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ABSTRACT 

Unraveling the mechanisms of hydrodesulfurization (HDS) of dibenzothiophene (DBT) and the 

corresponding active sites represents a scientific challenge to improve the intrinsic performances 

of Co-promoted MoS2 (CoMoS) catalysts. By using density functional theory calculations, we 

compare two historical mechanisms for the C-S bond scission of DBT (direct desulfurization) : 

direct hydrogenolysis of DBT and elimination of dihydro-diobenzothiophene 

(DHDBT) on four relevant sites of the two CoMoS M- and S-edges. On the Co promoted 

M-edge, the DHDBT is formed through dihydrogenation which is kinetically competing 

with hydrogenolysis (both exhibiting activation free energies, G‡, smaller than +1.24 eV). On 

the S-edge, both dihydrogenation and hydrogenolysis exhibit higher G‡ (> + 1.78 eV). 

Interestingly, on the S-edge, the elimination (E2 type) on the DHDBT is found to be 

kinetically competing (G‡=+1.14 eV). The elimination of H atom involves a S2 dimer close to 

the S-vacancy site where DHDBT is adsorbed. Since this leaving H atom is distinct from the 

one added at dihydrogenation step, this may explain why direct desulfurization of 4,6-alkyl 

substituted DBT compounds is hampered according to the elimination mechanism. We finally 

discuss the possible synergy between the two edges of CoMoS for HDS of DBT. 

 

Keywords : hydrodesulfurization, dibenzothiophene, hydrogenolysis, elimination, CoMoS, 

edge sites, density functional theory 
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1. Introduction 

Due to the ever stronger environmental concerns, hydrotreatment and more particularly 

hydrodesulfurization (HDS) remain the unique catalytic processes able to reduce the sulfur 

contents in diesel and gasoline so that these fuels meet the 10 ppm regulations. In order to 

improve the eco-efficiency of these processes and optimize the use of metals, it is crucial to keep 

on developing improved HDS catalysts with higher intrinsic activity of the active phase. The 

active phase of HDS catalysts is made of Co or Ni promoted MoS2 [1-3], and it was historically 

identified as a so-called “mixed CoMoS phase” [4, 5]. Since these earlier findings, many 

experimental [2, 6-10] and theoretical [10-13] investigations have provided an ever deeper 

atomistic description of the potentially active sites located on the edges of the Co(Ni)MoS nano-

crystallites. Nevertheless, challenging questions remain about the mechanism of transformation 

of sulfur containing polycyclic aromatic molecules such as derivatives of dibenzothiophene 

(DBT) on these edge-sites.  

According to numerous experimental studies, the HDS refractory sulfur compounds are alkyl-

substituted DBT, and more specifically the 4,6-dimethyldibenzothiophene (4,6-DMDBT) [14-

17]. It is therefore crucial to better understand the HDS mechanism of this family of compounds 

in order to provide more efficient catalysts to achieve deep hydrodesulfurization at a lower 

energy process cost. For many years, this question has been addressed extensively by using 

kinetic studies combing both experimentation and modeling [18-25]. It is now largely accepted 

that the HDS of the family of DBT molecules undergoes via two-possible pathways: the 

hydrogenating (HYD) pathway, leading to cyclohexylbenzene (CHB) type compounds, while the 

second one, the direct desulfurization pathway (DDS), leads to biphenyl (BP) type compounds 

(Fig. 1) [21, 22, 25]. The probability of these two main pathways depend on the type of the DBT 
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derivative and on the nature of the catalyst. For DBT, the HYD pathway is preferred on non-

promoted MoS2 active phase, while the DDS pathway is predominant on Co(Ni)MoS phases. For 

4,6-DMDBT, the HYD pathway is preferred on MoS2 and Co(Ni)MoS [25], and its overall 

desulfurization activity is significantly lower than DBT.  

However, according to experimental kinetic studies the DDS pathway may follow two 

competing mechanisms (Fig. 1). The first and most direct one, called hydrogenolysis [26], 

assumes that the DDS pathway undergoes via two successive H additions. The first H addition 

occurs on the C position of DBT (carbon in position to S atom, also numbered C4 carbon in 

the chemical nomenclature) and leads to the C-S bond breaking with the formation of the 2-

phenyl-thiophenolate intermediate. The second H addition on the S atom would lead to 2-phenyl-

thiophenol or intermediates [21]. The second possible DDS pathway proposes the formation of 

an dihydro-dibenzothiophene (DHDBT) intermediate by two H addition on the Cand C 

positions of DBT (Fig. 1) [24, 25, 27]. DHDBT would be the precursor for the C-S bond scission 

by concomitant elimination (E2 type). Moreover, this alternative mechanism also assumes that 

the DDS and HYD pathways share a common DHDBT intermediate, that undergoes either the 

elimination, or subsequent hydrogenation steps. This concept of a common intermediate 

present at the crossing roads of DDS and HYD was earlier proposed by Singhal et al. [22]. 

However, it must be underlined that no direct experimental evidence of the formation of either 

DHDBT or 2-phenyl-thiophenol has been provided so far.  
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Fig. 1. Hydrodesulfurization of DBT through the DDS and HYD pathways involving either 

hydrogenolysis of DBT [28] or elimination of dihydrogenated DBT (DHDBT) [25]. Note: for 

sake of simplicity only the 2-phenyl-thiophenolate is represented but other intermediates such as 

2-phenyl-thiophenol may form on the surface as discussed in the text. 

