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Abstract: Methane is the fundamental raw material of the C1 chemical industry, with abundant
reserves. Its direct conversion into high-value-added chemicals has great scientific significance and
broad commercial potential for the efficient use of methane resources. However, it is difficult to
convert methane into more useful hydrocarbons and hydrogen, as the reaction usually requires
external energy to overcome thermodynamic limitations. Non-oxidative coupling of methane to
produce ethane and hydrogen is a promising supply technology. Catalysts which can be adapted
to various energy sources are key to this technology. In recent years, considerable progress has
been made in the design and application of these thermal and photocatalysts. This review outlines
some typical catalysts, and reviews the progress in the understanding of reaction mechanisms.
Finally, suggestions for the development of high-selectivity and high-stability catalysts for the future
are presented.
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1. Introduction

With the global temperature rising each year, climate anomalies are becoming more
and more frequent, greatly impacting the bulk commodity market, especially in energy.
Consequently, the utilization of clean energy natural gas is rapidly expanding with the
exploitation of shale gas and combustible ice [1]. In the past, natural gas was mainly used
as fuel [2], but now, in order to achieve green and sustainable development of the energy
system, its industrial utilization is gaining more attention [3].

Natural gas is mainly composed of methane (CH4)-the basic raw gas of the C1 chemical
industry. Thus, the conversion of CH4 to high-value chemicals (such as hydrogen (H2),
alcohols, alkanes, and olefins) is a promising technology in chemical and energy supply.
Traditionally, these chemicals are obtained through the indirect conversion of CH4, that is,
CH4 is first converted into syngas (CO and H2), and then processed through the Fischer–
Tropsch process. Unfortunately, this method has some disadvantages, such as a complicated
process, low utilization rate of CH4, high energy consumption, and high cost [4,5].

The industry has been seeking cost-effective and low-carbon ways to utilize CH4, of
which ethene (C2H6) is a highly important commodity chemical for many manufactur-
ing products [6]. Non-oxidative coupling of methane (NOCM) produces C2H6 and H2
(Equation (1)), making it the simplest C-C coupling process and a model reaction for
converting CH4 to multi-carbons.

2CH4 → C2H6 + H2 ∆H (298K) = 68.6 kJ mol−1 (1)

However, the thermodynamic barrier of this reaction necessitates the use of energy
sources to trigger CH4 coupling [2,7], such as thermal catalysis and photocatalysis. Thermal
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catalysis is the most common method, but carbon deposition occurs easily at relatively high
temperatures (>773 K) [8] and complete dehydrogenation of CH4 reduces C2H6 selectivity.
Solar energy, on the other hand, is the richest and cleanest renewable energy and has been
used to promote NOCM reactions under mild conditions [9,10], improving system safety
and reducing reaction temperature.

From an economic standpoint, Gerceker et al. suggested that the selectivity of C2H6
should be at least 25% and coke formation should be less than 20%, making it a viable
option for commercial applications [11]. Additionally, CH4 conversion efficiency should
be taken into consideration. To this end, this paper reviews a series of catalysts from
the perspective of catalytic efficiency and the mechanism of typical thermal catalysis and
photocatalysis in NOCM reactions. In thermal catalysis, the catalysts reduce the reaction
barrier and regulate the reaction intermediates in the “adsorption-activation-desorption”
process. For photocatalysis, catalysts with different electronic properties are excited by
solar energy to regulate the C-C coupling process. An overview of the properties and
mechanism of the active catalysts is provided, as well as factors that affect CH4 activation
and C2H6 selectivity. Designing efficient catalysts for direct NOCM is of great importance
for the future.

