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Methane activation on dual-atom catalysts
supported on graphene†

Chongchong Wu,a Weijie Yang, b Jacky Jingyi Wang,a Hao Li*c and
Ian D. Gates*a

Dual-atom Fe catalysts supported by three nitrogen atom doped

graphene (Fe–TM/GP, where TM = Ti, V, Cr, Mn, Fe, Co, Ni, and Cu)

are explored for methane adsorption and activation. The addition of

the second metal significantly tunes the properties of the catalysts.

The main factor influencing methane adsorption is electron trans-

fer. The second metal promotes methane adsorption by altering the

electronic properties such as the band structure and charge trans-

fer. A volcano-shaped relationship is found between the absolute

value of adsorption energy and energy barrier at the heteroatom

Fe–TM/GP. Fe–Ni/GP has the lowest energy barrier. Heteroatom

Fe–TM/GP has a lower energy barrier than Fe–Fe/GP.

Methane, the most abundant component of natural gas, shale
gas, and biogas, leads to greenhouse effects by direct emission
to the atmosphere or combustion to CO2.1 Even worse, the
greenhouse effects (i.e., global warming potential) of methane
are reported to be 28–36 times larger than those of CO2 over a
100 year time period.2 In addition, its low mass density under
atmospheric conditions makes it challenging to store and
transport methane.3 Therefore, converting methane to fuel or
other chemicals is essential to utilize methane while removing
greenhouse impacts. Although methane is an attractive feed-
stock for many high value-added products such as alcohols,
alkanes, and olefins,4 activation of methane is extremely diffi-
cult given the stable C–H bonds, negligible electron affinity,
large ionization energy, and low polarizability.5 Much effort has
been made to explore catalysts that can directly activate
methane at low temperatures.

Single-atom catalysts are attractive catalysts for methane
activation owing to the strong metal–support interactions, high
activity, and selectivity.6 Meanwhile, they have maximized utility

efficiency of metal atoms. However, the high surface energy of
single-atom catalysts makes it easy to agglomerate, reducing their
conversion performance.7 Dual-atom catalysts could prevent the
agglomeration by the strong interactions between the two metal
atoms.7 In addition, the two metals can have synergistic effects to
improve the catalytic activity for reactions with bond breaking.8

Furthermore, dual-atom catalysts enable tuning of the adsorption
properties towards a particular reactant with reduced energy input.9

Dual-atom catalysts exhibiting higher catalytic activity in the oxygen
evolution reaction, electron reduction of ammonia, nitrogen
reduction reaction, and electroreduction of CO2 to CH4 have been
fabricated recently.10,11 The current techniques to synthesize dual-
atom catalysts include atomic layer deposition, wet chemical
adsorption, and high temperature heat treatment.12 Fe–Co, Fe–Ni,
and Fe–Cu dual-atom catalysts have been experimentally
synthesized.12,13 Nevertheless, research on dual-atom catalysts is
still emerging. As yet, no research has been reported on activating
methane utilizing dual-atom catalysts.

It has been reported that the d orbitals of metals play an
important role in methane activation.14 The C-p and H-s
orbitals of methane can be matched and hybridized by the d
orbital (dz2, dxz and dyz orbitals) of transition metals (TMs),
leading to a relatively facile adsorption and activation of
methane.15 TMs such as Cr, Mn, Fe, Co, and Cu that are
magnetic with partially filled d-orbitals were reported to
improve catalytic activity and magnetic properties when com-
bined with non-magnetic elements, and they have a low energy
barrier for the first C–H bond activation of methane.14 More-
over, Ti, the second-most abundant transition metal with low
toxicity, is an attractive metal for methane activation.16 In
addition, a single V dopant has been shown to increase the
stability of Rh clusters with a significantly lower energy barrier
for methane activation.17 Furthermore, Ni has high catalytic
activity to C–H cleavage and is widely investigated for methane
activation.18 Fe is an attractive metal for methane activation
and has been shown as a candidate for activating methane.19,20

Here, we focus on the development of dual-atom catalysts to
effectively activate methane using density functional theory (DFT)
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calculations. Meanwhile, the properties of dual-atom catalysts
as well as the activation mechanism will be explored. The first
C–H bond activation of methane is extremely difficult
and deemed as the rate-determining step for methane
activation.21 Therefore, the initial C–H bond cleavage of
methane will be investigated in detail. Our prior research has
shown that a single iron atom supported on single vacancy
graphene doped with three nitrogen atoms has a relatively low
energy barrier for methane activation.22 Here, a second transi-
tion metal (Ti, V, Cr, Mn, Fe, Co, Ni, and Cu) is incorporated
into the single Fe doped graphene (Fe–TM/GP) to construct
eight different dual-atom catalysts.