 

At a molecular level, scanning tunneling microscopy (STM) combined with density functional 

theory (DFT) simulations have highlighted the various possible adsorption modes and energies 

of DBT derivatives on CoMoS supported on Au(111) surface [29-31]. These investigations 

reveal in particular how the underlying gold substrate may influence the spatial orientation of the 

DBT molecules adsorbed on the edge sites. DFT studies (including dispersion corrections) also 

showed that the adsorption energy and mode of 4,6-DMDBT on NiMoS depend closely on the 

nature of edge sites: in particular, 4,6-DMDBT is adsorbed perpendicularly with its S-atom 

located in a bridging position between two Ni sites of the S-edge, whereas it is absorbed in a 

nearly flat position on the Ni site of the promoted M-edge [32]. Since it is often suggested that 
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the HYD and DDS pathways might be controlled by the adsorption mode (either flat or 

perpendicular respectively) [27, 33], distinct activities are expected for the two edges. A similar 

proposal has been made by means of DFT simulation (without dispersion corrections) of DBT 

adsorption on non-promoted MoS2 [34]. However, as the present work will illustrate, the link 

between the adsorption mode of DBT and the HYD/DDS pathways is not straightforward. 

Regarding the mechanistic aspects, Weber and van Veen investigated by DFT (without 

dispersion corrections) the hydrogenolysis mechanism of DBT on the Ni promoted M-edge site 

of a single NiMoS cluster [35], and showed that the first C-S bond breaking involves an 

activation energy of 1.37 eV. Surprisingly, this event is reported to occur during the DBT 

adsorption step on Ni site through a simultaneous H transfer from the same Ni site to the C 

atom of DBT. The possible formation of 2-phenyl-thiophenolate and 2-phenyl-thiophenol is also 

invoked in this study. By means of periodic DFT (without dispersion corrections), Paul et al. 

investigated the hydrogenolysis of DBT on the promoted S-edge of a CoMoS catalyst and found 

that the activation energy for the first S-C bond scission is about 1 eV: in this case, the H atom is 

transferred from a neighboring –SH group to the C atom of DBT [36]. More recently, the 

periodic DFT calculations of Saric et al. showed that the thiolate intermediates (including 2-

phenyl-thiophenolate and methyl substituted 2-phenyl-thiophenolate) are stabilized preferentially 

on coordinatively unsaturated sites (CUS) of a CoMoS catalyst (either corner or at the edge) with 

respect to brim sites [37]. In addition, by applying a simplified linear combination of atomic 

orbitals scheme, activation energies for the first S-C bond scission on CUS were estimated at 1.2 

eV, according to a hydrogenolysis mechanism. The same study showed that the activation energy 

is significantly higher on the brim S-edge site (~1.8 eV), which is partly due to the lower 

stability of the thiolate intermediate. Lastly, Ding et al. reported rather exhaustive DFT 
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calculations (including dispersion corrections) of the hydrogenolysis mechanisms of DBT and 

4,6-DMDBT on various edges of a large NiMoS cluster [38]. They reveal that on a mixed Ni-Mo 

site located on the M-edge, the C-S bond breaking during the hydrogenation involves a 

significant rotation of the phenyl group of DBT which is hindered in the case of 4,6-DMDBT. 

Hence, the activation energy increases from 1.40 eV for DBT to 1.74 eV for 4,6-DMDBT. 

Moreover, they reveal that their activation energies are greater on the Ni promoted S-edge (1.95 

and 2.12 eV, respectively). 

At this stage, none of the published theoretical studies have investigated if such DDS pathways 

can take place on the partially Co-promoted M-edge. Numerous studies preferentially assumed 

that DBT desulfurization occurs exclusively on Co sites located on the S-edge. However, the 

partial location of Co on the M-edge has also been shown to be stable in HDS conditions by 

some of us [11, 39-42]. Thus, it is one goal of the present DFT work to explore if hydrogenolysis 

of DBT can take place on the partially Co-promoted edge and to determine the corresponding 

activation energies.  

Moreover, it is important to address the alternative DDS pathway involving the hydrogenation of 

the C and C atoms of DBT followed by the elimination with S-C bond scission [24, 25]. To 

the best of our knowledge, none of the current theoretical studies has investigated the mechanism 

with a first hydrogenation in C position instead of C which may activate the elimination 

pathway as earlier proposed by Mijoin et al. [24]. This less straightforward pathway seems to be 

overlooked by many published studies without idenfying transition states (TS) and quantifying 

energy barriers. Thus, this will be the second challenge of this work to identify if the 

elimination pathway can take place on CoMoS sites. 
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2. Computational methods 

The total energies were calculated using Density Functional Theory (DFT) [43, 44] calculations 

and were performed using the Vienna Ab Initio Simulation Program (VASP) [45, 46]. Within the 

generalized gradient approximation, the Perdew Burke and Ernzerhof (PBE) functional was used 

for the calculation of the exchange-correlation energies and the potentials [47]. The electron-ion 

interactions were described using the Projector Augmented Wave method (PAW) [48]. The 

density-dependent dispersion correction (dDsC) scheme was applied for including van der Waals 

interactions [49, 50]. In line with Ref. [32], dispersion corrections contribute strongly to 

adsorption energies of DBT by about 50%. We also noticed that the relative energy levels of 

intermediates involved in the reaction pathway are less impacted by values up to 0.1 eV (those of 

transition states being the least impacted, smaller than 0.01 eV). 

The plane-wave cut-off expansion was set at 500 eV. Spin-polarization was included in order to 

take the magnetic properties of the M-edge induced by the presence of Co into account [51]. A 

Monkhorst-Pack mesh of 3x3x1 K-points was used for the 3D Brillouin zone integration.  
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Fig. 2. Side and top views of the single slab stable in HDS conditions: M-edge with Co-Mo-Co-

Mo site configuration (called “M-edge alternated” in the text) (a,b), with Co-Co-Mo-Mo site 

configuration (called “M-edge paired”) (c,d) and of the reference S-edge with only cobalt sites 

(e,f). Color legend: blue balls: cobalt, green balls: molybdenum, yellow balls: sulfur. 

