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The direct conversion of methane to high-value chemicals is an attractive process that efficiently uses

abundant natural/shale gas to provide an energy supply. The direct conversion of methane to high-value

chemicals is an attractive process that efficiently uses abundant natural/shale gas to provide an energy

supply. Among all the routes used for methane transformation, nonoxidative conversion of methane is

noteworthy owing to its highly economic selectivity to bulk chemicals such as aromatics and olefins.

Innovations in catalysts for selective C–H activation and controllable C–C coupling thus play a key role

in this process and have been intensively investigated in recent years. In this review, we briefly

summarize the recent advances in conventional metal/zeolite catalysts in the nonoxidative coupling of

methane to aromatics, as well as the newly emerging single-atom based catalysts for the conversion of

methane to olefins. The emphasis is primarily the experimental findings and the theoretical

understanding of the active sites and reaction mechanisms. We also present our perspectives on the

design of catalysts for C–H activation and C–C coupling of methane, to shed some light on improving

the potential industrial applications of the nonoxidative conversion of methane into chemicals.
1. Introduction

The conversion of the abundant amount of available methane
into high-value chemicals is becoming more attractive owing to
the growing depletion of petroleum reserves and proliferation
of the availability of natural and shale gas.1–3 Currently, the
indirect route is the most widely used process to produce
valuable chemicals frommethane.4 In this method the methane
is rst converted into syngas (CO and H2) either by partial
oxidation or reforming, and then the products of the long-chain
hydrocarbons or alcohols are made from the syngas using
Fischer–Tropsch (FT) synthesis.5 This process causes an addi-
tional energy loss and aggravates concerns regarding green-
house gases, therefore, the direct conversion of methane to
high-value chemicals has been considered as an important
goal to reduce costs and energy consumption.6 However, the
selective activation of C–H bonds, which has been regarded as
a “Holy Grail” in the chemical community, still faces signicant
challenges owing to the completely symmetrical tetrahedral
structure of methane with extremely stable C–H bonds.

To date, many routes, including the oxidative coupling of
methane (OCM), partial oxidation of methane (POM), and the
nonoxidative coupling of methane (NOCM), have been
proposed for the direct conversion of methane into the desired
chemical products.7–9 Although the oxidative methane conver-
sion is thermodynamically feasible, methyl radicals are present
for Advanced Materials, University of
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the Royal Society of Chemistry
in low concentrations and react more easily in the presence of
a much higher concentration of oxygen to form CH3O2$, which
is a precursor for the deeper oxidation of methane. Therefore,
C2 hydrocarbons and C3 in trace amounts are themain products
in the OCM depending on the reaction conditions, which
reduces the selectivity to desired chemicals and makes the
processes uneconomical. In contrast, the nonoxidative conver-
sion of methane is noteworthy owing to its high selectivity to
target products such as olens and aromatics.10 Nevertheless,
a very high reaction temperature is generally required for
NOCM as a result of the tremendous thermodynamic barrier,
which causes severe coking deactivation of the catalyst.11

Therefore, signicant efforts have been devoted to exploring
efficient catalytic systems to enable activation of the methane
C–H bond and C–C coupling to improve the NOCM reaction for
the efficient utilization of methane.7,12–14

Among the catalysts for NOCM, the metal/zeolite based
catalysts, such as molybdenum exchanged zeolites, have been
extensively studied and show great potential for the aromati-
zation of methane to aromatics.8 Many properties of the cata-
lyst, including the kind of active metal species, the physical/
chemical properties of the supports, as well as the interaction
between the metal species and supports, have been proven to be
crucial in determining the catalytic performance for the NOCM
to aromatics. More recently, the silica matrix-conned single-
Fe-atom catalyst (Fe@SiO2) was reported to realize direct
methane conversion to olens, which is also viewed as a land-
mark discovery for the transformation of methane.15 The results
of these ndings highlight the importance of engineering active
Chem. Sci., 2021, 12, 12529–12545 | 12529
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sites on supports for modulating the selectivity in C–C coupling
products. In this review, we summarize the recent experimental
advances and theoretical understanding of the conventional
metal/zeolite (primarily Mo/zeolite based catalysts) and the
newly emerged single-atom catalysts, focusing on the active
species, reaction mechanism, and catalytic deactivation for
NOCM. Combined with recent progress, prospects for future
research on the nonoxidative conversion of methane are also
presented.

2. Metal/zeolite catalysts for NOCM
2.1 Mo/zeolite-based catalysts

Since the rst report of Mo/HZSM-5 as an efficient catalyst for
methane dehydroaromatization (MDA) in 1993,16 extensive
efforts have been devoted to improving the Mo-based catalysts
to promote the overall catalytic performances for the NOCM to
aromatics by modulating the nature of the metal species,
changing the type of zeolite supports, as well as introducing
different promoters into the catalysts.

2.1.1 Inuence of the nature of the metal species. The
nature of the metal species, including the coordination envi-
ronment, oxidation state, and even the metal loading density,
which depends on the preparation methods, signicantly
inuences the target product selectivity and catalytic stability of
the methane aromatization reaction.4,7 For Mo/zeolite catalysts,
the location of the Mo species has a strong impact on the
catalytic performance.8,10,13,17 During the past few years, the
exact structures of the Mo species on zeolites have been exten-
sively studied in MDA.

The structure of the Mo species supported on HZSM-5 with
various calcination temperatures was investigated in detail by
Iglesia et al.18–20. The results of their work indicate that theMoOx

species were mainly distributed on the external surface at a low
temperature (�350 �C) and migrated into the zeolite channels
between 500 and 700 �C. The ion exchange of the mononuclear
MoOx species at the Brønsted acid sites (BASs) leads to the
formation of dinuclear [Mo2O5

2+] species, with the extraction of
Al ions and the disappearance of the two BASs. The active MoCx

species were formed during the initial stages of methane
conversion with the reduction of the [Mo2O5

2+] species.
However, the higher content of the MoOx species over the
external zeolite surface results in the formation of (MoO3)n
oligomers or Al2(MoO4)3, which were identied as the main
reason for the poor catalytic performance. Similar results were
also observed by Tessonnier et al.21,22 As evidenced, when the
number of BASs is too low to adopt dinuclear [Mo2O5

2+] species,
the formation of Al2(MoO4)3 or extra-framework (MoO3)n cannot
be avoided. The results of these works suggest that both the
high dispersion of [Mo2O5

2+] species inside the zeolite channels
and the formation of MoCx during the induction period are
critical for methane conversion.