2. Thermal Catalytic NOCM
2.1. Fundamentals of Thermal Catalysis

Generally, it is assumed that the reaction of Thermal Catalytic NOCM consists mainly
of three processes [12]: (1) CH4 is adsorbed onto the active site of the catalyst; (2) the C-H
bond is dissociated by the active component and forms adsorbed methyl or H2; (3) the
identical adsorbed groups are coupled, then desorbed to generate C2H6 and H2 in the gas
phase. However, as the most stable alkane, the CH4 molecule is sp3 hybrid [13] and its C-H
bond dissociation energy is up to 439 kJ mol−1 [14,15], making the activation energy of the
reaction extremely high, despite the catalyst reducing the energy effectively. The first C-H
bond breaking of CH4 is more difficult, whereas the successive dehydrogenation reaction
is easy to occur, thus leading to methyl cracking without needing a coupling process.

In thermal catalytic NOCM, the C-H bond of the CH4 molecule is broken through
high-temperature thermal energy. The generation of reaction intermediates is regulated
by introducing a thermal catalyst, thus avoiding the fracture of the CH3-CH3 skeleton,
and effectively improving the catalytic performance. Some typical thermal catalysts are
summarized in Table 1.

Table 1. C2H6 selectivity and CH4 conversion in thermal catalytic NOCM using different catalysts.

Entry Catalysts Temperature (K) Reaction Conditions C2H6 Selectivity (%) CH4 Conversion (%) Reference

1 Pt 523 100 mg, 400 mL min−1 CH4 - 19.3 [16]
2 Pt/CeO2 1053 0.36 g, 0.094 h−1 CH4 84.8 7.92 [17]
3 Pd/α-Al2O3 550 300 mg, 300 mL min−1 CH4 4 - [18]
4 Pt/Mo2TiC2 1023 50 mg, 12.9 GHSV(h−1) 85 6.5 [19]
5 Fe©SiO2 1223 4.84 L gcat

−1 h−1 CH4 2 15 [20]
6 Pt1@CeO2 1173 0.2 g, 20 mL min−1 CH4 43.6 ~6 [21]
5 Fe/SiO2 1293 1.2 g, 2.4 mL gcat

−1 s−1 13 12.2 [22]
6 Fe/HZSM-5 973 0.5 g, 6L gcat

−1 h−1 CH4 23 3 [12]
7 Fe©SiO2 1098 100 mg, 20 mL min−1 CH4 80 15 [23]
8 Fe©SiO2 1353 0.6 g, 8000 mL gcat

−1 h−1 CH4 7.9 6 [24]
9 Ta/SiO2 573 300 mg, 30 mL min−1 CH4 50 0.1 [25]
10 NiOx/SiO2 700 300 mg, 300 mL min−1 CH4 16 - [26]

2.2. Precious Metal Catalysts

Noble metal catalysts can more effectively control the adsorption and desorption of
intermediate products in thermal catalytic NOCM, thus enabling the directional conversion
of CH4 to C2H6 [19]. In 1991, Belgued et al. [17] explored the effect of temperature on
the selectivity of C2H6 over Pt/CeO2 catalyst (Figure 1a,b). With increasing temperature,
the adsorption of methyl (-CH3) on the Pt surface decreased, whereas the formation of
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intermediates such as -CH2, -C2H3, and -C2H2 accelerated, thus reducing the selectivity
of C2H6. Moya et al. [18] confirmed that the highly dispersed Pd active sites chemisorbed
intermediate carbon species, promoting the desorption balance of methyl (-CH3) and proton
hydrogen (H) over a Pd/α-Al2O3 catalyst during the coupled hydrogenolysis of CH4 at low
temperature (500–750 K) (Figure 1c). Thermodynamic constraints in the thermal catalytic
reaction motivate research into CH4 activation at high temperatures. However, traditional
metal cluster catalysts suffer from severe coking and significant deactivation in the high-
temperature catalytic process. Xie et al. [21] used a single atom Pt1@CeO2 catalyst to achieve
a 40 h catalytic cycle (1173 K). The continuous desorption of intermediates (-CH3 and
-CH2) at atomically dispersed Pt sites improves the effective collision of carbon-containing
intermediates on the surface of active sites and inhibits carbon deposition, which covers
the active sites, thereby aiding the dynamic stability of the catalyst structure. In conclusion,
it can be stated that precious metal catalysts can facilitate the adsorption energy of -CH3 on
the catalyst surface under appropriate catalytic temperature conditions, while inhibiting the
adsorption of H atoms by unsaturated coordination carbon-containing intermediates, thus
enhancing the effective collision between adsorbed CH3, and consequently promoting the
coupling stability of C2H6. Recently, Pt nanolayers anchored at the hexagonal close-packed
sites of the MXene support were able to activate the primary C-H bond of CH4 to create
methyl radicals that favor desorption over subsequent dehydrogenation, suppressing coke
deposition. At 973 K, the catalyst could operate continuously for 72 h without deactivation
and CH4 conversion reached 7% (Figure 1d,e) [19].
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Figure 1. (a) Reaction mechanism of Pt/CeO2 catalyst [17], (b) CH4 conversion and C2 selectivity on
Pt/CeO2 catalyst [17], copyright 2020, Elsevier. (c) Conversion of CH4 and C-based selectivity to C2
products [18], copyright 2011, Elsevier. (d) Catalytic performance of Pt/Mo2TiC2Tx for non-oxidative
coupling of CH4, and (e) a proposed catalytic circle of NOCM over Pt/Mo2TiC2Tx catalyst [19].
Copyright 2021, Springer Nature.

