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Abstract
Methane, one of the primary components of natural gas, is an excellent carbon and hydrogen source with low cost 
and natural abundance. It serves as an ideal feedstock for the production of high-value-added chemicals and fuels. 
However, its symmetrical tetrahedral structure presents intrinsic challenges for activation and conversion under 
mild conditions. Unlike the traditional high-temperature processes of methane reforming (700-1,100 °C) used in 
industry, the photocatalytic conversion of methane into high-value chemicals under mild conditions has attracted 
significant attention recently. Such a nature-mimicking approach leads to energy savings, reduces conversion 
costs, and decreases carbon emissions. However, current research on photocatalytic methane conversion is still far 
from scaling up, with diverse reaction mechanisms across different reaction systems, and there is a lack of a unified 
summary regarding the underlying mechanisms. Therefore, it is crucial to summarize various reported mechanisms 
and pathways, which are essential for guiding the design and optimization of catalysts and reaction systems. 
Herein, we review the most likely conversion pathways and common methods for photocatalytic methane 
conversion in different systems. This review categorizes the reaction mechanisms according to four common 
pathways in photocatalytic methane conversion: partial oxidation, coupling (including oxidative and non-oxidative 
coupling), functionalization, and reforming. Finally, it offers perspectives on the outlook of photocatalytic methane 
conversion from the angles of mechanistic research, catalyst design, and practical applications, providing insights 
into the fundamental aspects of this field.
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INTRODUCTION
With the declining reserve of crude oil and the predicted substantial reserve of methane hydrate and shale 
gas, there is an increasing need to utilize methane instead of oil as a building block for chemical synthesis in 
the coming decades[1,2]. However, owing to the inert nature of methane arising from a symmetric tetrahedral 
structure with a low electron and proton affinity and low polarizability, it is still challenging to convert 
methane to high-value-added chemicals or high-energy-density fuel at moderate temperatures. Many 
methods of direct methane conversion have been exploited, including thermocatalytic, electrocatalytic, and 
photocatalytic. Compared to thermal and electricity, light is directly sourced from nature and operates 
under mild conditions, leading to a greener and cleaner process. Although light energy is often less intense 
than thermal and electrical processes for activation, resulting in lower methane conversion yields compared 
to thermal and electrocatalytic methods, photocatalysis offers more excellent tunability, enhancing product 
selectivity, which is also highly compelling[3]. In contrast to the enormous heat and electricity energy 
consumption process, photocatalysis generates charge carriers that activate methane and substantially 
reduce the activation energy of chemical reactions under mild conditions. This process even allows uphill 
reactions and overcomes the conventional thermodynamic barrier at room temperatures[4]. Additionally, 
due to the mild nature of light-driven activation of C–H bonds, photocatalysis is effective in suppressing 
over-oxidation, thereby preventing coke deposition and significantly enhancing product selectivity. 
Therefore, photocatalysis is a promising method for C–H bond activation in the conversion of methane. 
Compared with other catalytic conversion methods, it is evident that the photocatalytic process is a light, 
energy-saving, and green process that has the potential to reduce emissions and mitigate the greenhouse 
effect, accompanied by obtaining high value-added chemicals. From an economic point of view, the cost of 
the photocatalytic process is mainly concentrated in the reaction equipment and catalyst. The design of the 
reaction system is related to the cost and difficulty of expanding the catalytic system. In addition, the 
preparation and lifetime of the catalyst are directly related to the cost. At this stage, the photocatalytic 
methane conversion system would be industrializable when the cost of the system is lower than the value of 
products for a certain length of time. To achieve this, cost reduction is intuitive, but increasing output by 
increasing the rate and selectivity of product production and solar conversion efficiency is the key[3]. 
Therefore, the design of catalysts with higher performance, long life, and low cost and the development of 
scalable reactors and reaction systems are essential to achieve this production and performance goal. The 
reaction principles and reaction pathways are key research fundamentals in this regard, although when the 
system is expanded, catalyst considerations also need to address different problems such as photon transfer 
limitation, mass transfer limitation, oxygen deficiency, and lack of reaction pathway control[5].

From a reaction mechanism perspective, photocatalysts with appropriate redox potentials are crucial for the 
conversion of methane, as illustrated in Figure 1A. As for methane, the redox potentials of typical 
oxidations are E (CH4/CO2) = 0.17 V, E (CH4/CO) = 0.32 V and E (CH4/•CH3) = 0.83 V vs. standard 
hydrogen electrode (SHE)[6-8]. When the valance band (VB) potential of the semiconductor photocatalyst is 
more positive than the potential, the photogenerated holes in the valence band thermodynamically can 
drive the activation of methane. Furthermore, the oxidation of CH4 also can be initiated by radicals that 
attack the C–H bond of CH4

[9], commonly including superoxide radicals, hydroperoxyl radicals, and 
hydroxyl radicals [E (O2/•O2

-) = -0.33 V, E (O2/•OOH) = -0.05 V, E (H2O/•OH) = 2.30 V, E (H2O2/•OH) = 
1.07 V][10,11]; the thermodynamic potential of the photocatalyst also need to meet specific conditions to drive 
the process. Therefore, commonly used photocatalysts for methane conversion, such as ZnO, TiO2, and 
SrTiO3, possess relatively wide band gaps to thermodynamically facilitate the activation of methane and the 
generation of reactive species. In addition to the complete oxidation of methane, an appropriate 
thermodynamic potential of the valence band can effectively mitigate over-oxidation, thereby enhancing the 
selectivity for intermediate high-value chemicals[12].
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Figure 1. (A) Illustration of the band structures of commonly used semiconductors and the redox potentials of diverse reactants. 
Reproduced with permission from Ref[9]. Copyright 2021, Wiley-VCH; (B) The principle of photocatalysis involves illumination (step 1), 
excitation of electrons from the valence band to the conduction band (step 2), charge separation and transportation to the reaction sites 
(step 3), surface reactions (step 4) and charge recombination on the surface (step 5). A, electron acceptor; D, electron donor; (C) 
Methane can be activated by different mechanisms photocatalytically. Reproduced with permission from Ref[4]. Copyright 2022, 
Springer Nature.

In terms of the process, methane conversion is similar to other photocatalytic reactions [Figure 1B]. Upon 
irradiation with light of an appropriate wavelength, electrons in the valence band of the photocatalyst are 
excited to the conduction band, leaving behind oxidative holes in the valence band. Some of these charge 
carriers recombine, while others migrate to the catalyst surface to participate in redox reactions[13]. In this 
process, the separation of electron-hole pairs is crucial, and common methods to promote this separation 
include constructing heterojunctions[14], creating built-in electric fields[8], or using co-catalysts[15]. In 
principle, the C–H bonds in methane can be activated directly by photogenerated charge carriers or by the 
reactive intermediate radicals produced. Besides, high-energy charge carriers from plasmonics or radical 
chain reactions also contribute to this activation[16,17]. This article primarily discusses the mechanisms and 
reaction pathways of the two preceding activation methods [Figure 1C]. The wavelengths of light involved 
in this review mainly lie in the range from ultraviolet (UV) to visible region, together with some specific 
examples of methane conversion driven by infrared light and gamma rays.

In recent years, we have witnessed rapid development in photocatalytic methane conversion, which mainly 
includes four routes: oxidation (including partial oxidation and complete oxidation), coupling (including 
non-oxidative coupling and oxidative coupling), functionalization, and reforming (including dry reforming 
and steam reforming). The partial oxidation usually generates C1 oxygenates as target products, such as 
methanol and formaldehyde. While the non-oxidative coupling produces polycarbonic hydrocarbons, the 
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oxidative coupling leads to various products, including ethane, ethylene, glycol, etc. The functionalization of 
methane results in halo-methane, borylated-methane, nitrated-methane, etc., which holds significant 
importance in organic synthesis reactions. The dry and steam reforming mainly produces synth gas. With 
the emergence of this field, numerous reviews on photocatalytic methane conversion have been published, 
covering topics such as photocatalyst reviews[4,9,18], reactor design reviews[4,19], and reviews of reaction 
systems[9,20]. However, there remains a lack of summarized pathways and mechanisms for common methane 
conversion reactions, which are crucial for the design and optimization of these processes. This review 
comprehensively summarizes and generalizes the universal reaction mechanisms and processes of four 
main types of reactions for photocatalytic methane conversion. We have also examined the reaction 
pathways in various systems, compared the latest research advancements across different systems, and 
provided a critical assessment of the research frontiers and highlights. Finally, we identified the key 
challenges in photocatalytic methane conversion and offered suggestions for future research, aiming to 
provide valuable insights for ongoing studies in the field.

