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1. Introduction 
   The oxidative coupling of methane (OCM) has long been studied to provide an efficient 
way to convert natural gas into high-value chemicals. For the full understanding of its 
reaction mechanism, the multi-scale theoretical simulation was conducted; the method is 
based on the density functional theory (DFT), microkinetics, and chemical reactor modeling. 
Our purpose is to predict the activity (the reactant conversion) and the product selectivity, 
from atomic or molecular level simulations.[1] 
   In addition to the above topic, our recent approach that combines the machine-learning 
with DFT-based microkinetics focusing on the NH3 synthesis is also introduced.[2] 
 
2. Theoretical method 
   We investigated the OCM reaction 

2CH4 + O2 → C2H4 + 2H2O 
catalyzed by MgO, first found by Lansford et al.[3] We modeled the active site as the 
stepped MgO surface, based on previously reported experimental results and our theoretical 
works.[4, 5] The reaction model includes 109 gas-phase and 61 surface reactions. Using 
DFT, reaction energy (ΔE) was calculated, and activation barrier (Ea) were estimated from 
ΔE values using the linear free energy relationship. For the DFT calculation, VASP 5.4 
program package was used. From ΔE and Ea values, we evaluate the reaction rate constants 
and constructed reaction rate equations. Reaction rate equations were solved numerically 
using MATLAB software. The reactant conversion and product selectivity were evaluated 
from composition of the inlet and outlet gas. 
 
3. Results and discussion 
   In Figure 1, the transition state 
(TS) of the H-abstraction from CH4 
obtained from the DFT calculation is 
shown. The preliminary microkinetic 
analysis show that this process has 
the largest contribution to the reactant conversion. The calculated Ea value is 96.5 kJ/mol, 
which is reasonable agreement with experimental range. 
   From this Ea value other elementary reactions, the kinetic parameters are obtained and 
the microkinetic and reactor analysis are performed. In Figure 2, the change of the molar 

 
Figure 1. Optimized structures of the CH4 activation at the 
stepped MgO. The left, middle, and right correspond to the 
reactant, TS, and product states. 

MgO helps not only the CH4 activation but also the
dehydrogenation of C2H6.
3.2. Sensitivity Analysis and the Transition-State

Calculation. Before performing the microkinetic analysis at
the productive level, we identified important elementary
reactions among the reaction set. The sensitivity analysis was
done for this purpose, and the Campbell’s DRC was
evaluated as the sensitivity measure. We estimated the
DRC on the CH4 conversion and the C2 selectivity, by
numerically changing the pre-exponential factor by 1%.
Adsorption reactions are not included here as these are
equilibrium reactions.
Figure 2 summarizes the sensitivity on the CH4 conversion

and C2 selectivity, plotted against the elementary reaction
number in Table 1. The figure shows that the sensitivity for
CH4 conversion is significantly high at the elementary
reaction number 119, which is the H abstraction from CH4
by the surface O atom (CH4 + O-Mg-Cat → H-O-CH3-Mg-
Cat). The same is true for the C2 selectivity, which shows the
largest sensitivity for the elementary reaction number 119.
Considering these results, the H abstraction from CH4 has
the largest contribution to the properties of interest, i.e., CH4
conversion and C2 selectivity. This also means that the Ea
value for this process should be as accurate as possible
because it significantly affects the result of the microkinetic
analysis.
Based on this idea, we carried out the Ea evaluation for this

elementary reaction with a higher level of computational
accuracy, instead of the Ea value estimated with the LFER.
For this purpose, we carried out the geometry optimization of
the TS with BEEF-vdW and then evaluated the Ea value with
B3LYP functionals. In our previous work, we found that the
hybrid functional including the Hartree−Fock exchange is
preferred for accurate Ea calculation.

