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A B S T R A C T   

One of the most important processes for converting methane into value-added chemical products is the reaction 
of the oxidative coupling of methane. The catalytic performance of a heterogenous catalyst can be evaluated 
using the first principles. The simultaneous presence of defects (oxygen vacancies, metal dopants and edges) on 
perovskites makes the simulations more realistic and closer to the experimental conditions. Results showed that 
CH3 adsorption and formation energy of the oxygen vacancy are sufficient to verify catalytic activity. The 
comparison of the steps and the surface simulations shows different properties and that the step is not always the 
preferred catalytic site.   

1. Introduction 

In industrial manufacturing, where natural gas is the raw material, 
the conversion of methane into value-added chemical products is a 
desirable process that will play an increasing role in the future [1]. The 
major interest is in a process called oxidative coupling of methane 
(OCM), in which the catalysed reaction of methane in the presence of 
oxygen produces ethane and ethylene. In this reaction, CH4 is adsorbed 
onto a metal oxide surface in order to produce a CH3 radical that will be 
released in the gas phase to form olefines [2]. Since the pioneering work 
of Keller and Bhasin in 1982 [3], a great deal of research has been 
conducted on the OCM reaction, and current developments include the 
chemistry of methane activation [4,5], the use of alternative oxidants 
[6], reactor technologies [7–9], thermodynamic limitations [10], and 
heterogeneous catalytic methane conversion [11–13]. Focusing on the 
more proper chemical aspects, recent advances concern the active site, 
acid-base properties, oxygen vacancy, and surface reducibility, as well 
as discussed in excellent reviews [5,12]. 

In the OCM reaction, one of the most intriguing challenges concerns 
the first part of the activation mechanism involving the C–H bond 
breaking. Indeed, to fully understand the mechanism, experimental 
[2,14] and computational [15,16] studies have focused on this aspect. 
Therefore, the development of the best performing and commercially 
viable catalyst that can facilitate this breaking is the goal of the 

researcher’s efforts. Catalytic performance must be evaluated through a 
set of parameters to drive the synthesis of new materials. These pa
rameters quantify the selectivity and yield of the heterogeneous catalyst. 
They can be directly related to structural and chemical properties. It is 
generally accepted in the literature that the catalytic activity in the OCM 
reaction can be described using three different parameters: (i) activity is 
related to the ability to break the C–H bond; (ii) selectivity to CH3 
adsorption strength and (iii) surface reducibility is related to the ability 
to form stable oxygen vacancies [17–22]. All these values can be ob
tained computationally and associated with the structure of the catalyst. 

Several classes of materials have been tested as heterogeneous cat
alysts for the OCM process. Metal oxide surfaces, for example, have been 
extensively studied both experimentally [23–26] and theoretically 
[17,21,27,28]. Among them, the perovskites (general formula ABO3) are 
capable of readily adsorbing hydrogen [29], which plays a critical role 
in the C–H activation mechanism, and show a good capability to form 
stable oxygen vacancies [17,27,30–34]. Both these properties are crucial 
in oxidative coupling reactions, as reported by Fung et al.as reported by 
Fung et al. [20]. Using first principles, they studied the role of dopants at 
sites A and B on the C–H activation energy and suggested a correlation 
between the oxygen surface reactivity and the C–H activation energy, 
although a general trend was elusive. 

Among the free Rare Earth perovskites, catalytic performance has 
been studied for the OCM reaction [12,21–23]. Bai et al. [35] considered 
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the impact of SrTiO3 surface composition and found improved perfor
mance with Sr surface enrichment. Fakhroueian and co-workers [22] 
reported an increment in selectivity with Na and Ba doping at sites A and 
B, while Ivanov et al. [20] showed that different dopants at both A- and 
B-sites promote catalytic performance and in particular catalyst selec
tivity. Finally, Lim et al. [21] combined experimental and first- 
principles calculations on catalyst design for the oxidative coupling of 
methane and found an optimal range for CH3 adsorption for SrTiO3 
surfaces doped with metals and lanthanides. However, a fundamental 
understanding of the effects of the dopant on a no-ideal flat SrTiO3 
perovskite surface on catalytic reactivity/selectivity for OCM has not yet 
been achieved. 