PHOTOCATALYTIC METHANE CONVERSION
Total oxidation of methane
Oxidation of methane includes complete and partial oxidation. In terms of product value, total oxidation 
reactions need to be suppressed, as the chemicals produced are of higher value produced by partial 
oxidation, as given in

However, the complete oxidation of methane via photocatalysis appears to offer unique advantages in 
mitigating the greenhouse effect due to traditional combustion methods being ineffective for the oxidation 
of low concentrations of methane present in the atmosphere[21]. Photocatalytic methane to an equivalent 
molar amount of carbon dioxide helps alleviate this issue, given that methane is a significantly more potent 
greenhouse gas and the global warming potential of methane is 29.8 times greater than that of carbon 
dioxide over a 100-year time horizon according to the IPCC AR6 assessment[3].

For complete oxidation, the oxidation potential of the photocatalyst needs to be more positive to facilitate 
the complete oxidation of methane thermodynamically. Therefore, commonly used photocatalysts include 
wide bandgap materials such as ZnO[15], SrTiO3

[6], and Ga2O3
[22], which necessitate the use of UV light as the 

typical light source. A pioneering study[15] demonstrated the complete oxidation of methane using Ag-
loaded ZnO nanoparticles, benefiting from the surface plasmon resonance of silver, which enhances the 
photocatalytic oxidation of methane [Figure 2A]. This system exhibits robust capabilities for oxidizing low 
concentrations of methane in both fixed-bed mode [Figure 2B] and flow-gas mode [Figure 2C].

Partial oxidation of methane
The direct partial oxidation of methane primarily aims to selectively produce high-value chemicals such as 
methanol, formaldehyde, and formic acid. In this process, due to the inert nature of C–H bonds, the reactive 
radical species required for methane activation typically exhibit high oxidative potential. However, the 
partial oxidation products (e.g., methanol) often show higher reactivity than methane itself, making them 
highly susceptible to further oxidation, which will significantly reduce selectivity to a target product. 
Therefore, the key to this process lies in controlling the reaction pathways mediated by oxidative radicals to 
enhance selectivity while simultaneously improving conversion rates of methane. Common oxidative 
radical species involved in the partial oxidation of methane are •OH, •OOH, and •O2

-. These radicals can 
participate in the reaction separately, and •OH can also participate in the reaction with the other two. The 

(1)
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Figure 2. (A) Decorated metallic nanostructures may act as both a co-catalyst and a light-harvesting medium; (B) Time evolution of the 
methane photooxidation in the fixed-bed mode under full arc illumination with various initial CH4 concentrations; (C) Methane 
photooxidation activity under full arc illumination and a flow-gas mode with a gas flow rate of 25 mL·min-1. Reproduced with permission 
from Ref[15]. Copyright 2016, Springer Nature.

mechanism of the reaction pathway will be introduced according to the key oxidative radicals [Figure 3].

Partial oxidation reactions mainly mediated by •OH
Similar to water oxidation, the oxidation of methane in an aqueous solution is mediated via hydroxyl 
radicals (•OH), a highly reactive species and one of the most potent oxidizing agents with high oxidation 
potential (approximately +2.8 V vs. SHE) for activation of the C–H bond in methane. •OH can be generated 
through three primary pathways: oxidation, reduction, and homolytic cleavage of hydrogen peroxide 
(H2O2). In the reduction pathway, •OH is primarily formed by the combination of oxygen with hydrogen 
radical •H originating from the reduction of the proton by conduction band electrons, as given in

These protons are typically derived from water, making water and oxygen common reaction conditions for 
this mechanism. However, when the thermodynamic potential of the photocatalyst’s valence band exceeds 
2.73 V (vs. SHE), such as Ga2O3 and BiVO4 [Figure 1A], OH radicals can also be directly generated from the 
oxidation of water by holes through one-electron process, as given in[3]

Simultaneously, the protons produced in the reaction can combine with valence band electrons to form H 
atoms, which subsequently react with oxygen to generate OH radicals [Equation (2)].

Using water as a source of hydroxyl radicals is a common approach in the partial oxidation of methane[23-25], 
as water is the most abundant and non-toxic reagent. Additionally, by controlling the amount of water, the 
concentration of radicals can be regulated, directly managing the oxidation process and reducing the 
occurrence of over-oxidation. As shown in Figure 4A[26], hydroxyl radicals for methane oxidation were 
generated using biconical BiVO4 as a photocatalyst through direct water oxidation by photogenerated holes. 
Due to the efficient extraction of photoexcited holes from surfaces with intermediate reactivity for 
oxidation, the selectivity for methanol exceeded 85% while achieving a production rate of 134 μmol/g/h 
[Figure 4B and C].

The homolytic cleavage of hydrogen peroxide is another method for generating hydroxyl radicals (•OH). It 
typically employs metals or metal ions (e.g., Fe[27], W[28], Co[29]) as homolytic catalysts, as given in

(2)

(3)
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Figure 3. Scheme of the reaction pathways for photocatalytic partial oxidation of methane. To avoid ambiguity and highlight the critical 
active species within the reaction pathways, some by-products and stoichiometric coefficients are not shown.

Figure 4. (A) Structure of the biconical BiVO4 photocatalyst and the methane conversion process mediated by hydroxyl radicals 
generated through direct water oxidation; (B) along with its effects on the selectivity for methanol and carbon dioxide and (C) the 
corresponding yield. Reproduced with permission from Ref[26]. Copyright 2018, American Chemical Society; (D) Methane conversion 
process mediated by hydroxyl radicals generated through direct water oxidation assisted by carbon dioxide as a mild oxidant; (E) 
selectivity and yield of methanol, and (F) the influence of different carbon dioxide concentrations on methanol yield and selectivity. 
Reproduced with permission from Ref[30]. Copyright 2023, American Chemical Society.

Hydrogen peroxide can be introduced directly into the reaction system or generated via water oxidization, 
as given in

(4)

(5)
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As a summary, •OH can be produced by H2O, O2, and H2O2. It mainly follows the mechanisms given in 
Equations (2-6). The •OH is usually used to realize the conversion from methane to methanol, as 
determined by

Because hydroxyl radicals are strong oxidants, current research aims to raise the selectivity of CH3OH while 
maintaining a high production rate, where over-oxidation is almost inevitable. This is mainly done by

Therefore, in hydroxyl radical-mediated partial oxidation of methane, the key to improving methanol 
selectivity lies in controlling the concentration of hydroxyl radicals. High concentrations of hydroxyl 
radicals can easily over-oxidize the methanol product, reducing selectivity, while low concentrations may be 
insufficient to activate methane fully, significantly limiting methanol yield. Therefore, precise regulation of 
hydroxyl radicals is crucial in this process. Various methods have been employed, such as controlling 
exposed crystal facets to generate hydroxyl radicals at appropriate concentrations selectively or using mild 
radical inhibitors, such as nitrates, to prevent the over-oxidation of methane to improve the selectivity of 
methanol significantly. Another strategy is to adjust the step of direct water oxidation by holes to produce 
hydroxyl radicals, which can be assisted by using mild oxidants that combine with electrons to modulate the 
concentration of hydroxyl radicals, thereby enhancing selectivity. As shown in Figure 4D[30], carbon dioxide, 
a mild oxidant, can assist in the oxidation of water by holes to generate hydroxyl radicals at an optimal 
concentration. The weak oxidizing nature of carbon dioxide, combined with conduction band electrons, 
facilitates the hole-driven water oxidation process, achieving a high methanol selectivity of 96.2% and a high 
production rate of 88.9 μmol·g-1·h-1 [Figure 4E]. With the increase in carbon dioxide concentration, both the 
yield and selectivity of methanol improved, demonstrating the auxiliary role of mild oxidants such as 
carbon dioxide [Figure 4F].

Hydroxyl radicals can also mediate the oxidative coupling reactions, which will be discussed in the below 
sections.