The optimized structures of the eight types of Fe–TM/GP
catalysts are depicted in Fig. S1 (ESI†) with key parameters
listed in Table S1 (ESI†). All the second TMs form three bonds
with the three nitrogen atoms on the graphene (Fig. S1, ESI†).
However, the addition of a different second TM changes the
bond lengths, charges, and magnetic moments of the catalysts.
The Fe–Fe length is the shortest among the Fe–TM distances
and the Fe–N distance is also the shortest among the TM–N
distances. The charges and charge transfer of the metals on the
catalysts are all positive. As the TM changes from Ti to Cu, the
charges of the TM increase. The charge transfer of the TM is
positive, whereas the charge transfer of adjacent nitrogen
atoms is negative, indicating that the electrons are transferred
from the TM to the adjacent nitrogen atoms. In addition, the
binding energy of the heteroatom Fe–TM dimer on three N
atom doped graphene is larger than that of the Fe–Fe one,
suggesting that there are stronger interactions between the
heteroatom Fe–TM dimer and graphene supports than the
Fe–Fe dimer. Overall, the shorter Fe–Fe and Fe–N distances
as well as the lower binding energy of the Fe–Fe dimer on
graphene than those of the heteroatom Fe–TM dimer suggest
that the addition of a different TM has different influences
compared with the same TM.

To analyze the stability of the catalysts, ab initio molecular
dynamics (AIMD) simulations were conducted by using a
canonical (NVT) ensemble at 298 K over 10 ps. It is shown in
Fig. S2 (ESI†) that the variations of the bond lengths of Fe–N
and TM–N are relatively small. This indicates that the dual-
atom catalysts investigated here have high stability. In addition,
projected density of states (PDOS) analysis was conducted to
investigate the hybridization of the catalysts. As shown in
Fig. S3 (ESI†), the p orbital of the N atom hybridizes with the
d orbitals of the Fe and TM, suggesting the existence of covalent
bonds between Fe/TM and N. Therefore, the Fe–TM dimer has
strong interactions with the N doped graphene substrates,
confirming that the dual-atom catalysts exhibit strong stability.
The large binding energy suggests that the Fe–TM dimer is
stably anchored on the graphene substrates. Moreover, the
binding energy of the heteroatom Fe–TM dimer is more nega-
tive (i.e., stronger) than that of the Fe–Fe dimer. This further
suggests that the addition of a different metal will increase the
stability of the catalyst. Overall, the above analysis confirms
that the Fe–TM dimer is held firmly and stably on the graphene
supports.

The adsorption of CH4 is an initial and fundamental step for
methane activation on the surface of a catalyst.23 The most
stable adsorption complex of CH4 on the dual-atom catalysts
with the lowest energy is depicted in Fig. 1 with key parameters
listed in Table S2 (ESI†). It is shown that CH4 is more favorably
adsorbed at the Fe site. After adsorption, the C atom and two
H atoms from methane form bonds with the Fe atom, whereas
the other two H atoms from methane are located further away
from the catalyst surface. The elongation in C–H bond lengths
is related to the dissociation of C–H. Although the C–H bond
lengths of methane are altered, they do not dissociate upon
adsorption. The H–C–H angle of the atoms interacting with Fe
is larger than the H–C–H angle of the isolated methane,
confirming that adsorption alters the structural properties of
methane. When methane adsorbs on the surface of the Fe–Cu/
GP catalyst, it has the largest C–H length and H–C–H angle.
Different dual-atom catalysts have different Fe–C and Fe–H
lengths, indicating that the addition of a second TM has a large
influence on the adsorption of methane.

The adsorption energies of CH4 on dual-atom catalysts are
displayed in Fig. 2. The adsorption energies are all negative,
indicating that the adsorption is exothermic and energetically
favorable. If the adsorption energy is more negative than

Fig. 1 Optimized adsorption geometries of methane on eight types of
dual-atom catalyst.