Therefore, this study aims to evaluate, using first principles, the 
catalytic performance of pure and doped SrTiO3 in a more realistic 
system than an ideal flat surface. For this purpose, oxygen vacancies, 
different metal dopants and an extended structural defectivity as edges 
and facets are considered by modelling the dopant reduced steps (see 
Fig. 1). The Mg and Al dopants were considered for both sites A and B. 
The results demonstrated that the experimental catalytic activity can be 
explained by using selected calculated parameters, such as the CH3 
adsorption and the oxygen vacancy formation energy, to verify the 
selectivity/surface activity and reducibility, respectively. A comparison 
between the step and the surface under similar conditions was also 
performed, showing that step (i) has different properties than the surface 
and (ii) is not necessarily the best performing catalytic site. In fact, the 
stability of vacancy and adsorption properties, while maintaining 
similar trends, change dramatically from a quantitative point of view. 
These variations strongly alter the performance of the catalyst and 
highlight how the results obtained for ideal surfaces are not fully 

transferable on the step model. 

2. Computational details 

The Quantum-ESPRESSO software package [36,37] is used to 
calculate the relaxed structures and the adsorption properties of pure 
and doped SrTiO3 steps. The computational setup was previously 
adopted [29,34,38,39] on SrTiO3 steps, where the spin-polarized 
Kohn–Sham equations are solved with the PBE exchange–correlation 
functional [40] and core–valence interactions are considered through 
Vanderbilt ultrasoft pseudopotentials [41]. Ti (3 s and 3p) and Sr (4 s 
and 4p) semicore states are explicitly treated. A kinetic energy cutoff of 
25 Ry, while a 250 Ry cutoff is used for the augmented charge). A 2 × 2 
Monkhorst-Pack mesh is used for the Brillouin zone. For both pure and 
doped calculations, the lattice constant of pure compound (a = 3.931 Å) 
[31] is used. To avoid interactions, a thick vacuum space of 19 Å is used 
between the surfaces of the slab. Calculations are performed on a 3 × 4 
SrTiO3 (110) slab (five SrTiO and four O2 atomic layers for each slab), 
where the step is obtained by removing SrO units. Only the top three 
layers of the slab are relaxed, while the other ones are kept fixed. 

The oxygen vacancy formation energy Ef(Vx), with x = 1, 2 for a 
single oxygen vacancy, is calculated as total energy differences between 
the unreduced slab and the reduced slab plus a half free O2 molecule 
from the equation: 

Ef (Vx) = E[Vx@step] +
1
2

E[O2] − E[step]

where E[Vx @ step] is the total energy of the step containing the 
oxygen vacancy, E[O2] is the energy of the isolated oxygen molecule, 

Fig. 1. (A)). Cyan, grey, red and green spheres are Sr, Ti, O and Al atoms, respectively.  
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and E[step] is the total energy of the oxidized doped/undoped step. A 
correction was applied to compensate for the DFT-GGA overestimation 
of the O2 dissociation energy is applied a correction [28,42]. 

Similarly, the adsorption energies of the different species (CH4 and 
CH3) are obtained as the difference between the step with one adsorbed 
molecule Eads(CH4,CH3), minus the sum of the bare step E[step] and the 
isolated molecule energy E[CH4,CH3]. 

Eads(CH4,CH3) = E[CH4,CH3@step] − E[CH4,CH3] − E[step]

For the Eads(H), the half energy of the isolated H2 molecule is 
considered. All isolated species (CH4, CH3 radical, H2 and O2) are 
calculated in a 10 × 10 × 10 A3 cubic box. 

3. Results 

Various OCM reaction mechanisms have been proposed in the liter
ature, whose common elements are reagents (CH4 and O2) and products 
(hydrocarbons and water) in the presence of a catalyst 
[17,18,21,43–46], where the type of hydrocarbons depends on the ratio 
of methane and oxygen. Several authors propose a simplified OCM re
action mechanism [17,45,46] that can be described in five stages. 