 

In the same spirit as our previous DFT studies [39, 52], each edge was modeled by using five Mo 

layers, the top one being completed with the corresponding number of Co atoms represented in 

Fig. 2 for the three edges stable in HDS conditions: the so-called M-edge and S-edge with Co 

atoms are substituting some of the Mo atoms on both edges. While the most stable S-edge is 

completely saturated by Co sites, the M-edge is partially promoted, presenting either Mo or Co 

sites: a configuration with …-Mo-Co-Mo-Co-… (called M-edge alternated) and a second one 

with …-Mo-Mo-Co-Co-… (called M-edge paired). Adsorption and reaction processes were 

performed on the top layer of the edges. While the bottom three layers were kept fixed in bulk 

positions during optimizations, the top two were relaxed.  

The geometries were regarded as converged when the forces were smaller than 0.02 eV/Å. 

Transition states (TS) were determined using a combination of a path extrapolator [53] with the 

nudged elastic band (NEB), climbing image – NEB [54, 55],  and dimer methods [56]. The status 

a)

b)

c)

d)

e)

f)
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of the TS was confirmed by the presence of a single imaginary frequency associated to the 

corresponding reaction coordinate. In the specific case of the elimination mechanism (E2 

type), which involves numerous bond breaking/formation events, we confirmed the minimum 

energy path connecting the reactant, TS and product by undertaking an Intrinsic Reaction 

Coordination (IRC) analysis [57, 58]. 

All frequencies were calculated within the harmonic approximation. Some TS (respectively 

intermediates) exhibit two (respectively one) imaginary frequency with absolute values smaller 

than 30 cm
-1

. Very few spurious imaginary frequencies (when they exist) were assumed to 

correspond to residual translational or rotational modes and were removed together with the five 

smaller frequencies in order to evaluate the free energies of adsorbed species considered as 

immobile adsorbate [59]. Alternative approaches such as replacing the spurious imaginary 

frequency by a normal mode of positive value [59] showed minor impact on the reported 

thermodynamic trends. The Gibbs free energy, G, is expressed as a function of the enthalpy H 

and entropy S of the system:  

       (1) 

                             (2) 

                         (3) 

where         ,        ,          ,         and    are respectively the electronic energy 

(entropy), vibrational energy (entropy) including “zero point energy”, translational energy 

(entropy), rotational energy (entropy) and the molar volume. The molar volume term pVm was 

considered for an ideal gas system and for condensed phase systems, H was assimilated to U. 

The electronic energy was obtained by DFT calculations, while other energy terms were 
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calculated from statistical thermodynamics based on the vibrational frequencies previously 

calculated.  

 

3. Results and discussion 

3.1 Adsorption configurations of DBT on 4 relevant edge sites 

The most stable adsorption modes of DBT in presence of co-adsorbed H2 on each edge is 

represented in Fig. 3, along with their corresponding adsorption energies (including H2 

adsorption) according to the following equation: 

                                         (4) 

where               ,        ,      , and        respectively corresponds to the 

free energy of the given edge with adsorbed H2 and DBT, of the corresponding bare edge, the H2 

and DBT molecules, respectively. The bare edges are given as references in Fig. 1. For the S-

edge, the adsorption energies include the energy required to create the CUS: either through S-

removal (Fig. 3c) or through S-diffusion (Fig. 3d), as discussed later. 

Previous studies have shown that the H2 dissociation on the three edges was weakly activated 

and endothermic [60, 61]. Considering DBT and H2 adsorption, the resulting overall adsorption 

energies become exothermic due to the negative adsorption energy of DBT whatever the edge. 

However, when including entropic contributions, the free energies of adsorption become 

endergonic due to the significant loss of rotational and translational entropies of the DBT and H2 

molecules (Fig. 3) as it has already been reported in previous theoretical studies for similar sulfur 

or nitrogen-containing organic molecules [32, 37]. 
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Fig. 3. DBT+H2 most stable co-adsorption on M-edge alternated (a), M-edge paired (b), S-edge 

with S-removal (c), and S-edge with S-diffusion (d). The overall adsorption energies and free 

energies (in parenthesis) of DBT+H2 are given in eV. These energies include the S-removal and 

S-diffusion energies for the S-edge. Color legend: blue balls: cobalt, green balls: molybdenum, 

yellow balls: sulfur, dark grey balls: carbon, light grey : hydrogen.  

 

On the M-edge alternated, the DBT adsorbs in a slightly tilted 1-mode through its S atom on top 

of the Co-promoter site located between one edge S and one –SH species, while the H2 

dissociates and adsorbs on the neighboring sulfur atom and the remaining Co-promoter (Fig. 3a) 

The DBT is slightly tilted toward the non H bearing surface S atom, while the –SH group is 

directly pointing towards the DBT molecule which features the formation of a hydrogen bond 

with the aromatic rings. It must be noticed that the symmetric configuration where DBT 

molecule is tilted toward the –SH species is not favorable because of the too close proximity of 

the H atom. As for the M-edge alternated, on the M-edge paired, the H2 molecule is dissociated 

on one surface –S atom and one Co site, leading to Mo-SH and Co-H species (Fig. 3b). On the 

M-edge paired, the DBT molecule is even more tilted, and becomes in close interaction with the 

Co-H group with the formation of a second H-bond. This H-bond explains why the adsorption 

energy is more exothermic (less endergonic) on the M-edge paired than on the M-edge 

alternated.  
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On the S-edge, we compared the adsorption and reaction of DBT on two different models. The 

first one includes one S-vacancy (CUS) created by S-removal upon H2/H2S exchange (Fig. 3c 

and Fig. 4a), often reported in the literature [36, 37]. The second one assumes that CUS is 

created by edge diffusion of one S-atom from one bridging position to the next one inducing the 

formation of a S2 dimer (S-S bond length ~2.03 Å)  in the vicinity of the S-vacancy (Fig. 3d and 

Fig. 4b). The energy cost to create the S-vacancy by S-removal upon H2/H2S exchange is +1.66 

eV (G=+1.85 eV), whereas the diffusion of one S atom is less energy demanding +0.97 eV 

(G=+1.03 eV). The corresponding activation energy for the S-diffusion is +1.61 eV 

(G‡=+1.48 eV) which is also more favorable than the thermodynamic balance for S-removal. 

