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The diversity of perovskites offers many opportunities for catalysis, but an overall trend has been elusive.

Using density functional theory, we studied a large set of perovskites in the ABO3 formula via descriptors of

oxygen reactivity such as vacancy formation energy, hydrogen adsorption energy, and the first C–H activa-

tion energy of methane. It was found that changing the identity of B within a period increases the oxygen

reactivity from the early to late transition metals, while changing A within a group has a much smaller effect

on oxygen reactivity. Within the same group, B in the 3d period has the most reactive lattice oxygen

compared to the 4d or 5d period. Some perovskites display large differences in reactivity for different

terminations. Further examination of the second C–H bond breaking on these perovskites revealed that

larger A cations and non-transition metal B cations have higher activation energies, which is conducive to

the formation of coupling products instead of oxidation to Co or CO2. Balance between the first C–H bond

breaking and methyl desorption suggests a just right oxygen reactivity as described by the hydrogen

adsorption energy. These insights may help in designing better perovskite catalysts for methane

activation.

1. Introduction

Perovskites are a prominent class of mixed-metal oxides with
a wide range of possible compositions and corresponding
physical and chemical properties. Following the general for-
mula ABO3, the 12-fold coordinated A and 6-fold coordinated
B metal cations can be sourced from the majority of the me-
tallic elements in the periodic table, so long as the ionic radii
of the constituting elements are suitable for the formation of
a cubic perovskite structure, which can be estimated by calcu-
lating the Goldschmidt tolerance factor.1 Deviations from the
ideal structural tolerance factor of one may lead to distorted
lattices with orthorhombic and rhombohedral structures. As a
further level of compositional diversity, the A and B cations
can be substituted with additional elements, leading to non-
stoichiometric perovskites with cationic or anionic deficien-
cies. From this wide diversity of possible configurations, a sig-
nificant portion has been found to have good thermal stabil-
ity and promising catalytic activity for a wide range of
industrially important reactions.2–8 It is highly desirable to
predict many important catalytic properties of a perovskite
from first principles.9,10

Perovskites are extensively studied in photocatalysis and
can also be a potential replacement for expensive noble
metals for heterogeneous catalysis and
electrocatalysis.2–6,11,12 Hydrogen adsorption and vacancy for-
mation energies have been shown to be viable ‘descriptors’
of catalytic activity.10,13–19 Experimentally, catalysts with high
oxygen mobility and low vacancy formation energies are often
reactive for a wide range of reactions, because the lattice oxy-
gen often plays a critical role in the catalysis reaction via the
Mars–van Krevelen mechanism. Similarly, hydrogen adsorp-
tion energy is important since it can be linked to the energy
barrier of C–H activation via a homolytic mechanism. Being
able to estimate the energy barrier for C–H activation and re-
late it to experimental rates is crucial for elucidating favored
reaction pathways on metal oxides.20

CH4 utilization has received renewed interest in recent
years due to the increase in shale gas production. Perovskite
catalysts have shown excellent thermal stability (up to 1000
°C), resistance to sintering of substituted metals and high oxy-
gen mobility, which offers great potential for methane com-
bustion and oxidative coupling reactions.3,5,21–24 These routes
for the conversion of methane21,25–28 to methanol or ethylene
have wide ranging implications for the fuel and chemical in-
dustry. For the catalytic reaction of hydrocarbons on metal
oxides, C–H bond activation is generally the first step in the
reaction.13,26,29,30 Following C–H activation, methyl and
hydroxyl groups form on the surface lattice oxygens. The
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methyl groups can couple on the surface or in the gas phase
to form C2 products, or can further oxidize to form combus-
tion products such as CO and CO2.

