The Co–Mo–S edge is
similar to the MoS2 Mo-edge in the sense that it is an open struc-
ture where adsorption of large molecules such as 4,6-DMDBT are
not sterically hindered. One might speculate that this is the reason
why the Co–Mo–S edge is well suited for HDS of sterically hindered
molecules for which the HYD pathway is important.

Co-promotion also influences the barriers of C–S-scission reac-
tions. The C–S-scission of 2-hydro-thiophene-3-yl is the initial C–
S-scission reaction in the DDS pathway. Its barrier of 1.1 eV is low-
er than the corresponding initial C–S-scission in the HYD pathway
(C–S-scission of 2,5-dihydrothiophene). Compared to the non-pro-
moted MoS2 S-edge (see Fig. 2b) both C–S-scission reactions at the
Co–Mo–S brim site have higher barriers than those at the unpro-
moted S-edge vacancy site [22,23].

It is interesting that both the HYD and DDS pathways may lead
to butadiene as a product, since butadiene has been speculated to
be an important product [53–56], but only observed experimen-
tally in trace amounts [57]. Thus, the present results substantiate
that butadiene is a product in HDS of thiophene.
3.5. Discussion

From the preceding sections, it is evident that Co-promotion of
the S-edge changes the catalytic properties of this edge signifi-
cantly. This is not surprising, as it is well known that the Co–
Mo–S phase has a considerable higher activity than the unpromot-
ed MoS2 phase. In the following, we use the present results to qual-
itatively explain the origin of the main differences in reactivity. In
general, we find that the Co–Mo–S edge has lower barriers for
hydrogenation steps than non-promoted MoS2 Mo- and S-edges
(see Fig. 2b). Furthermore, the Co–Mo–S edge has lower barriers
for C–S-scission steps compared to the non-promoted Mo-edge.
This makes it relevant to compare the Co–Mo–S edge to both the
Mo-edge and the S-edge of the unpromoted catalyst. The main
observations are
� Adsorption of thiophene on Co–Mo–S ð�1010Þ is exothermic and
similar to that on the unpromoted Mo-edge. This is in strong
contrast to the unpromoted S-edge, at which adsorption of thi-
ophene is endothermic.

� For the HYD pathway, the hydrogenation barrier (reaction I) and
the C–S-scission barrier after hydrogenation (reaction III) are
lower than those for the unpromoted Mo-edge. Compared to
the unpromoted S-edge, the hydrogenation barrier (reaction I)
is lower, but the C–S-scission barrier (reaction III) is higher.

� For the DDS pathway, thiophene adsorption is stronger, the
hydrogenation barrier of thiophene is lower, and the C–S-scis-
sion barrier (reaction VI, 0.63 eV) is higher than that for the
unpromoted S-edge (0.21 eV), but still rather modest resulting
in a moderate overall barrier for the DDS pathway.

� All intermediates adsorb as strong or stronger than on the
unpromoted Mo-edge.

� We previously established that on the unpromoted catalyst, the
DDS reaction primarily takes place on the S-edge, which requires
creation of a vacancy at the beginning of the catalytic cycle. The
DDS pathway at the Co–Mo–S edge does not require vacancy
creation, since vacancies are already present in the equilibrium
structure. The S removal at the end of the catalytic cycle, which
regenerates the active (equilibrium) structure, has a lower bar-
rier than the initial vacancy creation of the unpromoted S-edge.

Comparing the HYD path to the DDS path at the Co–Mo–S edge,
it is likely that the DDS path will dominate, as the DDS C–S-scission
barrier (reaction VI) is lower than the HYD C–S-scission barrier
(reaction III).

If we compare the Co–Mo–S edge to the unpromoted S-edge
(see Fig. 2b and Table 1), there is a fundamental difference in
how the reaction is initiated. On the unpromoted S-edge, a sulfur
vacancy needs to be created in the first step, whereas on the Co–
Mo–S edge, CUS sites are already present in the equilibrium struc-
ture. At these sites, HDS can take place without the removal of sul-
fur in the first step.