This edge state with the presence of a CUS associated to S2 dimer should be considered as a 

transient metastable state which comes back to the thermodynamic stable state at the end of the 

catalytic cycle. For this, the last step will involve a S-removal step from the dimer species at a 

moderate energy cost of +0.48 eV (G +0.19) as detailed in section 3.4. Hence, the diffusion of 

S-atom is a more plausible scenario to generate transient CUS at edge than direct S-removal. 

 

Fig. 4. Two possible processes creating two possible transient metastable states with one S-

vacancy (CUS) from the most stable S-edge model: a) sulfur removal by H2/H2S exchange, b) 

sulfur edge-diffusion forming one S2 dimer neighboring the vacancy. The reaction energies at 0K 

and free energies (in parenthesis) are given in eV. 
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For both S-edge models, the most favorable adsorption configuration of DBT is found in a 

bridging position between two Co atoms. DBT remains perpendicularly oriented to the edge and 

no close H-bond is formed. The DBT adsorption on the second S-edge model can be considered 

as a collaborative process: the DBT molecule approaching the surface, pushes one edge S-atom 

toward another neighboring S, creating a vacancy and the S2 dimer. The H2 molecule is 

dissociatively adsorbed on one surface –S atom and one Co site. If one include the energy cost 

for S-diffusion, the overall energy variation for the S-diffusion and adsorption of DBT and H2 is 

(E=-1.04 eV, G=+1.69 eV)  which is more favorable than on the S-edge after S-removal 

(E=-0.36 eV, G=+2.28 eV).   

These four starting configurations will serve for investigating the DBT hydrodesulfurization 

pathways in the forthcoming sections. In the main text, we will report and discuss for sake of 

clarity the Gibbs free energy profiles obtained on the alternated M-edge and of the S-edge after 

S-diffusion only. The results for the two other cases are reported in supplementary information 

where all energy profiles are given and discussed.  

 

3.2 Direct hydrogenolysis of DBT on the alternated M-edge  

Following the DBT+H2 adsorption described in the previous section, the first step is the 

monohydrogenation of C by the neighboring –SH species which exhibits an activation free 

energy of +1.16 eV.  The corresponding TS A(1-2)‡ involves the H atom significantly elongated 

from the –SH group and the C atom that bends outward the cycle closer to the transfered H 

atom (Fig. 5). TS A(1-2)‡ can be characterized as a late-TS, resembling the α-monohydrogenated 
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DBT intermediate A(2), with an activation energy closer to the free energy variation of this 

elementary step (+1.02 eV).  

 

Fig. 5. Free energy profile of the hydrogenolysis of the first C-S bond scission of DBT to 

biphenyl (BP) on the M-edge alternated involving the 2-phenyl-thiophenolate intermediate. 

 

Once the C-H bond is formed, a weakly activated rotation of the phenyl group (TS A(2-3)‡ at 

+0.12 eV) leads to the first C-S bond breaking and the formation a 2-phenyl-thiophenolate 

intermediate A(3) stabilized by a S-S bond (2.27Å) formed between the S atom of the 

thiophenolate intermediate and the neighboring Mo-S species. The rotation of the phenyl group 

occurs in the direction given by the position of H atom (the same will occur on the S-edge). 
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The overall free energy variation for the C-S bond scission from adsorbed DBT+H2 to 

thiophenolate is slightly endergonic (+0.16 eV). It becomes exergonic (-0.35 eV) after diffusion 

of H from a Co site to the Mo-S group and thiophenolate migration in a bridging Co-Mo position 

(A(4)).  

According to the proposal made in Ref. [37], the stabilization level of 2-phenyl-thiophenolate 

might be a descriptor of the hydrogenolysis mechanism. However, it must be noticed that the two 

TS, A(1-2)‡ and A(2-3)‡, as well as the α-monohydrogenated DBT intermediate, A(2), are 

located at significantly higher energies (~ +1 eV) than thiophenolate. This may be an indication 

that the thiophenolate stabilization is one necessary condition but probably not the sole 

descriptor for featuring if hydrogenolysis is kinetically possible or not. Analyzing the calculated 

reaction and activation energies for DBT and alkyl-DBT HDS on NiMoS sites reported by Ding 

et al., showed that there is no direct correlation between the thiophenolate energy and the 

activation energy of hydrogenolysis for the various edge and corner sites [38]. Actually, the 

energy level of the TS is linked to various contributions: the energy level of the α-

monohydrogenated DBT intermediate, the steric hindrance of the rotational movement of the 

phenyl group during the C-S bond scission and the optimal position of the –SH groups involved 

in the H-transfer (see also further discussion). Hence, these three kinetic effects cannot be 

deciphered by a single descriptor based on the stability of the 2-phenyl-thiophenolate 

intermediate. In addition, depending on the DFT study, the existence of the α-monohydrogenated 

DBT  intermediate as an intermediate is not always reported [36, 38] which is explained by its 

relative weak stability with respect to TS A(1-2)‡ and A(2-3)‡. The potential energy surface in 

the vicinity of TS A(1-2)‡, A(2) and A(2-3)‡ will thus intimately depend on the local nature of 

the edge site (see also later for the S-edge).   
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From 2-phenyl-thiophenolate A(4), two possible pathways can be considered. The first one 

involves the formation of a 2-phenyl-thiophenol intermediate leading to the second C-S bond 

scission, as described in detail in Fig. S2. The second one involves a direct C-S bond scission of 