2.3. Non-Precious Metal Catalysts

Compared with expensive precious metals, relatively cheaper non-precious metal
catalysts such as Fe have been found to successfully catalyze the direct dehydrogenation
of CH4 to generate carbonaceous metal compounds (MeCx) [13,27], resulting in improved
stability of the catalyst even under high-temperature conditions. In 2014, Bao et al. [20] used
an Fe©SiO2 catalyst to achieve catalytic stability for 60 h continuously, with a selectivity of
C2H6 of around 3% at 1223 K (Figure 2a,b). FeOx is confined in the SiO2 lattice, with -CH3
species released from the constrained Fe atom. After CH4 is completely dehydrogenated,
the carbon species are directly converted into a FeCx solid solution from the C-Fe=CH2
structure, avoiding carbon deposition. Kim et al. [22] found that the concentration of -CH3
species affects the catalytic process, with a high concentration of -CH3 (logPCH3 > −2)
atmosphere being conducive to the formation of C2H6. Conversely, low concentrations of -
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CH3 (logPCH3 <−3) conditions result in C2H6 continuing to dehydrogenate as a medium for
the formation of C2H4 or C2H2 (Figure 2c). It was shown that by regulating the formation
energy of -CH3 species over Fe©CRS (CRS:SiO2) catalyst at 1353 K, catalytic stability
could be achieved for 50 h, with a selectivity of C2H6 maintained at 7.9%. Mechanism
studies confirmed that the energy barrier to be overcome for complete CH4 cracking
on the confined Fe3C surface (∆G = 1.1 eV) is lower than that of the pure Fe3C surface
(∆G = 2.8 eV) (Figure 2d), with the formation energy of -CH3 species on the restricted
Fe3C surface site being lower than that of the pure Fe3C site (Figure 2d). Li et al. [28]
proposed a quasi “Mars-van Krevelen” surface reaction mechanism, and research showed
that the extraction and refilling of surface carbon atoms was the key to the transformation
of surface carbon species. The -CH3 species on the surface of Fe1©SiO2 catalyst are difficult
to desorb into the gas phase at the single iron atom site, whereas the carbon sites adjacent
to the iron atom are more likely to desorb -CH3 and transfer protons H, thereby promoting
the cyclic conversion of carbon atoms on the surface. Kashaboina et al. [29] confirmed
that the in situ transformation of the unsaturated coordination structure of the In-C bond
is a necessary condition for the formation of C2H6 on In/SiO2 catalyst by in situ X-ray
absorption spectroscopy. Moya and Rashid et al. [26,30] proved that Ni2+ is conducive to
CH4 adsorption, with the CH4 adsorption capacity of the catalyst containing Ni2+ being
13 times that of the catalyst containing Ni0. Dipu et al. [23] found that the selectivity of
C2H6 can reach 80% on the variable valence metal Ni-P/SiO2 catalyst at 1098 K (Figure 2e).
Lin et al. [31] showed that the divalent metal Ta2+ site is the active center on the Ta/SiO2
catalyst, with the Si-O-Ta bond in (-SiO3)2Ta being broken and the H2-Ta-CH2CH3 structure
formed during activation of CH4, which can then be dehydrogenated to Ta-H and C2H6.
Soulivong et al. [25] achieved a selectivity of the products of around 50%, with catalytic
stability maintained for 200 h over Ta/SiO2 catalyst at 573 K. Therefore, non-precious metal
catalysts can promote the C-C coupling of CH4 through a “restriction strategy” or “metal
valency change strategy” to obtain the target products of C2H6 and H2.
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Figure 2. (a) Comparison of different catalysts at 1223 K [20], (b) effect of reaction temperatures and
space velocities on the 0.5% Fe©SiO2 catalyst. Blue circles denote CH4 conversion, whereas bars rep-
resent product selectivity, CH4 conversion, and C2 hydrocarbon selectivity over Fe©SiO2 catalyst [20],
copyright 2014, The American Association for the Advancement of Science. (c) C2H6, C2H4, C2H2,
and C6H6 selectivity as functions of catalyst contact time and gas-phase residence time. Experimental
NOCM results using Fe@CRS catalyst in a fixed-bed reactor [22], copyright 2020, Springer Nature.
(d) The activation energy barrier of CH4 on SiO2, Fe3C, and Fe©SiO2 catalysts [24], and (e) product
distribution and CH4 conversion on Ni-P/SiO2 catalyst as a function of temperature [23]. Copyright
2020, American Chemical Society.
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3. Photocatalytic NOCM
3.1. Fundamentals of Photocatalysis

