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Li,[a] Hai Xiao,[a] Yang-Gang Wang,[d] Chun-Ran Chang,*[b] and Jun Li*[a,d] 

Dedicated to Professor Xinhe Bao on the occasion of his 60th birthday

Abstract: The direct, nonoxidative conversion of methane on silica-
confined single-atom iron catalyst (Fe1©SiO2) by Bao et al. (Science, 
2014, 344, 616) is a landmark discovery in catalysis science. However, 
the initially proposed gas-phase reaction mechanism is still open to 
discussion. Here, we report a surface reaction mechanism by 
comprehensive computational modelling and simulations. It is 
demonstrated that the activation of methane occurs at the single iron 
site, whereas the dissociated methyl disfavours desorption into gas 
phase under the reactive conditions. In contrast, the dissociated 
methyl prefers transferring to adjacent carbon sites of the active 
centre (Fe1©SiC2), followed by C−C coupling and hydrogen transfer 
to produce the main product (ethylene) via a key −CH−CH2 
intermediate. We find a quasi-Mars-van-Krevelen (quasi-MvK) 
surface reaction mechanism involving extracting and refilling the 
surface carbon atoms for the nonoxidative conversion of methane on 
Fe1©SiO2 and this new surface process is identified to be more 
plausible than the alternative gas-phase reaction mechanism. 

With the increasing consumption of petroleum resources and the 
large-scale discovery of shale gas, natural gas hydrate and 
biogas, replacing oil by relatively abundant reserves such as 
natural gas to produce liquid fuels and basic chemicals has 
become the focus of research in academia and industry.[1-3] The 
conversion of methane can be realized either by indirect routes 
via synthesis gas (a mixture of CO and H2)[4,5] or by direct routes 
such as the oxidative coupling of methane (OCM),[6,7] the selective 
oxidation of methane (SOM),[8-10] and the nonoxidative 
dehydroaromatization of methane (MDA).[11-15] Among them, the 

direct, nonoxidative route is the ideal one as it is more economic 
and environmentally friendly than the indirect routes with 
circumventing multiple reaction steps and the other oxidative 
direct routes often involving overoxidation. However, the direct, 
nonoxidative routes suffer from a significant challenge of methane 
activation because CH4 has low electron affinity,[16] zero dipole 
moment[17] and high C-H bond energy (439 kJ/mol). Another 
disadvantage of nonoxidative routes is the severe thermodynamic 
constraints, which usually require high temperature and harsh 
conditions. Therefore, seeking unique catalysts for nonoxidative 
conversion of methane under relatively mild conditions is a long-
term goal of the catalysis community.  

In 2014, a breakthrough in nonoxidative conversion of 
methane was accomplished by Bao and colleagues,[18] who 
discovered that single iron sites embedded in a silica matrix 
enabled direct nonoxidative conversion of methane to ethylene 
and aromatics (MTOAH) at 1363 K. The conversion of methane 
reached at 48.1% and the selectivity to hydrocarbons exceeded 
99% (ethylene selectivity > 48%). Of great importance is that no 
coke deposition and no catalyst deactivation were observed 
during a 60-hour test. MTOAH opens a new, atom-economical 
avenue for the direct transformation of methane.[19,20] The singly 
dispersed iron catalyst provides a novel example of utilizing 
heterogeneous single-atom catalysts (SACs) [21,22] for activating 
and transforming methane without producing awkward by-
products. However, the mechanism of this promising new process 
remains elusive, despite the proposed gas-phase reaction 
mechanism based on VUV-SPI-MBMS analysis and preliminary 
theoretical calculations.[18] In the gas-phase mechanism, it is 
proposed that methane is firstly activated on the single-atom 
active centre (Fe1©SiC2) by C−H bond cleavage with dissociated 
methyl and H being adsorbed at Fe site and C site, respectively. 
Then, the methyl releases to gas phase to generate target 
ethylene and aromatics via gas-phase radical/molecule collision 
without the participation of catalyst surface. Although the gas-
phase mechanism cannot be completely excluded, questions 
remain such as how the methyl releases to the gas phase upon 
strong adsorption at the surface and how is the selectivity of 
ethylene and aromatics controlled under gas-phase reaction 
mechanism.  
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In this work, we have explored a variety of possible reaction 