In the work performed by Kosinov et al.,23 the structural and
textural stability of the Mo/HZSM-5 catalyst was investigated as
a function of the different Mo loadings. As shown in Fig. 1a and
b, the low Mo/Al ratios lead to the dispersion of monomeric and
dimeric Mo-oxo species in the zeolite micropores, even under
12530 | Chem. Sci., 2021, 12, 12529–12545
an increased calcination temperature. Therefore, an almost
unchanged catalytic performance with respect to the calcina-
tion temperature was observed for catalysts with lowMo loading
contents (1–2 wt%). However, for Mo/HZSM-5 with aMo loading
of 5 wt%, the reaction of the Mo-oxo species with the framework
Al causes the formation of Al2(MoO4)3 and destroys the main
framework of the zeolite, resulting in a rapid reduction of its
initial activity. A similar conclusion was also demonstrated by
Julian et al.24 in Fig. 2a and b, that is, the catalyst with a low
loading of 5% Mo on MCM-22 exhibited the best benzene
selectivity and stability as compared to the samples with Mo
loadings of 8% and 10%. With the application of in situ X-ray
absorption spectroscopy (XAS), the impact of the Mo coordi-
nation environment in the MFI zeolites towards the MDA
performance was recently systematically studied by Agote-Aran
et al.25. As shown in Fig. 2c and d, when the calcination
temperature is above 600 �C, the peaks for the Mo/Silicalite-1 in
the post-edge region of the near edges spectra disappeared,
along with the gradually decreased Mo–Mo peak intensity in the
extended X-ray absorption ne structure (EXAFS), indicating the
loss of the long-range order with the formation of Mo-oxo
species in the microporous framework. By comparing with
Mo/H-ZSM-5, the presence of BASs was found to be important
for the stabilization of the Mo species, but not essential for
benzene generation. The results from these works proved the
dispersion of the MoOx species as a key factor for improving the
catalytic performance for methane conversion. In recent work
performed by Julian et al.,26 supercritical uid was used to
enhance the dispersion of Mo species within the zeolite chan-
nels. Aer 15 h MDA, the catalyst prepared under supercritical
conditions revealed well dispersed MoCx clusters at the zeolite
surface, while carbon nanotubes and nanobers were observed
for the catalyst prepared using the conventional impregnation
(IMP) method (Fig. 2e). Owing to the excellent Mo dispersion,
the long-term catalytic stability of Mo/ZSM-5 was achieved and
the formation of coke species on the Mo active sites was
alleviated.

The Mo carbide species (such as Mo2C and MoOxCy), formed
from the reduction of the Mo species by methane during the
reaction induction period, have generally been considered as
active sites for methane activation. The induction period in
MDA over Mo/HZSM-5 was rst mentioned in the work con-
ducted by Lunsford et al.27 The results of this work suggest that
the Mo6+ species are reduced to Mo2C during the induction
period. In addition, compared to the clean surface of Mo2C,
which is too reactive for the formation of higher hydrocarbons,
the coke modied Mo2C was identied as being critical for the
formation of ethylene.28 Further studies indicate that the Mo
species on the external surface of the zeolite could be easily
reduced to b-Mo2C, and it is partially transformed to MoOxCy in
the zeolite channels, which was identied to be critical for the
MDA.29 Taking advantage of the operando time-resolved
combined X-ray diffraction (XRD) and X-ray absorption near-
edge spectroscopy (XANES), Beale et al. demonstrated that the
metastable MoOxCy species converted from Mo-oxo species are
primarily responsible for the formation of C2Hx/C3Hx.30

Recently, thermochemical kinetic analyses were employed by
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Schematic representation of the dispersed monomeric and dimeric Mo-oxo species in the MoO3-HZSM-5 catalysts. (b) Cumulative
product yields of the Mo/HZSM-5 catalysts pre-calcined at different temperatures during 16 h MDA tests. Reproduced with permission from ref.
23. Copyright 2017 Elsevier.
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Bhan et al.31 to ascertain the catalytic roles of the BASs and Mo
carbide species. The results of this work suggest that the active
carbidic Mo content is the only catalyst descriptor that can be
used to predict the steady state and activity of MDA catalysis
over Mo/HZSM-5, while the zeolitic acid sites were found to be
benecial for dispersing Mo species to catalyze the equilibrated
reaction steps. In the work conducted by Rahman et al.,32 the
catalytic activity and stability over MoCy/HZSM-5, with ex situ
prepared Mo carbides, was found to be much higher than that
of MoOx/HZSM-5. All of these works highlight the critical role of
BASs and Mo carbide species in MDA. However, to avoid the
formation of Al2(MoO4)3 and extra-framework (MoO3) species,
the optimal contents of BASs and Mo carbide species should be
considered in future studies.