In the photocatalytic NOCM process involving a semiconductor catalyst, solar en-
ergy is utilized to stimulate the catalyst, creating photogenerated carriers (electrons and
holes) [15]. The generated holes at the valence band trigger CH4 to enter an excited state,
forming methyl radicals (•CH3) and H protons (CH4 + h+ → •CH3 + H+). Subsequently,
methyl radicals are combined to yield adsorbed C2H6 (2•CH3 → C2H6), whereas the pro-
tons H are reduced by electrons to give adsorbed H2 (2H+ + 2e− → H2) [32]. Finally, C2H6
and H2 are desorbed in the CH4 conversion process at low temperatures [33].

Moreover, several catalysts with no inherent semiconductor characteristics are also
applied for photocatalytic NOCM, which are distinguished by dispersing highly active
centers on non-photoresponsive insulator supports and localizing on specific sites by
taking advantage of the interaction between active components and supports. Some typical
photocatalysts that can improve CH4 conversion or C2H6 selectivity are summarized in
Table 2.

Table 2. C2H6 selectivity and CH4 conversion in photocatalytic NOCM using different catalysts.

Catalysts Reaction Conditions C2H6 Selectivity
(% or µmol g−1 h−1)

CH4 Conversion
(% or µmol g−1 h−1) Reference

1 SiO2-Al2O3 250 W Xe lamp, 1.0 g, 100 µmol CH4 0.01 5.9 [34]
2 FSM-16 300 W Xe lamp, 0.2 g, 200 µmol CH4 1.63 5.7 [35]
3 ZrO2/SiO2 250 W Xe lamp, 0.5 g, 200 µmol CH4 0.11 0.1 [36]
4 SiO2-Al2O3-TiO2 250 W Xe lamp, 1.0 g, 200 µmol CH4 2.07 2.5 [37]
5 SiO2-Al2O3-TiO2 250 W Xe lamp, 1.0 g, 200 µmol CH4 2.07 3.7 [38]
6 Nb-TiO2-SiO2 300 W Xe lamp, 0.1 g, 1 mL CH4 1.7 µmol g−1 h−1 3.5 µmol g−1 h−1 [39]
7 Ag/MFI 250 W Xe lamp, 0.2 g, 200 µmol CH4 4.40 4.0 [40]