The OCM process (Scheme 1) can be represented globally as eq. 1: 

2CH4 +O2→C2H4 + 2H2O (1) 

Both gas-phase and surface reactions play an important role in the 
formation of desired products. However, in this study, the attention will 
be focused on the catalytic active sites, thus only on reactions directly 
involving the heterogeneous catalyst. This choice is justified by the fact 
that the methane activation stage is generally accepted as the rate- 
determining step [17,45] and the purpose of the study is to select the 
optimal heterogeneous catalyst. Thus, all CH3 radical reactions in the 
gas phase are outside of the scope of this study. 

In presence of a heterogeneous catalyst, the CH4 adsorption onto the 
surface oxygen atom (Eq. 2) leads to the CH3 radical formation (Eq. 3a), 
which should be released into the gas-phase (Eq. 3b): 

CH4 +Os→[CH4]s (2)  

[CH4]s→ • [CH3]s +Hs (3a)  

•[CH3]s→ • CH3 (3b) 

where the subscript s is used to label the surface adsorbed species. 

Hydrogen is adsorbed on the oxygen surface. CH3 radicals in the gas 
phase react to form C2H4. To restore the original catalyst, the adsorbed 
hydrogens react with surface oxygen to form the water molecule and an 
oxygen vacancy (Eq. 4) 

2 [OH]s→[*]s +Os +H2O (4) 

where [*]s is the oxygen vacancy. Molecular oxygen heals this va
cancy to obtain the original catalyst again (eq. 5) 

[*]s + 1 /2O2→Os (5) 

To evaluate the catalytic performance of the catalyst for the OCM 
reaction (Scheme 1), it is possible to correlate the most relevant stages of 
the mechanism with some calculable parameters. Specifically:  

i) activity depends on the C–H activation process that allows the 
formation of the CH3 radical that must desorb in the gas phase to 
form the desired products. This parameter is obtained from eq. 3a 
and can be related to the activation value of the C–H bond;  

ii) selectivity depends on the ability of the CH3 radical to adsorb/ 
desorb from the surface. This stage competes with the previous 
one because any factor that enhances adsorption reduces its 
performance. This parameter is obtained from eq. 3b and can be 
related to the value of the CH3 adsorption energy;  

iii) reducibility depends on the ability to form and stabilize oxygen 
vacancy, and any factor that promotes the formation of the ox
ygen vacancy increases the performance. This parameter is 
related to eq. 4, where the adsorbed H atoms were released as 
water molecules and can be related to the value of the oxygen 
vacancy formation energy. 

3.1. Formation and oxygen vacancy formation energies 

When dealing with a doped system, the first thing to be evaluated is 
the formation energy Ef(dop) of dopant substitutional, which is calcu
lated according to the formula: 

Ef (dop) = E[dop@step] − E[step] +E[Ti] − E[dop]

where E[dop @ step] is the total energy of the supercell containing 
the dopant (Al or Mg) impurity, E[step] is the total energy of the pure 
step supercell, while E[Ti] and E[dop] are the energies of Ti and dopant 
in their stable metallic phases. This yields at B-site 0.79 and 0.35 eV for 
Al and Mg dopants, respectively, and at the A-site 1.64 eV for the Mg 
dopant (see Table 1). More positive formation energies indicate less 
stable defects, so these values suggest that it is easier to insert a dopant 
at the B-site. Also, a comparison with the flat (100) SrTiO3 surface shows 
that it is easier to insert a dopant at the B-site of the step than at the 
surface, where the values for Al- and Mg-doped at the B site are 1.11 eV 
and 1.54 eV [47]. This behaviour has also been previously observed for 
other dopants (Co or Cu) [20]. 

Scheme 1. Schematic diagram for the OCM mechanism stages that involved 
the surface (see the text for the description of each stage). The stage in Eq. 3b is 
not shown because it did not involve the heterogenous catalyst (step). Colour 
code as in Fig. 1. In addition, the yellow and white spheres represent C and H 
atoms, respectively. 

Table 1 
Formation energies Ef(dop), oxygen vacancy formation energies Ef(Vx), and CH3, 
CH4, and H adsorption energies for pure, Al- and Mg-doped surfaces. The oxygen 
vacancy and the adsorption (O1 and O2) sites are labelled in Fig. 1. All energies 
are given in eV.   

