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Abstract: The single atom catalysts have been attracting much attention for catalysis. In this work, 

the significant influence of single-metal-atom (M = K, Ti, Fe, Co, Ni, Cu, Rh) doping on a Mo6S8 

cluster was revealed for the direct methane to methanol conversion in water stream using density 

functional theory (DFT) calculations. It was found that all single atom dopants help to facilitate 

the conversion via the SRM. The single Fe atom on Mo6S8 (Fe-Mo6S8) exhibits the most significant 

promoting effect, which is followed by Ni, Co, Rh-Mo6S8 > K, Ti, Cu-Mo6S8 > Mo6S8 in a 

decreasing sequence. The enhanced activity by single atom doping on Mo6S8 is mainly associated 

with the interplay between the ensemble effect via the direct participation of active M dopant and 

the site confinement imposed by doping of single M atom, in tuning the methane conversion and 

methanol selectivity. It generates the new active center, M, which confines the SRM to occur at 

the bridge between M and neighboring Mo sites and facilitates the selective production of 

methanol. A good single-atom promoter should not only bind *OH or *O moderately, being 

strongly enough to help water dissociation and weakly enough to allow the oxidation of methane, 

but also impose confinement effect to facilitate the C-O bond association and production of 

methanol. Our results highlight the importance of the interplay among ligand, ensemble and 

confinement effects in promoting the complex SRM over single atom catalysts.   
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1. Introduction 

Methane (CH4) is the main component of natural gas and also a greenhouse gas.1,2 It is one 

of the most important research areas to convert CH4 into value-added chemicals, such as syngas 

(H2/CO),3 formaldehyde,4 and hydrogen.5 The direct synthesis of methanol (CH3OH) from CH4 

has attracted considerable attentions.6-20 First of all, CH3OH is currently considered one of the 

most useful chemical products and is a promising building block for obtaining more complex 

chemical compounds, such as acetic acid, dimethyl ether, methylamine, etc.. Secondly, the direct 

CH4→CH3OH is more economical and environmentally friendly than the multiple steps process.  

For the time being, the dominant method of producing CH3OH is a two-step process. The first step 

is the conversion of CH4 into syngas (H2O + CH4→ CO + 3H2). This step is very energy intensive 

and represents the major expense in CH3OH production. The second step is the reaction of the 

syngas to selectively produce CH3OH. The direct method can eliminate the need for expensive 

steam reforming, reducing the number of stages, and thus avoiding the large capital investment 

required to build a syngas industrial plant. However, the current catalysts are not viable and suffer 

the low CH4 conversion and/or low CH3OH selectivity.21  

Methane monooxygenase (MMO) in methanotropic bacteria is a highly selective 

CH4→CH3OH catalyst in nature,22 where a di-Fe or a di-/tri-Cu core was found to be the active 

center. Although the MMO works well in natural environment, it suffers from a limited stability 

range with respect to numerous environmental parameters and are not practical for industrial-scale 

reactions. Inspired by these prototypical natural machines, the metal-exchanged zeolites catalysts, 

e.g. Cu-exchanged mordenite zeolite8 and highly dispersed CuO on SBA-1523, have been 

extensively studied to mimic the active center of MMO. However, the conversion of CH4 over the 

zeolite-based catalysts are still too low for practical application. Thus, the development of practical 
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catalysts with the high CH4 conversion and CH3OH selectivity becomes more and more 

imperative. 

A good catalyst for direct CH4 → CH3OH should operate under relatively mild conditions, 

being able to activate the C-H bond of CH4, but still enabling the formation of CH3OH. It is very 

challenging to meet both criteria, which operate in an opposite direction. Besides, the desired 

product, CH3OH, is less stable than CH4, which easily results in over-oxidations into formic acid 

or carbon oxides.24 Another challenge is the stability of catalysts, in which coking has been 

observed due to the strongly adsorbed carbon (*C) or other carbon-related species from the 

decomposition of CH4.25 Here we employ density functional theory (DFT) to study the direct CH4 

→ CH3OH conversion in water stream or steam reforming of methane (SRM: CH4 + H2O → 

CH3OH + H2), which acts as operating agent to oxidize CH4 to CH3OH according to our previous 

study on metal oxides.19  

Moving from metal oxides, the interest in this study for the SRM is molybdenum sulfide 

(MoSx), specifically Mo6S8 model clusters modified by the singly-doped metal atom (M = K, Ti, 

Fe, Co, Ni, Cu, Rh). In recent years, single-atom catalysts (SAC) have attracted boosting attention, 

where the singly dispersed metal atom can be expected for higher selectivity and activity due to 

the imposed site confinement and improved atomic efficiency.26,27 In terms of CH4 activations, the 

SAC Pd1, Pt1/CeO2(111),28,29 Pt1/Cu(111),30 Rh/12CeO2-Al2O3,31 Fe/SiO2,32 Ni/MgO,33 and 

Co/graphene34  have been reported, being able to promote the activity, alcohol selectivity, or 

coking resistance. The MoSx-based SACs are mostly based on the Mo6S8 model cluster, a 

structural block in Chevrel phase of MoSx. Previously, Mo6S8 has been reported to show higher 

CH3OH selectivity than MoS2 bulk, which produces only hydrocarbons and CO2 from syngas.35,36 

According to the DFT calculations, the synergy between Mo and S via the unique structure of 



 5 

Mo6S8 can prevent the C-O bond cleavage of HxCO intermediates that was observed on MoS2 

bulk, which eventually hinders the methanation reaction and tunes the selectivity toward to 