Fig. 2 Calculated adsorption energies of (a) CH4 and (b) CHx on dual-
atom catalysts.
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�16 kJ mol�1 (�3.82 kcal mol�1), chemisorption occurs.24 All the
adsorption energies are more negative than �3.82 kcal mol�1,
confirming that methane is chemically adsorbed on the surface of
the dual-atom catalysts. The difference of the adsorption energy
confirms that the addition of the second TM affects the catalyst
properties and plays an important role in methane adsorption. The
adsorption energy follows the order of Fe–Ti/GP 4 Fe–Cr/GP 4
Fe–Fe/GP 4 Fe–Cu/GP 4 Fe–V/GP 4 Fe–Co/GP 4 Fe–Ni/GP 4
Fe–Mn/GP. Methane has the most negative adsorption energy when
being adsorbed by the Fe–Ti/GP dual-atom catalyst, whereas Fe–Mn/
GP has the lowest adsorption energy.

CH4 decomposition will generate CHx (x = 1–3) radicals. The
adsorption energies of those radicals at dual-atom catalysts
were calculated to analyze the interactions between the inter-
mediates and dual atom catalysts (with representative struc-
tures shown in Fig. S4, ESI†). The adsorption processes of CH3,
CH2, CH, and C involve the formation of Fe–C bonds. Different
from CH4, the H atoms of CH3, CH2, and CH do not form bonds
with Fe. The absolute value of the adsorption energy follows the
order of C* 4 CH* 4 CH2* 4 CH3* 4 CH4 (see Fig. 2),
indicating that C*, CH*, CH2*, and CH3* are more active than
CH4, consistent with a previous study.25 Therefore, the current
study mainly focuses on the initial C–H bond activation of
methane.

Orbital hybridization and electron transfer are the two main
factors affecting the adsorption of gases.11 PDOS analysis after
methane adsorption on Fe–TM/GP was conducted, with results
shown in Fig. S5 (ESI†), to study the effect of orbital hybridiza-
tion. The results show that the 1s orbital of H and the 2p orbital
of C have hybridization peaks with the 3d orbital of Fe,
indicating that the 3d orbital of the Fe atom hybridizes with
methane. On the other hand, the p orbitals of the second TM
atom do not hybridize with the 1s orbital of H and the p orbital
of C, suggesting that the second TM atom does not directly take
part in hybridization. The second TM atom influences the
electron distribution around the Fe atom, as shown by the
charge variation and bond length variation in Table S1 (ESI†),
thereby influencing the adsorption and activation of methane.
However, no apparent hybrid peaks exist around the Fermi level
for the PDOS, indicating that hybridization does not play an
important role in the adsorption of methane.

The electron density differences are plotted in Fig. S6 (ESI†)
to explore the electron transfer on the adsorption of methane.
Obviously, electron transfer occurs between methane and the
dual-atom catalysts, suggesting that electron transfer plays an
important role in the adsorption of methane. The number of
electrons between C/H and Fe atoms increases, meaning that
the interactions between Fe and C/H are strengthened. On the
other hand, the electrons are depleted between the C and H
atoms, which in turn contributes to the cleavage of the C–H
bonds. The charge transfer for the adsorption of methane is
listed in Table S2 (ESI†). It is shown that charge transfer for Fe
and the second TM is positive, whereas it is negative for the
C atom in methane, indicating that electrons are transferred
from the Fe to the C atoms when methane is adsorbed.
Although the second TM does not directly interact with CH4,

electron transfer takes place and the electron transfer decreases
from Ti to Cu. The electron density difference and charge
transfer analysis indicate that electron transfer between
methane and Fe is important for the adsorption of methane
on dual-atom catalysts.

The band structures of the dual-atom catalysts and single Fe
catalyst are plotted to better illustrate electron transfer in
Fig. S7 (ESI†). With the addition of a second TM, the band
number near the Fermi level increases and the band gap is
reduced which promotes electron transfer in dual-atom cata-
lysts and in turn improves both adsorption and catalytic
activity. Therefore, electron transfer is important when adsorb-
ing methane by dual-atom catalysts. In addition, the changes in
the band structures also explain the different adsorption energy
of methane with the addition of a second TM. The second TM
does not take part in methane adsorption directly, but it
promotes methane adsorption by changing the electron proper-
ties of the catalysts such as the valence charge and band
structures. The general result is that electron transfer is the
primary adsorption mechanism of methane on dual-atom
catalysts.

