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Abstract: Methane, a primary component of natural gas, shale gas, biogas, and gas hydrates, constitutes a vast
hydrogen-rich resource for production of high-value chemicals. However, its intrinsic chemical inertness poses
significant challenges for catalytic conversion, primarily due to high activation barriers and severe carbon deposition
(coking). These challenges result in rapid catalyst deactivation and reduced selectivity, thereby hindering industrial
viability. Consequently, developing high-performance catalytic systems for methane conversion is of strategic
importance against the backdrop of global chemical industry upgrading and the demand for efficient energy utilization.
While emerging externally driven strategies, including thermocatalysis, photothermal catalysis, and

photo-electrocatalysis, enable methane conversion under milder conditions, managing complex carbon deposition
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remains a persistent challenge. This review systematically categorizes the formation mechanisms of carbon species

under both oxidative and non-oxidative environments. Performances of various catalytic systems are examined,

ranging from solid-state thermocatalytic and photocatalytic materials to molten-phase frameworks. Special attention is

devoted to active site design and metal-support interface engineering as key determinants of carbon resistance,

catalytic stability, and product selectivity. Furthermore, mitigation strategies are critically evaluated. Finally, this

review outlines future opportunities through the integration of structural optimization, kinetic modulation, field-assisted

catalysis, and intelligent design to develop robust, selective, and long-life catalysts for methane valorization.
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Fig. 1 Classification of anti-coking catalysts for methane
conversion to value-added products
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Fig. 2 Carbon deposition performance and schematic of anti-coking of different thermocatalysts
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(a) Catalytic performance of 2% (in mass) Pt/Mo,TiC,T, for non-oxidative coupling of methane!'*); (b) Raman spectra of the catalysts after the DRM
stability test!*); (c) High resolution transmission electron microscopy (HR-TEM) images and corresponding contact angles with
a schematic diagram of the different metal-support interaction (MSI) exsolution catalysts®*; (d) Carbon deposition rate and catalyst schematic
diagram of Ni/BCN™; (e) Schematic diagram of multielement oxide (MEO) thin layer constrained stable nickel catalyst*?!
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Table 1 Comparison of the stability of photothermal catalysts

[38-45]

Catalyst Reaction condition Stability Ref.
Ni/CeO, CH4/CO,/Ar=1/1/3, 20 mL-min "', 25 mg, 2.4 W-cm > 230 h [38]
Ni/Prs-CeO, CH4/CO,/Ar=1/1/3, 20 mL-min"', 25 mg, 2.4 W-cm > 110 h [39]
NiMo/MgO CH4/CO,/Ar=1/1/3, 20 mL-min "', 25 mg, 2.4 W-cm™> 60 h [40]
Pd-Bi/Ga,0, CH4/Ar=1/9, 30 mL-min ', 800 mg, 20 W-cm™ 100 h [41]
Ni/Ce0,(100) CH4/CO»=1/1, 10 mL-min"', 200 mg, 6.8 W-cm > 800 h [42]
Cu-Ru/MgO-Al,05 CH4/C0,=1/1, 16 mL-min "', 1.5 mg, 19.2 W-cm > 50h [43]
(Ni/Ce0,)@SiO0, CH,4/CO,/N,=3/3/4, 50 mL-min "', 25 mg, 300 W Xe lamp 40h [44]
Pd-Ni/ALO, CH,4/CO,/Ar=3/3/4, 89.6 mL-min "', 8 mg, 80.3 kW-cm > 50 h [45]
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(a) Long-term stability of the thermo-photo catalytic DRM reaction over Nisa/CeO, and Ninp/CeO, catalysts at 472 C 1381,

(b) Comparison of the anti-coking mechanism and coking mechanism of Ni single-atom sites under synergistic photothermal catalysis

[38].
>

(c, d) In situ DRIFTS spectra over NiMo/MgO under (c) photothermal and (d) thermal conditions*”); (e) Solar-concentrating
catalytic system"*”; (f) Solar-concentrated catalytic DRM performance by using sunlight over Ni/CeO,(100)
catalyst (the test was performed on November 16, 2022, at 104°11'15.0936" E and 30°49'56.82" N)!**!
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Fig. 4 Diagrams of the synthesis mechanism of the catalyst under electric field regulation, carbon deposition

[53-55, 57]

(a) Time-on-stream stability at 800 ‘C and 200 mA-cm > using a CO,/CH, feed ratio of two!**); (b) Schematic diagram of the catalyst preparation'**);

(c) CO, conversion!®; (d) Network of surface reaction pathways for plasma-catalytic CH,/CO, reforming over Ni-based catalyst!
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Fig. 5 Catalytic activity and reaction mechanism diagrams for different types of molten media

[61, 68-69]

[61].

(a) Catalytic activity of various mono-metallic and alloy systems for methane pyrolysis under molten conditions™"; (b) Mechanistic schematic of

methane decomposition over molten metals/alloys'®'
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1; () Molten salts!®®; (d) Molten salt-metal composite catalysts

[69]
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