A bifunctional mechanism, including the conversion of
methane into ethylene on Mo carbide sites and subsequent
oligomerization into aromatics over BASs, has been widely
proposed for the Mo/zeolites catalytic systems.33 However, the
mechanism emphasized both the activation of methane to
acetylene and the subsequent aromatization over the Mo
carbide phase have also been reported in many previously
published works.18,34,35 In addition, the Mo-based carbide plays
an important role in the C–H activation and C–C coupling to C2
intermediates. Theoretically, we have performed a systematic
study of the methane activation and conversion over the Mo-
terminated surfaces derived from different phases of the
© 2021 The Author(s). Published by the Royal Society of Chemistry
Mo2C carbides (Fig. 3). Our results show that Mo-terminated
orthorhombic b-Mo2C, with a lower carburization in its
subsurface, possesses a superior reactivity toward methane C–H
activation, resulting in the complete dissociation of methane to
the carbon adatom on the surface. This carbon adatom causes
further carburization of the surface, reducing the reactivity
toward methane activation.36 Moreover, although carburization
reduces the activities for methane activation, it promotes C–C
coupling for dimerization of the (CH)ad species, resulting in
(C2H2)ad on the Mo-terminated surfaces. On the deep carbu-
rized molybdenum carbide (MoC) surfaces, the Mo-terminated
MoC surfaces derived from different bulk phases (hexagonal
a-MoC and cubic d-MoC) of MoC possess a similar mechanism
to that on the noble-metal surfaces for methane dissociation,
that is, CH4 dissociates sequentially to (CH)ad with both kinetic
and thermodynamic feasibilities while breaking the last C–H
bond in (CH)ad requires a high activation barrier. As such, C–C
coupling through dimerization of the (CH)ad species occurs
more readily, resulting in (C2H2)ad on the Mo-terminated
surfaces. These (C2H2)ad species can dehydrogenate easily to
other C2 adsorbates such as (C2H)ad and (C2)ad. Consequently,
these C2 species from CH4 dissociation will likely be precursors
for producing long chain hydrocarbons and/or aromatics on
molybdenum carbide based catalysts or oligomerization over
BASs.37
Chem. Sci., 2021, 12, 12529–12545 | 12531
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Fig. 2 (a) Transient benzene yield, (b) naphthalene and C2 (ethane, ethylene) yield obtained for the Mo/MCM-22 catalysts with different Mo
loadings. Reproduced with permission from ref. 24. Copyright 2019 Royal Society of Chemistry. (c) XANES spectra, and (d) FT-EXAFS of Mo/
silicalite-1 collected during in situ calcination. Reproduced with permission from ref. 25. Copyright 2020 John Wiley and Sons. (e) Conceptual
drawing of the distribution of Mo species for fresh and spent Mo/ZSM-5 prepared using different methods. Reproduced with permission from ref.
26. Copyright 2020 Elsevier.
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2.1.2 Inuence of the structural feature of zeolites. Zeolites
are porous, three-dimensional crystalline solids with well-
dened structures built from interlinked tetrahedra of silica
(SiO4) and alumina (AlO4). They have been extensively used as
catalyst supports for methane conversion owing to their large
surface area, thermal stability, as well as the presence of
Brønsted acid sites. Among the different types of zeolites, H type
silica-alumina zeolites (HMCM-49, HZSM-5 and etc.) have been
evidenced as the most suitable supports for MDA catalysts
owing to their porous structure with pore diameters close to the
dynamic diameter of benzene molecules.38 Accordingly, the
inuence of structural features including the Si/Al molar ratio,
the strength and density of BASs, as well as the pore architecture
of the zeolite supports on the catalytic performance have been
widely explored.
12532 | Chem. Sci., 2021, 12, 12529–12545
It is generally agreed that the BASs plays an important role in
MDA, which serve as both the anchoring centers for the metal
species and oligomerization sites for C2Hx to benzene or
coke.39,40 The strength and density of the BASs, which are related
to the Si/Al ratio and pore architecture of the zeolite supports,
thus determine the location and nature of the Mo species, as
well as the overall catalytic performance. For instance, the
partial removal of the framework Al from the zeolite lattice, with
decreases in both the strength and number of BASs, results in
a noticeable improvement in the benzene yield and the dura-
bility of the catalyst for the Mo/HZSM-5 catalyst.41 A recent study
conducted by Kosinov et al. suggests that the embedding of the
Mo oxide into properly sized micropores is critical for the
conversion of methane into benzene (Fig. 4a), and the role of
BASs in promoting the dispersion of Mo species.34 In addition,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Energy profile of the elementary steps for methane dissociation, the dimerization of CHx* species and the carburization on carburized b-
Mo2C(100) surfaces. Reproduced with permission from ref. 36. Copyright 2020 Elsevier.
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by varying the ratios of Si/Al2, monomeric Mo oxide species
could be stabilized on the MCM-22 zeolite as a result of the
promoted migration of Mo oxides into the micropore (Fig. 4b).
The microchannels of the zeolite were observed to be critical for
providing a shape-selective environment, thus enhancing the
rate of benzene formation.42 The effect of the Si/Al ratio on the
activity of the Mo/HZSM-5 catalysts was further studied by
Rahman et al.,43 and their results indicate that a higher channel
Fig. 4 (a) Mo carbide dispersed inside and outside of the zeolite pores
American Chemical Society. (b) Effect of Si/Al2 ratios in Mo/H-MCM-22
Elsevier. (c) Gaussian deconvolution of the TPO profiles for a metal supp
duced with permission from ref. 46, Copyright 2018 Royal Society of Ch

© 2021 The Author(s). Published by the Royal Society of Chemistry
occupation of Mo species, resulting from a lower Si/Al ratio and
higher Mo loading over HZSM-5 zeolite, is directly correlated
with the higher selectivity and yield towards benzene. In the
work performed by Tan et al.,44 by impregnating the HZSM-5
zeolite with NH3 heptamolybdate solution, the catalytic
performance of Mo/HZSM-5 was signicantly improved owing
to the larger amount of highly dispersed Mo species on the
HZSM-5 zeolite.
for MDA. Reproduced with permission from ref. 34, Copyright 2016
on MDA. Reproduced with permission from ref. 42, Copyright 2018
orted on a hollow capsule (HC) or commercial HZSM-5 (CZ). Repro-
emistry.

Chem. Sci., 2021, 12, 12529–12545 | 12533
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The cooperative effects of the zeolite structure and metal
species also affect the catalytic performance for MDA. For
instance, a hollow silicalite-1-HZSM-5 zeolite with a capsule
structure as a support for Mo nanoparticles (Mo/HZSM-5) was
developed by Zhu et al.45. The hollow structure of the zeolite was
suggested to accelerate the mass-transfer rate, which signi-
cantly improved the rate of benzene formation and the catalytic
stability. Recently, in the work performed by Huang et al.,46

a hollow HZSM-5 capsule zeolite (HC) was prepared and used as
the MDA supports. As shown in Fig. 4c, the different coke types
were clearly discriminated, which depend greatly on the struc-
ture of the zeolites and the metals, and the hollow capsule
structure is important for suppressing the external coke (Cb)
formation in Mo-based catalysts (Mo/HC-700), leading to an
excellent catalytic stability in the MDA reaction.

2.1.3 Effect of the promoters. A number of investigations
have been carried out to improve the catalytic performance of
Mo/zeolite catalysts by introducing other metals as promoters.8

Among all these metal promoters, Fe, Mg, Cr, Co, Ni and K have
been widely studied and have shown an improved catalytic
activity, stability, and selectivity to aromatics.10,47–49 Recent
studies indicate that the promoters are benecial for increasing
the amount of active Mo species and reducing the formation of
coke in zeolite channels, thus enhancing the catalytic perfor-
mance for CH4 conversion.
Fig. 5 XRD patterns for (a) He pre-treated, (b) pre-carburized, (c) spent
ZSM-5 catalysts. Reproduced with permission from ref. 51. Copyright 20

12534 | Chem. Sci., 2021, 12, 12529–12545
In work reported by Cheng et al.,50 a series of metal modied
Mo/ZSM-5 were prepared as MDA catalysts. With Mg as
a promoter, both the catalytic activity and selectivity to benzene
were improved with an inhibited carbon deposition. X-ray
photoelectron spectroscopy results demonstrated that the
promotion effect in generating Mo2C active species by the
presence of Mg was the main reason for the improved catalytic
performance. Recently, Sridhar et al. found that with modi-
cation using Co and Ni additives, Zeolite-supported Mo carbide
catalysts could increase the yield of benzene along with a better
stability.51 However, the effect of the additives was only bene-
cial for catalysts with ex situ formed Mo carbide species by pre-
carburization. As shown in Fig. 5, the MoO3 peak completely
disappeared with the appearance of Mo2C as the active phase
for the spent catalysts pre-treated using helium. With Co- and
Ni-modication, a much stronger Mo2C peak was observed for
the pre-carburized catalysts, indicating sintering of the Mo2C
phases over the external surface of the zeolite. The synergy effect
between the additive andMo thus changed both the reducibility
andmobility of the Mo species, which increases the retention of
the Mo species within the channels of zeolite and benets the
catalytic selectivity towards benzene.