8 Ga-ETS-10 high-pressure Hg lamp, 0.2 g,
200 µmol CH4

70 15 [41]

9 Ag-HPW/TiO2 400 W Xe lamp, 0.1 g, 0.3 MPa CH4 150 µmol g−1 h−1 4.96 [2]
10 Ce/SiO2 300 W Xe lamp, 0.2 g, 200 µmol CH4 94 13 [42]
11 Ce/Al2O3 300 W Xe lamp, 0.2 g, 200 µmol CH4 20 15 [43]

12 Zn2+-ZSM-5−
high-pressure Hg lamp, 1.0 g,
200 µmol CH4

99 6 µmol g−1 h−1 [44]

13 Ga2O3 300 W Xe lamp, 0.2 g, 200 µmol CH4 86 17 [45]
14 Pt/Ga2O3 300 W Xe lamp, 0.2 g, 1 mL CH4 90 140 µmol g−1 h−1 [46]
15 Pd/Ga2O3 300 W Xe lamp, 0.8 g, 30 mL min−1 CH4 0.125 µmol g−1 h−1 - [32]
16 Pd-Bi/Ga2O3 300 W Xe lamp, 0.8 g, 450 h−1 CH4 97 0.03 [47]
17 Pt/HGTS 300 W Xe lamp, 0.2 g, 44.6 µmol CH4 3.48 µmol g−1 h−1 28 [48]

3.2. Metal-Oxide-Based Catalysts

In 1998, Yoshida et al. [34] first reported that a SiO2-Al2O3 catalyst could be utilized for
NOCM, but its C2H6 selectivity was limited to 0.01%. Subsequently, Yoshida et al. found
that high-energy ultraviolet light could induce the CH4 molecule to transition directly
from its ground state to an excited state, and the phosphorescent excitation sites of SiO2
could desorb hydroxyl (-OH) groups from the surface [49]. Yuliati also confirmed that
the dehydroxylation of SiO2 could be achieved by two active sites, namely, the ≡Si–O•
(NBOHC, non-bridging oxygen hole center) and the •Si≡ (E’ center, dioxasilirane group),
with electrons being obtained at the NBOHC site and holes generated at the E’ center
site [35].

To further increase the light absorption capacity of the catalyst, some
researchers have introduced the highly dispersed photoactive component TiO2. In 2002,
Yoshida et al. [37,38] reported that a ternary oxide catalyst of SiO2-Al2O3-TiO2 achieved
a C2H6 selectivity of 2.07%. The mechanism study showed that CH4 was activated by
ultraviolet light, and its surface hydroxyl groups desorbed to form (SiO)3Ti-O-Al(OSi)3,
which acted as a highly active synergistic site to promote the electron transfer from the
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oxygen center to the titanium site [38]. In 2021, Zhang et al. [39] proposed an efficient
“coupling-desorption mechanism” strategy to regulate the yield of C2H6, with the yield
of C2H6 reaching 1.7 µmol g−1 h−1 over the n-type semiconductor Nb-TS (single atom
Nb-doped TiO2-SiO2) catalyst (Figure 3). Nb doping replaced the six coordinated Ti6c sites,
generating additional active sites to provide additional local electrons which facilitated the
directional migration of electrons to local •CH3, thereby accelerating the coupling between
CH3-CH3 species and desorbing more C2H6.

Figure 3. The hydrocarbon products, H2 yields, and the CH4 conversion rate over Nb-T [39]. Copy-
right 2021, John Wiley and Sons.