38,63 For this reason, we
employed the B3LYP for Ea evaluation. Figure 3 shows the

optimized structure of the TS for the H abstraction from
CH4. The Ea value calculated with B3LYP was 1.00 eV (96.5
kJ/mol), which is moderately smaller but close to reported Ea
values for the CH4 activation on MgO (85−90 kJ/
mol).21,64,65 This Ea value is used in the microkinetic
analysis, as will be discussed in the next section.
3.3. Microkinetics and Reactor Simulation. The rate

of each species was evaluated using the microkinetic method
and used in the subsequent reactor simulation. Here, the C2
compounds are defined as C2Hx (x = 1−6), and their flow
rates are summed when analyzing the C2 selectivity. The
reactant conversion and product selectivity were evaluated
from the content of the outlet gas.
The mole fractions of gaseous species at different reaction

times are plotted in Figure 4. In the figure, those of CH4 and
O2 (xCH4 and xO2) decrease as the reaction proceeds, as they
are reactant species in the OCM reaction. In this condition,

xCH4 and xO2 were 0.28 and 0.14 at the inlet and decreased to
0.23 and 0.09 at the outlet, respectively. Thus, the CH4 and
O2 conversions were 20.7 and 36.7%. Corresponding to the
decrease of CH4 and O2, the CO, CO2, C2H6, and H2O
concentrations increased as the reaction proceeded. The
respective mole fractions of COx (x = 1, 2) and C2H6 were
0.03 and 0.02. The selectivities of C2 and COx among the C-
containing compounds in the outlet gas were 36.3 and 63.6%,
respectively. Other than C2 and COx compounds, H2O was
formed and amounted to 61.0% among the product species
in the outlet gas. From the figure, we can conclude that the
CO2 mole fraction was lower than or almost the same as that
of C2H6 at the early stage of reaction (less than 0.47 s). This
means that a shorter contact time is beneficial to the C2
selectivity, which is consistent with the suggestion by
experiments.7

In addition to these specific reaction conditions, we also
evaluated the dependence of the CH4 conversion and C2
selectivity on the temperature and partial pressure ratio of
CH4 to O2. The results are summarized in Figure 5A,B. The
gray lines in the figures show the CH4 conversion, and the
stacked bars indicate the composition of C-containing
compounds in the outlet gas.
As expected, the CH4 conversion increases as the

temperature increases, with the calculated values of 1.3,
20.7, 45.6, and 52.4% at T = 600, 700, 800, and 900 °C,
respectively. On the contrary, the C2 selectivity decreases at
the same time, with values of 82.8, 36.3, 6.2, and 11.3%.
When the temperature increases, the amounts of C2H4 and
C2H6 decrease while those of CO and CO2 increase. This
shows that the decrease in C2 selectivity is due to the
successive oxidation of C2 to CO and CO2. This tendency
agrees with experimental results. For example, Ito and
Lunsford found that the C2 selectivity tend to decrease
over T = 700 °C, while the CH4 conversion increases at
higher temperatures.6

In terms of the partial pressure ratio, the following changes
were observed: (i) the CH4 conversion decreases at a higher
P(CH4)/P(O2) ratio; (ii) the C2 selectivity increases as
P(CH4)/P(O2) increases; (iii) the CO2 selectivity decreases
as P(CH4)/P(O2), while the ratio of CO is rather constant,

Figure 3. Optimized structures of the CH4 activation at the stepped
MgO. The left, middle, and right correspond to the reactant, TS,
and product states. The white, gray, red, and green spheres
represent H, C, O, and Mg atoms, respectively.

Figure 4. Mole fraction along the reaction time (s) calculated by the
reactor simulation. The inlet gas consisted of CH4, O2, and He (as
inert gas). The total pressure was set to P = 1 bar, and the partial
pressure ratio of CH4, O2, and He was set to 2:1:4. The volumetric
flow rate was set to 1 mL/s, and the reaction temperature was 700
°C. The catalyst weight was 1 g.
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fraction with reaction time is shown. The reactant 
i.e. CH4 and O2 decreases as the reaction 
proceeds, while C2H6, H2O, CO and CO2 are 
generated. 
   In Figure 3, the CH4 conversion and 
composition of C-containing compounds were 
shown. With the increase of temperature, the CH4 
conversion becomes higher but C2 compounds 
decreases, which agrees with experimental 
tendency. Thus, our multi-scale simulation 
correctly reproduces the activity and selectivity 
tendency of the OCM catalyst. 
 