CH3OH.37 The later DFT study predicted that the activity and selectivity of Mo6S8 can be tuned 

toward CH3OH by the singly doped K atom,38 toward ethanol (C2H5OH) by the singly doped Ni 

atom, and toward CO by the singly doped Pd or Rh atom during CO2 hydrogenation.39-41 In 

contrast, little has been reported for CH4 activation on Mo6S8-based catalysts. To the best of my 

knowledge, CH4 activation on Mo6S8-based catalysts has not yet been explored theoretically or 

experimentally. The present DFT calculations show that the single-atom dopants (M = K, Ti, Fe, 

Co, Ni, Cu, Rh) studied help in accelerating H2O dissociation and providing active *OH or *O 

species to facilitate the C-H bond cleavage of CH4 and thus the CH3OH formation. The origin of 

promoting effect introduced by doped single-metal-atom on Mo6S8 is associated with the synergy 

among the ligand effect via the electronic modification on M-Mo6S8 interaction, ensemble effect 

via the direct participation of M dopants and the confinement effect via the reforming reaction 

limited to occur only over the neighboring Moδ+ and Mδ+ sites. 

   

2. Computational Method 

  Spin-unrestricted DFT calculations for the activation and conversion of CH4 and H2O to 

CH3OH on a M−Mo6S8 cluster were performed with the projector-augmented-wave42 method 

using the Vienna ab initio simulation package (VASP)43,44 and GGA-PBE45 for the exchange and 

correlation functional. The kinetic energy cutoff for a plane wave basis set was 500 eV. Only Γ-

points was considered for the calculations. M−Mo6S8 clusters were allowed fully relaxed together 

with the adsorbates. Relaxations of the ion positions were performed using a conjugate gradient 

algorithm, until the forces on all atoms were less than 0.01 eV/Å and convergence to 1E-5 eV of 
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the total electronic energy. The Mo-S bond length is 2.46 Å which is in a good agreement with 

previous work.37,38 The calculated adsorption energy was expressed as Eads = E (adsorbate/Cluster) 

- E (Cluster) - E (adsorbate), where E (adsorbate/Cluster), E (Cluster) and E (adsorbate) represent 

the total energies of Mo6S8 interacted with the adsorbate, Mo6S8 cluster in gas phase and the 

adsorbate in gas phase, respectively. The transition states were located by Nudged Elastic Band 

(NEB) method and confirmed with frequency calculations.46-51 

 

3. Result and Discussion 

3.1. Geometry and stability of M-Mo6S8 cluster 

  The stability of Mo6S8 cluster is firstly studied. Each S atom tightly combines with three 

Mo atoms and a binding energy of -5.90 eV. This strong interaction can prevent the decomposition 

of Mo6S8 cluster in the reaction environment. Also, the oxidation of Mo6S8 cluster is energetically 

unfavorable. The replace of S atom by O atom is extremely endothermic with a reaction energy of 

4.06 eV, indicating that the Mo6S8 likely survives under oxidizing environment. Indeed, as will be 

seen below, the Mo6 core of Mo6S8 cluster remains intact in interaction with various reaction 

intermediates, though it distorts. Thus, the Mo6S8 structural motif is likely maintained during the 

SRM due to strong binding between S and Mo atoms. 

According to our DFT calculations, the singly doped M (M = Ti, Fe, Co, Ni, Cu, Rh) can 

be well stabilized at the S-Mo-Mo-S 4-fold sites at the edge of Mo6S8 cluster (Figure 1a), or (M = 

K) at the S-S 2-fold site (Figure 1b), which are accompanied with the oxidation of M and reduction 

of neighboring Mo via the emergence of new Mo 4d intermediate states at the Fermi level (Figure 

2). This is in a good agreement with the previous studies.38-41 The binding energy of M and Mo6S8 

follows the order: Ti > Rh > Fe > Ni > Co > K > Cu (Table 1). The interaction between early 

transition metal, Ti, and Mo6S8 cluster is the strongest (Eads = -5.24 eV) among all evaluated 
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systems, while the noble metal, Cu, corresponds to the weakest interaction (Eads = -2.55 eV). The 

alkali metal, K, loses the one electron and forms K+ on interaction with Mo6S8, with no 

contribution near the Fermi level (Figure 2). However, due to the electrostatic repulsion between 

K+ cation and Moδ+, only the 2-fold S-S site is observed, and the corresponding interaction is just 

slightly stronger (Eads = -2.71 eV) compared to Cu-Mo6S8, in consistent with our previous study.38 

More importantly, although the M-Mo6S8 interaction is strong, the Mo6 octahedral core remains 

mostly intact with slight structural distortion. That is, the cage structure of Mo6S8 is stable enough 

to survive in interaction with the active dopants. 

 

3.2. Methane Adsorption and Dissociation 

  On Mo6S8, the stable adsorption of CH4 is at the Mo top site (Eads = -0.30 eV, Figures 3 

and 4). The doping of single-metal-atom does not affect the bonding motif via H of CH4, which 

was previously proposed as the precursor for CH4 activation,52 while it varies the interaction with 

CH4, via either ligand effect (the modification of electronic structure of Mδ+ and Moδ+) or the 

ensemble effect (the direct participation of M in binding). The Eads of CH4 decreases in the order: 

Ni-Mo6S8 > Co-Mo6S8 > Ti-Mo6S8 > Fe-, Cu-Mo6S8 > Mo6S8 > K-Mo6S8 > Rh-Mo6S8 (Table 2). 