mechanisms of MTOAH under realistic conditions by utilizing ab 

initio molecular dynamics (AIMD) simulations and static density 

functional theory (DFT) calculations in VASP software 

package.[23] We find that the activation of methane can occur on 

the surface of the catalyst. However, in contrast to the gas-phase 

reaction mechanism proposed in the literature,[18] the dissociated 

methyl prefers transferring to adjacent carbon site of the active 

centre rather than desorbing into the gas phase, which leads to a 

quasi-Mars-van-Krevelen (quasi-MvK) surface reaction 

mechanism that involves extracting and refilling surface C atoms 

coordinated to the Fe single-atom site.  

Given the puzzles of gas-phase MTOAH reaction mechanism, 

we first used preliminary AIMD simulations to qualitatively explore 

various possible reaction mechanisms for this complicated 

reaction under reaction conditions. These simulations were 

helpful to providing clues for designing reasonable reaction 

mechanism that is further corroborated by static DFT calculations.   

The active centre Fe1©SiC2 (Figure S1) was built by coordinating 

Fe atom with two C atoms and one Si atom based on Si©O3 unit 

of SiO2(001) surface, which was identified by the experiment 

previously[18] and is supported by our recent computational 

study.[24] We first studied the C−H bond cleavage by methane 

colliding with the Fe site of Fe1©SiC2 with the initial velocity given 

by the mean kinetic energy of methane at 1363 K. It was found 

that methane could be activated by the Fe site (Movie S1), the 

selected snapshots and bond length variations are shown in 

Figure 1. There was a transitory adsorption state of methane on 

Fe atom at 0.15 ps (Figure 1a). Afterwards a transition state of 

the C−H bond activation of methane was found with the bond 

lengths of C1−H1 and C2−H1 being about 1.5 Å at 0.16 ps 

(Figure 1b), which indicates that single-atom Fe and 

neighbouring C sites play a synergistic role in activating the C−H 

bond. The C1−H1−C2−Fe four-centred transition state structure 

is reminiscent of that of methane activation on the ion-pair active 

centre of Co3O4 reported by Wang et al.[25] 

We find that after methane activation the dissociated methyl 

formed an adsorption state on the top site of Fe rather than 

releasing to the gas phase as reported before.[18] The C1−Fe bond 

length was measured at ~2.0 Å, indicative of an effective C-Fe 

chemical bonding. Nevertheless, the methyl adsorption on Fe was 

only meta-stable and it continued to transfer to adjacent carbon 

site as the simulation proceeded at the high temperature. As 

shown in Figure 1b, at around 2.25 ps the bond length of C1−Fe 

dramatically increased and that of C1−C3 simultaneously reduced, 

indicating the transfer process of methyl from Fe site to C3 site. 

After 2.29 ps, the C1−C3 bond length remained at around 1.5 Å, 

suggesting the transfer of methyl and the formation of a −C−CH3 

intermediate. Whether methyl transfers or desorbs into gas phase 

is determinant to the subsequent transformation mechanism and 

thus demands in-depth analysis and validation. To this end, we 

performed 100 independent AIMD simulations from the 

adsorption state of methyl on Fe atom (Int-1 in Figure S2). From 

these AIMD simulations, none of the methyls released to gas 

phase, 86% methyls diffused to adjacent unsaturated C site and 

14% methyls kept still or diffused to Si site, as shown in Figure 
S2.  

 
Figure 1. (a) Selected snapshots of AIMD trajectory for methane 
activation and methyl transfer at 1363 K, (b) The bond length 
variations versus simulation time in the AIMD trajectory.  
 

Based on the AIMD simulations above, the whole pathways of 

methane converting to the main product (ethylene) on the catalyst 

surface were further investigated by using static DFT calculations. 

The whole reaction path network is shown in Scheme S1. Figure 
2 depicts the optimal reaction path from our calculations. For the 

first C−H bond cleavage of methane, overcoming a reaction 

barrier of 1.80 eV (TS-1 in Figure 2) can generate CH3 and H 

species. This step takes place at the Fe−C dual site of Fe1©SiC2, 

leading to CH3 and H being anchored at Fe and C site, 

respectively. For comparison, the dissociation of CH4 was also 

studied at the individual C site of Fe1©SiC2, which showed a much 

higher barrier (2.44 eV) than that on Fe−C dual site (TS-1a in 

Figure S3). Upon the crystal orbital Hamilton population (COHP) 

analysis of the C1−H1 bond in TS-1 (Figure 3a), we found distinct 

bonding and antibonding states appear at −6.46 eV and −0.60 eV 

below the Fermi level in the electron occupied region, respectively. 