4. Conclusions 
   We theoretically investigated the OCM over 
MgO, with the DFT calculation, microkinetics, 
and chemical reactor simulations to evaluate the 
reactant conversion and product selectivity. What 
is unique in this study is that both gas-phase and 
surface-mediated reactions were included, and 
the kinetic and thermodynamic properties of 170 
elementary reactions were all calculated by DFT. 
Our simulation have found that; 

1) CH3 formation from CH4 is highly 
endothermic in the gas phase (ΔE = 4.73 eV), 
while ΔE decreases to 0.33 eV when CH4 
activation occurs on the stepped MgO. 
2) The mole fraction change along the reaction shows that the C2 compounds are formed 
first but COx (x = 1, 2) are formed later, indicating the overoxidation of C2 compounds. 
3) The effects on CH4 conversion and C2 selectivity from the temperature and PCH4 : PO2 
are observed. The CH4 conversion increases with temperature, while the C2 selectivity 
becomes lower. A similar but more moderate dependency was observed for PCH4 : PO2. 
These trends agree well with experimental reports. 

   Our study strongly suggests that DFT-based microkinetics is a strong approach to 
analyze the catalysis from the atomic or molecule scale resolution. 
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Tateyama, J. Phys. Chem. C, 2020, 124, 6054−6062.; 5) A. Ishikawa and Y. Tateyama, Catal. 
Lett., 2021, 151, 627–633 

 

  
Figure 3. Dependence of the composition 
of C-containing species (left axis) and CH4 
conversion (right axis) on reaction 
temperature (in °C). 

which suggests the CO oxidation to CO2 is suppressed when
P(O2) is small. These trends are in agreement with the
experimental trend, as reported by Marin et al. for example.21

In summary, Figure 5A,B indicates that the C2 selectivity
depends more strongly on the reaction temperature than on
the partial pressure ratio. Thus, one should carry out the
catalytic reaction at a temperature as low as possible to
increase C2 selectivity in the OCM.
Reduction of the elemtary reaction set is often performed

to lower the computational cost or facilitate interpretation of
the reaction mechanism.66 Here, we tried to reduce the set of
109 gas-phase reactions. To measure the importance of each
elementary reaction for the OCM reactivity, we used
sensitivity analysis as discussed in Section 3.2. As a result,
54 elementary reactions were dropped because they have
CH4 conversion sensitivity smaller than 1.0 × 10−4 and
therefore make little contribution to CH4 conversion. The
remaining gas-phase reactions are listed in Table S1. Using
the reduced reaction set with a total of 116 reactions, we
carried out the microkinetic calculation. The mole fraction
changes along the reaction time are compared in Figure S6.
The CH4 conversion calculated using the reduced mechanism
was 21.3%, while that using the full mechanism was 20.7%.
Thus, the reduced mechanism is sufficient for semi-
quantitative analysis for the OCM reactivity. However, in
the following discussion, we still retained the full reaction
mechanism because it is expected to be more accurate.
Finally, we summarized the relationship among the

reactant, product, and reaction intermediates in the graphical
representation, which we previously found that such a figure
is helpful to interpreting the whole reaction mechanism in ref
41. In Figure 6, we summarized the reaction network of the
OCM in a graph-like representation. Here, each larger node
represents a reactant, product, or reaction intermediate. Small
unlabeled nodes represent the elementary reactions connect-
ing these compounds. The size of the node and the thickness
of the edge correspond to the concentration in the outlet gas
and the reaction rate, respectively. The OCM reaction starts

from CH4 and O2, and as the reaction proceeds, species such
as CH3 or HO2 are generated. From this graphical
representation, we can see that the deep oxidation path
proceeds as C2H4 → C2H3 → CH2O → CHO → CO →
CO2, as these compounds are intimately connected in the
middle part of the graph. Also, CH3 has strong connection
with these compounds. This strongly implies that the
overoxidation occurs either via CH3 or C2 compounds,
which agrees with previously reported gas-phase microkinetics
analysis.15 Thus, our results suggest that dehydrogenation
from C2 compounds should be suppressed to increase the C2
selectivity.

Figure 5. Dependence of the composition of C-containing species (left axis) and CH4 conversion (right axis) on (A) reaction temperature (in
°C) and (B) P(CH4)/P(O2) in the inlet gas. The catalyst weight was taken to be 1 g in both calculations. P(CH4)/P(O2) dependence was
evaluated at T = 750 °C.