In term of ligand effect, the CH4-Mo interaction on Mo6S8 can be further weakened by doping 

single-metal-atom (M = K, Ti, Fe, Co, Ni, Cu, Rh, Table 2), which is associated with the 

electrostatic repulsion between H+ of CH4 and the doped single Mδ+ via the M→Mo6S8 electron 

transfer (Figure 2). It prevents the approaching of CH4 molecule toward the cluster. Such repulsion 

is particularly significant for fully oxidized K+. Nevertheless, the Mo top site of K-Mo6S8 is the 

most stable site for CH4 due to the inertness of K+ (Figure 3). By comparison for M-Mo6S8 (M = 

Ti, Fe, Co, Ni, Cu), M is less oxidized (Figure 2). In these cases, Mδ+ is active enough to stabilize 
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CH4 (Table 2), where the ensemble effect plays a significant role and the M rather than Mo top 

site is preferred (Figure 3). Nevertheless, the effect of doping single-metal-atom on the adsorption 

of CH4 is rather small and the corresponding bindings on all systems studied are relatively weak 

(Table 2). The most promotion in binding is by doping Ni on going from -0.30 eV for Mo6S8 to -

0.53 eV for Ni-Mo6S8. Rh is the only 4d metal dopant considered in our study. Compared to the 

3d metal dopants, Rh is the least oxidized;38 however, with the lower-lying d-band (Figure 2) the 

doped single Rh atom is not active enough to adsorb CH4 according to the d-band theory,53 and 

the molecule still favors the Mo top site as the cases of K-Mo6S8 and Mo6S8 (Table 2). However, 

the Rh sites are highly active to stabilize the dissociated fragments from CH4 and H2O as will be 

shown in the following. 

  The CH4 dissociations on all studied clusters are highly endothermic process (Figure 4). 

The undoped Mo6S8 cluster displays the higher endothermicity than M-Mo6S8 clusters, where the 

energy is uphill all the way going from *CH4 (-0.30 eV) to *C (3.68 eV).  The hydrogen abstraction 

proceeds at the Mo-S hybrid sites (Figure 3). The first C-H bond cleavage (*CH4 + * → *CH3 + 

*H) corresponds to an energy barrier (Ea) of 1.45 eV (Figure 4), while Ea for the second (Ea = 1.07 

eV, *CH3 + * → *CH2 + *H) and the third (Ea = 1.17 eV, *CH2 + * → *CH + *H) is slightly lower. 

The most difficult step, though, is the formation of *C (*CH + * → *C + *H) with Ea as high as 

2.00 eV. It means that the coking can be greatly hindered on Mo6S8 when exposure to CH4. During 

the dissociation, the S atom also helps to facilitate the C-H bond cleavage via the stabilization of 

the dissociated *H atom (Figure 3), which was also observed previously for hydrogenation 

reactions.38-41 Here, we note that the effect of coadsorption of *H on the energetics was not 

included in the potential energy diagram. In agreement with our previous studies on Mo6S8 and 

doped- Mo6S8,37,38 the present calculation show that *H prefers to the S site via the strong S-H 



 9 

bond and does not compete with the other intermediates for the active sites (Mo or M). In addition, 

the binding energy does not vary significantly on coadsorption with other intermediates (< 0.2 eV) 

and the shift in energy in potential energy diagram by including coadsorbed *H remains mostly 

the same. In addition, the high mobility of *H under the methane activation conditions likely 

enables the facile recombination of two *H and desorption.  

        The single-metal-atom dopants display more significant effects on the hydrogen abstraction 

of CH4 as compared to the molecular adsorption. For the first hydrogen abstraction, the 

corresponding Ea decreases in the order: Co-Mo6S8 (Ea = 0.58 eV) > Fe-Mo6S8 (Ea = 0.71 eV) > 

Ti-Mo6S8 (Ea = 0.83 eV) > Ni-Mo6S8 (Ea = 1.07 eV) > K-Mo6S8 (Ea = 1.33 eV) > Mo6S8 > Rh-

Mo6S8 (Ea = 1.51 eV) > Cu-Mo6S8 (Ea = 1.72 eV). The doping of single-metal-atom of Co, Fe, Ti, 

and Ni greatly lowers the reaction energy and the corresponding barrier for the first hydrogen 

abstraction on Mo6S8. The ensemble effect plays a dominant role in these cases, as demonstrated 

by the direct participation of doped Mδ+ in stabilizing *CH4 and the dissociated *H (Figure 3). The 

higher activity of single-metal-atom Mδ+ (M = Co, Fe, Ti, Ni) than Moδ+ is associated with the 

lower oxidation state. The corresponding d states of Mδ+ locate closer to the Fermi level than that 

of Moδ+ (Figure 2), which helps to thus stabilize the reaction intermediates (*CH4, *CH3 and *H) 

and the transition states via the facilitated electron transfer from the cluster. Here we note that the 

first C-H bond cleavage of  *CH4  at the Fe site of Fe-Mo6S8 is lower in Ea by 0.95 eV than that of 

Fe-based sMMO catalyst,54 while it is higher by ~0.2 eV than that of Fe-ZSM due to the assistance 

of O atom from the confined envronment.55,56 In contrast, the ensemble effect introduced by doping 

Cu is opposite. The dehydrogenation of *CH4 on Cu-Mo6S8 corresponds to the highest barrier 

among all the systems studied. In this case, the doped Cu corresponds to the lower-lying d states 

than the other dopants (Figure 2), which hinders the stabilization of transition state for C-H bond 
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cleavage, specifically *H, and thus raises the activation barrier. Similarly, the doping of Rh also 

does not help for the first hydrogen abstraction, though the Rh site directly participates in 

interaction with the dissociated *CH3 via the ensemble effect. The corresponding barrier on Rh-