Pure Al (B-site) Mg (B-site) Mg (A-site) 

Ef(dop) // 0.79 0.35 1.64 
Ef(V1) 5.03 3.44 2.16 3.74 
Ef(V2) 4.38 3.13 0.96 3.01 
O1Eads(CH4) − 0.49 − 0.43 − 0.37 − 1.69 
O2Eads(CH4) − 0.48 // − 0.43 − 1.38 
O1Eads(CH3) − 1.60 − 2.54 − 3.70 − 2.81 
O2Eads(CH3) − 1.31 − 1.90 − 3.50 − 2.04 
O1Eads(H) − 0.01 − 1.06 − 2.18 − 1.35 
O2Eads(H) − 0.08 − 0.92 − 2.29 − 1.47  
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The inclusion of another defect, a single oxygen vacancy, is more 
complex than for the flat surface because multiple sites must be 
considered. Specifically, an oxygen atom is removed from the first or 
second layer of the slab model. The vacancy sites are labelled as V1 and 
V2 (see Fig. 1), and the formula for calculating the vacancy formation 
energy Ef(Vx), with x = 1, 2 is given in computational details. 

For the pure step, the values of Ef(V1) and Ef(V2) are 5.03 and 4.38 
eV, respectively. Depending on the site, they are slightly higher (V1) or 
significantly lower (V2) than those previously calculated for the (1 0 0) 
surface (4.89 eV [47]). Indeed, for both Al and Mg-doped steps at both A 
and B sites, Ef(V1) and Ef(V2) values are significantly lower than those 
for the pure step. As also observed for other dopants, impurity promotes 
the formation of vacancy, particularly at the V2 site. In more detail, for 
the Al- and Mg-doped systems at the B-site, Ef(V1) and Ef(V2) values 
(3.44/3.13 eV and 2.16/0.96 eV for Al and Mg at V1/V2 sites respec
tively) are higher than the values at the doped (1 0 0) surface (2.31 and 
− 0.09 eV for Al- and Mg-doped, respectively [47]). All values are shown 
in Table 1. 

3.2. The surface selectivity and the surface activity: CH3 and H 
adsorption energies 

The first stage to consider for surface selectivity and activity is the 
CH4 adsorption on the step. In our previous work on the doped SrTiO3 
surface, both metal and oxygen adsorption sites were considered, but the 
former is always disadvantaged compared to the latter [47]. Therefore, 

only the two oxygen sites closest to the metal were calculated. Fig. 2 
shows the O1 and O2 sites on the ridge and side of the step, respectively 
for the pure step. The Eads(CH4) energy is calculated as shown in the 
computational details section. 

Comparison of the Eads(CH4) energies of the pure and doped steps at 
the different adsorption sites shows that (i) for the pure and B-site doped 
steps, the adsorption energies are similar; (ii) for the A-site doped step, 
this value is significantly higher than for the other systems; and (iii) 
there are only slight variations between sites O1 and O2. All values are 
shown in Table 1. Interestingly, a direct comparison between the surface 
and steps with pure and Al- and Mg-doped at B-site reveals that the 
Eads(CH4) energies at the step are always higher than at the surface. 
These results prove that in the presence of structural defectivity, the step 
becomes the preferred adsorption site for CH4. 

The second stage of the OCM mechanism involves the adsorption of 
CH3, which is generally recognized as a measure of catalyst selectivity. 
Actually, after CH4 adsorption, two competitive processes can occur: (i) 
CH3 can be realised at the gas phase and reacts to form the desired value- 
added chemical products or (ii) it can anchor itself firmly at the step and 
avoid product formation. A catalyst with good performance has a high 
capability to release CH3: selectivity decreases as the CH3 adsorption 
energy increases. Similarly to CH4, the CH3 adsorption energy is ob
tained as the difference between the energy of the step with adsorbed 
CH3, minus the sum of the energy of the step and the isolated ⋅CH3 
radical. The results in Table 1 show lower adsorption values for the pure 
step, while the doped ones have higher values. In contrast to the trend of 
CH4 adsorption, there is a clear difference between the two adsorption 
sites (O1 and O2) for all systems (see Fig. 3). The lateral site O2 exhibits 
systematically lower CH3 adsorption energies than the edge one O1. 
Comparison of these values with those of the surface shows a common 
qualitative trend [47]: adsorption energies for pure systems are gener
ally lower than for the doped ones. 

