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Abstract 

Experimental and theoretical evidence suggests that certain active oxygen species can facilitate methane 
(CH4) activation and lower the required reaction temperature, but the nature of these species remains 
poorly understood. We present insight into the nature of these active oxygen species obtained from 
periodic DFT calculations and microkinetic modeling and define the role of the oxidizing agent during 
CH4 activation on selected transition metal surfaces. We propose a universal descriptor for optimal CH4 
activation to facilitate the design of not only new catalysts but also new reactions for CH4 conversion. 
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As of today, the potential for methane as a feedstock for 
the production of useful chemicals has not yet been fully 
realized. An economically viable methane to higher value 
chemicals upgrade process could revolutionize the 
chemical industry. The prevailing challenge in any 
methane conversion process is the initial activation of 
methane, or breaking the strong C-H bond.  

Transition metals are extensively used to catalyze C-H 
bond scission in methane. It has been reported that the 
ability to activate bond scission on transition metals 
depends strongly on both electronic and geometrical 
effects. (Nørskov et al. 2009) The electronic effect 
typically described by d-band center is induced from the 
local electronic structure of metal atoms, and affects the 
transition state and the stability of surface intermediates. 
The geometrical effect is caused by different geometries of 
surfaces such as kink, terrace, steps, and defects, and 
associated variations in transition state stabilization in 
different structural environment. Nowadays, these two 
effects are key factors for transition metals to measure 
their ability for the C-H bond activation. 

  

Figure 1.   Oxidizing agent and catalyst 
provide surface the environment where 

methane activates 

For methane conversions in the presence of an 
oxidizing agent, such as partial and complete oxidization 
(O2), steam reforming(H2O), and dry reforming (CO2), the 



  
 
oxidizing agent together with the catalyst provide the 
surface environment where the metal surface is partially 
covered by oxygen species, especially surface oxygen 
(O*) and hydroxyl (OH*) (Figure 1). Previous studies 
(Maestri et al., 2009; Valden et al., 1996) reported that 
pre-adsorbed O* and OH* can significantly change 
reaction kinetics and dominant reaction pathways. 
However, methane activation in the presence of surface O* 
and OH* is still under debate, but arguably depends on 
both the nature of metal surfaces as well as on the reaction 
conditions. Hence, it requires a comprehensive study to 
elucidate the effects of surface O* and OH* on the 
catalytic activity. Our objective is to define the role of 
oxidizing agents in methane activation, and to understand 
the diversity and similarity in different methane activation 
reactions. 

Methods  

Microkinetic modeling was carried out using the 
Catalysis Microkinetic Analysis Package (CatMAP). 
Density functional theory (DFT) calculations for the 
estimation of binding energies and activation barriers were 
carried out using the Vienna Ab-initio Simulation Package 
(VASP) in combination with the Atomic Simulation 
Environment (ASE).  

Results and Discussion 

Activation energies of direct, O*-assisted, OH*-
assisted, and CO*-assisted dissociation of methane were 
obtained from DFT calculations on step surfaces of Au, 
Pd, Ni and Ru. The results show that the existence of these 
surface species opens up new reaction pathways for 
methane activation. We observe the trend that O* and 
OH* generally lower the activation barrier for nobler 
metals (Au); CO* is always an inhibitor, but less 
pronounced on highly reactive metals (Ru). 

Microkinetic modeling of methane reactions with O2 
(partial/complete oxidation), H2O (steam reforming), CO2 
(dry reforming), and H2O2 on four metals has been carried 
out. The modeling results show a strong effect of the 
presence of surface oxygenates on methane activation 
pathways and we observe a variation of methane activation 
pathways that does not necessarily follow the trend of 
lowest activation barriers. For example, the dominant 
methane activation pathway on Ni is direct dissociation for 
steam reforming, while it is O*-assisted dissociation for 
partial oxidation.  

Although the reaction mechanisms of methane are so 
diverse with different co-reactants and on different 
catalysts, we were able to identify a universal descriptor 
for optimal methane activation for all of the reactions in 
our study. The discovery of this universal descriptor 
allows us to predict the rate of methane activation for 
various reactions with a single parameter, which can be 
easily obtained from DFT calculations. Finally, we note 
that this descriptor allows us to find novel ways to activate 

methane by designing not only new catalysts but also new 
reactions. 

 

  

Figure 2.   Universal descriptor for methane 
activation on various transition metals 

Conclusion 

The surface environment under specific reaction 
conditions is paramount to determine dominant methane 
activation mechanisms on different catalysts. The 
existence of surface oxygen species opens up new possible 
methane activation pathways. The dominant methane 
activation pathway is determined by both, the activation 
barriers and the availability of surface sites and surface 
species. Despite the diversity in mechanisms, we can 
propose a novel universal descriptor to predict optimal 
solutions for methane activation. Ultimately, this 
descriptor has the potential to be used in the design of new 
processes and catalysts for selective methane conversion to 
value-added products. 
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