Partial oxidation reactions mediated by •OOH
•OOH is another key reactive species involved in the partial oxidation of methane, typically originating 
from the combination of oxygen and protons, as given in

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

(14)
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During methane conversion, the combination of methyl radicals with •OOH readily forms CH3OOH 
through

which can then react with protons and electrons to produce methanol and water, thus achieving high 
selectivity for methanol, as given in

Methyl radicals can be generated directly using photocatalysts with valence band potentials higher than that 
required for methane dehydrogenation[31,32], or through synergistic oxidation (water[33-36] and hydrogen 
peroxide[37-41]) with other oxidants to activate the C–H bond.

Due to the thermodynamic oxidation potential of OOH (1.44 V vs. SHE), which is lower than that of the 
hydroxyl radical (2.8 V vs. SHE), controlling selectivity toward methanol in the partial oxidation of methane 
is more feasible from the perspective of avoiding over-oxidation. However, this is at odds with the more 
positive oxidative potential of hydroxyl radicals required for methane activation. Consequently, the reaction 
pathway for methane in this process still needs to be carefully regulated to prevent excessive oxidation. One 
approach is to use water as the source of hydroxyl radicals and oxygen as the source of hydroperoxyl 
radicals, with both radicals participating in the reaction. The reaction mechanism still follows Equations 
(15-17) and

but the methyl radical is generated through the activation of methane by hydroxyl radicals produced from 
the oxidation of water [Equation (3)]. For example, in 2021, Cai et al. employed Au–Pd/TiO2 as a 
photocatalyst to oxidize methane in the presence of water and oxygen [Figure 5A][42]. In this process, 
hydroxyl radicals from water dehydrogenate methane, while the hydroperoxyl radicals [Figure 5B] formed 
from the reduction of oxygen combine with methyl radicals to form CH3OOH [Equation (16)]. Thanks to 
the mild oxidation effect of oxygen, a high methanol yield of 8.6 mmol·g-1 and a selectivity of 42.8% for 
methanol were achieved [Figure 5C].

Another proposed method is to directly activate methane using a photocatalyst with a valence band 
thermodynamic potential more positive than that required for methane dehydrogenation [E (CH4/•CH3) = 
0.83 V] [Figure 1A], thus generating methyl radicals without relying on hydroxyl radicals [Figure 5D] 
[Equation (18)].

For instance, depositing CoOx on an Au-TiO2 photocatalyst can consume photogenerated holes, preventing 
the formation of •OH and selectively producing methanol [Figure 5E] via the previously mentioned 
universal mechanism [Equations (15-17)] [Figure 5F][31]. This approach has also been effective with other 
catalysts [Figure 5E], significantly enhancing methanol selectivity to break through 95%[31]. Despite various 
approaches proposed to avoid over-oxidation by hydroxyl radicals, most studies continue to use reaction 
systems where water and oxygen coexist[33-36]. These studies generally adhere to the reaction mechanism 
mentioned above while employing other strategies to enhance methanol selectivity, such as adjusting 

(15)

(16)

(17)

(18)
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Figure 5. (A) Reaction mechanism of photocatalytic methane conversion over Au–Pd/TiO2; (B) EPR spectra of the catalyst suspension 
with DMPO as the spin probe; (C) Photocatalytic methane oxidation over TiO 2, Au/TiO 2, Pd/TiO 2, and Au–Pd/TiO2 under UV-visible 
light irradiation (5 mg catalyst, 30 mL water, 3.0 MPa CH4, 1.0 MPa O 2, 1 h reaction). Reproduced with permission from Ref[42]. 
Copyright 2021, Royal Society of Chemistry; (D) Proposed reaction process of photocatalytic CH4 oxidation on Au/TiO2 and Au-CoOx/
TiO2 using O2 as the oxidant; (E) •OH production of photocatalysts in 1 mM coumarin aqueous solution; (F) In situ EPR spectra of Au-
CoOx/TiO2 in CH3OH aqueous solution dissolving O2 with different light illumination times. Reproduced with permission from Ref[31]. 
Copyright 2020, American Chemical Society. EPR: Electron paramagnetic resonance; DMPO: 5,5-dimethyl-1-pyrroline N-oxide; UV: 
ultraviolet.

catalyst structures, regulating the adsorption of species at active sites, and using appropriate oxidation 
inhibitors.

In the partial oxidation of methane mediated by hydroperoxyl radicals, another reaction pathway, besides 
those occurring in water-based environments, involves the use of hydrogen peroxide. Similar to water, 
hydrogen peroxide, in combination with conduction band electrons from the photocatalyst, generates 
hydroxyl radicals by

However, these hydroxyl radicals not only oxidize methane by abstracting hydrogen but also react with 
hydrogen peroxide to produce essential hydroperoxyl radicals through

which facilitate the formation of CH3OOH from methyl radicals [Equation (16)]. Subsequently, as 
previously discussed, methanol is selectively produced via this mechanism [Equation (17)]. Hydrogen 
peroxide is more reactive than water, leading to a higher concentration of radicals under comparable 
conditions. Consequently, the use of hydrogen peroxide in the partial oxidation of methane enhances the 
methanol production rate, albeit with a reduction in methanol selectivity. Nevertheless, hydrogen peroxide 
remains an effective reaction medium for the efficient conversion of methane and is widely used in 
numerous studies.

(19)

(20)
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Depending on the adsorption modes of methane on the active sites, two C–H bond dissociation 
mechanisms, namely homolytic and heterolytic cleavage, are recognized in methane activation. A recent 
computational study reveals that heterolytic cleavage is the dominant C–H bond activation pathway for all 
mixed metal oxide complexes of the form [M1M2]2+ (M1 and M2 = Mn, Fe, Co, Ni, Cu, and Zn), with the 
exception of pure copper[43]. In other words, the design of catalysts plays a more critical role than the 
oxidant systems as long as the catalyst undergoes the heterolytic activation of methane.

Partial oxidation reactions mediated by •O2
-

Oxygen is a commonly used oxidant for the partial oxidation of methane. However, due to its electrophilic 
nature, oxygen readily combines with conduction band electrons during photocatalysis, as given in

(21)

Under neutral conditions, the electrode potential for this reaction is -0.16 V (vs. SHE). Consequently, when 
oxygen is used as an oxidant, the inevitable formation of superoxide anion radicals occurs. This leads to a 
third category of oxidation reactions, primarily mediated by superoxide anion radicals in methane 
conversion.

According to recent research advancements, this reaction can be classified into two main types: one 
involving the absence of water[41,44,45] and the other involving its presence. In the absence of the water 
reaction, methane and oxygen can be mixed in a specific ratio as the reaction gas, with the reaction process 
primarily following the mechanism outlined below. Initially, oxygen is reduced by photogenerated electrons 
to form superoxide anion radicals. Then, •O2

- attacked CH4 and initiated the breaking of the CH3–H and the 
O–O bond together, as given in

The generating active O radicals further lowered the energy barriers by

which produced CH3OH, resulting in the efficient and selective conversion of CH4 to CH3OH, as given in

A direct example of this approach can be seen in a 2021 study[44], where oxygen was used as an oxidant to 
convert methane to methanol efficiently under anhydrous conditions. The researchers cleverly exploited the 
oxygen vacancies in the photocatalyst material to facilitate the formation of active oxygen radicals. The 
reaction mechanism followed the previously given steps [Equations (21-24)], as illustrated in Figure 6A. The 
in situ electron paramagnetic resonance (EPR) spectroscopy revealed that the presence of oxygen vacancies 
significantly increased the concentration of superoxide anion radicals [Figure 6B], which are crucial in the 
reaction as they directly oxidize methane and play a key role in enhancing methanol selectivity [Equations 
(22 and 23)].