Mo6S8 is 0.21 eV lower than that of Cu-Mo6S8. This is due to the less stable initial state, *CH4, 

introduced by doping Rh than Cu (Figure 4). With one electron transfer, K+ on Mo6S8 does not 

contribute to the states near the Fermi level, while the donated electron results in the reduction of 

Moδ+ is observed with some of the low empty states of Mo 4d states filled (Figure 2). The reduction 

of Mo is supposed to help the adsorption of CH4, while the binding on K-Mo6S8 is weaker than 

Mo6S8 due to the dominating electrostatic H+-K+ repulsion (Table 2). Yet, the transition state for 

the C-H cleavage on K-Mo6S8 is energetically comparable to that of Mo6S8 (Figure 4), as the 

destabilization of *CH3 due to electrostatic repulsion is compensated by the stabilization of 

dissociated *H by reduced Moδ+ at the transition stage (Figure 3). As a result, the overall barrier 

is slightly lowered.  

   The single-metal-atom dopants cause the difficulty for the second hydrogen abstraction, 

where the corresponding barrier increases following the order of Mo6S8 < Rh-Mo6S8 (Ea = 1.21eV), 

K-Mo6S8 (Ea = 1.24 eV) < Co-Mo6S8 (Ea = 1.35 eV), Ti-Mo6S8 (Ea = 1.33 eV) < Cu-Mo6S8 (Ea = 

1.49 eV) < Ni-Mo6S8 (Ea = 1. 65 eV) < Fe-Mo6S8 (Ea = 1.83 eV). For M = Co, Fe, Ti, Ni, Rh, Cu, 

the direct participation of doped single M atom in binding (Figure 3) particularly promotes the 

stability of *CH3 as compared to Mo6S8 (Figure 4), which hinders the dissociation. That is, the 

ensemble effect of single-metal-atom dopants suppresses the *CH3 dissociation, whereas the 

ligand effect is rather weak. In the case of K-Mo6S8, the H+-K+ electrostatic repulsion drives the 

adsorption of *CH2 away from K+ (Figure 4) toward the dissociated *H. As a result, the *CH3 → 
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*CH2 transition state is destabilized due to lateral repulsion. During this process, K+ is not directly 

involved.  

  The barrier for *CH2 dissociation to *CH increases in the order of Ni-Mo6S8 (Ea = 0.47 

eV) < Fe- (Ea = 0.69 eV), Co-Mo6S8 (Ea = 0.69 eV) < Mo6S8 (Ea = 1.17 eV), K-Mo6S8 (Ea = 1.18 

eV) < Cu-Mo6S8 (Ea = 1.30 eV) < Rh-Mo6S8 (Ea = 1.46 eV) < Ti-Mo6S8 (Ea = 1.77 eV). Ti-Mo6S8 

displays the highest barrier toward *CH2 dissociation; while the introduction of Fe, Co, or Ni 

single-atom can accelerate the process on Mo6S8 (Figure 4). Again, the ensemble effect induced 

by the doped M makes the dominant contribution to tune the energetics (Figure 3). K-Mo6S8 is the 

only exception, where only the ligand effect matters. 

  The barrier for *CH dissociation to *C increases in the order of Co- Mo6S8 (Ea = 0.99 eV), 

Ni-Mo6S8 (Ea = 1.00 eV) < Fe-Mo6S8 (Ea = 1.14 eV) < Cu-Mo6S8 (Ea = 1.31 eV) < K-Mo6S8 (Ea = 

1.51 eV) < Rh-Mo6S8 (Ea = 1.66 eV) < Ti-Mo6S8 (Ea = 1.82 eV) < Mo6S8 (Ea = 2.00 eV). The 

adsorption of *CH is comparable on the clusters with and without doping, whereas the final 

dissociation state, *C, can be significantly stabilized on M-Mo6S8 (Figure 4), where *C adsorbs at 

hollow sites for all clusters, and forms the strong binding with S, Mo and M atoms (Figure 3). The 

facilitated *CH dissociation is associated with the formation of strong M-C bond via the ensemble 

effect (Figure 3). In the case of K-Mo6S8, the enhancement solely depends on the ligand effect. 

The reduced Moδ+ by K doping helps to strengthen the Mo-CH binding as compared to Mo6S8, 

while the weakening due to the H+-K+ electrostatic repulsion is less significant. 

  The doping of single-metal-atom significantly influences the CH4 adsorption and 

dissociation on Mo6S8. The ensemble effect plays a dominating role in strengthening the binding 

and lowering the barriers via direct binding with *CHx for M = Co, Ni, Cu, Rh, Fe, Ti. In contrast, 

only the ligand effect matters for the case of K-Mo6S8, where the doped K+ is involved in the 
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reaction indirectly via the electron transfer from K to Mo6S8 and the reduction of Moδ+. The step 

corresponding to the highest barrier varies depending on the dopant. For M= K, Rh, and Ti, the 

*CH → *C transition remains as the most difficult step as that of Mo6S8, while it is *CH3
 → *CH2 

for M = Fe, Ni, Co and *CH4
 → *CH3 for M=Cu (arrow, Figure 4). According to the highest barrier 

along the pathway, the Co-Mo6S8 is likely the most effective catalyst among all the examined 

clusters, which is followed by Mo6S8 > K-Mo6S8 > Ni-, Rh-Mo6S8 > Ti-Mo6S8 > Cu-Mo6S8 > Fe-

Mo6S8 in a decreasing sequence (Figure 4). Furthermore, the suppression of *CH3 dissociation on 

Mo6S8 introduced by for doping (M = Fe, Ni, Co) can be beneficial for the direct CH3OH synthesis, 

being able to selectively increase the *CH3 species and thus facilitate the *CH3 → *CH3OH, but 

also hinder the undesired syngas formation and carbon deposition.  