It is important to note that the present mechanism is com-
pletely different from previously proposed vacancy mechanisms
[1]. This is in part related to the fact that until recently, not much
was known about the exact structures of the different MoS2 and
Co–Mo–S edges. In the absence of such knowledge, the edge struc-
tures were assumed to have sulfurs in bulk-like positions, and the
active sites were proposed to be vacancies derived from removing
some of these sulfur atoms [1]. For the Mo-edge, it was often as-
sumed that two of the sulfurs (the singly bonded ones) were easy
to remove and under reaction conditions this edge was therefore
proposed to contain two sulfur vacancies. Clearly, the present
mechanism is very different from that imagined in previous va-
cancy mechanisms. Furthermore, the sulfur addition sites found
in this study are also very different from vacancies or CUS sites
proposed previously. In order to accommodate the present type
mechanism one may choose to widen the concept of CUS sites such
that a CUS site is a site at which HDS can take place without pre-
ceding removal of sulfur.

Taking a closer look at sulfur addition sites in the MoS2 Mo-edge
and Co–Mo–S, one may note that previous calculations [19] also
determined the equilibrium structures under much higher chemi-
cal potential of sulfur (e.g. higher H2S/H2 pressure ratio) than that
encountered under typical reaction conditions. At such conditions
the sulfur coverage is higher, but the exact position of sulfur is not
the same as for adsorbed thiophene in the present study. This is
due to the involvement of the brim sites in the binding of
thiophene.

Due to the presence of such CUS sites at the Co–Mo–S edge, we
expect DDS to be enhanced by Co-promotion. Furthermore,
adsorption and prehydrogenation of thiophene seems to be more
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favorable on Co–Mo–S due to the exothermic adsorption energy
and low hydrogenation barrier (see Fig. 2a and Table 1). Finally,
the regeneration of the active site has a modest barrier (1.0 eV),
lower than the barrier for vacancy creation at the unpromoted S-
edge. Thus, we find that Co promotes the DDS pathway and this
agrees well with the previous experimental studies [10,9,15]. It
should be stressed that the relatively low barrier for active site
regeneration suggests that it is related to weaker binding of S. This
agrees well with the early DFT studies by Byskov et al. as well as
later studies and explains the less severe H2S inhibition for Co–
Mo–S compared to non-promoted MoS2 which has been observed
experimentally [1,9].

Considering the HYD pathway, we find that the hydrogenation
activity should increase for the Co-promoted catalyst, since hydro-
genation barriers are generally observed to be lower than those for
unpromoted MoS2. The C–S-scission barrier after initial hydroge-
nation (reaction III) for Co–Mo–S is also lower than that for the
unpromoted Mo-edge, but higher than that for the unpromoted
S-edge. It is possible to quantitatively predict the exact conse-
quences of this by the construction of a microkinetic model and
this is left to future studies. However, one can still conclude on a
qualitative basis that also the HYD pathway seems to be important
for the Co–Mo–S structure. The increased hydrogenation activity of
Co–Mo–S compared to the non-promoted S-edge can possibly be
attributed to the weaker H binding on Co–Mo–S which makes reac-
tive H atoms available. The change in reactivity could be specu-
lated to be a result of differences in the electronic structure of
Co–Mo–S and non-promoted MoS2. Earlier studies have found that
the electronic structure of MoS2 and Co–Mo–S is different [4,5],
substantiated by more recent combined STM and DFT work [7].
Furthermore, recent studies have found a correlation between S
and SH adsorption energies [61]. Even though these correlations
are less well understood than similar correlations on transitions
metals [62], it is intriguing that such similar correlations exist
and understanding the underlying physics governing such correla-
tions could be key to understanding the reactivity trends for
sulfides.

In Ref. [22], it was discussed that not all the steps in a cycle for a
pathway necessarily have to exclusively take place on a particular
edge, but that intermediates may diffuse from one edge to the
other. This may also be the case for Co–Mo–S, because the adsorp-
tion energies of the intermediates are more exothermic at the
Fig. 3. Schematic overview over the reactions and structures involved in the HDS of th
structures at HDS conditions of the (�1010) and the (10 �10) edge. The schematic overview
the non-promoted (�1 010) edge marked with black lines in the upper part of the schemat
in the middle the possible interactions between the two coexisting edges. The dotted arro
in this figure legend, the reader is referred to the web version of this article.)
Co–Mo–S edge than on coexisting (unpromoted) Mo-edge. Thus,
there is a thermodynamic driving force for the intermediates to
move from the Mo-edge to the Co–Mo–S edge. For example, 2,5-
dihydrothiophene adsorbs stronger on Co–Mo–S than on the
unpromoted Mo-edge. Some amount of unpromoted Mo-edges exist
on Co-promoted catalysts and these edges are likely to be active in
hydrogenation of thiophene. Therefore, both edges may be involved
in the same reaction cycle; for instance one might imagine a mech-
anism in which 2,5-dihydrothiophene produced at the Mo-edge
subsequently undergoes C–S-scission at the Co–Mo–S edge.