Based on the above research, it can be determined that in the photocatalytic NOCM
process, metal oxide catalysts mainly utilize high-energy ultraviolet light to induce CH4 to
directly transition from the ground state to the excited state, and then adjust the surface
electron transfer process through the oxide surface adsorption characteristics, thus improv-
ing CH4 conversion and C2H6 selectivity by promoting the formation of adsorbed protons
(H) and adsorbed •CH3.

3.3. Metal-Modified Catalysts

The semiconductor catalyst has fixed intrinsic characteristics, making it difficult to
meet the needs of photocatalytic reactions. Therefore, it is necessary to adjust the electronic
structure of the catalyst by modifying the cocatalyst to optimize its catalytic performance.
One strategy is to use metal-modified catalysts to broaden the light response region and
improve the conversion efficiency of solar energy. Moreover, metal-modified photocatalysts
can generate hot electrons or local electric fields to activate the C-H bond of CH4, promoting
the reaction [50]. The metal can also undergo a change from Me1+x to Mex during the
reaction, which regulates the adsorption-desorption reaction involving CH4 [50,51].

Yoshida et al. [42,43] found that adjusting the metal loading could achieve metal
valence state modulation, thereby modifying the selectivity of C2H6. Ce3+ promotes fast
electron migration in the low-loaded Ce(0.01–0.1%)/SiO2 catalyst, resulting in C2H6 selectivity
of up to 60%. However, a higher loading of Ce(2–5%)/SiO2 catalyst yields a selectivity
of 99% due to Ce4+ widening the band gap and inhibiting CH3 dehydrogenation. Later,
Yoshida et al. [40] proposed the “Ag+-Ag0-Ag+ cycle balance charge” mechanism, and
a C2H6 selectivity of 4.40% was achieved over Ag-MFI (MFI: SiO2-A12O3) catalyst. The
photoexcited Ag+ adsorbs CH4 to form a complex (ZO-(Ag+-CH4), which promotes the
adsorption of CH4. During the conversion of Ag+ to Ag0, the C-H bond is broken and
•CH3 species accumulate on the catalyst surface, increasing the C-C collision opportunity
to form C2H6. In 2020, Yu et al. [2] confirmed the reversibility of “Ag+-Ag0-Ag+” over the
Ag-HPW/TiO2 catalyst. The yield of C2H6 was found to reach 150 µmol g−1 h−1, and the
optical quantum efficiency was 3.5% (362 nm). It was further demonstrated that during
the photocatalytic CH4 coupling reaction, the Lewis acid sites around the low coordination
Ag+ are converted into Brønsted acid, and the Ag0 formed in situ is the active center site
for the generation of •CH3 (Figure 4a,b).
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Figure 4. (a,b) Production and mechanism of Ag–HPW/TiO2 catalyst in photocatalytic NOCM [2],
copyright 2020, Springer Nature. (c,d) CH4 conversion and product distribution were obtained in
the photo-driven CH4 activation reaction over various substrates under direct irradiation. From
left to right: Na, K-ETS-10-0.2, Ga-ETS-10-0.2, Al-ETS-10-0.2, Zn-ETS-10-0.2, Fe-ETS-10-0.2, and Cu-
ETS-10-0.2 [41], (e) EPR results of Ga-ETS-10-0.2 [41], copyright 2012, John Wiley and Sons. (f) CH4

conversion and C2H6 selectivity of Zn2+-ZSM-5− catalyst [44], and (g) mechanism of Zn2+-ZSM-5−

catalyst in photocatalytic NOCM [44]. Copyright 2011, John Wiley and Sons.