 

3.3. H2O Adsorption and Dissociation 

During the SRM reaction, H2O may compete with CH4 for the same kind of active sites on 

Mo6S8 and M-Mo6S8 clusters. Indeed, as the case of CH4, H2O also prefers the Mo top site on 

Mo6S8, Rh-Mo6S8 and K-Mo6S8, whereas the adsorption favors M top sites for Ti-, Fe-, Co-, Ni-, 

and Cu-Mo6S8 clusters (Figure 5 and Table 3). The adsorption of *H2O on the Mo6S8 is more 

favorable (Eads = -0.83 eV, Table 3), which is comparable to that of bulk MoS2.57 By doping the 

single-metal-atom (M = K, Cu, Fe, Ni, Co, Ti), the *H2O adsorption is enhanced by 0.05 eV, 0.05 

eV, 0.09 eV, 0.14 eV, 0.16eV, and 0.19 eV on Mo6S8, respectively (Table 3). On K-Mo6S8, the 

enhancement in *H2O adsorption is contributed by both ligand and ensemble effects. Wherein, the 

ligand effect promotes the Mo-OH2 interaction via the reduced Moδ+ as the case of *CH, while 

different from *CH4 or *CH3 adsorption the ensemble effect stabilizes *H2O via the O2--K+ 

electrostatic attraction (Figure 5). For M = Ti, Fe, Co, Ni, Cu, the stabilization of *H2O is due to 
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the higher lying d states of the doped Mδ+ than Moδ+ (Figure 2), which favors the direct M-O bond 

formation and thus the adsorption enhancement via the ensemble effect. Rh-Mo6S8 behaves 

similarly as that of Mo6S8. The adsorption at Mo top remains as the most stable (ligand effect) 

with the Rhδ+ shifts away from *H2O (Figure 4). Yet, the adsorption on the Rh site (ensemble 

effect) is comparable with only 0.01 eV less stable than that on that Mo site (Table 3) and the 

corresponding interaction is weakened by only 0.04 eV as compared to Mo6S8.  

  The *H2O dissociation on Mo6S8 occurs over the Mo-S hybrid site, where Mo and S atoms 

help to stabilize the dissociated *OH and *H, respectively (Figure 5). Similar motif is observed 

for the *OH dissociation, where the dissociated *O prefers the Mo top site and introduces 

significant structural distortion of Mo6S8 (Figure 5). Energetically (Figure 6), the first hydrogen 

abstraction to *OH and *H is less favorable (Ea = 1.22 eV) than that on bulk MoS2 surface (Ea = 

1.01 eV).57 While the second abstraction is greatly facilitated on Mo6S8 (Ea = 1.21 eV) as compared 

to that of MoS2 (Ea = 1.93 eV).57 This is due to fact that the unique Mo6S8 structure enables the 

formation of Mo=O oxo species to promote the stability of the dissociated *O (Figure 5). 

       The formation of M-Mo6S8 promotes the *H2O dissociation to *OH with the barrier 

decreasing in the order of Mo6S8 (Ea = 1.22 eV) > Ni-Mo6S8 (Ea = 1.10 eV) > Cu- (Ea = 1.01 eV), 

Rh-Mo6S8 (Ea = 1.03 eV) > Co-Mo6S8 (Ea = 0.99 eV) > K-Mo6S8 (Ea = 0.66 eV) > Ti-Mo6S8 (Ea 

= 0.45 eV) > Fe-Mo6S8 (Ea = 0.42 eV) (Figure 6). The promotion is mostly via the ensemble effect, 

where the dopant enables the stabilization of the dissociated *OH by shifting the adsorption site 

from the M atop site to the Mo-M bridge site (Figures 5 and 6). The Rh-Mo6S8 and K-Mo6S8 

behave slightly different. For Rh-Mo6S8, the favorable site varies from the Mo top for *H2O to the 

Rh top site for *OH (Figure 5), while in the case of K-Mo6S8 the preference to the K-Mo sites 

remains during the dissociation. The drawback is, though, the stabilized *OH on the M-Mo6S8 
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clusters hinders the dissociation of *OH to *O. This is the case for M = Ni (Ea = 1.33 eV), Co (Ea 

= 1.67 eV), Cu (Ea = 1.73 eV), K (Ea = 1.74 eV), Rh (Ea = 1.80 eV), where the dissociated *O 

remains or shifts to the Mo-M bridge site (Figures 5 and 6). In contrast, the single Ti (Ea = 1.03 

eV) and Fe (Ea = 1.09 eV) dopants help to lower the barrier. This is due to the stronger interaction 

between Feδ+/Ti δ+ and the intermediates (*OH and *O) than the other dopants (Figure 6), which 

results in a lower barrier for the dissociation of *H2O and *OH. We note, among the systems 

studied the most significant structural distortion is observed for Cu-Mo6S8 during the H2O 

dissociation, which breaks Cu-S bonds, weakens the interaction between Cu and Mo6S8, and 

results in the least stable *O adsorption; yet the Mo6 octahedral core keeps its structure intact 

(Figures 5 and 6). 