In another scenario, the oxidation process involves water, where the mechanism is similar to other water-
involved radical-mediated reactions. Valence band holes oxidize water to generate highly oxidative hydroxyl 

(22)

(23)

(24)
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Figure 6. (A) Energy profiles of methane oxidation to methanol on the oxygen-defective BiOCl (010) surface; (B) EPR spectra of the 
catalyst suspension with DMPO as the spin probe. Reproduced with permission from Ref[44]. Copyright 2021, American Chemical 
Society. EPR: Electron paramagnetic resonance; DMPO: 5,5-dimethyl-1-pyrroline N-oxide.

radicals [Equation (3)]. As a result, the reaction becomes much more complex, leading to the formation of 
numerous by-products. However, the pathway for methanol production almost follows the mechanism 
outlined below[46,47]. Due to the presence of water, hydroxyl radicals take precedence over superoxide anion 
radicals in activating methane by oxidative dehydrogenation to produce methyl radicals [Equation (7)]. 
These methyl radicals then combine with superoxide anion radicals formed by the reaction between oxygen 
and conduction band electrons [Equation (21)], leading to the formation of CH3OO- through

This species then captures a proton to form CH3OOH based on

which, upon cleavage, produces a methoxy radical that subsequently reacts with water to yield methanol, as 
given in

The pathway of partial oxidation of methane in the presence of water almost follows the universal 
mechanization. A typical example is a study using HSiMo/TiO2 as a catalyst and with H2O participation 
following the mechanism in 2021[46].

Coupling of methane
In the photocatalytic conversion of methane, coupling reactions are a crucial pathway that can be classified 
into oxidative and non-oxidative coupling based on the presence and absence of oxygen. Oxidative coupling 
involves oxidants, leading to the formation of oxidation products, along with by-products such as carbon 
dioxide and water. This process typically occurs under moderate temperatures and requires photocatalysts 
with high oxygen activation ability. However, the challenge lies in controlling the reaction to avoid over-
oxidation, which can reduce selectivity towards the desired products. Non-oxidative coupling occurs in the 
absence of oxygen, where methane molecules couple directly to form products such as ethane with minimal 
by-products. This reaction generally requires higher temperatures and often involves catalysts that promote 

(25)

(26)

(27)

(28)
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C–C bond formation. Non-oxidative coupling is advantageous for its higher selectivity, but the harsh 
conditions required can limit its practical application. Recent research in this area focuses on pathways or 
photocatalysts that can efficiently mediate these coupling reactions under mild conditions, with enhanced 
selectivity and reduced by-product formation[48-50]. Despite significant progress, challenges remain in 
achieving high conversion rates and selectivity simultaneously, particularly for non-oxidative coupling. This 
section will summarize the common reaction mechanisms for both types of coupling processes.

Oxidative coupling of methane
Oxidative coupling reactions mainly mediated by •OH 
The hydroxyl radical-mediated oxidative coupling reactions can be broadly categorized into two main types: 
using only water as the reactant[51-53] and employing both water and carbon dioxide. In the water-only 
reaction, hydroxyl radicals are generated as previously given [Equation (3)], which oxidize methane by 
dehydrogenation to produce methyl radicals. These methyl radicals then follow one of two pathways to 
form either multi-carbon alkanes or polyols. In the first pathway, two methyl radicals couple to form ethane 
based on

In the second pathway, the methyl radical combines with a hydroxyl radical to form methanol [Equation 
(8)]. Methanol is subsequently oxidized to generate a hydroxymethyl radical, as given in

which then couples to form ethylene glycol through

A study published in 2021[51] used WO3 as the catalyst adhered to this mechanism [Figure 7A]. The EPR 
spectrum in this study, showing the peak corresponding to the hydroxymethyl radical, confirms the reaction 
mechanism [Figure 7B]. When an external voltage (1.1 V vs. SHE) was applied, the selectivity for ethylene 
glycol achieved 60% in this work [Figure 7C].

Due to the involvement of multiple-step oxidation reactions and coupling processes, this reaction generally 
exhibits lower selectivity compared to partial oxidation reactions. Consequently, extensive research has 
focused on coupling electrocatalysis to optimize oxidative coupling for ethylene glycol production.

Besides the coupling of methane, another reaction pathway to form C–C bonds, hence producing C2 from 
C1, involves carbon dioxide and water as reactants. In such a pathway, methane still reacts with hydroxyl 
radicals generated from water to form methyl radicals. The critical difference is the involvement of carbon 
dioxide. Carbon dioxide captures photogenerated electrons to form an anion through

which then couples with protons and the previously formed methyl radicals to produce acetic acid, as given 
in

(29)

(30)

(31)
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Figure 7. (A) Schematic illustration of the proposed reaction mechanism for CH4 conversion into ethylene glycol; (B) EPR spectra of the 
catalyst suspension with DMPO as the spin probe; (C) The selectivity of CH4 conversion into ethylene glycol. Reproduced with 
permission from Ref[51]. Copyright 2021, Wiley-VCH; (D) Schematic illustration of water radiocatalysis for aqueous-phase CH4 
carboxylation with CO2 to CH3COOH at RT under γ-ray radiation; (E) EPR spectra of 0.1 MPa Ar 100 mL H2O + 150 μL DMPO (black), 
0.1 MPa CH4 + 100 mL H2O + 150 μL DMPO (red), 0.1 MPa CO2 + 100 mL H2O + 150 μL DMPO (blue) and 0.1 MPa CH4 and CO2 
mixture (CH4:CO2 = 5:1) + 100 mL H2O + 150 μL DMPO (green) after γ-ray irradiation for 2 h at 298 K; (F) Conversion rates of CH4 and 
CO2 and product selectivity calculated from CH4 and CO2 radiated for 6 h at RT under 0.1 MPa 40 mL of CH4 and CO2 mixtures with 
different CH4:CO2 ratios and 100 mL of H2O. Reproduced with permission from Ref[54]. Copyright 2024, American Chemical Society. 
EPR: Electron paramagnetic resonance; DMPO: 5,5-dimethyl-1-pyrroline N-oxide; RT: room temperature.

As shown in Figure 7D, methane oxidation could be achieved in the presence of carbon dioxide and water, 
followed by coupling to produce acetic acid, following the reaction mechanism outlined above[54]. The EPR 
spectrum confirmed the presence of crucial radical species, including hydroxyl radicals and •CO2

- 
[Figure 7E]. When the ratio of methane to carbon dioxide was optimized, the selectivity for acetic acid 
reached nearly 100% [Figure 7F].

It should be noted that the hydroxyl radicals can be in the presence of both the partial oxidation and the 
oxidative coupling of methane, as mentioned above in Section 2.1.1. In both reactions, methane can be 
oxidized to •CH3 and •CH2OH radicals. The key difference is that in the oxidative coupling reaction, •CH3 
radicals react with another •CH3 radical to form hydrocarbon, while the •CH2OH radicals react with another 
•CH2OH to form polyols. Both intermediates are not preferred to be further oxidized by hydroxyl radicals. 
To some extent, partial oxidation and oxidative coupling involve similar steps and are competitive. Such 
selectivity is highly dependent on the tailoring of reaction sites for coupling, the concentration of hydroxyl 
radicals, the contact mode with the substrate, the selective adsorption of the active site of the catalyst, and so 
on.

Oxidative coupling reactions mainly mediated by •O2
- 

Different from •OH, when •O2
- participates in the reaction, the product is usually hydrocarbon. This is 

because •O2
- just promotes the production of •CH3, and the common photocatalysts are mainly ZnO and 

(33)
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TiO2, which influences the mechanism. This section discusses the mechanisms of methane oxidative 
coupling reactions involving •O2

- based on these two types of photocatalysts.

Firstly, in the case of oxidative coupling reactions using TiO2 as the photocatalyst, the thermodynamic 
oxidation potential of the holes in the valence band of TiO2 is more positive than the potential required for 
methane dehydrogenation. This allows TiO2 to dehydrogenate methane, forming methyl radicals directly. 
Consequently, the primary role of oxygen is to combine with photogenerated electrons to form superoxide 
anion radicals, which promote the separation of electron-hole pairs and enhance the efficiency of methane 
oxidation by holes[55,56]. In this type of reaction, methane is typically directly oxidized by the photocatalyst, 
leading to the coupling of methyl radicals at active sites to form multi-carbon alkanes, following the 
mechanisms given in

The key to improving the selectivity for ethane and other multi-carbon alkanes in these reactions lies in 
inhibiting the further oxidation of methyl radicals by superoxide anion radicals or preventing excessive 
oxidation of methyl radicals by holes.