The addition of metal promoters is also benecial for
reducing the formation of coke in zeolite channels. For
instance, in the work performed by Bajec et al.,52 the addition of
He pre-treated and (d) spent pre-carburized Co- and Ni-modified Ni/
19 Elsevier.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fe to Mo/HZSM-5 catalysts reduces the amount of coke forma-
tion, which results in a better stability for the coupling of
methane to ethane/ethylene synthesis. The effect of the addi-
tion of Fe, Rh, and K on MDA over Mo/HZSM-5 was studied by
Ramasubramanian et al.,53 in which the K-promoted catalyst
was found to have a better selectivity for benzene (�50%) aer
255 min of reaction (Fig. 6a). The temperature programmed
oxidation results (Fig. 6b) indicated that the formation of coke
was largely reduced by the addition of K, which modied the
acidic strength of Mo/HZSM-5 and restricted the agglomeration
of C6H6 to coke. Recently, the promoting effect of nano-Fe on
the MDA performance over the Mo/HZSM-5 catalyst was studied
by Sun et al.,49 and a mechanism for the formation of carbon
nanotubes was suggested during the nonoxide dehydroaroma-
tization. In their proposed mechanism, the coke formation over
both the external surfaces and channels of zeolite could be
suppressed owing to the competitive consumption of coke
precursors by the formation of carbon nanotubes over nano-Fe.
Meanwhile, these carbon nanotubes created by Fe lead to
appropriate cavities with a kinetic diameter of about 10.0 Å. The
activation of methane was speculated to facilely occur over the
Brønsted sites inside the carbon nanotubes, thus enhancing
both the rate and stability for the production of aromatics.

2.2 Non-Mo based catalysts

In addition to the studies on Mo-based catalysts, non-Mo based
catalysts such as Pt-containing catalysts, transition metals (Fe,
Zn, Cr, Ni, Cu, and Co) and metals in group IIIB (Ga and Al)
supported on SiO2 and H-ZSM-5 have also been extensively
investigated to enable improved catalytic activity and stability
for methane activation and conversion.

2.2.1 Pt-containing catalysts. The early work by Belgued
et al. reported that the conversion of methane to higher
hydrocarbon products over a 6 wt% Pt/SiO2 catalyst occurs at
a reaction temperature of 250 �C54 which is even lower than that
for the OCM, while it suffered from a low methane conversion
rate. In the work conducted by Dumesic et al.,55 PtSn bimetallic
Fig. 6 (a) Effect of addition of Fe, Rh, and K onMDA over Mo/HZSM-5. (b)
as well as parent (black line), Mo/HZSM-5 catalysts. Reproduced with pe

© 2021 The Author(s). Published by the Royal Society of Chemistry
catalysts supported on a H-ZSM-5 zeolite were developed to
improve the activity and selectivity of nonoxidative methane
conversion. As shown in Fig. 7a, the addition of Sn to Pt/SiO2

was found to be benecial for ethylene formation. By varying
the acidity of the H-ZSM-5 support, the selectivity to benzene
and naphthalene can be realized via the oligomerization of
C2Hx intermediates. The bimetallic and stepped surfaces of the
Pt and PtSn surfaces were shown to be critical for higher rates of
ethylene formation. In addition, Varma et al.56 recently reported
that bimetallic Pt–Bi supported on ZSM-5 zeolite could afford
a stable methane conversion with a selectivity of more than 90%
to C2 species at relatively moderate temperatures (Fig. 7b), and
the surface Pt was found to be the active site for methane
activation while the addition of Bi plays an important role in
catalyst stability and selectivity to C2 species.

2.2.2 Ta-based catalysts. Silica-supported tantalum hydride
(^SiO)2Ta–H is known to catalyze the hydrogenolysis of ethane
into methane. Basset et al. reported the rst example of the
transformation of methane into ethane via nonoxidative
coupling57 over a heterogeneous Ta-based catalyst (^SiO)2Ta–
H. A high selectivity (>98%) of ethane was achieved among the
hydrocarbon products with a methane conversion degree of
approximately 0.1% at a temperature of 375 �C in the contin-
uous ow reactor. As shown in Fig. 8a, the reaction mechanism
involved the migration of the methyl ligand onto tantalum-
methylidene, which was proposed as the key intermediate for
ethane formation in the NOCM. Recently, free Ta8O2

+ cluster
ions were also found to be capable of NOCM reactions.58 A
similar catalytic cycle for the C–C coupling step was proposed
on the Ta8O2

+ cluster ions and the Ta-based catalyst (Fig. 8b),
and the difference lies in the nal step of the product forma-
tion. As shown in Fig. 8c, the activation of an extra methane
molecule was required for the formation of ethane over
tantalum hydride catalysts, while the formation of ethane was
completed with the previously formed carbene and methane on
Ta8O2

+. The results of these works prove the great potential of
tantalum-based catalysts for the NOCM.
TPO profiles of Rh (green line), Fe (blue line), and K (red line) promoted,
rmission from ref. 53. Copyright 2019 Springer.
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Fig. 7 (a) Surface coverage and ethylene turnover frequency values of the PtSn/H-ZSM-5 surfaces under conditions of 5% H2 cofeeding with
methane predicted using the microkinetic model. Reproduced with permission from ref. 55. Copyright 2017 American Chemical Society. (b)
Performance of different Pt–Bi/ZSM-5 catalysts at various methane conversions for ethane selectivity over ZSM-5 zeolite supported bimetallic
Pt–Bi catalysts. Reproduced with permission from ref. 56. Copyright 2018 American Chemical Society.