After reducibility (oxygen vacancy formation energy) and selectivity 
(CH3 adsorption energy), the last characteristic for testing catalytic 
performance is activity. Three different ways to calculate activity are 
reported in the literature: (i) the H adsorption energy Eads(H) [18,19]; 
(ii) the C–H dissociation energy [21]; and (iii) the activation energy 
[17]. In a preview work on the catalytic properties of SrTiO3 pure and 
doped surfaces, these methods are commented on by items and the 
linear dependence of the second and the third on the first is reported and 
demonstrated [47]. Therefore, attention will be focused only on the first 
method, in which the Eads(H) is calculated as the difference between the 
step with adsorbed H and the sum of the bare step and half the energy of 
the free H2 molecule. 

Calculated results in Table 1 show almost negligible interaction be
tween the H atom and the pure step at both adsorption sites, while the 
values are sensitively higher (up to 2.29 eV) for the doped steps. In 
particular, the Al-doped/ Mg-doped steps (B-site) have lower/higher H 
adsorption energy. For all systems, the energy difference between the H 
adsorption sites (O1 and O2) is around 0.15 eV. The comparison be
tween pure and doped surfaces with the corresponding steps highlights 
higher values for the surface systems [47]. A too strong H-catalyst 
interaction is not a favourable aspect: the adsorbed H must be realised in 
the gas phase as water to restore the initial catalyst. 

4. Discussion 

In the preview sections, Ef(Vx), Eads(H), and Eads(CH3) parameters, 
which are useful to verify the catalytic performance, are calculated for 
pure and doped steps. Fig. 4a and b show that linear trends exist between 
Ef(Vx) and Eads(CH3) / Eads(H) values for both O1 and O2 adsorption sites 
and for both V1 and V2 vacancy sites. These correlations are very similar 
to those found in pure and doped surfaces, which means that the step 
defect can alter the absolute values but not the overall trends of these 
parameters. Since there is a linear correlation between Eads(CH3) / 
Eads(H) values, only one can be considered. The literature [21,47] 

Fig. 2. CH4 / CH3 adsorption at O1 (A/B) and O2 (C/D) sites for the pure step. 
All distances are reported in Å. Colour code as in Fig. 1. In addition, the yellow 
and white spheres represent C and H atoms, respectively. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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suggests Eads(CH3) as the optimal parameter to describe the catalytic 
performance in the OCM, and this conclusion can also be applied to the 
steps. In fact, in the first instance, one of the crucial stages in the OCM 

mechanism is the release of the CH3 into the gas phase, while Ef(Vx) is 
important to reconstruct the catalyst under the initial conditions. Based 
on this assumption, each pure and doped step will be evaluated, and the 

Fig. 3. CH3 adsorption at O1 (top) and O2 (down) sites for the B- site Al- (A, D), Mg-doped (B, E) and for the A-site Mg-doped (C, D) steps. All distances are reported 
in Å. Colour code as in Fig. 1. In addition, the yellow, white and magenta spheres are C, H, and Mg atoms, respectively. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Linear correlation between (A) Ef(V1) and Eads(CH3)/Eads(H) and (B) Ef(V2) and Eads(CH3)/ Eads(H). The filled and empty symbols represent the CH3/H 
adsorption at the O1 and O2 adsorption sites, respectively. The SrTiO3, SrMgTiO3, SrTiAlO3, SrTiMgO3 represent the pure, the Mg-doped (A-site), the Al-doped (B- 
site) and the B-doped (B-site) steps, respectively. All energies are in eV. The green bands are the optimal range for Eads(CH3) values. 
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calculated Eads(CH3) values will be correlated with the experimental 
data [20]. The following discussion will be valid for both V1 and V2 
sites. 