Figure 6. Reaction network of the OCM, calculated at T = 700 °C,
Ptot = 1 bar, and partial pressure ratio of CH4/O2 = 2:1. The nodes
represent the chemical compounds, and their size shows the
concentration in the outlet gas. The small unlabeled nodes indicate
the elementary reactions connecting the compounds. The thickness
of the arrow shows the reaction rate.
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which suggests the CO oxidation to CO2 is suppressed when
P(O2) is small. These trends are in agreement with the
experimental trend, as reported by Marin et al. for example.21

In summary, Figure 5A,B indicates that the C2 selectivity
depends more strongly on the reaction temperature than on
the partial pressure ratio. Thus, one should carry out the
catalytic reaction at a temperature as low as possible to
increase C2 selectivity in the OCM.
Reduction of the elemtary reaction set is often performed

to lower the computational cost or facilitate interpretation of
the reaction mechanism.66 Here, we tried to reduce the set of
109 gas-phase reactions. To measure the importance of each
elementary reaction for the OCM reactivity, we used
sensitivity analysis as discussed in Section 3.2. As a result,
54 elementary reactions were dropped because they have
CH4 conversion sensitivity smaller than 1.0 × 10−4 and
therefore make little contribution to CH4 conversion. The
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the reduced reaction set with a total of 116 reactions, we
carried out the microkinetic calculation. The mole fraction
changes along the reaction time are compared in Figure S6.
The CH4 conversion calculated using the reduced mechanism
was 21.3%, while that using the full mechanism was 20.7%.
Thus, the reduced mechanism is sufficient for semi-
quantitative analysis for the OCM reactivity. However, in
the following discussion, we still retained the full reaction
mechanism because it is expected to be more accurate.
Finally, we summarized the relationship among the
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41. In Figure 6, we summarized the reaction network of the
OCM in a graph-like representation. Here, each larger node
represents a reactant, product, or reaction intermediate. Small
unlabeled nodes represent the elementary reactions connect-
ing these compounds. The size of the node and the thickness
of the edge correspond to the concentration in the outlet gas
and the reaction rate, respectively. The OCM reaction starts

from CH4 and O2, and as the reaction proceeds, species such
as CH3 or HO2 are generated. From this graphical
representation, we can see that the deep oxidation path
proceeds as C2H4 → C2H3 → CH2O → CHO → CO →
CO2, as these compounds are intimately connected in the
middle part of the graph. Also, CH3 has strong connection
with these compounds. This strongly implies that the
overoxidation occurs either via CH3 or C2 compounds,
which agrees with previously reported gas-phase microkinetics
analysis.15 Thus, our results suggest that dehydrogenation
from C2 compounds should be suppressed to increase the C2
selectivity.
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Figure 6. Reaction network of the OCM, calculated at T = 700 °C,
Ptot = 1 bar, and partial pressure ratio of CH4/O2 = 2:1. The nodes
represent the chemical compounds, and their size shows the
concentration in the outlet gas. The small unlabeled nodes indicate
the elementary reactions connecting the compounds. The thickness
of the arrow shows the reaction rate.
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Figure 2. Mole fraction along the reaction 
time (s) calculated by the reactor 
simulation.  

MgO helps not only the CH4 activation but also the
dehydrogenation of C2H6.
3.2. Sensitivity Analysis and the Transition-State

Calculation. Before performing the microkinetic analysis at
the productive level, we identified important elementary
reactions among the reaction set. The sensitivity analysis was
done for this purpose, and the Campbell’s DRC was
evaluated as the sensitivity measure. We estimated the
DRC on the CH4 conversion and the C2 selectivity, by
numerically changing the pre-exponential factor by 1%.
Adsorption reactions are not included here as these are
equilibrium reactions.
Figure 2 summarizes the sensitivity on the CH4 conversion

and C2 selectivity, plotted against the elementary reaction
number in Table 1. The figure shows that the sensitivity for
CH4 conversion is significantly high at the elementary
reaction number 119, which is the H abstraction from CH4
by the surface O atom (CH4 + O-Mg-Cat → H-O-CH3-Mg-
Cat). The same is true for the C2 selectivity, which shows the
largest sensitivity for the elementary reaction number 119.
Considering these results, the H abstraction from CH4 has
the largest contribution to the properties of interest, i.e., CH4
conversion and C2 selectivity. This also means that the Ea
value for this process should be as accurate as possible
because it significantly affects the result of the microkinetic
analysis.
Based on this idea, we carried out the Ea evaluation for this

elementary reaction with a higher level of computational
accuracy, instead of the Ea value estimated with the LFER.
For this purpose, we carried out the geometry optimization of
the TS with BEEF-vdW and then evaluated the Ea value with
B3LYP functionals. In our previous work, we found that the
hybrid functional including the Hartree−Fock exchange is
preferred for accurate Ea calculation.