       In term of adsorption site, CH4 and H2O compete for the same active site (Mo or M) on 

Mo6S8 and M-Mo6S8 clusters (Figures 3 and 5). Energetically, the *H2O adsorption is always more 

favorable than that of *CH4 (Tables 2 and 3). That is, under the SRM condition the active sites are 

likely occupied by H2O first, which is followed by dissociation. The generated *OH or *O species 

at the active sites can become the new active sites for CH4 to CH3OH conversion according to the 

previous studies.14,58 

 

     3.4 SRM toward CH3OH synthesis 

  The preferential H2O adsorption and dissociation over CH4 result in the formation of *O 

on Mo6S8, which is more favorable than the formation of *OH (Figure 6). On the *O-covered 

Mo6S8 cluster, the formed Mo=O oxo group from *H2O adsorption is too stable to activate CH4. 

As shown in Figure 7, the direct CH4 dissociation to CH3OH (*O + CH4 → *CH3OH) is highly 

activated (Ea = 2.22 eV).  By comparison, OH-assisted CH4 dissociation (*OH + CH4 → *CH3 + 
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*H2O) is more favorable (Ea = 1.20 eV); yet *OH is not as stable as *O on Mo6S8 (Figure 6). 

Previously, the Cu, Fe=O oxo groups were proposed as the active sites for direct CH4 → CH3OH 

conversion in MOFs and zeolites with structural confinement.30,58,59 As shown in Figure 7, the 

transition structure for CH4 → CH3OH conversion on the Mo=O of Mo6S8 is similar to that of 

Fe=O of zeolite.58 However, the rigid octahedral Mo6 structure hinders the Mo-O interaction and 

thus the capability in stabilizing CH4 and H-O···CH3 transition state. As a result, the corresponding 

initial and transition states involved show a longer adsorbate-oxo bond and smaller structural 

changes in CH4 (Figure S1) as compared to that of Fe=O in zeolite.58 That is, the metal-oxo motif 

is not necessarily the active sites for CH4 activation, where the fluxionality of local structure can 

be important. The overall reaction is hindered by the CH4 dissociation to CH3OH at *O site, which 

corresponding the highest barrier of 2.22 eV along the pathway (Figure 7). 

 Upon going from Mo6S8 to Fe-Mo6S8, the dissociated *OH from *H2O occupies the active 

Fe sites, which is more favorable than the *O formation (Figure 6). The *OH at the Fe-Mo bridge 

site also helps the first C-H bond cleavage of *CH4 via the stabilization of the dissociated *H by 

the formation of *H2O at the Mo top site. While the dissociated *CH3 fragment is strongly 

adsorbed at the top of Fe site (Figure 8). The corresponding barrier (Ea = 0.65 eV) is only slightly 

lower than that on bare Fe-Mo6S8 (Ea = 0.71 eV). Furthermore, the produced *H2O at the Mo site 

dissociates to *OH (Ea = 0.42 eV), which is much easier than *CH3 dissociation to *CH2 (Ea = 

1.83 eV) and provides the active sites for *CH3OH formation via the combination with *CH3. Like 

Mo6S8, the formation of *CH3OH via the C-O bond association corresponds to the highest barrier 

along the pathway (Ea = 0.68 eV); yet it is much lower due to the promoting of doped single Fe 

atom. We note that the activation of *CH4 to *CH3 is also highly activated on Fe-Mo6S8 (TS2, 

Figure 8), which is only 0.03 eV lower in Ea than the most difficult step.  
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        To quantify the activity, the CH3OH synthesis from the SRM on M-Mo6S8 clusters was 

estimated with respect to Mo6S8 via the Arrhenius equation,  𝑒𝑒(- 𝐸𝐸a
Max-𝐸𝐸a

Max,Mo6S8

𝑅𝑅𝑅𝑅
), where 𝐸𝐸a

Max 

represents the highest barrier along the optimized reaction pathway and the temperature T is 525 

K in our cases (Figure 9). One can clearly see that the Fe is more effective than the other dopants 

studied. The corresponding reaction rate is ~1014 times faster than that of Mo6S8, which is also 

higher than extensively studied FeO+-based catalyst.54 That is, Fe-Mo6S8 can be a promising 

catalyst for CH3OH synthesis from CH4 and H2O. The highly active single-metal-Fe site constrains 

*CH3 and *OH close enough (confinement effect), which enables the stabilization of transition 

state and thus facilitates the most difficult C-O bond association to produce CH3OH (TS4, Figure 

8). In contrast, the lacking confinement effect in the case of Mo6S8 limits the co-adsorption of *O 

and *CHx in a neighboring position, and the transition state for C-O bond association involves an 

unstable -CH3 radical (TS4, Figure 7). Thus, a higher barrier and lower activity for CH3OH 

production on Mo6S8 is observed than that on Fe-Mo6S8. 

      The Co, Rh, or Ni dopants also help, though the enhancement is not as significant as that of 

Fe by ~105 in term of reaction rate (Figure 9). The SRM to CH3OH over Co, Rh, Ni-Mo6S8 clusters 

follows the same pathway as that on Fe-Mo6S8 (Figures S2-S4). Differently, *H2O dissociation to 

*OH is the step with the highest barrier on Ni-Mo6S8 (TS1, Ea = 1.10 eV, Figure S4). It moves to 

the first C-H bond breaking of *CH4 in the cases of Co-Mo6S8 (TS2, Ea = 1.18 eV, Figure S2) and 

Rh-Mo6S8 (TS2, Ea = 1.22 eV, Figure S3), where *OH helps to stabilize the dissociated *H in the 

form of *H2O. The promotion on the C-O association to CH3OH, which is demonstrated by the 

doped single Fe atom, is also seen for single Co (TS4, Ea = 0.74 eV, Figure S2), Rh (TS4, Ea = 

0.20 eV, Figure S3) and Ni (TS4, Ea = 0.15 eV, Figure S4) atoms (site confinement effect). Again, 
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the *CH3 and *OH species are positioned closely enough over the dopant site to facilitate the 

difficult C-O bond association and CH3OH production on Mo6S8. 