A common method to inhibit further oxidation by superoxide anion radicals is to convert them into stable, 
neutral species. To prevent excessive oxidation of methyl radicals by holes, constructing heterojunctions is 
often used to modify the thermodynamic oxidation potential of the system. As shown in Figure 8A, a TiO2 
photocatalyst decorated with an Ag/AgBr heterostructure[56], where electrons are extracted by Ag from the 
conduction band of TiO2 then rapidly consumed by oxygen, hence facilitating efficient electron-hole 
separation. The holes in the valence band of TiO2 are transferred to the VB of AgBr, leading to a milder 
methane oxidation process by the less oxidative holes in the VB of AgBr. As a result, this system achieved an 
ethane selectivity of 80% with a yield of 40 μmol/h and stability for up to 12 h [Figure 8B]. Another 
approach [Figure 8C] converts oxygen into more stable water, which not only consumes conduction band 
electrons to promote carrier separation but also utilizes Au active sites to extract holes for methane 
dehydrogenation and coupling, achieving a C2 product yield of approximately 450 μmol/h with sustained 
stability for 30 h [Figure 8D][55].

Another commonly used photocatalyst is ZnO, which exhibits unique properties that influence the reaction 
mechanism, as given in[57,58]
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Figure 8. (A) Photocatalytic Reaction Pathway of Ag–AgBr/TiO2; (B) Long-term C2H6 production rate and selectivity under 6 bar 
pressure over Ag–AgBr/Ti O2. Reproduced with permission from Ref[56]. Copyright 2023, American Chemical Society; (C) Proposed 
photocatalytic oxidative coupling of methane process over Au/TiO2; (D) Stability test of Au/TiO2 under the optimized reaction 
condition (reaction condition: 20 mg Ti O2, 320 mL/min CH 4, 12 mL/min air, 393 K, 365 nm LED 100 W). Reproduced with permission 
from Ref[55]. Copyright 2023, Springer Nature; (E) Schematic illustration of the proposed reaction mechanism for photocatalytic OCM to 
C2H6 using O2 and H2O on Ag3PO4-ZnO from the energy band structure and (F) the reaction mechanism; (G) Continuous stability tests 
in photocatalytic oxidative coupling of methane process on Ag3PO4-ZnO. Reproduced with permission from Ref[58]. Copyright 2023, 
American Chemical Society. LED: Light emitting diode; OCM: oxidative coupling of methane.

In the case of ZnO modified with Ag3PO4 as the catalyst, by leveraging the appropriate bandgap structures 
of ZnO and Ag3PO4, a heterojunction between ZnO and Ag3PO4 was successfully formed [Figure 8E][58]. The 
electrons on ZnO are transferred to Ag3PO4 at first under illumination to form Ag nanoparticles [Equation 
(40)].

Photogenerated electrons transfer to Ag NPs and are consumed by O2 to form superoxide anion radicals 
accompanied by H2O dissociation to form hydroxyl radicals on ZnO [Equations (41 and 42)].

(42)

(43)

(44)
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Subsequently, the hydroxyl radicals oxidize methane to form methyl radicals, which then couple to form 
ethane [Equations (43 and 44)] [Figure 8F].

Due to the presence of O2 and H2O, in particular, speeding up the separation and utilization of 
photogenerated electrons and holes, the selectivity of C2 and C2+ reaches 80%, and the stability of the 
system holds for 12 h [Figure 8G].

It should be noted that oxidants can not only react with photoelectrons, leaving holes to oxidize methane, 
but they can also directly react with methane. For example, oxygen can react with methane on the ZnO 
photocatalyst, leading to the production of carbon dioxide[15].

Non-oxidative coupling of methane
The photocatalytic non-oxidative coupling of methane is a process in which methane molecules are 
activated and directly coupled to form higher hydrocarbons, such as ethane, without the involvement of 
oxygen[48,59,60]. This method is often used in systems where the presence of oxygen could lead to undesirable 
over-oxidation and consequently reduce the selectivity towards the desired C–C coupling products[61,62]. One 
of the main advantages of non-oxidative coupling is its ability to produce valuable hydrocarbons while 
minimizing the formation of by-products such as carbon dioxide[63,64]. However, this approach faces 
significant challenges, including the high activation energy required to break the strong C–H bonds in 
methane due to the absence of oxidant and the tendency for side reactions that can lead to coke formation 
or the production of unwanted by-products. Moreover, identifying suitable catalysts that offer both high 
selectivity and stability under reaction conditions remains a significant obstacle in this technology.

The non-oxidative coupling process involves the holes in the valence band of a photocatalyst instead of any 
oxidant to directly oxidize and dehydrogenate methane, followed by coupling[61-66]

In this process, many studies focus on the catalyst which can achieve the production of C2H6 with high 
selectivity. However, the production rate is much lower compared with the oxidative coupling process. This 
is because the activation of methane is limited in the absence of oxidant. Therefore, the challenge for non-
oxidative coupling lies in enhancing the production rate of C2 products under mild conditions. Regarding 
selectivity, the focus should be more on C3 products. And the production of hydrocarbons larger than C4H10 
is nearly impossible to occur, probably due to the challenging absorption of C3H8. The following section 
introduces the development of some widely used catalysts.

In 2019, a Mott–Schottky photocatalyst was fabricated by loading Pt nanoclusters on a Ga-doped 
hierarchical porous TiO2–SiO2 microarray with an anatase framework, which exhibits a CH4 conversion rate 
of 3.48 μmol·g-1·h-1 with 90% selectivity toward C2H6 [Figure 9A][59]. Besides, an n-type photocatalyst 
synthesized via doping single-atom Nb into hierarchical porous TiO2–SiO2 microarray exhibits a high 
conversion rate of 3.57 μmol/g/h with good recyclability [Figure 9B][60]. In 2022, a catalyst Pd-modified TiO2 
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Figure 9. (A) Cycle photo-driven methane non-oxidative coupling reaction over Ga-doped hierarchical porous Pt-TiO2−SiO2(2%). Every 
run is carried out under direct irradiation from a 300 W Xe lamp for 4 h. Reproduced with permission from Ref[59]. Copyright 2019, 
American Chemical Society; (B)�The cycle of photocatalytic methane non-oxidative coupling reactions over TiO2–SiO 2. Reproduced with 
permission from Ref[60]. Copyright 2021, Wiley-VCH; (C) Production rates and selectivity of C2H6 in the cyclic tests by Pd/TiO 2. Each 
cycle lasts 3 h, during which the catalyst is treated in air. Reproduced with permission from Ref[48]. Copyright 2023, Springer Nature.

exhibits good performance toward C2H6 production, with an apparent quantum efficiency of 3.05% at 350 
nm and an extraordinary C2H6 production rate of 0.91 mmol·g-1·h-1. More importantly, the occupied state of 
Pd–O in the VB maximum suppresses the overoxidation of CH4 with lattice oxygen, which achieves 94.3% 
selectivity toward C2H6 production and substantially improved stability of oxide photocatalyst 
[Figure 9C][48].

Functionalization of methane
In recent years, photocatalytic functionalization of methane has emerged as a versatile approach, enabling a 
range of chemical transformations such as boronation, nitration, and halogenation. Boronation of methane 
typically involves the use of photocatalysts to introduce boron atoms into the methane molecule and yields 
products such as methylboranes, which are valuable in the synthesis of organoboron compounds. Nitration 
of methane, on the other hand, involves the incorporation of nitro groups, resulting in products such as 
methyl nitrates. Such compounds are used in the production of pharmaceuticals and explosives. However, 
the nitration of methane faces challenges such as low selectivity and the need for controlled reaction 
conditions to avoid the formation of undesired by-products. Halogenation of methane introduces halogen 
atoms (such as chlorine or bromine) into the molecule. It produces methyl halides, which are essential in 
various industrial applications, including the manufacture of agrochemicals and pharmaceuticals. The 
primary challenges in the halogenation of methane include managing the reaction’s selectivity and avoiding 
excessive halogenation, which can lead to complex mixtures of products. Overall, while photocatalytic 
methods for methane functionalization hold significant promise, they are often hindered by issues such as 
reaction efficiency, selectivity, and the need for optimization of reaction conditions. It is crucial to address 
these challenges for advancing these processes in practical applications.