38,63 For this reason, we
employed the B3LYP for Ea evaluation. Figure 3 shows the

optimized structure of the TS for the H abstraction from
CH4. The Ea value calculated with B3LYP was 1.00 eV (96.5
kJ/mol), which is moderately smaller but close to reported Ea
values for the CH4 activation on MgO (85−90 kJ/
mol).21,64,65 This Ea value is used in the microkinetic
analysis, as will be discussed in the next section.
3.3. Microkinetics and Reactor Simulation. The rate

of each species was evaluated using the microkinetic method
and used in the subsequent reactor simulation. Here, the C2
compounds are defined as C2Hx (x = 1−6), and their flow
rates are summed when analyzing the C2 selectivity. The
reactant conversion and product selectivity were evaluated
from the content of the outlet gas.
The mole fractions of gaseous species at different reaction

times are plotted in Figure 4. In the figure, those of CH4 and
O2 (xCH4 and xO2) decrease as the reaction proceeds, as they
are reactant species in the OCM reaction. In this condition,

xCH4 and xO2 were 0.28 and 0.14 at the inlet and decreased to
0.23 and 0.09 at the outlet, respectively. Thus, the CH4 and
O2 conversions were 20.7 and 36.7%. Corresponding to the
decrease of CH4 and O2, the CO, CO2, C2H6, and H2O
concentrations increased as the reaction proceeded. The
respective mole fractions of COx (x = 1, 2) and C2H6 were
0.03 and 0.02. The selectivities of C2 and COx among the C-
containing compounds in the outlet gas were 36.3 and 63.6%,
respectively. Other than C2 and COx compounds, H2O was
formed and amounted to 61.0% among the product species
in the outlet gas. From the figure, we can conclude that the
CO2 mole fraction was lower than or almost the same as that
of C2H6 at the early stage of reaction (less than 0.47 s). This
means that a shorter contact time is beneficial to the C2
selectivity, which is consistent with the suggestion by
experiments.7

In addition to these specific reaction conditions, we also
evaluated the dependence of the CH4 conversion and C2
selectivity on the temperature and partial pressure ratio of
CH4 to O2. The results are summarized in Figure 5A,B. The
gray lines in the figures show the CH4 conversion, and the
stacked bars indicate the composition of C-containing
compounds in the outlet gas.
As expected, the CH4 conversion increases as the

temperature increases, with the calculated values of 1.3,
20.7, 45.6, and 52.4% at T = 600, 700, 800, and 900 °C,
respectively. On the contrary, the C2 selectivity decreases at
the same time, with values of 82.8, 36.3, 6.2, and 11.3%.
When the temperature increases, the amounts of C2H4 and
C2H6 decrease while those of CO and CO2 increase. This
shows that the decrease in C2 selectivity is due to the
successive oxidation of C2 to CO and CO2. This tendency
agrees with experimental results. For example, Ito and
Lunsford found that the C2 selectivity tend to decrease
over T = 700 °C, while the CH4 conversion increases at
higher temperatures.6

In terms of the partial pressure ratio, the following changes
were observed: (i) the CH4 conversion decreases at a higher
P(CH4)/P(O2) ratio; (ii) the C2 selectivity increases as
P(CH4)/P(O2) increases; (iii) the CO2 selectivity decreases
as P(CH4)/P(O2), while the ratio of CO is rather constant,

Figure 3. Optimized structures of the CH4 activation at the stepped
MgO. The left, middle, and right correspond to the reactant, TS,
and product states. The white, gray, red, and green spheres
represent H, C, O, and Mg atoms, respectively.

Figure 4. Mole fraction along the reaction time (s) calculated by the
reactor simulation. The inlet gas consisted of CH4, O2, and He (as
inert gas). The total pressure was set to P = 1 bar, and the partial
pressure ratio of CH4, O2, and He was set to 2:1:4. The volumetric
flow rate was set to 1 mL/s, and the reaction temperature was 700
°C. The catalyst weight was 1 g.
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