2-phenyl-thiophenolate. For that purpose, a second H2 molecule adsorption which leads to the 

thiophenolate co-adsorbed with two neighboring Mo-SH groups (Fig. 6). From this 

configuration, the second C hydrogenation by one SH can proceed in a similar way as the first 

one and the TS A(5-6)‡ exhibits a similar free activation energy of +1.35 eV. This second C-S 

bond breaking step leads to a physisorbed biphenyl (BP). Similar activation energies are found 

for the thiophenol pathway (Fig. S2) and will be discussed later for the second C-S scission on 

the S-edge (section 3.4). These values remain compatible with previously calculated activation 

energies of hydrogenolysis of alkane thiols on MoS2, CoMoS and NiMoS edges [62-64]. The 

fact that the activation energy of the second C-S bond scission is similar or even slightly higher 

than the first one seems to be counter-intuitive since the conjugaison of S-lone pair electrons 

with those of the aromatic rings is expected to limit the first C-S bond cleavage. However, our 

TS analysis reveals that another effect may influence the relative activation energies of the two 

C-S bond scission: the optimal position of the Mo-SH group to attack the C atom during H-

transfer. As illustrated in Fig. S8, the imaginary frequency of the reaction mode corresponding to 

the H-transfer (leading either to hydrogenolysis or to hydrogenation as detailed latter) is mainly 

correlated to the SH bond length. This trend indicates that the position and accessibility of –SH 

group is a key parameter for the activation step. In the case of the second bond C-S cleavage, the 

reorientation of the phenyl ring in 2-phenylthiophenol which becomes parallel to the edge 

hinders the optimal position of the second C atom with respect to the neighboring Mo-SH 
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group. Hence, the C-S bond breaking of 2-phenylthiophenol might not be as easy as usually 

observed for model thiols or thiophenol molecules.  

 

Fig. 6.  Free energy profile of the second C-S bond scission on the M-edge alternated involving 

the 2-phenyl-thiophenolate and leading to biphenyl product. 

 

After the BP molecule is desorbed, we reasonably assume that the remaining H atom reaches the 

S-H group, to form H2S and desorb to recover the initial M-edge thermodynamically stable in 

typical HDS conditions (Fig. S1) [39]. The overall free energy variation for the BP+H2S 

desorption is about +0.75 eV which is mainly due to the BP desorption energy involving mainly 

dispersion and H-bond interactions of BP on the edge.  

According to the slightly different levels of theory of previous studies (cluster vs periodic 

systems, with or without dispersion corrections), the activation energies calculated for the two 

S
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C-S bond scissions within the present work are either as competitive or even more competitive 

than those reported previously for different edge sites such as M-edge and S-edge of NiMoS [35, 

38] and S-edge of CoMoS [36, 37]. This implies that the partially Co-promoted edge, with 

alternated Co-Mo-Co-Mo sites, is a relevant active edge for the hydrogenolysis pathway of  DBT 

compounds. 

Considering now the promoted M-edge with paired cobalt atoms, we start from the most stable 

configuration of Fig. 3b for DBT+H2 adsorbed. However, on this edge configuration, we did not 

identify any relevant TS leading to the monohydrogenation from the –SH group which may 

be explained by the fact that the position of the hydrogenating –SH species is too far from the 

aromatic rings of DBT. Indeed, Figs. 3b and 3a reveal that the tilting angles of DBT are not the 

same for the promoted M-edge paired and unpaired, which impact the accessibility of –SH. By 

contrast, the Co-H group which is located in closer interaction with the aromatic will be involved 

in these hydrogenation steps. We tried to hydrogenate in  position from the Co-H but the 

monohydrogenated intermediate is not stable and the H atom relaxes back to the Co site, while 

the S-C bond cleavage was not found possible due to steric hindrance during the rotational 

movement of the phenyl group. The alternative possibility of the hydrogenation in  position will 

be discussed in the forthcoming sections. 
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3.3 Dihydrogenation pathways leading to dihydrogenated DBT (DHDBT) 

3.3.1 Case of the M-edge sites 

As explained in the Introduction, we investigate in this section the alternative DDS pathway as 

proposed in the literature [24, 25], which consists in the preliminary formation of the DHDBT 

intermediate with C and C  hydrogenation occurring on the same phenyl ring. After the first 

monohydrogenation C-H step, the second monohydrogenation of the molecule may occur by 

transferring the second H atom to CHowever, our attempts to achieve this second hydrogen 

transfer either failed or involved energy costs greater than the modest activation energy (+0.12 

eV) found for the first C-S bond breaking during the rotation of the phenyl ring of α-

monohydrogenated DBT (as described before). Thus, once α-monohydrogenated DBT is formed 

by C hydrogenation, its further Chydrogenation seems to be unfavored with respect to the 

easier C-S bond breaking. To some extent, this result may also explain why many theoretical 

studies did not explore this pathway so far and preferentially followed the hydrogenolysis step. 

Alternatively, the hydrogenation pathway must be initiated by the hydrogenation of DBT in the 

Cposition as initially suggested by Mijoin et al. [24]. Starting from DBT+H2 adsorption, the 

free energy profile corresponding to the two C followed by C monohydrogenation steps is 

reported in Fig. 7. 
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Fig. 7. Free energy profile of the C followed by Chydrogenation steps of DBT leading to the 

,-dihydrogenated DHDBT intermediate. B(3-4)‡ corresponds to anti-pathway, B(3’-4’)‡ to 

syn-pathway. 

 

The activation free energy of the first monohydrogenation in C (through H transfer coming from 

a -SH group) is rather modest (+0.87 eV for B(1-2)‡) and is significantly lower than the one 

found for the previous hydrogenation at C. This value is also lower than any previous activation 

energy reported in the literature for the hydrogenolysis pathway so far; often greater than 1.3 eV 

[35, 37, 38], except results in [36] where dispersion corrections were not considered. The β-

monohydrogenated DBT intermediate B(2) is thermodynamically more stable than α-

monohydrogenated DBT A(2) by about -0.39 eV which is coherent with the kinetic trend, 

S
H

H H

S
HHS
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considering the late-TS character of both B(1-2)‡. The preferential hydrogenation in  than in  

can be explained by the destabilization of  hydrogenated intermediate or related TS, induced 

by the loss of conjugation involving the S lone pair electrons. 