Halogenation of methane
Photocatalytic halogenation of methane is a reaction frequently employed in organic chemistry, particularly 
for the synthesis of halogenated hydrocarbons. In this reaction, methane is exposed to light in the presence 
of a halogen, such as chlorine or bromine, leading to the formation of a methyl radical and a halogen 
radical, as given in
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The radicals subsequently react to produce halogenated methane, such as chloromethane or 
bromomethane, as the primary product, as given in[67,68]

However, the reaction often results in over-halogenation, leading to the formation of by-products such as 
dichloromethane, chloroform, or even carbon tetrachloride when chlorine is used. The selectivity of the 
reaction can be a significant challenge, as controlling the extent of halogenation is difficult, limiting the 
efficiency of the process and complicating the purification of the desired product. The primary research 
direction in methane photocatalytic halogenation is the development of a system that can enhance the 
selectivity and yield of the desired products while minimizing by-products. For example, Cu-doped TiO2 
affords a methyl halide production rate of up to 0.61 mmol/h/m2 for chloromethane [Figure 10A], 
accompanied by a selectivity > 80% [Figure 10B] due to Cu stabilizing the methyl radicals for its coupling 
with Cl- to form the targeted CH3Cl, which are further proven transformable to methanol and 
pharmaceutical intermediates[68]. It can also operate solely in the presence of seawater and methane, showing 
its potential for practical offshore methane exploitation.

Alongside stabilizing the intermediate methyl radical species, another strategy to enhance selectivity and 
yield for halomethane involves mitigating the peroxidation of methyl radicals. Li et al. reported that loading 
silver oxide nanoparticles into the catalyst significantly reduces the concentration of hydroxyl radicals, 
thereby stabilizing the methyl radicals [Figure 10C and D][67]. This enhancement in methyl radical selectivity 
culminated in an impressive CH3Cl yield of 152 μmol·g-1·h-1.

In summary, as a crucial component of photocatalytic methane functionalization, halogenation represents a 
critical direction with a relatively unified reaction mechanism - primarily involving the coupling reaction 
between methyl radicals and chlorine radicals, and the key lies in constructing active sites for coupling 
reactions and stabilizing methyl radical while suppressing the excessive oxidation of carbon-hydrogen 
bonds for improve selectivity.

Nitration of methane
Photocatalytic methane nitration is a process that typically involves the activation of methane using light in 
the presence of a photocatalyst to facilitate the introduction of a nitro group (-NO2) into the methane 
molecule. This reaction is often conducted under UV light, the reactive species that interact with methane 
and a nitrogen source, typically nitric acid or nitrogen dioxide, to produce nitromethane as the desired 
product. In this process, despite the oxidants commonly used in traditional methane oxidation or coupling 
processes (i.e., H2O, H2O2), the nitration process itself is challenging in terms of directly introducing 
nitrogen into the methane molecule. A halogen radical with higher selectivity is commonly required as an 
activator to selectively generate methyl radical intermediates [Figure 11]. For instance, He et al. used AlCl3/
Al(NO3)3 as the nitration source and catalyst[69], obtaining a methane conversion of 17% and CH3ONO2 
selectivity of 78% at 100 °C through
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Figure 10. Photocatalytic methane halogenation efficiency (A) and selectivity (B) of X% Cu–TiO2 toward CH3Cl production. Reproduced 
with permission from Ref[68]. Copyright 2023, Springer Nature. Radical signal of EPR spectra of (C) Cl radical and (D) methyl radical over 
NTO and 0.5 wt% Ag2O/NTO. Reproduced with permission from Ref[67]. Copyright 2022, American Chemical Society. EPR: Electron 
paramagnetic resonance.

Figure 11. Sketch diagram of the conversion pathway from methane to methyl nitrate. The dotted arrows refer to side reactions, and the 
solid arrows refer to the primary process. Reproduced with permission from Ref[69]. Copyright 2024, American Chemical Society.
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In summary, as a component of photocatalytic methane functionalization, methane nitration still has much 
to explore, as only a few researchers are involved.

Borylation of methane
Photocatalytic methane borylation is a promising method for directly functionalizing methane by 
introducing a boron group under light irradiation. Typically, this process employs a photocatalyst, such as a 
transition metal complex or a semiconductor, along with a borylating reagent, including bis(pinacolato) 
diboron (B2pin2)[70]. Traditionally, this reaction relies on noble metal catalysts for C–H bond cleavage[71] 
[Figure 12]. In contrast, photocatalytic processes often employ a hydrogen atom transfer, and the C–H bond 
is cleaved by intermolecular reaction with a heteroatom-centered radical under irradiation and subsequently 
forms the C–B bond by reaction between the resulting methyl radical intermediate and a diboron reagent. 
Compared to activation strategies in other methane conversion methods, this approach involves a non-
activated, radical-initiated process utilizing a radical-mediated hydrogen atom transfer mechanism[73].

Reforming of methane
Dry reforming and steam reforming of methane are two key processes used to convert methane into 
valuable products. Due to the high temperatures required to activate reactants in the reforming process, 
most current research employs a combination of light and thermal energy for methane reforming. 
Consequently, achieving methane reforming at lower temperatures using photocatalysis remains a 
significant challenge[74-76]. First, dry reforming involves the reaction of methane with carbon dioxide to 
produce syngas, which is a mixture of hydrogen and carbon monoxide[77-79]. Dry reforming uses carbon 
dioxide as a reactant, which can help mitigate the emission of greenhouse gases and contribute to carbon 
capture and storage. However, dry reforming typically requires a high temperature to achieve adequate 
reaction rates, which can increase energy consumption and operational costs. Besides, the process can lead 
to the formation of carbon deposits on the catalyst, which causes the deactivation of reactive sites and 
reduces the efficiency of the process over time. Therefore, the stability and deactivation resistance of the 
catalyst is essential. The mechanism of the process is given as follows

which has been reported in many versions in detail though using the same catalyst, so we introduce a brief 
but accurate version[78-81].

As reported in 2020, a plasmonic photocatalyst consisting of a Cu nanoparticle antenna with single-Ru 
atomic reactor sites on the nanoparticle surface [Figure 13A] is ideal for low-temperature, light-driven 
methane dry reforming[74]. This catalyst provides high efficiency of light energy utilization when illuminated 
at room temperature. In contrast to thermal catalysis, long-term stability (50 h) and very high selectivity (> 
99%) were achieved in photocatalysis [Figure 13B and C][74]. In 2022, a surface-modulation strategy is 
demonstrated via decorating in situ defects on isolated nickel (Ni) atoms over La2O3 for boosting light-
driven dry reforming of methane activity [Figure 13D]. Atomically dispersed Ni/La2O3 achieves a hydrogen 
evolution rate of 70.9 mol·gNi

-1·h-1 [Figure 13E][79].
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Figure 12. Reactivity and selectivity in the C–H borylation of methane Reproduced with permission from Ref[72]. Copyright 2016, 
American Association for the Advancement of Science.

Figure 13. (A) Schematic of a Cu–single-atom Ru surface alloy catalyst with the dry reforming reactants and products shown on the left; 
(B) Stability of photocatalytic methane dry reforming reaction on a Cu-Ru catalyst under 19.2 W·cm-2 white light illumination. The flow 
rates of CH4 and CO2 were both 8 sccm; (C) Intensity dependence of photocatalytic methane dry reforming reaction on Cu-Ru catalyst. 
No external heating was applied. Reproduced with permission from Ref[74]. Copyright 2020, Springer Nature; (D) Schematic of the 
dynamics within light-driven photothermal methane dry reforming; (E) Production rates of H2 and CO in 3 h. Reaction conditions: 10 mg 
samples were under focused full-spectrum light irradiation (21.6 W/cm2) with a continuous flow of 8 vol% CO2, 8 vol% CH4, and 84 
vol% Ar with a rate of 90 mL/min. Reproduced with permission from Ref[79]. Copyright 2022, Elsevier.

Another photocatalytic methane reforming technique involves the presence of water to produce syngas, 
known as steam reforming. Steam reforming produces less carbon accompanied by large quantities of 
hydrogen compared to dry reforming, leading to fewer issues with catalyst deactivation from carbon 
deposition. However, a primary challenge in steam reforming is to enhance methane conversion at low 
temperatures and ambient conditions. Currently, the conversion efficiency and syngas production rate of 
conventional photocatalytic methane reforming are significantly lower than those achieved through thermal 
catalysis at high temperatures. The reaction mechanism for photocatalytic methane steam reforming follows 
the steps: methane is first oxidized in the presence of water, either directly by valence band holes[7] or by 
hydroxyl radicals generated from water oxidation via holes[82], which is similar to the partial oxidation of 
methane in the presence of water. This process produces protons and carbon oxides (including CO or CO2), 
while conduction band electrons subsequently reduce the protons to produce hydrogen. A typical example 
is the use of Rh and RhO-modified potassium titanate as a photocatalyst for methane steam reforming 
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[Figure 14A][7]. In this system, the hydrogen production rate can exceed 1.2 μmol/min and maintain stability 
for ten hours [Figure 14B]. However, a notable drawback is the inevitable production of carbon dioxide 
during the reaction.