     The least enhancement in CH3OH synthesis from the SRM is observed when doping Ti, Cu, or 

K over Mo6S8, which is lower than that of Fe by a factor ~1010 (Figure 9). On Ti, Cu, K-Mo6S8, 

the CH4 is activated via the *O species from H2O (Figures S5-S7) as that of Mo6S8. Although for 

M = Ti, Cu, K the formation of *OH is more favorable than *O (Figure 6), the CH4 dissociation 

on *OH to *CH3 + *H2O or *CH3OH + *H is more activated than the *OH dissociation to *O 

(1.73 eV vs. 1.82 eV for Cu-Mo6S8, 1.74 eV vs. 2.05 eV for K-Mo6S8, 1.03 eV vs. 2.49 eV for Ti-

Mo6S8). The most difficult step toward the CH3OH synthesis varies from the *CH4 dissociation at 

the *O site to *CH3OH for Mo6S8 (TS3, Ea=2.22 eV, Figure 7), to *CH3O hydrogenation to 

*CH3OH by doping Ti (TS4, Ea= 1.79 eV, Figure S5), and the *O formation from *OH dissociation 

by doping Cu (TS2, Ea= 1.73 eV, Figure S6) and K (TS2, Ea= 1.74 eV, Figure S7).  Besides, other 

steps are also involved, which correspond to a barrier only slightly lower than the highest, typically 

involved *CH4 oxidation by *O to *CH3O or *CH3OH (TS3, Figures S5-S7). Nevertheless, one 

can see that for Ti, Cu, K-Mo6S8 the conversion must overcome several steps with very high energy 

barriers (> 1.70 eV) and thus, a lower activity toward the SRM than Fe-, Co-, and Rh-Mo6S8 is 

observed (Figure 9). Similar to M = Fe, Co, Rh, Ni, the site confinement effect to promote the C-

O bond association is also observed for the single atom Ti doped (TS3, Ea = 1.54 eV, Figure S5), 

while it is not obvious for the less active Cu (TS3, Ea = 1.22 eV, Figure S6) and K (TS3, Ea = 1.53 

eV, Figure S7), where the CH4 approaches to the *O site from gas phase and the C-O bond 

association occurs via a transition involving an unstable CH3 radical.  

       Overall, the CH4 → CH3OH conversion on the Mo6S8 and M-Mo6S8 clusters via the SRM 

reaction, specifically the elementary step with the highest barrier and thus the overall rate, is likely 
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to be strongly affected by the binding of *OH or *O from H2O dissociation. To activate water, 

*OH should be strongly bound. Once the hydroxylated clusters (Fe, Co, Rh, Ni-Mo6S8) is formed, 

the activation of CH4 is likely controlled by the step involving *OH as the reactant. Wherein, *OH 

can either assists the *CH4 → *CH3 dissociation indirectly by stabilizing the dissociated *H in the 

form of water or participates in directly to oxidize *CH3 and form *CH3OH via the C-O bond 

association. Similarly, for the oxidized Mo6S8 and Ti-Mo6S8, where the oxidation steps involving 

*O are always highly activated. For the oxidized Cu, K-Mo6S8 clusters, though, the CH3OH 

synthesis can be slowed down by the most difficult *OH dissociation to *O.  Thus, the *OH or *O 

bonding is always involved in the likely rate-controlling steps as reactants or products, which can 

be an effective descriptor to capture the difference in CH4→CH3OH conversion. Indeed, a 

volcano-like variation between the estimated reaction rate and the *OH adsorption energy is 

observed (Figure 9). Similar trend is also observed when using the *O binding as the descriptor, 

as the stability of *O and *OH is correlated (Figure 6).  

     A good single-atom promoter to the SRM should provide a moderate *OH binding, being 

strong enough to allow the adsorption and dissociation of H2O, but weakly enough to enable the 

oxidation of CH4 and facial removal of CH3OH from the Mo6S8 cluster (Figure 9). The dopant like 

Ti is too active for stabilization of *OH or *O, which hinders the CH4 oxidation, while the dopant 

like Cu is too inert, which cannot catalyze the H2O dissociation well. Single-metal-Fe dopant is 

the best among the systems studied. It optimizes the reaction pathway via the ensemble effect and 

confinement effect. Compared to Mo6S8, the ensemble effect introduced by the doped single-atom 

Fe, together with the synergy with the neighboring Mo, enhances the H2O and CH4 dissociation 

via the formation of Fe-OH and Fe-CH3 bonds. In addition, the introduced confinement effect 

enables the formation of closely packed *CH3 and *OH over the active single-atom Fe, which 
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enables the stabilization of transition state and thus facilitates the difficult C-O bond association 

to produce CH3OH. By contrast, the contribution from ligand effect is rather small. 

 

4. Conclusion 

  The direct CH4 → CH3OH conversion via the SRM and over the single-metal-atom (M = 

K, Ti, Fe, Co, Ni, Cu, Rh) on Mo6S8 clusters were explored using DFT. The M-induced variation 

in structure and energy of reaction intermediates and transition states was found to be associated 

with the ensemble effect where M participates directly in binding, and the confinement effect 

where M enables the closely packed co-adsorption motif to facilitate the difficult C-O bond 

association and CH3OH production. By contrast, the ligand effect via electron transfer toward 

Mo6S8 cluster is rather small. 