Fig. 8 (a) Proposed mechanism for NOCM over silica-supported tantalum hydride (^SiO)2Ta–H. Reproduced with permission from ref. 57.
Copyright 2008 American Chemical Society. (b) NOCM catalyzed by Ta8O2

+. (c) Comparison of the mechanisms for ethane formation in NOCM.
Reproduced with permission from ref. 58. Copyright 2020 American Chemical Society.
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2.2.3 Ga-modied zeolites. The concept of Ga-modied
zeolites for methane conversion was based on consideration
of the Ga species serving as the active centers for both methane
activation and dehydrogenation. By using gas chromatography
mass spectrometry (GC-MS) analysis and 13C solid-state NMR
spectroscopy, Ga-methyl species derived from the dissociative
adsorption of methane on Ga2O3 species were identied as the
major intermediates in methane activation.59 These Ga-methyl
species can then enable nucleophilic substitution in the
aromatic ring, which thus provides an alternative pathway for
NOCM. Kopyscinski et al. recently developed GaN/SBA-15 cata-
lysts for direct NOCM to ethylene,60 and the catalytic results
indicated that the Ga-nitrides exhibited a higher ethylene
selectivity (71%) and a reduced coke selectivity (27%) as
compared to those of the oxide precursors. In their further
12536 | Chem. Sci., 2021, 12, 12529–12545
work, the regeneration capabilities of the GaN catalysts were
also studied.61 As shown in Fig. 9, the surface Ga2O3 layer can be
converted to GaN (step R8) by the renitridation step using NH3,
to maintain its capability for ethylene production.

2.2.4 Zn-Modied catalysts. Zn-Modied zeolites for the
conversion of light alkanes have also attracted signicant
attention owing to the proven evidence of their good catalytic
capability.62,63 The key factor in determining the high activity of
Zn-modied zeolites is considered as the initial stage of
methane activation. With Zn-modied H-BEA catalysts, the
mechanism of methane activation was proposed via heterotypic
C–H bond cleavage by the formation of methoxy species on the
surface.64 Similar results were also observed for methane acti-
vation over the Zn-modied H-ZSM-5 zeolite.65 The nature of the
Zn species, for example, ZnO clusters or isolated Zn2+, has
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Proposedmechanism for the activation/regeneration/renitridation cycle of GaN/SBA-15 in NOCM. Reproduced with permission from ref.
61. Copyright 2020 American Chemical Society.
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a signicant impact on the catalytic efficiency towards methane
activation, and isolated Zn2+ species demonstrate a better
performance.66 In the work conducted by Gabrienko et al.,67 the
methane conversion catalyzed by Zn2+ exchanged H-ZSM-5
zeolite was studied using 13C magic angle spinning (MAS)
NMR spectroscopy. They suggested that the methane activation
under nonoxidative conditions occurs on the zinc cationic sites
through the “alkyl” pathway by forming Zn–CH3 species. The
BASs on the zeolite take part in the formation of zinc-methyl
species, indicating the involvement of both Zn sites and BASs
for NOCM on Zn2+/H-ZSM-5. This synergic mechanism between
the BSAs and Zn2+ ions in zinc-modied ZSM-5 zeolites was
further conrmed by Qi et al. by using 1H–67Zn double-
resonance solid-state NMR spectroscopy.68 As shown in
Fig. 10a, owing to dipolar interactions between the Zn species
and protons, the 1H signals from SiOH, ZnOH, and SiOHAl can
be well distinguished. The degree of 1H–67Zn dipolar dephas-
ing, expressed as DS/S0 (Fig. 10b), indicated the different
degrees of dipolar interaction between the three hydroxy groups
and Zn atoms. The spatial proximity/interaction between the
BASs and Zn2+ ions with the enhanced Brønsted acidity was
suggested as the main cause for the promotion of C–H bond
activation on the Zn2+ ions.

The co-aromatization mechanism of methane with other
hydrocarbons on Zn-modied zeolites has also been widely
explored. It is proposed that methane was rst converted to
a methoxy species when co-fed with higher hydrocarbons. By
undergoing methyl formation with the aid of aromatic species
in the zeolite, it was then transferred to the phenyl rings.64

Recently, He et al. studied the impact of the Al sites of Zn/
HZSM-5 on the methane conversion mechanism during the
co-aromatization with alkanes.69 The diffuse reectance
infrared Fourier transform spectroscopy (DRIFTS) and NH3-TPD
characterization results of Zn/HZSM-5 suggest that the extra-
© 2021 The Author(s). Published by the Royal Society of Chemistry
framework and framework Al sites are related to the Lewis
acid and Brönsted acid of the zeolite, respectively. Both the
extra-framework and framework Al sites were demonstrated to
be vital for methane activation, and the catalytic activity could
be enhanced by converting some of the framework Al atoms to
the extra-framework Al sites. Meanwhile, the effect of the Zn
location in Zn/HZSM-5 was also studied for the co-
aromatization of methane/alkanes, in which the Zn species
located on the external surface of HZSM-5 were related to the
generation of the alkyl substitution group while the Zn within
the inner pores was responsible for the formation of the phenyl
rings of the aromatics.

2.2.5 Fe-modied catalysts. Among the various transition-
metal-based materials, the Fe-based catalyst has been exten-
sively used in NOCM owing to its abundant and environmen-
tally friendly nature. Extensive studies have been carried out to
identify the real active phases of iron for methane activation. In
the work conducted by Weckhuysen et al.,70 the 2 wt% Fe2O3/
HZSM-5 catalyst, aer activation in CO or O2 at 500 �C, achieves
an approximately 4.2% conversion of methane with a selectivity
of approximately 70% to benzene. The iron suboxides, which
are located on the external surface of the HZSM-5 and formed
from the reduction of Fe2O3 by methane, were supposed to be
the active phases for methane activation.71 In addition, studies
of Fe2O3 on Al2O3 and SiO2 showed that the Fe2O3 phase
transformed into Fe3C and metallic Fe saturated with carbon
atoms during methane decomposition.72 Furthermore, these
carburized Fe and metallic Fe were found to be highly effective
for methane activation to aromatics and were also reported to
be carbonaceous in work performed by Tan et al.73. It was
proposed that the carburized Fe serves as the active species to
stabilize the carbene via the formation of a metal-carbene
complex (C–Fe]CH2), which dimerizes into ethylene and is
then oligomerized into the aromatics on the acid sites of the
Chem. Sci., 2021, 12, 12529–12545 | 12537
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Fig. 10 (a) NMR spectra of ZSM-5(I2) and ZSM-5(I6) recorded at 18.8 T with a recoupling time of 9.6 ms. (b) DS/S0 signal fraction versus the total
recoupling time. S and S0 denote the 1H spectrum with and without 67Zn irradiation, respectively. Reproduced with permission from ref. 68.
Copyright 2016 John Wiley and Sons.
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zeolite. On the other hand, the degree of carburization of the Fe
species can be enhanced in the presence of promoters, which
promote the reactivity of NOCM over the Fe-based catalyst. For
example, the promotional effect of Au toward the carburization
of Fe on Fe/HZSM-5 for an improved NOCM was recently re-
ported by Sim et al.74.
3. Newly developed single-atom
based catalysts