Li et al. [41] replaced Ga cations on the titanate framework (ETS-10, one-dimensional
TiO2 nanowires surrounding SiO2) to obtain C2H6 selectivity of up to 70%. The study
showed that CH4 is adsorbed on the Ga site and the holes are captured by the -OH
group. Then, hydroxyl radical (•OH) forms by attacking the C-H bond to generate •CH3.
Subsequently, the same kind of groups of •CH3 are coupled to form C2H6(Figure 4d). At
the same time, Ti4+ captures electrons to form Ti3+, and Ti3+ further transfers its electrons
to the lattice oxygen to form the interaction between superoxide radicals (O2−) and H2O
(Figure 4c,d). Later, Li et al. [44] designed an electron delocalization state in the Zn2+-
ZSM-5− catalyst, achieving a selectivity of C2H6 close to 100%. UV light-excited free
electrons transform to the 4s orbital of Zn2+ to form Zn+. Zn+ attracts the H atom of the
CH4 molecule, then the anti-bond orbital obtains the 4s orbital electrons of Zn+. This
facilitates the desorption of a large number of protons and induces C-C coupling to form
C2H6 (Figure 4f–g).

Ga2O3 with a wide band gap can withstand a strong electric field to polarize CH4
molecules, and its cluster center bridges oxygen center radicals to promote the decompo-
sition of CH4 molecules under mild conditions [52]. In 2008, Yuliati et al. [45] achieved a
selectivity of 94% for C2H6 on Ga(0.1)/SiO2 catalyst. The tetrahedral coordinated Ga2O3 ac-
tive site selectively activated CH4 molecules by limiting electrons in the Si-O bond through
the Si-O-Ga structure. This is distinct from the electron transfer from O2− to Ga3+ during
photoexcitation, which is more conducive to the selective generation of C2H6. Moreover,
Pratap Singh et al. [32] found in 2020 that increasing light intensity can not only promote
the activation of the C-H bond but also accelerate the photooxidation reaction of •CH3
(•CH3 + 3h+ → C + 3H+)(Figure 5a), which is not beneficial for forming C2H6.
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Elsevier. (b) Photocatalytic reaction conversion and selectivity of Pt/Ga2O3 [46], copyright 2021,
American Chemical Society. (c) C2H6 yield over TiO2 catalysts supported by different noble metals
in NOCM [53], and (d) IR spectra over Au/TiO2 and P25 [53]. Copyright 2020, Royal Society
of Chemistry.

Zhang et al. [46] studied the influence of the size effect of the active metal Pt. The
catalytic activity showed a volcanic trend when the crystal size of Pt increased from 1.5 nm
to 2.7 nm, and the maximum selectivity of C2H6 reached 90%. Small grain size is favorable
for Ptδ+ transfer of photogenerated holes from Ga2O3 to adsorbed CH4 molecules. Though
the selectivity of C2H6 on metal-modified Ga2O3 is not low, its CH4 conversion is not high
(Figure 5b). Wu et al. [48] reported that Ga doping increased the free electron concentration
on the Pt site. More Pt0 can effectively dissociate the C-H bond. Furthermore, the Mott–
Schottky heterojunction formed at Pt-TiO2 accelerates the separation of the photogenerated
carrier. Thus, the selectivity of C2H6 is 90% and the conversion of CH4 is 28% on the n-type
semiconductor Pt/HGTS catalyst (HGTS: Ga doped TiO2-SiO2). Lang et al. [53] found that
the lower the interface potential of metal modification, the more difficult the recombination
of photogenerated carriers, which is more conducive to enhancing catalytic performance.
By comparing a series of TiO2 (P25) catalysts modified by precious metals (Ru, Rh, Pd, Ag,
Ir, Pt, and Au), it was found that the interface potential on Au-TiO2 is the lowest, which is
more conducive to rapid electron migration to activate CH4 molecules. Consequently, the
yield of C2H6 can reach 81.7 µmol g−1 h−1 on the Au-TiO2 catalyst (Figure 5c,d).