The above discusses the reaction pathways of photocatalytic methane conversion. Representative work for 
the four aspects of photocatalytic methane conversion is summarized in Table 1.

THE MATERIALS OF PHOTOCATALYTIC METHANE CONVERSION
Similar to other photocatalytic processes, the photocatalysts commonly used for methane conversion mainly 
consist of semiconductor materials and metal nanomaterials. Semiconductors are primarily responsible for 
light absorption and photogenerated carrier generation, while metal nanomaterials are mostly used as co-
catalysts to enhance the photocatalytic conversion process[3].

As mentioned above, the photocatalyst can directly activate methane only when the thermodynamic 
potential of the semiconductor material reaches the level required for methane activation. Commonly used 
photocatalysts are mainly metal oxides, nitrides, and other semiconductor materials. TiO2 is a widely used 
photocatalyst and was first used for the complete oxidation of methane[83]. However, TiO2 needs to be 
designed appropriately to complex different reaction systems to contribute to the enhancement of methane 
conversion performance, such as loading metal and metal oxide cobalt oxide (CoOx) nanoclusters on the 
TiO2 surface, which can selectively oxidize methane to methanol with selectivity up to 95%, attributed to the 
metal’s promotion of photogenerated electron segregation and the inhibition of hydroxyl radicals by the 
metal oxide nanoclusters thus avoiding over-oxidation[31]. The Pd-doped TiO2 was shown to have 
exceptional performance in the non-oxidative coupling of methane to ethane production, which is 
attributed to the doping that reduces the contribution of O 2p states to valence band near-surface, 
suppressing the overoxidation of CH4 with lattice oxygen[48].

Moreover, rational regulation of the defective layer over TiO2 is a strategy for selectively oxidizing CH4. The 
optimized oxygen-vacancy-rich surface disorder layer can simultaneously promote the separation and 
migration of photogenerated charge carriers and enhance the activation of O2 and CH4 for conversion with 
an HCHO production rate up to 3.16 mmol·g-1·h-1 and 81.2% selectivity[32]. ZnO is also commonly used as a 
photocatalyst for methane conversion due to its inhomogeneous internal charge distribution and the 
existence of an intrinsic built-in electric field that facilitates methane activation[3]. For instance, the polar 
and nonpolar surfaces of zinc oxide have a significant effect on the methane oxidation process[8]. In 
addition, WO3

[84,85], Ga2O3
[22] and other semiconductor materials with a wide bandgap are usually used in this 

system but with the limitations of the wide bandgap, resulting in poor visible light absorption. In addition, 
carbon nitride in nitrides is another class of materials for photocatalytic methane conversion. Carbon 
nitride has the tunability to accommodate different conversion processes. For example, Cu-modified carbon 
nitride can oxidize the methane to ethanol[11], while Zn-doped carbon nitride can photocatalytic coupling of 
methane and CO2 into C2-hydrocarbons[86]. In addition to the commonly used oxides and nitrides, there are 
other ternary oxides photocatalysts, such as SrTiO3 and[6,29,75] BiVO4

[23]. Various catalyst choices and 
modifications will be suitable for different reaction systems in photocatalytic methane conversion.

Aside from semiconductor materials, metallic nanoparticles can be employed to induce surface plasmon 
resonance, enhancing light absorption and activating methane through the localized surface plasmon 
resonance[16,87], which is particularly applicable to methane dry reforming reaction as the reaction requires 
high temperatures (700-1,100 °C)[88]. Also, introducing solar energy into the thermally driven reaction 
system to enhance catalyst activity, thus allowing the reaction to proceed at lower temperatures, makes it 
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Figure 14. (A) Schematic of photocatalytic steam reforming of methane over alkaline titanate; (B) Time course of the production rate of 
(a) H2 and (b) CO2 on the Rh/K2Ti6O13 sample, and (c) that of molar ratio of the produced H2 and CO2 (H2/CO2) in the flowing mixture 
of water vapor and methane. The Rh co-catalyst was loaded using the photodeposition method. Reproduced with permission from 
Ref[7]. Copyright 2012, American Chemical Society.

much more attractive. Common materials primarily include nanoparticles of Au, Cu, Ag, Pt, Ni, etc.[87,89]. 
They have strong interaction with resonant photons through excitation of surface plasmon resonance, 
which can relax by locally heating the nanostructure[90]. In a typical example, Ru single atoms are loaded 
onto Cu nanoparticles to form a plasmonic photocatalyst. The small plasmonic Cu antennas provide strong 
light absorption and thus efficient generation of hot carriers under illumination, while single-atom Ru sites 
offer a high catalytic activity for dry reforming of methane with long-term stability (50 h) and high 
selectivity (> 99%) at room temperature[74].

In summary, the types of photocatalysts used in methane conversion reactions are similar to those in other 
photocatalytic processes. However, photocatalysts with a wider bandgap are commonly employed to drive 
methane activation thermodynamically. The specific morphology, structure, and composition of the catalyst 
can be altered to suit different reaction systems, which will not be further elaborated here.

CONCLUSIONS, CHALLENGES, AND PERSPECTIVES
Photocatalytic methane conversion represents a highly promising reaction, with the study of its mechanisms 
being crucial. This review summarizes the pathways of photocatalytic methane conversion. Specifically, we 
focus on four main conversion pathways: partial oxidation, oxidative/non-oxidative coupling, 
functionalization, and dry/steam reforming of methane. We also outline the underlying mechanisms based 
on the main radical species or required reactants in each process. For photocatalytic methane conversion, 
the key to the conversion is the activation of methane, the control of reaction pathways, and the relationship 
between the factors. Although several studies have reported highly selective conversion (> 90%), the yield or 
selectivity of a target product remains a significant challenge. So far, photocatalysis still hardly exhibits a 
clear advantage over thermal catalysis in terms of yield in methane conversion.

Among the four main methods for methane conversion, the greatest challenge in partial oxidation reactions 
lies in balancing and regulating the methane activation with its oxidation, which directly affects product 
yield and selectivity. In contrast, non-oxidative coupling reactions avoid concerns over oxidation selectivity 
under anoxic conditions. Still, the absence of an oxidant poses difficulties in methane activation, leading to 
poor yields of multi-carbon alkanes. For methane reforming reactions, most current studies achieving 
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Table 1. Recent representative works on photocatalytic methane conversion, along with their reaction systems and performance

Reaction type Photocatalysts Temperature Pressure Light source Main product Main product 
selectivity Rate Main by-

product Ref.

Quantum-sized 
bismuth vanadate

Room 
temperature

2 MPa Xe lamp, 170 mW·cm-2 MeOH 96.6% 330 μmol·g-1·h-1 CO2 [23]

RuOx/ZnO/CeO2 
nanorod

Room 
temperature

/ Simulated solar light 
irradiation

MeOH 97.7% 133.54 μmol·g-1·h-1 CO [24]

FeOOH/Li0.1WO3 core
–shell nanorods

Room 
temperature

2 MPa 300 W Xenon lamp MeOH 86% 160 μmol·g-1 HCHO, 
CH3CHO

[27]

W single-atom Room 
temperature

0.5 MPa Xe-lamp C1 oxide (MeOH, CH2
OHCH2OH, CH3
OOH)

> 99% 4,956 μmol·g-1 / [28]

Cu/CeO2 120 °C 1.2 MPa 300 W Xe lamp (200 ≤ 
λ ≤ 420 nm)

MeOH 96.2% 88.9 μmol·g-1·h-1 CO [30]

Cobalt single atom on 
carbon nitride

25 °C 0.8 MPa 300 W Xenon lamp
(300 ≤ λ ≤ 780 nm, 
170 mW·cm-2)

MeOH 87.22% 296 μmol·g-1·h-1 CH3OOH, 
HCHO, 
HCOOH, and 
C2H5OH

[25]