A single-atom catalyst (SAC), dened as a catalyst composed of
only isolated single atom active sites on supports,75 provides
signicant advantages for optimizing the catalytic performance
owing to the well-dened structure of the catalytic sites. Even
though highly dispersed Fe cations supported on HZSM-5 were
shown to be active in the NOCM, they suffered from severe coke
deposition.73,76,77 Novel catalytic systems are thus greatly desired
12538 | Chem. Sci., 2021, 12, 12529–12545
to make the nonoxidative conversion of methane more selective
and efficient. In this regard, coordinatively unsaturated iron
sites show signicant potential owing to their high activity
towards C–H activation.78,79 In 2014, Bao and colleagues re-
ported single iron atoms embedded in the lattice of silica
(Fe@SiO2) as a highly efficient catalyst for the nonoxidative
conversion of methane to ethylene and benzene (Fig. 11a).15 As
shown in Fig. 11b and c, these coordinatively unsaturated iron
atom species interact extensively with the SiO2 through bonding
to the Si and C atoms, leading to an excellent stability, even aer
a prolonged reaction time of 60 h. This study was viewed as
a landmark discovery for the transformation of methane, and it
thus opened up a new avenue for the application of single atom
catalysts (SACs) in NOCM.

Over the past few years, a number of studies have been
carried out using SACs as catalysts for NOCM.80–85 For instance,
the effect of the catalytic surface of silica-based iron catalysts
(Fe©CRS) on MTOAH was studied by Han et al.81. The highly
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 (a) Scanning transmission electron microscopy high-angle annular dark-field (STEM-HAADF) image of Fe@SiO2 (inset shows the
computational model of single iron atoms embedded in the lattice of silica). (b) In situ XANES, and (c) Fourier transformed (FT) EXAFS spectra
upon activation. Reproduced with permission from ref. 15. Copyright 2014, American Association for the Advancement of Science.
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dispersed conned Fe sites with Fe–Si coordination were iden-
tied to be more favorable for the formation of the methyl
radical compared to the Fe3C clusters, and the optimized
Fe©CRS catalyst can achieve a 6.9–5.8% methane conversion
with a 86.2% C2 selectivity at 1080 �C for 100 h. Recently,
nanoceria-supported single Pt atom catalysts (Pt1@CeO2) were
demonstrated with a higher C2 product selectivity than that of
Fe@SiO2 at 950 �C.85 Based on the DRIFTS analysis results, the
methane conversion over Fe@SiO2 was proposed through
catalytic coupling of dehydrogenated *CH3 and *CH2 adsor-
bates on the single Pt sites. In the work carried out by Sakbodin
et al.,82 a signicant improvement in methane conversion
(�30% C2+ single-pass yield with 99% selectivity to C2 products
at 30% methane conversion) was achieved by integrating the
Fe@SiO2 catalyst in a hydrogen (H2) permeable tubular
membrane reactor. A comparison of the catalytic performance
for recently reported catalysts for the NOCM is shown in Table
1. As shown, the results from recent advances have demon-
strated the isolation of single-Fe-atom sites as a promising way
to maintain the catalytic activity and long-term stability,
enabling more sophisticated studies to be performed to eluci-
date the underlying mechanism and optimize the catalysts, and
even improve the design of the reactor to achieve an optimized
performance for the NOCM.

On the other hand, considerable efforts have also been
devoted to uncovering the catalytic mechanism of the NOCM on
© 2021 The Author(s). Published by the Royal Society of Chemistry
SACs. Results from recent theoretical studies provided an in-
depth mechanistic understanding of the elementary steps.86–90

In the work conducted by Bao and colleagues,15 a gas-phase
reaction mechanism was proposed based on preliminary theo-
retical calculations and VUV-SPI-MBMS analysis. It was
proposed that methane was rst activated over the single Fe
atom center, resulting in the C–H bond cleavage of CH4 with the
dissociated H and methyl being adsorbed at the C and Fe sites,
respectively. The target ethylene and aromatics were then
generated from the released gas phase of methyl via gas-phase
radical/molecule collision. Further quantum chemistry calcu-
lations performed by He et al. suggest a monofunctional
mechanism occurs over the surface of the Fe@SiO2 catalysts
andmetal/zeolites for the NOCM.35 It was suggested in this work
that both the activation of methane and its further C–C
coupling occurred on the active FeC3

� cluster. Recently, by
using DFT calculation methods and ab initio molecular
dynamics (AIMD) simulations, we have also systematically
studied the reaction mechanisms of methane conversion over
Fe1@SiC2.87 As shown in Fig. 12a, a new quasi Mars–van Kre-
velen mechanism is revealed for NOCM over the Fe1@SiC2

active center. The activation of the C–H bond of methane occurs
at the Fe single sites to produce Fe–CH3, and this dissociated
methyl was found to facilely transfer to the adjacent carbon site
of SiC2 by realizing the C–C coupling. Following this, hydrogen
transfer occurs and ethylene is then produced via a key –CH-
Chem. Sci., 2021, 12, 12529–12545 | 12539
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Table 1 Comparison of the catalytic performance of the recently reported catalysts for the NOCM

Catalyst (metal loading)

Reaction conditions
Methane conversion,
%

Selectivity for indicated products

Ref.Temperature, �C Feed composition C6H6 C10H8 Coke Others

Mo6/MCM-22 (5 wt%) 700 �C 1500 mL g�1 h�1 9% 66% 9% 16% 9% 24
CH4/N2 80/20 5 h

Mo/ZSM-5 700 �C 1500 mL g�1 h�1 11.6% C6+: 8.8% 26
CH4/N2 80/20 15 h

10MoCy/HZSM-5 (10 wt%) 700 �C 1550 mL g�1 h�1 11.6% 80% — — — 32
CH4/N2 91/9 15 h

Mo/HZSM-5 700 �C WHSV 2 h�1 22.7% 51.5% 21.8% C7H8: 3.2 34
CH4/N2 95/5 16 h C8H10: 17.3

C2: 6.1
Mo5/MCM-22 (21) 680 �C 1500 mL g�1 h�1 7.2% 51.9% �7% 5.6% 34.4% 42
(5 wt%) CH4/N2 90/10 2 h
Mo5/MCM-22 (91) 680 �C 1500 mL g�1 h�1 4.5% 36.1% �7% 5% 51.1% 42
(5 wt%) CH4/N2 90/10 2 h
MoOx/ZSM-5 (3 wt%) 700 �C 1550 mL h�1 g�1 8% 62% — 22% 16% 43

9% N2/CH4 12 h
MoOx/ZSM-5 (10 wt%) 700 �C 1550 mL h�1 g�1 9.5% 85% — 2% 13% 43

9% N2/CH4 12 h
Mo/HZSM-5 (MA) 700 �C 1500 mL g�1 h�1 11.8% 70.7% 12.9% 9.3% 7.1% 44
(10 wt%) CH4/N2 90/10 10 h
Mo/H-S-Z (6 wt%) 700 �C 1500 mL g�1 h�1 6.29% 55.6% — 6.6% 37.8% 45