In the literature, there has been a lot of speculation on the role
of corner sites and a key issue has also been the role of stacking.
However, the lack of detailed mechanistic studies has long hin-
dered any specific conclusions regarding these important issues.
However, with the present mechanistic insight one can start to ad-
dress these issues in more detail. In previous STM experiments on
thiophene hydrogenation and C–S bond breaking to thiolates, the
resulting thiolate molecules have been observed to be very mobile
and diffuse rapidly along the edges [27]. Therefore, one may pre-
sume that thiolates and other intermediates easily can diffuse to
corner sites. The chemistry of corner sites has been found to be dif-
ferent from edge sites [59,60] and thus corner sites could play a
different role than edge sites. In stacked multislab structures, one
could also imagine that intermediates can desorb from one slab
and readsorb on the neighboring slab. Furthermore, some adsor-
bates, especially large ones, will experience steric hindrances
accessing the sites in stacked structures, and only the top layer
can easily accommodate molecules requiring interaction with brim
sites. These aspects will be a topic for future research.

4. Conclusion

Co-promotion of MoS2 catalysts leads to the formation of the
Co–Mo–S phase, in which Co atoms are incorporated into the
ð�1010Þ S-edges of MoS2 particles, forming the Co–Mo–S edge
and significantly changing both the catalytic and structural proper-
ties of the catalyst [2,7,58]. An important consequence of Co-pro-
motion is that the resulting Co–Mo–S equilibrium structure
contains sulfur vacancies, i.e., that no additional sulfur vacancies
need to be formed at the start of the catalytic cycle. This is in con-
trast to the unpromoted S-edge, which in its equilibrium state has
full S coordination and therefore requires the creation of vacancies
iophene, adapted from Refs. [22,23]. The atomic structures show the equilibrium
includes the reactions at the Co-promoted (�1 010) edge marked with red lines and

ic and in the lower part the reactions at the non-promoted (10 �10) edge [22,23] and
ws denote reactions found to be slow. (For interpretation of the references in colour
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as the first step in a catalytic cycle. At the Co–Mo–S edge, special
CUS sites are present under equilibrium conditions and the cataly-
sis does not require vacancy formation in the first step. This is very
different from the catalysis occurring at unpromoted S-edges and
the new insight stresses that it is important to consider that HDS
reactions can occur both via initial vacancy creation and via sulfur
addition. The Co–Mo–S active sites exhibit a bright brim [7,8] ana-
logues to the Mo-edge brim site.

Turning to the catalytic activity, Fig. 3 gives a schematic over-
view of the reaction pathways for thiophene HDS over a Co–Mo–
S catalyst and over the unpromoted MoS2 catalyst for comparison.
The main effect of the Co-promotion is to make the Co–Mo–S edge
suitable for both hydrogenation and C–S-scission steps, whereas
the unpromoted Mo- and S-edges are primarily suited for one of
the two. There is a thermodynamic driving force for adsorbed
intermediates to move from the (unpromoted) Mo-edge to the
Co–Mo–S edge and therefore hydrogenation may take place at both
the Mo-edge and the Co–Mo–S edge. The overall conclusion is that
Co-promotion increases the hydrogenation properties of the cata-
lyst. For Co–Mo–S, the C–S-scission barriers are higher than those
for the non-promoted S-edge but lower than those for the non-pro-
moted Mo-edge. However, due to the increased hydrogenation
activity and increased adsorption energy of thiophene, we expect
the activity of the Co–Mo–S brim site to be higher than the one
of the unpromoted S-edge for the DDS pathway.
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