Au/Cox/TiO2 25 ± 2 °C 2 MPa 300 W Xe lamp (450 
mW·cm-2, 300-500 
nm)

MeOH 95% 25.4 μmol·h-1 CH3OOH, 
HCHO, CO2

[31]

TiO2 Room 
temperature

2 MPa 300 W Xe lamp (50 
mW·cm-2 with an 
ultraviolet pass-filter)

HCHO 81.2% 3,160 μmol·g-1·h-1 CH3OOH, 
HCOOH, 
MeOH, CO2

[32]

AuCu–ZnO 25 °C 2 MPa 300 W Xe lamp HCHO Nearly 100% 11,225 μmol·g-1·h-1 for C1 
oxygenates

CO2 [33]

Pd-In2O3 Room 
temperature

2 MPa LED lamp (420 nm) CH3OH and CH3OOH 82.5% 100 μmol·h-1 of C1 
oxygenates

CO2 [34]

Single-atom Cu and 
Wδ+

25 °C 2 MPa LED lamp source (420 
nm)

HCHO Nearly 100% 4,979.0 μmol·g-1 within 2 h CO2 [36]

Cu@C3N4 50 °C 0.1 MPa 300 W Xenon lamp 
equipped with a 420 
nm bandpass filter

Methyl oxygenates > 98% 1,399.3 mmol·gCu
-1·h-1 of 

methyl oxygenates
CO2 [39]

001-dominated TiO2 25 °C 2.1 MPa 300 W Xe lamp (450 
mW·cm-2)

MeOH 80% 4,800 μmol·g-1·h-1 HCHO, CO, CO2 [45]

Partial oxidation

Silicomolybdic-acid/
TiO2

150 °C 5 MPa 300 W xenon lamp 
with AM 1.5G filter

Formic acid and 
formaldehyde

82.4% for liquid 
oxygenates (mainly formic 
acid and formaldehyde)

/ / [46]

/ Room 
temperature

0.1 MPa γ-Ray radiation CH3COOH 96% 121.9 μmol·h-1 CH3COCH3 [54]

the methane conversion rate 

Coupling

Au-sputtered TiO2 > 680 °C / 365 nm LED 100 W C2 products ~90% CO2 [55]
of 1,100 μmol·h-1
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Ag/AgBr-TiO2 40 °C 0.6 MPa 365 nm LED C2+ products 79% 354 μmol·g-1·h-1 CO, CO2 [56]

Au/ZnO 81.3 °C 0.1�MPa 365�nm LED (350 
mW·cm-2)

C2-C4 products 83% 683 μmol·g-1·h-1 CO2 [57]

Au-ZnO/TiO2 140 °C Atmospheric 
pressure

300-W Xe lamp, 300-
500 nm, 500 mW·cm-2

C2H6 90% 5,000 μmol·g-1·h-1 CO2 [58]

Ga-doped and Pt-
loaded porous TiO2–
SiO2

Room 
temperature

/ 300 W Xe lamp (450 
mW/cm2)

C2H6 90% 3.48 μmol·g-1·h-1 CO2 [59]

Pd-TiO2 Room 
temperature

/ 300 W Xe lamp C2H6 94.3% 910 μmol·g-1·h-1 CO2 [48]

Ag/NaTaO3 Room 
temperature

Atmospheric 
pressure

Four 8 W ultraviolet 
lamps

C2H6 89% 194 μmol·g-1·h-1 C3H8, C4H10 [62]

GaN:ZnO solid 
solutions

Room 
temperature

/ 300 W Xenon lamp C2H6 98 % > 330 μmol·g-1·h-1 C3H8, C4H10 [63]

Nb2O5 Room 
temperature

Atmospheric 
pressure

300 W Xe lamp with 
2,000 mW/cm2

C2H6 / 1,456 μmol·g-1·h-1 / [64]

Ag2O/La-NaTaO3 Room 
temperature

Atmospheric 
pressure

Four UV lamps with the 
wavelength centered at 
254 nm

Chloromethane 56.5% 152 μmol·g-1·h-1 CO2, C2H6 [67]Functionalization

Cu-TiO2 Room 
temperature

Ambient pressure 300 W xenon lamp 
(600 mW·cm-2)

Chloromethane, 
bromomethane

83.7% 610 μmol·h-1·m-2 for 
chloromethane or 1,080 
μmol·h-1·m-2 for 
bromomethane

CO, CO2 [68]

Cu-Ru Room 
temperature

Ambient pressure 19.2 W·cm-2 white light 
illumination

CO, H2 > 99% 275 µmol·g-1·s-1 / [74]

Rh-SrTiO3 Room 
temperature

Ambient pressure 150 W Hg-Xe CO, H2 > 50% 0.9 μmol·mg-1·min-1 / [75]

TiO2/g-C3N4/Ti3C2 / 0.010 MPa above 
the atmospheric 
pressure

35 W Xenon lamp (420 
nm, 20 mW·cm-2)

CO, H2 / 45 μmol·g-1·h-1 for H2 or 17·
μmol·g-1·h-1 for CO

CO2 [76]

Pt/CeO2 700 °C Ambient pressure 1.2 kW concentrated 
solar simulator

CO, H2 / 400 mmol·g-1·h-1 for H2 
500 mmol·g-1·h-1 for CO

/ [77]

0.5Ni/La2O3 641 °C / Full-spectrum light 
irradiation (21.6 W·cm
-2)

CO, H2 / 170.9 mol·gNi
-1·h-1 for H2 

209.8 mol·gNi
-1·h-1 for CO

/ [79]

Reforming

Rh-loaded K2Ti6O13 50 °C / Entire wavelength 
region from the xenon 
lamp

CO2, H2 / 0.85 μmol·min-1 for H2 / [7]

LED: Light emitting diode.
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significant reforming efficiency still require high reaction temperatures. Therefore, it remains an open area 
of research to explore low-temperature, high-efficiency reforming of methane under photo-assisted 
conditions.

Currently, substantial progress has been made in understanding the mechanisms behind photocatalytic 
methane conversion. Many works have identified key intermediates and reaction pathways of the reaction, 
providing valuable insights into the reaction of methane conversion under different conditions. These 
advancements have facilitated the development of more efficient and selective catalysts. However, 
significant challenges remain, particularly in achieving precise control over reaction selectivity and 
efficiency. The understanding of how to manipulate the electronic and structural properties of catalysts to 
desired reaction pathways while suppressing side reactions is limited. To address this issue, it is crucial to 
employ advanced characterization techniques in this field, particularly in situ characterization methods. 
Given the mild reaction conditions typical of photocatalysis, developing additional in situ research 
techniques is especially important for mechanistic studies.

It should be acknowledged that most current research on photocatalytic methane conversion remains at the 
laboratory stage, and it remains challenging to transition from small-scale to processes on pilot and 
industrial scales. A substantial body of research focuses on advancing high-performance catalytic systems, 
with a critical consideration being the economic evaluation of these systems. For industrial applications, 
production efficiency should meet at least the following targets: (1) the photocatalyst should have a lifespan 
of several months; (2) the yield rates should reach the level of 1 μmol·cm-3·s-1 or the turnover frequency of at 
least around 1 s-1[4]. To achieve this goal, it is essential to explore the pathways of methane photocatalytic 
conversion, address the fundamental limitations associated with each pathway, and overcome the 
bottlenecks in photocatalytic conversion to enable next-generation photocatalyst design.

Furthermore, despite achieving the targets for catalysts and performance, scaling up remains a significant 
challenge. This assessment encompasses various factors, including the utilization of sunlight and catalysts, 
production scale, capital expenditures, and raw material costs[4]. The most immediate impact lies in the 
effect of scale-up on light utilization. The typical scale-up strategy of dimension enlargement is not practical 
for photochemistry owing to photon transport limitations (i.e., attenuation effect)[19,91]. At this level, it is 
essential not only to consider performance and economic costs but also to address additional engineering 
issues, such as system safety, environmental impact, and energy consumption during operation, all of which 
will need to be tested.

Although several critical issues need to be addressed in the future, particularly concerning yield, energy 
consumption, and the practical application of photocatalytic methane conversion, the direct light-driven 
activation of methane into high-value chemicals and fuels remains a promising technology and represents a 
significant scientific interest.
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