CH4/Ar 90.3/9.7 3 h
Mo/HZSM-5 700 �C 1500 mL g�1 h�1 12% 83.3% — — — 46

CH4/N2 90/10 10 h
0.5% Re-4.0%Mo/ZSM-5 750 �C 1000 mL g�1 h�1 14.8% 54.05% 30.4% 13% 2% 47

CH4/99.99% 20 min
0.5% Cr-5% Mo–SZ 700 �C 600 mL g�1 h�1 13.5% 55% — 11.49% 27.5% 48

CH4/N2 90/10
1.0% Fe (nano)-5% Mo/HZSM-5 700 �C 1650 mL g�1 h�1 14% 22% 3% 52.3% 22.7% 49

CH4/Ar 10/1
1.5% Fe (nano)-5% Mo/HZSM-5 700 �C 1650 mL g�1 h�1 12% 17% 6% 57% 20% 49

CH4/Ar 10/1
Mg–Mo/HZSM-5 800 �C 1440 mL g�1 h�1 12.3% 68.4% — 10.1% — 50

CH4/Ar/CO2 90/8/2 1 h
6Mo-0.2Ni/ZSM-5 700 �C 1500 mL g�1 h�1 9.8%, 10 h 35% 2.5% 59% 3.5% 51
6Mo-0.6Co/ZSM-5 CH4/N2 91/9 5%, 10 h 30% 2.1% 57% 10.9%
10 Mo -1K/HZSM-5 750 �C — 28% 50% — 47% — 53

255 min
PtSn/SiO2–5%H2 700 �C 5% CH4 introduce

to 25% H2/He tank
0.05% C2H4: 63% 55
6 h C2H6: 36%

Pt–Bi/ZSM-5 600–700 �C — 2% 8 h C2H4 + C2H6: >90% 56
GaN/SBA15 700 �C 567 h�1 2.5% 8 h C2H4: 97.4% C3H6: 2.04% C6 + 0.6% 61
Fe/HMCM-22 750 �C 1500 mL g�1 h�1 896 nmol/(gcat. s) 74.6% 15.1% — 10.3% 73

CH4/Ar 90/10
Fe/HZSM-5 700 �C 3750 mL g�1 h�1 1.3% 10 hours 22.5% — 42% 35.5% 76

CH4/He 50/50
Fe©CRS (0.41 wt%) 1080 �C 8000 mL g�1 h�1 6.9–5.8% C2: 86.2%, C3–C5: �6% 81

CH4/H2 50/50 100 h Aromatics: �8%, coke: �1%
Fe©SiO2 (0.5 wt%) 1030 �C 3200 mLg�1 h�1 30% C2 and aromatic 82

CH4/Ar 90/10 99%
Fe©SiO2 (0.5 wt%) 1090 �C 21.4 L g�1 h�1 48.1% 28% 24% C2H4: 48% 15

CH4/N2 90/10
Pt1@CeO2 (0.5 wt%) 975 �C 6 L g�1 h�1 14.4% �13% �2% C2: 74.6% 85

1% CH4/He C3: <10%
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CH2 intermediate on the Fe single-atom site and results in
a carbon vacancy on the SiC2 surface. Meanwhile, this carbon
defect on the SiC2 surface can be recovered by the activation of
another methane on the Fe single-atom site. It thus involves the
withdrawal and regeneration of the surface C atom on the
12540 | Chem. Sci., 2021, 12, 12529–12545
support during methane conversion. The involvement of both C
and Fe suggests the importance of the dual site synergetic
interaction for the nonoxidative conversion of methane on the
SACs. The dynamic formation mechanism of the FeSiC2@SiO2

from FeO3©SiO2 was further explored.88 As shown in Fig. 12b,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 (a) Proposed quasi Mars–van Krevelen mechanism for methane conversion over the Fe1@SiC2 active center. Reproduced with
permission from ref. 87. Copyright 2020 JohnWiley and Sons. (b) Theoretically revealed active centers evolving from FeO3©SiO2 duringmethane
conversion. Reproduced with permission from ref. 88. Copyright 2020 American Chemical Society.
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eight different active centers evolving from FeO3©SiO2 were
monitored, which demonstrated different catalytic perfor-
mances for methane conversion. The Fe active centers coordi-
nated with unsaturated C atoms were revealed to be more active
for methane dissociation, these prefer to transfer the dissoci-
ated methyl group to adjacent C atoms and follow a surface
coupling reaction mechanism. Meanwhile, the Fe active centers
coordinated with saturated C/O/Si were shown to have
a reduced activity for methane conversion, which leads to the
desorption of the methyl group into the gas phase and follows
a gas-phase reaction mechanism. This highlights the impor-
tance of engineering active sites in determining the activity and
selectivity in the NOCM, which should be considered in the
design of further catalysts for methane conversion.

4. Summary and outlook

The direct conversion of methane to high-value chemicals is
a highly economical way to utilize methane. In terms of the
conventional zeolite supported Mo-based catalysts for the
nonoxidative conversion of methane to aromatics, signicant
progress has been made, including identication of the active
site, an explanation of the function of the zeolite, and the design
of promoters. The nature of Mo species under real-time condi-
tions, the pore structure with the acidity of the zeolite supports,
as well as the synergy effect of promoters, play a crucial role in
determining the catalytic activity and stability of methane
nonoxidative coupling over Mo-based conventional catalysts.
On the other hand, various non-Mo-based catalysts have been
considered recently. In particular, SACs as a novel topic in
heterogeneous catalysis have been demonstrated to possess
signicant potential in the nonoxidative conversion of
methane. The single-atom active site of the SACs with the
synergistic support enables an unusual catalytic behavior
providing the olens as a primary product in methane
© 2021 The Author(s). Published by the Royal Society of Chemistry
nonoxidative coupling, which makes it a newly emerging
candidate in the area of methane chemistry.

Despite this, the activation of the C–H bond of methane and
the selective controlling of C–C coupling is still a challenge in
the nonoxidative conversion of methane. Further investigation
of the structure–activity relationship in methane activation and
coupling is greatly needed, not only for the conventional Mo-
based catalysts but also in the development of novel catalysts.
Recent experimental and theoretical results have demonstrated
that the coordinatively unsaturated single-Fe-atom sites show
signicant potential for use in the NOCM. The activation of C–H
bond occurs at the Fe single site and the adjacent carbon site is
essential for C–C coupling. For example, elucidating the exact
atomic structure of the active sites, especially in real-time
reactions, with their associated electronic structure, acidic/
basic properties and others, as well as the possible roles of
neighboring chemical environments, would be important to
correlate with the catalytic activity of the C–H bond activation.
On the other hand, the catalysts also require functional sites for
C–C coupling which determines the length of the carbon chain,
and the dependency of the size and geometry of the active
center seems to have a negligible effect on the product distri-
butions. In this regard, the rational design of SACs with the
desired coordination environment (such as C, Si, O coordina-
tion number) is considered as a promising route to achieving
the efficient activation of the C–H bond and selective C–C
coupling.