For perovskites, the (001) surface facet is the stable and
experimentally observed31–34 facet, though other orientations
can exist in high-surface-area or mesoporous structures. To
isolate the effect of compositional changes on catalytic activ-
ity, this study will focus on the most commonly exposed
(001) surface facet. Two possible terminations exist for this
facet: the ‘A’ surface with the AO layer at the termination and
the ‘B’ surface with the BO2 layer. Experimentally, it is possi-
ble to control the surface termination through various treat-
ments, which has been demonstrated to lead to different cat-
alytic activities and selectivities for reactions.34

The present work aims to understand the catalytic activity
of perovskites for methane activation. Taking advantage of
the well-defined structure of cubic perovskites and the diver-
sity of possible compositions, we screen a large set of promis-
ing perovskites for low C–H activation energies. We first dem-
onstrate the validity of correlating the H-adsorption-energy
(HAE) and vacancy-formation-energy (VFE) descriptors with
C–H activation energies, and then use these to identify the
most plausible active perovskites. Finally, we study whether
or not it would be possible to select perovskites that favor
C–C coupling and disfavor the further oxidation on the
surface.

2. Methods

Density functional theory calculations were performed with
the Vienna ab initio Simulation Package (VASP).35,36 The
Perdew–Burke–Ernzerhof (PBE)37 form of the generalized-
gradient approximation (GGA) was used for electron ex-
change and correlation energies. All calculations were
performed with spin polarization. The projector-augmented
wave method was used to describe the electron–core interac-
tion,35,38 and the kinetic energy cutoff was set to 450 eV. For
the studied surface slabs, 3 × 3 × 1 sampling of the Brillouin
zone with the Monkhorst–Pack scheme was used.39 The D3
correction method by Grimme et al. was applied for the van
der Waals energy.40 The surface slabs of the studied ABO3 pe-
rovskites have three AO layers and three BO2 layers, with a 15
Å vacuum layer. A 2 × 2 supercell of the lateral unit cell was
used in subsequent calculations. The top two layers of the
slabs were allowed to relax in all calculations. The vacancy
formation energy (Evac) was calculated with the equation

. The hydrogen absorption en-

ergy (EHads) was calculated with the equation EHads =
Esurface+H − (Esurface + EH). The energies of EO2

and EH were
computed by placing the adsorbate in a cubic cell with a 15 Å
wide vacuum in each direction. Transition states (TS) were
determined with the dimer method41 and the climbing-image
nudged elastic band method42 with a force convergence of
0.05 eV Å−1.

3. Results and discussion
3.1 Descriptors of oxygen reactivity

The cubic perovskite (001) surface can have both the ‘A’ and
‘B’ terminations (Fig. 1). On each model termination, there is
one possible lattice oxygen site for catalysis. On the ‘A’ surface,
the oxygen is fourfold-coordinated to the surface A cation and
onefold-coordinated to the subsurface B cation. On the ‘B’ sur-
face, the oxygen is twofold-coordinated to the surface B cation
and twofold-coordinated to the subsurface A cation. We are
interested in these oxygen sites' activity for alkane activation.
The first C–H bond breaking is regarded to be rate limiting in
many cases of alkane activation;25,26 therefore, the C–H activa-
tion energy can be a useful quantity to predict the overall abil-
ity of a surface to react with methane. Furthermore, conclu-
sions regarding the relative reactivity for methane activation
can be applied to other similar C–H activation energies for
other alkanes.13 On metal oxides, the reactive lattice oxygen ac-
tivates the molecule via homolytic cleavage of the C–H bond
(illustrated in Fig. 1a), and the perovskite (001) surfaces follow
the same mechanism. H adsorption energy (HAE) and O
vacancy formation energy (OVFE) are the commonly used
energy descriptors for oxygen reactivity, so we explored their
correlation with the C–H activation energy for the A- and
B-terminations of many cubic ABO3 perovskites. Fig. 2 shows
the correlation between HAE and C–H Ea (R = 0.99, MAE = 0.10
eV) and between OVFE and C–H Ea (R = 0.97, MAE = 0.19 eV).
Example geometries for the C–H activation transition states
can be found in Fig. 1b. The good linear correlations suggest
that one can use either HAE or OVFE as a descriptor to predict
Ea: the stronger the H adsorption on the lattice oxygen or the
easier the formation of an oxygen vacancy at the lattice-oxygen
site, the lower the C–H activation energy of methane.