The pure step has a good value for Eads(CH3), but the too high values 
of Ef(Vx) for both V1 and V2 invalidate its performance. In fact, exper
imental data [20] suggest that the pure system is not a good catalyst. The 
Mg-doped at the A site and the Al-doped at the B site have quite similar 
values for Eads(CH3), between 2.5 ± 0.5 eV (see Fig. 4, green bands). The 
experimental data suggest that these doped systems have good catalytic 
performance, so it is possible to quantitatively correlate the good cata
lytic performance with the Eads(CH3) value. Incidentally, this is the same 
optimal range already reported in the literature for Ln-doped SrTiO3 
[21] and for Al/Mg-doped SrTiO3 surfaces [47]. 

Finally, the Mg-doped step at the B site has a too high value for 
Eads(CH3). This means that CH3 is so strongly adsorbed that it prevents 
the release into the gas phase and formation of the desired products. This 
result seems in contrast with experimental data [20] that found that the 
Mg-doped at the B site is a good catalyst. The disagreement can be 
resolved if the Mg-doped surface is also considered. In fact, this surface 
is easily reduced, so in the presence of the Mg dopant at the B site, the 
catalyst is mainly a reduced doped surface. The catalytic performance of 
this Mg-doped reduced surface [47] is in agreement with experimental 
data [20]. Therefore, the Mg dopant at B-site is not a good catalytic site 
in the step for the OCM reaction. 

Given the linear correlation between Eads(CH3) / Eads(H), the same 
considerations could be made when considering Eads(H). The only dif
ference will be the optimal adsorption range. In fact, the pure SrTiO3 
step still has Ef(Vx) values that are too high, and Eads(H) for the Mg- 
doped step at the B-site is also too high. A high value prevents the 
release of the H atom and the restoration of the catalyst in its initial 
conditions. 

5. Conclusions 

The OCM reaction was studied and the mechanism’s different stages 
were investigated using first principles. Catalytic performance depends 
on three different parameters: oxygen vacancy formation, CH3 adsorp
tion and C–H dissociation, which are generally accepted in the litera
ture as good descriptors for OCM catalysts. Thus, DFT calculations are 
used to gain these values for all systems. 

To better describe the experimental conditions and correctly repro
duce all the experimental data, an ideal model as a flat surface might be 
inadequate, so a more realistic system with extended structural defect 
(step), oxygen vacancies and metal (Al and Mg) dopant was considered. 
Results demonstrated that the inclusion of structural defectivity as the 
step is crucial to understanding the OCM reaction mechanism. 

Outcomes obtained on pure, pure-reduced, doped and doped- 
reduced systems show that the step has different absorption sites with 
different behaviour and not all of them are good catalytic sites. For 
example, too high energy for the CH3 adsorption implies low selectivity, 
thus poor catalytic performance. To consider at the same time the in
fluence of selectivity, reducibility and activity, these parameters were 
correlated and linear trends were found between oxygen vacancy for
mation and CH3/H adsorption values for both absorption sites and ox
ygen vacancy positions. Because of these relationships, only one 
parameter can be considered and the correlation between experimental 
performance and calculated values suggests that CH3 adsorption is the 
best parameter to consider. Furthermore, this comparison indicates that 
the optimal range for this parameter is around − 2.5 eV. In agreement 
with experimental data, Al-doped at B-site and Mg-doped at A-site are 
good catalysts. 

A more general comparison between step and surface models under 
similar conditions shows that step (i) has different adsorption properties 
than the surface and (ii) is not necessarily the best performing catalytic 
site. Regarding the first point, the CH4 adsorption energies are always 
higher at the step and this suggests that, in the presence of this defect, it 

becomes the preferred adsorption site. With the CH3 adsorption values, 
several adsorption sites are present at the step and their behaviour is 
different: at the first layer, the adsorption values are higher than at the 
surface, while the opposite occurs at the second layer. Regarding the 
second point, the higher step adsorption energies do not always make it 
a better catalytic site. In fact, as verified for the Mg-doped step at the B- 
site, too high absorption energy prevents the CH3 release, making it a 
poor catalytic site for the OCM reaction. These variations strongly alter 
the performance of the catalyst and highlight that the results obtained 
for ideal surfaces are not fully transferable on the step model. Therefore, 
a study that includes additional defectivities is essential. 
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