Furthermore, in-depth insights into the underlying mecha-
nism of NOCM will require in situ characterization on the active
phases and the experimental identication of the reaction
intermediates under a high reaction temperature. To this end,
techniques such as electron spin resonance (ESR) spectroscopy,
Mössbauer spectroscopy, atomic resonance absorption spec-
troscopy, and so on can be employed. The development of
spatially resolved reactors is also important for providing
Chem. Sci., 2021, 12, 12529–12545 | 12541
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insights into the gas-phase reaction intermediates. Theoretical
modelling is a powerful tool to access information such as C–H
bond breaking and C–C coupling, as well as determining the
energy barriers during the whole process. In addition, the
carburization and accumulation of carbonaceous species on the
surface of the catalyst remain the main challenges under non-
oxidative conditions. Therefore, the development of novel
catalysts with a high activity, selectivity, and stability is still
a long-pursued target.

We anticipate that further advances will be achieved in this
eld. Meanwhile, the direct carbon chain growth of methane
with other carbon resources such as CO2 is also a signicant
development in the area of methane conversion and applica-
tion. Although the oxidative coupling of methane was studied
extensively at the end of the last century, methane coupling
using a modern catalytic technique is now welcoming in a new
era in this eld, and it also offers human beings a novel path for
the rational utilization of natural resources.
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14 R. Horn and R. Schlögl, Methane Activation by
Heterogeneous Catalysis, Catal. Lett., 2015, 145, 23–39.

15 X. Guo, G. Fang, G. Li, H. Ma, H. Fan, L. Yu, C. Ma, X. Wu,
D. Deng, M. Wei, D. Tan, R. Si, S. Zhang, J. Li, L. Sun,
Z. Tang, X. Pan and X. Bao, Direct, Nonoxidative
Conversion of Methane to Ethylene, Aromatics, and
Hydrogen, Science, 2014, 344, 616–619.

16 L. Wang, L. Tao, M. Xie, G. Xu, J. Huang and Y. Xu,
Dehydrogenation and aromatization of methane under
non-oxidizing conditions, Catal. Lett., 1993, 21, 35–41.

17 P. L. Tan, The catalytic performance of Mo-impregnated
HZSM-5 zeolite in CH4 aromatization: Strong inuence of
Mo loading and pretreatment conditions, Catal. Commun.,
2018, 103, 101–104.

18 R. W. Borry, Y. H. Kim, A. Huffsmith, J. A. Reimer and
E. Iglesia, Structure and Density of Mo and Acid Sites in
Mo-Exchanged H-ZSM5 Catalysts for Nonoxidative
Methane Conversion, J. Phys. Chem. B, 1999, 103, 5787–5796.

19 W. Li, G. D. Meitzner, R. W. Borry and E. Iglesia, Raman and
X-Ray Absorption Studies of Mo Species in Mo/H-ZSM5
Catalysts for Non-Oxidative CH4 Reactions, J. Catal., 2000,
191, 373–383.

20 W. Ding, S. Li, G. D Meitzner and E. Iglesia, Methane
Conversion to Aromatics on Mo/H-ZSM5: Structure of
Molybdenum Species in Working Catalysts, J. Phys. Chem.
B, 2001, 105, 506–513.

21 J.-P. Tessonnier, B. Louis, S. Rigolet, M. J. Ledoux and
C. Pham-Huu, Methane dehydro-aromatization on Mo/
ZSM-5: About the hidden role of Brønsted acid sites, Appl.
Catal., A, 2008, 336, 79–88.

22 J.-P. Tessonnier, B. Louis, S. Walspurger, J. Sommer,
M.-J. Ledoux and C. Pham-Huu, Quantitative Measurement
of the Brönsted Acid Sites in Solid Acids: Toward a Single-
Site Design of Mo-Modied ZSM-5 Zeolite, J. Phys. Chem. B,
2006, 110, 10390–10395.

23 N. Kosinov, F. J. A. G. Coumans, G. Li, E. Uslamin, B. Mezari,
A. S. G. Wijpkema, E. A. Pidko and E. J. M. Hensen, Stable
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc02105b


Review Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

11
:1

2:
50

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Mo/HZSM-5 methane dehydroaromatization catalysts
optimized for high-temperature calcination-regeneration, J.
Catal., 2017, 346, 125–133.

24 I. Julian, J. L. Hueso, N. Lara, A. Sole-Daura, J. M. Poblet,
S. G. Mitchell, R. Mallada and J. Santamaria,
Polyoxometalates as alternative Mo precursors for methane
dehydroaromatization on Mo/ZSM-5 and Mo/MCM-22
catalysts, Catal. Sci. Technol., 2019, 9, 5927–5942.

25 M. Agote-Aran, R. E. Fletcher, M. Briceno, A. B. Kroner,
I. V. Sazanovich, B. Slater, M. E. Rivas, A. W. J. Smith,
P. Collier, I. Lezcano-Gonzalez and A. M. Beale,
Implications of the Molybdenum Coordination
Environment in MFI Zeolites on Methane
Dehydroaromatisation Performance, Chemcatchem, 2020,
12, 294–304.

26 I. Julian, M. B. Roedern, J. L. Hueso, S. Irusta, A. K. Baden,
R. Mallada, Z. Davis and J. Santamaria, Supercritical
solvothermal synthesis under reducing conditions to
increase stability and durability of Mo/ZSM-5 catalysts in
methane dehydroaromatization, Appl. Catal., B, 2020, 263,
118360.

27 D. Wang, J. H. Lunsford and M. P. Rosynek, Catalytic
conversion of methane to benzene over Mo/ZSM-5, Top.
Catal., 1996, 3, 289–297.

28 D. Wang, J. H. Lunsford andM. P. Rosynek, Characterization
of a Mo/ZSM-5 Catalyst for the Conversion of Methane to
Benzene, J. Catal., 1997, 169, 347–358.

29 H. Liu, X. Bao and Y. Xu, Methane dehydroaromatization
under nonoxidative conditions over Mo/HZSM-5 catalysts:
Identication and preparation of the Mo active species, J.
Catal., 2006, 239, 441–450.
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