The initial C–H bond dissociation on dual-atom catalysts
was explored with transition states displayed in Fig. S8 (ESI†)
and main parameters listed in Table S3 (ESI†). All of the
transition states for the first C–H bond activation of methane
have similar structures. Specifically, one of the H atoms on the
methane molecule is abstracted by the Fe atom, leading to
the formation of a Fe–H bond and breakage of a C–H bond. The
Fe–C bond length is approximately 2.00 Å at the transition
states, all decreasing compared to the most stable adsorption
complex. In addition, the newly formed Fe–H bond distances
are all longer than 1.50 Å, and they are much shorter than those
of the adsorption complexes. Moreover, the dissociated C� � �H
distances are larger than 1.50 Å, whereas the other three C–H
bond distances remain approximately the same. Furthermore,
the H–C–H angles are all increased compared to the most stable
adsorption complex. Although the addition of the second TM
does not directly lead to a bond with CH4, the activation of the
methane C–H bond alters the Fe–TM distance.

The energy barrier of the initial C–H bond activation on
dual-atom catalysts, shown in Fig. 3, follows the order of Fe–Fe/
GP 4 Fe–Ti/GP 4 Fe–Cr/GP 4 Fe–Cu/GP 4 Fe–Mn/GP 4Fe–V/
GP 4 Fe–Co/GP 4 Fe–Ni/GP. The energy barrier for Fe–Fe/GP is
the largest among the catalysts investigated, which suggests
that the addition of a different TM promotes the activation of
methane. Therefore, the results provide an insight that the
dopant of different TMs for dual-atom catalysts will benefit
methane activation. In addition, Fe–Ni/GP has the lowest
energy barrier among the catalysts investigated, which is only
0.23 eV (5.33 kcal mol�1), much lower than that on Ni(111)
(1.21 eV) and Pt(111) (1.03 eV) surfaces.26 The energy barrier for
the first C–H activation of methane on the dual-atom catalysts
is also much lower than that on the silica-confined single-atom
iron catalyst (1.80 eV)27 and titanium dioxide (2.15 eV).28 More-
over, the energy barrier for the initial C–H bond activation of
methane on Fe–Co/GP is the second lowest. Ni and Co based

ChemComm Communication

Pu
bl

is
he

d 
on

 2
1 

O
ct

ob
er

 2
02

1.
 D

ow
nl

oa
de

d 
by

 S
oo

ch
ow

 U
ni

ve
rs

ity
 C

hi
na

 o
n 

11
/1

9/
20

21
 9

:0
1:

16
 A

M
. 

View Article Online

https://doi.org/10.1039/d1cc05701d


12130 |  Chem. Commun., 2021, 57, 12127–12130 This journal is © The Royal Society of Chemistry 2021

catalysts have wide applications in dry reforming of
methane.29,30 The calculated energy barriers on Fe–Ni/GP and
Fe–Co/GP are lower than that on Cu–Ni bimetallic surfaces
(12.60 kcal mol�1),25 implying that Fe–Ni/GP and Fe–Co/GP
might be promising catalysts for the C–H bond activation of
methane.

To understand the relationship between the adsorption
energy and energy barrier, the energy barrier was plotted
against the absolute value of adsorption energy, as shown in
Fig. 3. A clear volcano-shaped relationship was found between
the absolute value of adsorption energy and energy barrier for
the first C–H bond activation of methane on different dual
metal doped graphene. The same dual atom catalyst (Fe–Fe/GP)
does not follow this trend. It is shown that the energy barrier
decreases with the increase of the absolute value of adsorption
energy. However, after the absolute adsorption energy reaches a
certain value, the increase of the absolute value of adsorption
energy leads to an increase of the energy barrier. The energy
barrier is minimal when the adsorption energy is between
�13.59 and �16.02 kcal mol�1. The volcano plot suggests that
the adsorption energy of different dual atom doped graphene
should be between �13.59 and �16.02 kcal mol�1 to obtain the
lowest energy barrier for methane activation. The relationship
also makes it possible to deduce the energy barrier without
calculating the transition states, thus reducing the
computational cost.

DFT calculations were performed to analyze methane activa-
tion on eight types of Fe–TM/GP dual-atom catalyst. Electron
transfer is the main factor influencing methane adsorption.
The second metal does not directly take part in the interaction.
However, it influences the adsorption by altering the band
structure and electron distribution. The transition state of the
initial C–H bond activation of methane involves the formation
of Fe–C and Fe–H bonds. The addition of a different transition
metal (TM) promotes the activation of methane. A volcano-like
correlation was found between the absolute adsorption energy
and energy barrier at the heteroatom Fe–TM doped graphene.
The results show that Fe–Ni/GP and Fe–Co/GP, respectively,
have the lowest and second lowest energy barriers for methane
activation.
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Fig. 3 (a) Energy barrier of the initial methane C–H bond activation.
(b) Fitted volcano plot of the energy barrier as a function of adsorption energy.
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