          For CH4 dissociation, the suppression of *CH3 dissociation on Mo6S8 is observed for all 

M-Mo6S8 clusters studied, which can increase the *CH3 species and benefit the direct CH3OH 

synthesis by oxidation of *CH3. While Co-Mo6S8 is the only doped system, which exhibits the 

promotion for complete CH4 dissociation via the ensemble effect. In the case of H2O dissociation, 

compared to bare Mo6S8, the first hydrogen abstraction is enhanced by all the single M atom 

dopants, whereas the second abstraction is mostly suppressed except Ti and Fe. Ti-Mo6S8 shows 

the highest activity toward H2O dissociation in our study.  

  All doped single-atom M show the enhancement in CH3OH synthesis during the SRM on 

Mo6S8, where the promoting effect of Fe is the most significant, which is followed by Ni, Co, Rh-

Mo6S8 > K, Ti, Cu-Mo6S8 in a decreasing sequence. Under the SRM condition, the active Mo or 

M sites are likely to be occupied by *H2O, which results in the formation of oxidized or 

hydroxylated clusters. The binding of *OH or *O is identified as the descriptor for the overall 
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activities. The best single-atom dopant, e.g. Fe, should enable the bond-tuning and the site 

confinement effect imposed, being able to facilitate *H2O dissociation and provide active *OH or 

*O species, but still enabling the facile association of the *CH3 and *OH fragments to produce 

CH3OH. 

 

Supplementary Material  

           See Supplementary Material for geometries for initial and transition states involved in the 

direct CH4→CH3OH conversion on *O covered Mo6S8. Optimal potential energy diagram and 

geometries for CH3OH synthesis on Co-, Rh-, Ti-, Ni-, Cu-, and K-Mo6S8 cluster.  
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Table 1. Adsorption energy (eV) of single-metal-atom, M, over Mo6S8 cluster. 

M K Ti Fe Co Ni Cu Rh 

Eads  -2.71 -5.24 -3.77 -3.57 -3.69 -2.55 -4.33 
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Table 2. Adsorption energy (eV) of molecule CH4 on bare and single-metal-atom modified Mo6S8 

clusters. 

Site Mo6S8 K-
Mo6S8 

Ti-
Mo6S8 

Fe-
Mo6S8 

Co-
Mo6S8 

Ni-
Mo6S8 

Cu-
Mo6S8 

Rh-
Mo6S8 

Mo -0.30 -0.17 -0.21 -0.10 -0.15 -0.13 -0.18 -0.12 

M  -0.11 -0.46 -0.36 -0.48 -0.53 -0.38 -0.05 

 

Table 3. Adsorption energy (eV) of molecule H2O on bare and single-metal-atom modified Mo6S8 

clusters. 

Site Mo6S8 K-
Mo6S8 

Ti-
Mo6S8 

Fe-
Mo6S8 

Co-
Mo6S8 

Ni-
Mo6S8 

Cu-
Mo6S8 

Rh-
Mo6S8 

Mo -0.83 -0.88 -0.78 -0.75 -0.79 -0.75 -0.80 -0.80 

M  -0.52 -1.02 -0.92 -0.99 -0.97 -0.88 -0.79 
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Figure 1. Optimized M-Mo6S8 structure. (a) M atom anchored at S-Mo-Mo-S 4-fold site; (b) M 

atom anchored at S-S 2-fold site. (Mo: small purple, S: yellow, M: big purple or dark blue.) 

 



 31 

 

Figure 2. Partial density of states of Mo6S8 and metal modified M-Mo6S8 (M = K, Ti, Fe, Co, Ni, 
Cu, and Rh) cluster. 
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Figure 3. Geometries of the reaction intermediates and transition states (TS) involved in CH4 

dissociation on single-metal-atom modified Mo6S8 clusters (Mo: small purple, S: yellow, C: 

brown, H: white, metal: K-big purple, Ti-light blue, Fe-wine, Co-dark blue, Ni-green, Cu-orange, 

Rh-grey).  
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Figure 4. Optimal Potential Energy Diagrams for CH4 dissociation on bare, K-, Ti-, and Fe-Mo6S8 

cluster (top) and Co-, Ni-, Cu-, and Rh-Mo6S8 cluster (bottom). Arrows point to the steps with 

highest barrier. 
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Figure 5. Geometries of the reaction intermediates and transition states (TS) involved in H2O 

dissociation on single-metal-atom modified Mo6S8 clusters (Mo: small purple, S: yellow, C: 

brown, H: white, metal: Co-dark blue, K-big purple, Ni-green, Ti-light blue, Cu-orange, Fe-wine, 

Rh-grey) 
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Figure 6. Optimal Potential Energy Diagrams for H2O dissociation on bare, K-, Ti-, and Fe-Mo6S8 

cluster (top) and Co-, Ni-, Cu-, and Rh-Mo6S8 cluster (bottom). Arrows point to the steps with 

highest barriers. 
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Figure 7. Optimal potential energy diagram and geometries of intermediates and transition states 

(TS) for the SRM to CH3OH synthesis on the Mo6S8 cluster. The arrow pointes to the step with 

the highest energy barrier. (Mo: small purple, S: yellow, C: brown, H: white, O: red) 
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Figure 8. Optimal potential energy diagram and geometries intermediates and transition states 

(TS) for CH3OH synthesis on Fe-Mo6S8 cluster. The arrow pointes to the step with the highest 

energy barrier. (Mo: small purple, S: yellow, C: brown, H: white, O: red, Fe: wine) 
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Figure 9. The variation in relative rate for the SRM to CH3OH over M-Mo6S8 clusters with the 

corresponding *OH adsorption energy.  

 

 

 

 

 

 

 

 

 