Fig. 1 CH4 activation on the perovskite (001) A and B terminations: (a)
the homolytic C–H pathway; (b) typical transition states (A atom, green;
B atom, blue; O, red; C, grey; H, white).
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The activity of the lattice oxygen can also play an addi-
tional role beyond the direct activation of the C–H such as ox-
ygen transport and recombination.43,44 In particular, the
existing descriptor OVFE could possibly relate to the activity
of oxygen for these processes. OVFE directly correlates with
the thermodynamic barrier for the removal of oxygen lattice
and, by extension, the strength of the M–O bond. Further-
more, the formation of vacancies can have an important role
in controlling the rate of oxygen activation on the surface.45

Unsurprisingly, as both HAE and OVFE relate well to C–H ac-
tivation, we can find a strong linear correlation between HAE
and OVFE as shown in Fig. 3. Therefore, we can reduce the
ability to activate C–H and form oxygen vacancies on the sur-
face to a single parameter. Below we analyze in detail the
trend of the oxygen reactivity from the perspectives of A cat-
ions, B cations, and their terminations.

3.2 Impact of the A cation on oxygen reactivity

Fig. 4 shows that changing the identity of the A cation within
the same group (Ca to Sr) has a negligible impact (∼0.1 eV)
on HAE. This is true regardless of the termination of the sur-

face. For comparison, the HAE on the pure alkali earth oxides
varies by about 0.8 eV among CaO, BaO, and SrO. In other
words, even though the A termination exposes only the alkali
earth metal and O ions, the reactivity of oxygen is still dic-
tated by the underlying B transition metal. Another common
A cation in perovskites is lanthanum6 which has a charge of
+3 instead of +2. Correspondingly, the oxidation state of the
B cation becomes +3 instead of +4, which has a significant
impact on the bonding with oxygen. This results in both
strengthening of the B–O bond and diminishing the reduc-
ibility of the B atom, leading to a lower HAE (Fig. 4). There-
fore, selecting a suitable A cation should be driven by oxida-
tion states rather than by the size of the ions, provided that
they are sufficient to form a stable perovskite.

3.3 Impact of the B cation on oxygen reactivity

Fig. 5a shows that within one period, the difference in HAE
between SrTiO3 and SrCuO3 is over 2 eV for the A termination
and about 1.5 eV for the B termination. In other words, the
oxygen reactivity on both terminations increases from Ti to
Cu. One can understand this trend from the B–O bond
strength across the period: as the number of d-electrons in-
creases along the same period, weakening of the B–O bond
occurs due to the filling of the anti-bonding orbitals, leading
to higher oxygen reactivity. Fig. 5c and d shows that within a
group, the HAE decreases or the oxygen reactivity decreases
going down the periodic table, such as from Ti to Zr to Hf,
which corresponds to decreasing electronegativity or increas-
ing metallicity from Ti (1.54) to Zr (1.33) and Hf (1.30). In
other words, oxygen becomes more ionic and less reactive to-
ward atomic hydrogen.

The strong influence of the B cation compared to the A
cation on HAE and hence oxygen reactivity demonstrates the
primary role of the transition metal B cations in controlling
perovskite reducibility. On reducible metal oxides, the forma-
tion of a vacancy or the adsorption of hydrogen results in the

Fig. 2 Correlation between homolytic C–H activation energy of CH4

and hydrogen adsorption energy (a) and oxygen vacancy formation en-
ergy (b). The lines represent the best linear fit.

Fig. 3 Correlation between hydrogen adsorption energy and vacancy
formation energy of the lattice oxygen. The black line represents the
best linear fit.
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donation of electrons to the neighboring metal.15,17 For com-
paratively irreducible oxides such as alkali earth oxides, the
electronĲs) is instead delocalized over the system.14 In the pe-
rovskite, the extra electrons will reduce the B cation much
like in the cases of reducible metal oxides. Meanwhile, the A
cations (with the same oxidation state) will have very little

impact on the reducibility of the surface as the electron will
not become delocalized like in the pure alkali metal oxide.
Furthermore, the O–B bond distance is always shorter than
the O–A bond distance,46 which provides a much more viable
channel for electron transfer. This can explain why changing
the A cation from Ca to Sr to Ba has very little impact on the

Fig. 4 Hydrogen adsorption energy for perovskites with different A cations: (a) A termination; (b) B termination. The numbers at the top of the
bars show the oxidation states of the A cations.