The linear combination of atomic orbitals (LCAO) of the bonding 

peak (LCAO1 in Figure 3a) corresponds to a four-centred bond 

composed of 2p orbitals of C1/C2 atom, 1s orbital of H1 atom, and 

the 3d orbital of Fe atom. The chemical bonding analysis evidently  
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Figure 2. Free energy profiles at 1363 K and 1 atm with the corresponding structures of intermediates and transition states for methane 
activation and transformation on Fe1©SiC2 active centre. Methyl desorption barrier (TS-2a) was calculated by the slow growth method 
and the rest by static DFT method. 
 

demonstrate the strong synergistic effect between Fe and C site 

in activating the first C-H bond of methane. 

After the dissociative activation of methane, the methyl 
adsorbed on Fe site rapidly transfers to adjacent carbon sites as 
revealed by AIMD simulations. The methyl transfer barrier from 
Int-1 was calculated as low as 0.64 eV (TS-2 in Figure 2), which 
is some 1 eV lower than the methyl desorption barrier (TS-2a in 
Figure 2), further indicating the feasibility of the methyl transfer 
process. Alternatively, the adsorbed methyl may also further 
dissociate into CH2 + H species, but the dissociation barrier was 
calculated as high as 1.92 eV (TS-2e in Figure S3), indicating 
such a pathway is difficult to occur compared with the competing 
transfer process. Such a high barrier for methyl dissociation may 
partially explain why the single-atom Fe1©SiC2 active centre can 
avoid coke deposition to some extent. The COHP analysis of Int-
1 and TS-2 were also conducted to attain fundamental 
understanding on the reason why the path of methyl transferring 
is more favourable than the other two pathways. As shown in 
Figure 3b, although the delocalized π bonding among 
Fe−C1−C2−C3 (LCAO3) moiety makes the C1−Fe bond 
relatively stable in Int-1 structure, the three-centred bonding 
between Fe and C1/C3 atoms in LCAO4 (Figure 3c) could benefit 
the transfer of methyl from Fe atom to nearby C3 atom. The low 
barrier of 0.64 eV as well as the exothermic reaction energy of 
−0.12 eV shows the feasibility of methyl transfer from both kinetic 
and thermodynamic consideration. 

Starting from the methyl-transferred structure Int-2, there are 
two pathways to form the final product ethylene. The first one is 

that another methane molecule comes in and is activated at the 
Fe−C active site of Int-2, as shown in Supplementary Figure S4. 
In this pathway, the activation of the second methane is the rate 
determining step with a barrier as high as 3.14 eV. In the other 
pathway based on the AIMD simulations (Figure S5 and Movie  
S2, S3), the Int-2 (−C−CH3) first transforms to a −CH−CH2 

intermediate through two steps of hydrogen transfer (from Int-2  
to Int-4 in Figure 2). Then, the −CH−CH2 intermediate could 
further obtain a hydrogen atom from adjacent Fe site to generate 
an ethylene molecule (from Int-4 to Int-6). Although these four 
elementary steps need to overcome several barriers (the highest 
of which is 0.98 eV), the overall reaction energy is exothermic by 
0.47 eV, indicating this is a favourable pathway to occur.  