After this first monohydrogenation, the remaining H atom can diffuse to two possible Mo-S sites 

from which the second monohydrogenation in  position may occur through anti-B(3-4)‡ or syn- 

B(3’-4’)‡ transfer and lead to two similar DHDBT conformers B(4) or B(4’), respectively in Fig. 

7. In both cases, the reaction energies are exergonic (of -0.78 and -0.84 eV respectively), while 

both activation energies are pretty mild (+0.62 eV and +0.41 eV). Thus, the attack in  is 

stereospecific due to the different relative position of the tilted monohydrogenated-DBT and Mo-

SH group. As observed for the hydrogenolysis mechanism, the frequencies of the reaction modes 

are strongly governed by the –SH stretching depending on the relative positions of the –SH 

groups and targeted carbons, C or C (Fig. S8). Considering the first two hydrogenation steps, 

and applying an energetic span concept [65], the overall activation free energy corresponding to 

the formation of the dihydrogenated DHDBT intermediate is about +1.24 eV, which makes this 

pathway as competitive as other hydrogenation steps simulated either in the present study or in 

previously published works [35-38].  

Although the existence of the DHDBT intermediate has been questioned in the experimental 

literature [21, 66], the present results reveal that it cannot be ruled out from a thermodynamic 

and kinetic point of view. From a thermodynamic point of view, the free energy level of DHDBT 

is also acceptable since it is only +0.49 eV higher than the iso-stoichiometric 2-phenyl-

thiophenol intermediate which may be formed during hydrogenolysis. 
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Considering the promoted M-edge with paired cobalt atoms, the mechanism and energy profile 

reported in Fig. S4 show that both hydrogenation steps involve preferentially H transfer from the 

Co-H site (and not from Mo-SH) with a moderate overall activation energy (+1.29 eV). Since it 

was not possible to identify a hydrogenolysis pathway on this type of edge (as mentionned in the 

previous section), we think that the dihydrogenation pathway occurs with a non negligible 

probability, knowing that the M-edge with such paired Co sites may co-exist according to 

previous DFT [39] and experimental studies [67]. 

 

3.3.2 Reaction on the S-edge sites 

Since the dihydrogenation steps occur in a similar way on both types of S-edge sites illustrated in 

Figs. 3c and 3d, we focus in the main text on the one corresponding to the S-vacancy obtained 

by S-diffusion (Fig. 4b) which is thermodynamically and kinetically favored with respect to the 

one where the S-vacancy is obtained by S-removal (Fig. 4a).  

From the H2 molecule dissociated on one S-atom and on one Co-atom, the Co-H species 

preferentially hydrogenates the two C atoms in  and  positions because of the unfavored 

orientation and distances of H from –SH group and the two C atoms : ~3.5 Å from the S-H to the 

 and  positions, compared to ~3 Å from the Co-H to the  and  positions. So, the first 

Cmonohydrogenation occurs through the Co-H species with an activation free energy of +1.61 

eV (C(1-2)‡) and the second H also transferred through Co-H with an overall activation free 

energy +0.77 eV (including H diffusion step from –SH to Co-H and then C(3-4)‡). If we apply 

the energetic span concept for the dihydrogenation steps, we identify an overall activation free 

energy of +1.78 eV, which is higher than all activation free energies found on the M-edge. Since 
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a similar trend is reported for the S-edge site with S-vacancy after S-removal (Fig. S6), this 

indicates that the S-edge is less active for hydrogenation steps than M-edge.  

 

Fig. 8. Free energy profile of the DDS of DBT through dehydrogenation mechanism on the S-

edge with preliminary S-diffusion leading to the formation of one S-vacancy and one 

neighboring S2 dimer. 

 

3.4 Dehydrogenation pathways and S-C bond scission of DHDBT according to E2 

mechanism 

Interestingly, on the promoted S-edge with S-vacancy and neighboring S2 dimer, the 

elimination with simultaneous C-S bond breaking can proceed with a reasonable activation 

free energy of +1.14 eV for TS C(4-5)‡ in Fig. 8. This mechanism involves three chemical events 

as described in the insets of Fig. 9: transfer of H in  position to the edge S atom, C-S bond 

scission, phenyl ring rotation and weakening of the neighboring S2 dimer.  
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In order to confirm the validity of this complex mechanism and more particularly the connection 

between the reactant C(4), TS C(4-5)‡, and product C(4), we undertook a dedicated IRC analysis. 

This analysis clearly shows the key role of the S2 dimer which captures the H-atom transferred 

from the C atom of DHDBT C(4) with the reactive mode frequency of 925 cm
-1

. Interestingly, 

this mode also fits the correlation between frequency and SH bond length previously discussed 

for the hydrogenation steps (Fig. S8). In the starting conformation of DHDBT, the Hinvolved in 

the transfer is located in anti-position to Hwhich is the most favorable position to reach one S 

of the dimer.  

 

Fig. 9. Intrinsic Reaction Coordinate (IRC) path connecting reactant, TS and product of the 

elimination (E2) mechanism with S-C bond scission involving the S2 dimer of the S-edge. The 

black line illustrates the energy evolution along the minimum energy path crossing the saddle 

point C(4-5)‡. The H atom involved in the transfer is written in red, while the His written in 

black. The broken S-C bond is drawn in red. The green dashed arrow highlights the rotational 

movement of the phenyl group. The red arrows represent the formal electronic transfer involved. 

All energies are in eV. 