Fig. 5 Hydrogen adsorption energy for perovskites with different B cations: (a) across a period for the A termination; (b) across a period for the B
termination; (c) down the same group for the A termination; (d) down the same group for the B termination.
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surface reducibility, while changing the B cation has a much
greater effect.

3.4 Impact of termination on oxygen reactivity

To compare the two terminations of the same facet, we plot-
ted the difference in HAE between A and B terminations.
Fig. 6 shows that for most of the perovskites examined, the B
termination is more active. The reason can be traced to the
different coordination environment of the lattice oxygen
atoms. The oxygen is doubly coordinated to the B cation on
the B termination but only singly coordinated on the A termi-
nation. Given that the nearby B cations are reduction centers,
the presence of an additional O–B coordination can aid the
reducibility of the oxygen. This is also consistent with our
finding that the reducibility of the surface is primarily di-
rected by the B cation. In particular, ASnO3, ATiO3, AVO3 and
AMnO3 show significant differences in oxygen reactivity on
the two terminations, with the largest difference being on the
order of over 1 eV for ASnO3. A difference of this magnitude
suggests that experimentally altering the termination can pro-
vide another dimension for controlling catalyst activity. For
LaTiO3, BaZrO3 and BaHfO3, the oxygen on the A termination
is more reactive. In the case of LaTiO3, the more reducible La
(A-termination) replaces Ti (B-termination) as the reduction
center on the surface. Similarly, ZrO2 and HfO2 are highly ir-
reducible oxides47 and even more irreducible than the alkali
earth metals, resulting in less reducible B termination sur-
faces as well.

3.5 Second C–H activation or oxidative coupling on
perovskites

Further oxidation of adsorbed methyl to the COx products
proceeds via the further cleavage of C–H bonds. We exam-
ined the cleavage of H–CH2O*, as this step is generally irre-
versible and will proceed down to COx. Fig. 7 shows the tran-
sition states for H–CH2O* cleavage. The CH4 → CH3

transition state (Fig. 1b) involves only the oxygen site,
whereas the H–CH2O* → H* + CH2–O* transition state shows

close proximity of the adsorbate species with the metal cat-
ions. Unlike the highly linear correlation between the 1st
C–H activation and HAE (Fig. 2a), the correlation between the
2nd C–H activation and HAE (Fig. 8) shows large deviations
from the trend line. First, some perovskites and facets have
higher than expected 2nd C–H activation energies, such as
the A termination of BaBO3 (B = Ti, Zr, and Hf) and non-
transition metal B cations such as ASnO3 (A = Sr, Ba). The
large Ba cation will sterically hinder the C–H activation of the
methoxide to the nearby oxygen, which straddles between
two Ba cations on the A termination. The Sn cation performs
worse than the transition metal B cations in stabilizing the
methoxide C–H activation on the B termination.

Instead of the second C–H activation, the CH3 groups can
desorb from the surface oxygen site and couple in the gas
phase to form C2 products.25 Interestingly, we found that
CH3 desorption energy also linearly correlates with hydrogen
adsorption energy (HAE) for both A and B terminations, as
seen in Fig. 9. This means that the termination sensitivity
found in Fig. 6 (as reflected in the difference in HAE between
A and B terminations) also applies to CH3 desorption energy.
Fig. 9 shows that very negative HAE correlates to very positive
CH3 desorption energy. In other words, while stronger H ad-
sorption leads to easier first C–H activation, it also causes
more difficult methyl desorption. As a result, the perovskites
at the intersection between the two scaling lines offer a good

Fig. 6 Difference in hydrogen adsorption energy between the A and B terminations of the (001) facet.