Generally, photogenerated holes used to activate CH4 are mainly concentrated at the
lattice oxygen sites of metal oxide semiconductors, which makes CH4 prone to overoxida-
tion by lattice oxygen atoms to produce CO, CO2, and other by-products. Xiong et al. [54]
proposed the single-atom coordination method to regulate the valence band electronic
structure of the Pd/TiO2 catalyst. This resulted in a selectivity of up to 94.3% for C2H6,
a C2H6 yield of 0.91 mmol g−1 h−1, and H2 products with an equal stoichiometric ratio
(Figure 6). Photogenerated holes were clustered on the “Pd-O4” coordination structure,
thus reducing the contribution of the oxygen site to the valence band and improving the
stability of lattice oxygen. This was shown to improve photocatalytic performance and
reduce excessive oxidation in NOCM.
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In addition, some other studies have found that an increase in CH4 pressure in the
reaction system (from 0.27 kPa to 0.49 KPa) can reduce the catalytic activity [36]. Fur-
thermore, the type of light source, light intensity, the reaction device, temperature, and
pressure of the reaction system are all important factors affecting the anaerobic coupling of
photocatalytic CH4.

4. Conclusions and Outlook

Direct conversion of CH4 to C2H6 and H2 has gained much attention due to its low
cost, low carbonization, and other benefits. This review seeks to systematically analyze the
development of thermal and photocatalytic NOCM, including the study of material prop-
erties and the exploration of reaction mechanisms. In contrast to other CH4 conversions,
non-oxidative coupling of CH4 generates many by-products.

In traditional thermal catalytic NOCM, the C-H bond of CH4 is broken through
the application of high-temperature thermal energy. The range of 1053–1123 K is more
conducive to the selective generation of C2H6, since it is an optimal balance between
breaking the C-H bond and the CH3-CH3 coupling progress. However, with increasing
temperature, the adsorption of methyl (-CH3) on the precious metal catalysts surface
weakens and the formation of intermediates such as -CH2, -C2H3, and -C2H2 accelerates,
thereby reducing the selectivity of C2H6. Non-precious metal catalysts, on the other hand,
can promote the C-C coupling of CH4 through the “restriction strategy” or “metal price
change strategy” to obtain the target products of C2H6 and H2.

Photochemical reactions driving NOCM can break the restriction of thermodynamic
equilibrium at mild temperatures. Metal-oxide-based catalysts which do not have the in-
herent characteristics of semiconductors can be applied for photocatalytic NOCM, whereby
CH4 is directly converted from the ground state to the excited state under solar energy,
thereby promoting the formation of adsorbed protons (H) and adsorbed •CH3. This is
achieved by dispersing highly active centers on non-photoresponsive insulator supports
and localizing them on specific sites through the interaction between active components
and supports. Additionally, it is useful for metal-modified catalysts to broaden the light
response region and improve the conversion efficiency of solar energy. This can generate
hot electrons or local electric fields to activate the C-H bond of CH4. The metal, as an
electron donor, undergoes the change from Me1+x to Mex during the reaction. Furthermore,
hydroxyl radical (•OH) can be generated to attack the C-H bond to generate •CH3 on
metal-modified catalysts.

There are many by-products in the NOCM process, and the conversion efficiency of
CH4 is still relatively low. Thus, further research is warranted. In view of this, we propose
the following methods for creating a photocatalyst for the NOCM reaction: (1) Developing
in-situ technologies, such as X-ray Absorption Fine Structure (XAFS), X-ray Photoelectron
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Spectroscopy (XPS), and Diffuse Reflectance Fourier Transform Infrared Spectroscopy
(DRIFTS), to investigate the structural changes of intermediates and catalysts in an ultra-
short time scale, which could help to distinguish between thermal and photocatalytic effects.
(2) The laboratory typically utilizes Xe lamps as the solar energy source, limiting the use of
sunlight of different wavebands. To improve the efficiency of solar energy conversion and
utilization, researchers could consider using solar simulators for indoor testing, or solar
concentrators to directly convert and utilize solar energy. (3) More research should focus
on bimetallic catalysts to improve C2H6 selectivity by exploiting the synergistic effects of
different metals. It is important to further elucidate the reaction mechanism of cocatalysts.
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