C(4) = +0.28

C(4-5)‡ = +1.42

C(5) = +0.14
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At TS C(4-5)‡ the rotation of the phenyl group occurs simultaneously with the C-S bond 

scission. In the product, the S2 dimer is not fully dissociated and an intermediate C(4) SSH 

species is formed. Hence, as earlier proposed by Bataille et al. [25], this mechanism is a true 

elimination of E2 type: the protonic Hatom is captured by the S anionic base of the S2 dimer, 

while the anionic S atom of DHDBT acts formally as the nucleofuge species stabilized by the Co 

cationic center and induced the C-S bond scission. The apparent leaving group is the phenyl 

group which rotates away from the S atom of DHDBT. The complete IRC path is presented on 

the movie provided in supplementary materials.  

An important corollary is related to the stereochemistry of Hatoms involved in the 

dehydrogenation and elimination mechanisms. In the same way as for the TS of hydrogenolysis, 

the rotation of the phenyl group occurs in a direction following the position of Hatom. 

However, the leaving Hatom is located in anti-position of both Hand Hatoms transferred 

during the dihydrogenation step. Hence, the Hadded during hydrogenation and the leaving one 

during elimination are not obligatory the same. This implies that for 4,6-alkyl substituted DBT 

compounds, the position of the Hatom involved in elimination is occupied by an alkyl group. 

Hence, the DDS pathway through the elimination mechanism proposed here, will be hampered. 

The present analysis based on stereochemistry provides a refinement of the original explanation 

suggested by Bataille et al. to justify the lower reactivity of 4,6-DMDBT [25].  

Interestingly, the role of S2 dimer in the reactivity of unsupported MoS2 phase has been 

previously discussed in the experimental work of Afanasiev [68]. Moreover, scanning tunneling 

microscopy (STM) combined with DFT calculations have shown that S2 dimers exist in some 

sulfiding conditions on the Mo-edge of MoS2 [69, 70]. We thus propose here that S2 dimer could 
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be transiently formed through edge diffusion of S-atom described in section 3.1 in order to 

promote the reactivity of CoMoS edges. On the fully Ni promoted S-edge, Ding et al. [38] 

simulated the hydrogenolysis mechanism of DBT involving such S2 dimers, stable in HDS 

conditions [11, 39]. Once H2 molecule adsorbs dissociatively, the S2 dimer dissociates into two –

SH groups, one of which H is transferred to DBT [38].  

To achieve a more consistent comparison for the CoMoS case, we simulate this similar 

hydrogenolysis mechanism of the first C-S cleavage involving H-transfer from one of the two 

neighboring –SH groups on the Co promoted S-edge (D(1) in Fig. S8). The free energy of 

activation for D(1-2)‡ is found at +1.83 eV which is close to value reported for NiMoS [38]. D(1-

2)‡ leads to thiophenolate D(2) without formation of monohydrogenated DBT intermediate 

(contrasting with M-edge). In addition, the H-transfer to C from CoH species (as previously 

explored for the C hydrogenation) also reveals that the direct C-S bond cleavage leads to 

thiophenolate with a similar free energy of activation of +1.85 eV (TS E(1-2)‡ in Fig. S7). In 

both cases, the rotation of the phenyl group is again driven by the incoming H atom. The fact 

that the activation energies for hydrogenolysis are higher on the S-edge than on the M-edge is 

correlated to the instability of the monohydrogenated DBT which is not found as stable 

intermediate on the S-edge. On the M-edge, the transient formation of the monohydrogenated 

DBT is a preliminary step to weaken the S-C chemical bond which is broken in a second step. 

By contrast, on the S-edge the S-C breakage occurs simultaneously to the H transfer which 

leads to a higher activation energies. More generally, this complete analysis confirms that the 

elimination mechanism is kinetically possible once the DHDBT is formed.  
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Fig. 10. Free energy profile of the second C-S bond scission on the S-edge with preliminary  S-

diffusion leading to the formation of one S-vacancy and one neighboring S2 dimer. 

 

The second C-S bond scission occurs through a direct hydrogenolysis mechanism involving an –

SH species with an activation free energy of +1.42 eV (C(7-8)‡ in Fig. 10), and produces 

biphenyl (BP). This value is very similar to the one obtained on the M-edge. Again, the 

frequency of the reaction mode is closely related to the –SH bond stretching (Fig. S8). 

Contrasting with the M-edge, the activation energy of the second C-S bond scission is now 

smaller than the first C-S bond scission (either through hydrogenolysis or through a 

dihydrogenation-elimination mechanism) which is in line with the chemical intuition. Since the 

activation free energies of the second C-S bond scission are similar on M-edge and S-edge, this 

trend results from the different activation free energies of the first C-S bond scission on S-edge 

and M-edge which may have significant implications on the design of the CoMoS active phase. 

S
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Finally, to close the loop of the catalytic cycle and recover the thermodynamically most state of 

the S-edge, biphenyl desorbs and the excess S atom is removed upon H2/H2S exchange. The 

energy cost (E=+0.48 eV and G=+0.19 eV, see Fig. S5) for this last step is significantly more 

favorable than the scenario where S-vacancy is created on the most thermodynamically S-edge 

(Fig. 1) which justifies the S-diffusion process with S2 dimer formation. 

 

4. Conclusions and perspectives 

By means of DFT calculations including dispersion corrections, we investigated the HDS 

mechanisms of DBT and determined the corresponding free energy profiles considering four 

relevant adsorption configurations of DBT on 4 relevant types of CoMoS active sites: 

 M-edge with alternated Co-Mo-Co-Mo sites exhibiting Co sites and neighboring Mo-S 

sites 

 M-edge with paired Co-Co-Mo-Mo sites exhibiting Co sites and neighboring Co and 

Mo-S sites 

 S-edge with one S-removal exhibiting one S-vacancy on Co-site 

 S-edge with S-diffusion leading to S-vacancy on Co-site and S2 dimer 

Depending on the nature of the edge, the hydrogenation steps involve either Mo–S and Mo–SH 

species, or Co-H species adsorbed in close vicinity of the DBT adsorption Co site. The most 

relevant free energy profiles are summarized in Fig. 11. 

