
Significance and Impact

This investigation proposes and describes a first step in catalytically producing a value added 
chemical and energy carrier, CH3SH and H2, respectively, from sour natural gas. This method 
presents an interesting route of direct catalytic sour natural gas processing which potentially 
leads to high-value hydrocarbons, such as ethylene, using CH3SH as a reactive intermediate.

CH4 and H2S Reforming to CH3SH and H2 Catalyzed by Metal-Promoted 

Mo6S8 Clusters: a First-Principles Micro-Kinetic Study

Research Details
- Sour natural gas, which contains acidic H2S and/or CO2, is available and accessible but underutilized.
- CH3SH is isostructural with CH3OH and can be catalytically transformed to higher hydrocarbons via C–C 

bond coupling.
- In agreement with previous reports, K promotes selectivity to CH3SH and Ni enhances hydrogenation.
- DFT can help with the lack of direct surface intermediate observation, which does not allow full validation 

of previous kinetic models due to the extreme reaction temperatures and corrosive gas environments. 

Scientific Achievement 

To elucidate the complex yet not explored pathways 
in oxygen-free sour gas reforming, this study uses 
Density Functional Theory (DFT) and microkinetic
modelling of CH4 and H2S reaction pathways to 
selectively form CH3SH and H2 using bare 
unpromoted and K- or Ni- promoted Mo6S8 clusters. Taifan, W. et al., “CH4 and H2S reforming to CH3SH and H2 catalyzed 

by metal-promoted Mo6S8 clusters: a first-principles micro-kinetic 

study” Catal. Sci. Technol., (2017) [DOI: 10.1039/C7CY00857K]
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Sticky Note
Natural gas is considered an economical alternative to petroleum and a widely available hydrocarbon and energy feedstock that will facilitate the transition into fully sustainable resources. While newly utilized shale gas resources can produce pipeline-quality gas, most of the accessible shale and conventional natural gas fields, in addition to hydrocarbons, contain large amounts of acidic gas molecules, e.g. H2S and/ or CO2, often referred to as sour natural gas. Explored gas reserves that contain 1–15% H2S make up 30.1% of the total available natural gas reserves, and reserves with more than 15% make up 4.9%. While sour natural gas is still treated using energy-intensive amine absorption/desorption, here we propose and describe a first step in catalytically producing a value added chemical and energy carrier, CH3SH and H2, respectively. For this purpose, we performed Density Functional Theory (DFT) and microkinetic modelling of CH4 and H2S reaction pathways to form CH3SH and H2 as a first step in elucidating complex yet not explored pathways in oxygen-free sour gas reforming. For this purpose, we utilized bare unpromoted and K- or Ni-promoted Mo6S8 clusters. CH4 dissociation was found to be the rate-determining step above 1100 K on Ni-promoted Mo6S8 while H2 formation was the rate-determining step on the bare and K-promoted Mo6S8. At lower reaction temperatures between 800 and 1100 K, CH3SH formation becomes an important step, especially on Ni–Mo6S8. This method presents an interesting route of direct catalytic sour natural gas processing which potentially leads to high-value hydrocarbons, such as ethylene, using CH3SH as a reactive intermediate.



Micro-kinetic modelling on Mo6S8 cluster

• Reaction kinetics were investigated using energies and vibrational frequencies as calculated 
from DFT. 

• Equilibrium equations, rates of reactions, and kinetic equations for unpromoted Mo6S8

cluster are shown below. Equations were also obtained for K- and Ni-promoted Mo6S8

clusters.
• Kinetic equations had non-linear differential equations which were integrated numerically
• Reaction (1) uses the conventional transition state theory (TST) and describes the rate 

constants of activated conversion of adsorbed reactants and activated desorption of CH3SH.
• Reaction (10) is the major reactive pathway and proceeds via lowest energy barrier.



Proposed reaction mechanism of catalytic transformation of 

CH4 and H2S to yield CH3SH and H2 on Mo6S8 clusters

• Considered direct recombination of 
a CH3* and SH* species (black 
arrows) and the longer stepwise 
recombination path (grey arrows).

• Atomic color code: molybdenum 
(turquoise), sulfur (yellow), carbon 
(grey), hydrogen (white).

• Reaction mechanism involves several 
H, C, and S-containing surface bound 
intermediate and gas phase species.

• Mechanism was also considered for 
K- and Ni-promoted Mo6S8 clusters. 



Energy landscapes for CH3SH formation
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• Energy landscapes for the bare, K-
and Ni-promoted Mo6S8 clusters. 

• Two parallel pathways are shown, 
a more direct pathway from 
[CH3*,*] and [*,SH*] and a longer, 
stepwise pathway through splitting 
SH and forming CH3S which is then 
hydrogenated (lighter shade). 

• Atomic color code: molybdenum 
(turquoise), sulfur (yellow), carbon 
(grey), hydrogen (white), 
potassium (purple), nickel (green).

• Ni-promoted cluster enhances 
hydrogenation step



Phase diagram from DFT data, and

Calculated TOF for bare and K-, Ni-Mo6S8

• Phase diagram of the CH4 + H2S to CH3SH + H2

reaction, calculated from DFT data.
• The relative pressure when the reactants (CH4

and H2S in red) are thermodynamically more 
stable than the products (CH3SH and H2 in 
blue) is plotted as a function of temperature.

• To promote conversion, used pressure of 20 
bar for reactants and 10-7 bar for products

• Promoted clusters perform orders of 
magnitude better than unpromoted cluster.

• At lower temperature, Ni-promoted clusters 
convert H2S and CH4 to CH3SH and H2 faster 
than K-promoted clusters. At higher 
temperatures, this is reversed.



Degree of rate control for promoted clusters

• Degree of rate control shows that a small change in the rate constant for each step, while 
keeping equilibrium constant the same, can determine which reaction step is most 
controlling.

• At high temperatures in Ni-promoted clusters, methane dissociation is rate-determining 
step. At high temperatures for unpromoted and K-promoted clusters, hydrogen 
formation on cluster is rate-controlling step

• At low temperatures, CH3SH starts to have rate-controlling effect on both Ni- and K-
promoted cluster, although less pronounced for K-Mo6S8.