Fig. 7 Typical transition states for the 2nd C–H activation of methane
(H–CH2O* → H* + CH2–O*) on A termination and B termination of a
perovskite (001) surface.
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balance between first C–H activation and methyl desorption,
which is more conducive towards the coupling products.

3.6 Implications

Due to the diversity of possible perovskite compositions, it is
imperative to obtain useful design principles in order to iden-
tify the most promising perovskite compositions for targeted
experimental preparation and characterization. The
descriptor-based approach is useful in quickly obtaining gen-
eral and reliable catalyst properties from first principles. De-
scriptors for metal oxides have only recently begun gaining
general attention,13 given the inherent electronic and struc-
tural complexity of the system compared to transition metals.

In this study, we have found hydrogen adsorption energy
(HAE) to be a central descriptor for several catalytically rele-
vant properties of the perovskites. There are several impor-
tant implications from the present work. At the very negative
HAE limit (namely, very strong H adsorption), C–H activation
is extremely facile, but will result in low OVFE, so formation
of high amounts of defects in both the surface and the bulk,
especially at elevated temperatures, can have a detrimental
effect on the catalytic activity by reducing the fraction of
available active sites13 and affecting the structural stability.
Very negative HAE also leads to difficult CH3 desorption
which is detrimental to the formation of C2 products in the
gas phase. At the limit of very weak H adsorption, C–H activa-
tion becomes difficult, but the catalyst surface is expected to
be more stable and desorption of the methyl groups is favor-
able. These observations suggest the Sabatier principle10,48,49

at work: surfaces which are neither too reactive nor too inert
(too high or too low hydrogen adsorption) offer the optimal
performance.

It is desirable to compare our prediction here with previ-
ous experimental studies of perovskites for methane activa-
tion. We predict that perovskites with B = Mn to Cu are the
most active for homolytic C–H activation, which is supported
by some experimental results.2,3,5,50,51 On the other hand, we
predict perovskites with B in group 5 or lower (such as Ti, Zr,
Hf) to be less active for C–H activation, though experimental
results show that catalysts such as SrTiO3 are still active for
methane combustion.52,53 One explanation is that in our
model we considered only the (001) surface with perfect A or
B termination (instead of other facets and mixed termina-
tions). In addition, we only examined the initial steps of
methane activation instead of the whole catalytic pathway.
Further work is warranted to improve our modeling. Never-
theless, we have demonstrated that HAE can be a valuable lit-
mus test of perovskite activity in its various linear scaling
relationships.

4. Conclusions

We have correlated oxygen reactivity descriptors such as oxy-
gen vacancy formation energy and hydrogen adsorption en-
ergy with methane C–H activation energy among a large set
of perovskite compositions. For the same B cation, changing
the A cation within the same group has a negligible effect on
oxygen reactivity, but the effect becomes significant when
changing between different oxidation states for A such as
from Sr2+ to La3+. Meanwhile, the reducibility and, by exten-
sion, the redox reactivity of the lattice oxygen is largely driven
by the B cation, and can vary significantly within a period;
perovskites with late transition metals have the most reactive
oxygen. For the same reason, the activity of the B termination
is higher than the A termination in most cases. To select pe-
rovskites for high 2nd C–H activation energies to avoid com-
bustion to CO and CO2, we found that larger A cations and
non-transition metal B cations (with BaSnO3 as a promising
example) may lead to higher selectivity and yields for C2

Fig. 8 Correlation between 2nd C–H activation energy of methane
(H–CH2O* → H* + CH2–O*) and H adsorption energy. The blue line is a
visual aid for the linear correlation between the two quantities.

Fig. 9 Correlation between CH3 desorption energy (red) with
hydrogen adsorption energy. For comparison, correlation between
C–H activation energy (blue) with hydrogen adsorption energy is also
shown. The dashed lines represent the best linear fits.
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products. The tradeoff between the first C–H bond breaking
and methyl desorption suggests a sweet-spot of oxygen reac-
tivity for oxidative methane coupling. This study presents an
initial attempt toward addressing the compositional diversity
of perovskites in the context of energetic descriptors for
methane activation.
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