On the M-edge with alternated Co-Mo-Co-Mo sites, we identified two competing mechanisms 

for the direct hydrogenolysis of the C-S bonds of DBT involving either the 2-phenyl-
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thiophenolate or the 2-phenyl-thiophenol intermediate. Both mechanisms are activated by the 

formation of the monohydrogenated intermediate through Mo-SH species. In the case of 2-

phenyl-thiophenolate, the free energy of activation is +1.16 eV. The stabilization of the 

monohydrogenated intermediate (not observed on the S-edge) should be at the origin of this 

moderate activation energy for the S-C bond scission which occurs in two steps. 

 

Fig. 11. Summary of the most relevant free energy profiles for the first C-S bond scission of 

DBT involving the hydrogenolysis pathway (red) and -dihydrogenation steps (black) on the 

partially Co-promoted M-edge (left panel) and promoted S-edge (right panel). The elimination 

(green) occurs on the S-edge after -dihydrogenation either on the S-edge or on M-edge 

assuming diffusion or corner site. The energy level of the S-edge is corrected by the energy 

required for S-diffusion to be consistent with the energy level of M-edge.  
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The DHDBT dehydrogenated intermediate is preferentially formed when the first 

monohydrogenation occurs on the Catom of DBT followed by the second monohydrogenation 

on the Catom (through Mo-SH). This result is consistent with the earlier proposal by Mijoin et 

al. [24]. In this case, it is important to notice that the DHDBT formation involves a competitive 

activation free energy (+1.24 eV), revealing that this pathway cannot be excluded with respect to 

the hydrogenolysis mechanism on the same edge site.  

On the M-edge with paired Co-Co-Mo-Mo sites, we identified a unique mechanism where the 

first monohydrogenation occurs on the Catom of DBT and the second one leads to the 

DHDBT intermediate. The activation energies are slightly higher than those obtained on the 

M-edge with alternated Co-Mo-Co-Mo sites, which may be explained by the fact that the 

hydrogenating site is a Co-H species instead of a Mo-SH.  

For the two S-edge models considered here, the most favorable pathway involves the formation 

of the  DHDBT intermediate through the preliminary hydrogenation of the Catom of DBT. 

The overall activation energies are higher than those found on the M-edge (+1.78 eV for the S-

edge involving one S-vacancy site and one S2 dimer) which indicates that the hydrogenation 

pathway is kinetically less favored on the S-edge than on the M-edge. The hydrogenolysis 

pathway is slightly less favored with an activation energy of +1.85 eV which is significantly 

higher than on the M-edge. Hence, the partially Co-promoted M-edge is more active for both 

hydrogenolysis and dehydrogenation of DBT.   

Interestingly, we showed the possible existence of a elimination mechanism involving 

DHDBT with simultaneous S-C scission, corresponding to elimination of E2 type as earlier 
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proposed by Bataille et al. [25]. The corresponding activation free energy of +1.13 eV reveals 

that this mechanism is strongly competing with the hydrogenolysis pathway calculated on the M-

edge sites (present work) or on other sites reported in the literature [35, 37, 38]. For that, the 

transient local architecture of the active sites must combine one S-vacancy (CUS) together with 

one neighboring S2 dimer which is directly involved as active center for the elimination. 

This architecture results from the diffusion process of S-atom on the edge which involves free 

energy barriers compatible with the whole HDS mechanism. The S-diffusion is also more 

favorable than the direct S-removal process. From an experimental point of view, we hope that 

future progress of operando spectroscopies will help to identify the presence of such transient S2 

species during HDS and their role on the -elimination pathway. 

At this stage, it was not possible to identify a TS for the elimination mechanism on the M-

edge. Due to the rather complex intrinsic nature of the TS involving several intricated bond 

cleavage and formation as observed on the S-edge, progress on theoretical approach based on 

biased ab initio molecular dynamics will help to solve this open question [71]. In the present 

state, we propose that a possible optimal scenario for the hydrodesulfurization of DBT should 

actually combine both edges as illustrated in Fig. 11. The M-edge initiates the formation of the 

DHDBT intermediate at moderate activation energy. Then, DHDBT should diffuse from the 

M-edge to the S-edge. Although more investigation is required in the future on this event, 

diffusion seems possible considering the very close energy levels of DHDBT on both edges. 

Then, elimination mechanism with C-S bond scission occurs on the S-edge. Since previous 

studies [10, 37, 38, 70] suggested the specific role of corner sites, a DHDBT molecule formed on 

such a corner site could also benefit from a synergy effect between the close vicinity of the two 

edges. However, such a scenario requires specific design of the active phase where partial 
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promotion of the M-edge and full promotion of the S-edge are simultaneously present on the 

CoMoS nano-crystallites. Standard CoMoS catalysts may not provide such an optimal 

configuration which requires to carefully tune CoMoS morphology, Co/Mo ratio and edge 

distribution of Co atom during the synthesis or activation steps, as proposed for other HDS 

reaction [9]. 

Finally, during the elimination mechanism identified here, the specific stereochemistry of the 

leaving H atom distinct from the H atom previously added at hydrogenation may explain for 

one part, the strong decrease of the DDS pathway of 4,6-alkyl substituted DBT compounds 

where only one H atom is available. In addition, we suggest to investigate the impact of akyl 

substituents on the rotational movement of the phenyl-group at transition states and on the 

corresponding activation energies identified in the present work, as a function of the edge sites. 

This would also enable to analyze the origin of the DDS/HYD pathways as a function of the 

reactant and of the active phase features. In order to better discriminate more clearly between 

these mechanisms, it would also be welcome to establish a microkinetic model based on the 

present DFT data.  
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