 
Figure 3. Calculated COHP of C1−H1 bond in TS-1 structure, 
C1−Fe bond in Int-1 structure and C1−C3 bond in TS-2 structure. 
The orbitals correspond to the linear combination of atomic 
orbitals in the indicated electron occupied regions.  
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The active centre from Int-6 can be recovered as soon as 
another methane is activated by Fe−C dual site of Fe1©Si2C. The 
barrier is as high as 2.24 eV (TS-6). Then, the methyl can easily 
transfer to silicon site with a downhill energy release of 0.86 eV to 
form the intermediate structure of Int-8. Similarly, the C−H bond 
in methyl group of Int-8 can be activated by the Fe atom easily 
with a barrier of 0.70 eV (TS-7). The dissociated −CH2− and H 
atom are both bound to the Fe atom to form Int-9. Then, hydridic 
Hδ- from Fe site and protic Hδ+ from C site combine together to 
generate a H2 molecule with a barrier of 0.70 eV. At last, the 
remained two H atoms on carbon atom can also be released in 
the same way as hydrogen molecule to regenerate the original 
Fe1©SiC2 active centre. Overall, this pathway undergoes the 
activation of methane, the coupling of carbon species from 
methane and active centre, and the recovery of the active centre 
by gas-phase carbon recourse, which can be considered as a 
quasi-Mars-van-Krevelen (quasi-MvK) process that involves 
removing and refilling of carbon atom at the active site, as is 
sketched in Scheme 1.  

 

 
Scheme 1. Schematic illustration of quasi-Mars-van-Krevelen 
mechanism of methane conversion at the Fe1©SiC2 active centre.  
 

As a whole, the generation of ethylene (from the starting point 
to Int-6) is a thermodynamically favourable process from the free 
energy profile (Figure 2). The barrier of methane activation (TS-
1) is 1.80 eV, which corresponds to a rate constant of 6.78×106 s-

1 at 1363 K based on the rate equation krate = (kBT/h)×exp(-ΔG/RT), 
suggesting the feasibility of methane dissociation at high 
temperatures. After methane dissociation, the generation of 
ethylene via the surface mechanism only experiences a barrier of 
0.98 eV (from Int-1 to Int-6), which is about 1 eV lower than the 
barrier of gas-phase production of ethylene (Scheme S2), 

indicating the priority of surface reaction mechanism. The most 
difficult stage of the surface reaction mechanism is actually the 
regeneration of the active centre through the activation of a 
second methane and subsequent carbon insertion into the 
surface (from Int-6 to Int-12), which possesses the highest 
activation barrier of 2.24 eV and is the rate determining step in the 
whole catalytic cycle; according to the energetic span model,[26] 
the rate constant is 1.63×105 s-1 at 1363 K. While for the gas-
phase reaction mechanism, the regeneration of the active centre 
also needs to activate another methane and release a methyl 
radical into gas phase, the barrier of which is as high as 3.23 eV, 
as shown in Figure S6, which is 0.99 eV higher than that of our 
surface reaction mechanism. The ratio of rate constants between 
the surface reaction mechanism and the gas-phase reaction 
mechanism is about 4386:1, further indicating the favourite of the 
former. In this work, we focus on the production of the major 
product (ethylene). The heavier hydrocarbons, such as benzene 
and naphthalene identified in the experiment, might be formed 
upon oligomerization of dehydrogenated ethylene or further 
coupling of activated methyl with the C2 species via the combined 
gas-phase and surface reaction mechanisms.   

In summary, the reaction mechanisms of methane 
conversion on silica-confined iron SAC (Fe1©SiO2) are 
systematically studied by using combined AIMD simulations and 
static DFT calculation methods. Based on the preliminary AIMD 
simulations on the catalyst surface, the dissociated methyl from 
methane prefers transferring to adjacent carbon site at an 
Fe1©SiC2 active centre rather than desorbing into gas phase, 
which makes the surface reaction mechanism more likely than the 
gas-phase reaction mechanism. From the static DFT simulations 
on the surface catalytic cycle, the −CH−CH2 species is identified 
to be a key surface intermediate to generate the final product 
ethylene. Overall, a new quasi-Mars-van-Krevelen surface 
reaction mechanism involving withdrawal and regenerating 
surface carbon atom during catalysis is revealed for the 
nonoxidative methane-to-ethylene conversion on Fe1©SiO2. Such 
a process involving carbon-atom recycling is relatively less 
observed, but is similar to the common Mars-van-Krevelen 
mechanism often acting in oxides, sulphides, chlorides, and 
hydrides. The involvement of both Fe and C at the active site 
indicates the importance of dual site synergetic interaction for 
complicated catalytic reaction.[27] These results provide a 
mechanistic understanding of nonoxidative conversion of 
methane on singly dispersed iron catalyst, which may stimulate 
design of more efficient or low temperature single-atom catalysts 
for the large-scale conversion of methane at nonoxidative 
conditions. 
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