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With 28—34 times the greenhouse effect of CO,
over a 100-year period, methane is regarded as the second largest
contributor to global warming. Reducing methane emissions is a
necessary measure to limit global warming to below 1.5 °C. "E e
Photocatalytic conversion of methane is a promising approach to  1----=-! co, Q cs & %CXH 10,
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alleviate the atmospheric methane concentrations due to its low

energy consumption and environmentally friendly characteristics. E i e s !
Meanwhile, this conversion process can produce valuable :‘::-‘,} D(':':te °°"°g';lt’ated ________ d
chemicals and liquid fuels such as CH;OH, CH;CH,OH, C,Hj, E_______: . . ‘ : Waste
and C,H,, cutting down the dependence of chemical production coalmine (Jh A by management
on crude oil. However, the development of photocatalysts with a 1 é i

high methane conversion efliciency and product selectivity remains
challenging. In this review, we overview recent advances in
semiconductor-based photocatalysts for methane conversion and present catalyst design strategies, including morphology control,
heteroatom doping, facet engineering, and cocatalysts modification. To gain a comprehensive understanding of photocatalytic
methane conversion, the conversion pathways and mechanisms in these systems are analyzed in detail. Moreover, the role of electron
scavengers in methane conversion performance is briefly discussed. Subsequently, we summarize the anthropogenic methane
emission scenarios on earth and discuss the application potential of photocatalytic methane conversion. Finally, challenges and future
directions for photocatalytic methane conversion are presented.

Oil and gas

greenhouse effect, methane emission, photocatalytic conversion, photocatalyst design, semiconductor, cocatalyst,
electron scavengers, application scenarios

decline, resulting in an economic loss of around US $450
billion each year.® Therefore, it is essential to reduce
atmospheric methane concentrations as soon as possible,
which provides an opportunity to meet the Paris Agreement’s
goal of limiting the temperature rise to 1.5 °C.”” Recently, the
United Nations Environment Programme has published the
Global Methane Assessment to highlight the importance of
reducing methane emissions.” In addition, the U.S. Depart-
ment of Energy announced a US $35 million grant to develop
technologies to reduce methane emissions from the oil, natural
gas, and coal industries.

Global warming caused by greenhouse gases (GHGs) is a clear
threat to human societies and requires urgent action. As the
second most important contributor to GHG emissions in the
world, methane has attracted great attention in recent years."”
According to the relevant reports, the atmospheric methane
concentration has more than doubled since preindustrial time
(1879 vs 722 ppb), and the current methane emissions
account for almost 25% of atmospheric warming.”* Despite its
lower atmospheric concentration compared to that of CO,
(417 ppm), methane is a potent greenhouse gas 28—34 times
more powerful than CO, in warming the atmosphere over a
100-year time period (per unit mass).”° In addition to its February 14, 2023 Srmonmy ¥
direct radiative forcing on the climate, methane is also a major May 24, 2023
precursor of ground-level ozone, which causes about 500,000 June 2, 2023
premature deaths worldwide each year.” From an economic June 20, 2023
perspective, leaked methane can lead to labor losses, high

healthcare costs for asthma-related illnesses, and crop yield
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Currently, technologies to reduce methane emissions can be
broadly categorized into methane capture and storage
technologies, direct combustion, and methane reutilization.
There are some applicable circumstances for the capture and
storage technologies. For example, in oil and gas industry, the
methane capture and storage technologies are partly similar to
carbon dioxide capture and storage technologies, and captured
natural gas can be injected into the oilfields to enhance oil
recovery like pressurized CO,.'”"" However, they may face
similar implementation dilemmas of energy consumption,
operating costs, and maintenance-related safety issues that
happen to carbon dioxide capture and storage technolo-
gies.'”"” Direct combustion of methane may not be sufficient,
especially for dilute methane-air flows, which results in extra
carbon dioxide emissions, unignited methane leakage, and
possible air pollutant emissions, and it is an environmentally
unfriendly process that is planned to be phased out gradually."?
Unlike the above two technologies, methane reutilization has
great potential to produce chemical commodities without the
use of crude oil and to reduce environmental pollution caused
by methane. However, methane is a highly stable molecule
with a symmetrical tetrahedral configuration, and this nonpolar
structure endows methane with extremely high C—H bond
energy (439 kJ mol™"), low polarizability (2.84 X 107* C* m*
J™Y), and low electron and proton affinity (—1.9 eV and 543.9
kJ mol™’, respectively).'*"> As a result, the catalytic conversion
of methane usually requires high temperatures and harsh
reaction conditions.'®"” Methane can be oxidized to CO, or
selectively oxidized to various valuable chemicals (CH;OH,
CH,CH,0H, C,H,, and C,H,). From the point of view of
climate mitigation and environment benefit, all these
conversion processes can offset some of the global warming
caused by methane in the near term. But from the perspective
of chemical production and energy sustainability, the
conversion process to high-value chemicals and fuels can
further increase the economic value of methane, which is
attractive to the industry and market. However, this process is
hampered by the overoxidation of methane to CO,, as CO, is a
more thermodynamically stable but undesirable product from
the perspective of product value.'®™*° Therefore, the
conversion of methane into valuable products with high
selectivity under mild conditions remains a significant
challenge.

To date, many technologies have been utilized for methane
conversion, and they now include thermocatalytic technolo-
gies, electrocatalytic technologies, plasma technologies, mem-
brane technologies, and so on.”'"** However, traditional
thermocatalytic technologies, such as traditional Cu/Fe-based
zeolite thermocatalysis, usually requires strong and high-cost
oxidants (H,0,, N,O) to achieve a large methane
conversion.” Besides, a high temperature is basically needed
for thermodynamically unfavorable methane conversions, such
as nonoxidative coupling of methane. The high temperature
can lead to the formation of carbon or coke, resulting in the
fast deactivation of the catalyst.”® Electrocatalytic technologies,
such as the methane solid oxide fuel cell, also need to operate
at temperatures above 500 °C because electrochemical
methane oxidation at low temperatures is extremely sluggish,
and the product of the fuel cell is CO, instead of high-value
chemicals.”” Comparatively, photocatalytic methane conver-
sion is emerging as an ideal method to achieve methane
conversion under mild conditions.”®* ™' First, it uses solar
energy, a green and renewable source, to activate methane,
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turning a primary energy source into chemical energy.’”
Second, the energetic carriers (electrons and holes) generated
by photocatalysts absorbing photons can activate and convert
methane by transferring their energy or charge to methane,
thus breaking the thermodynamic equilibrium and allowing the
uphill reactions to occur at room temperature.”® Third,
ambient temperatures can avoid the deactivation of catalysts
to some extent. However, the inherent inertness of methane
molecules, the disadvantages of bulk semiconductors, and the
overoxidation of products limit the efficiency and selectivity of
photocatalytic methane conversion. In semiconductors, the
charge recombination (ps) is much faster than participation in
redox reactions (ms), resulting in severe charge recombination
in the bulk phase and on the surface.”* To address these issues,
several engineering strategies have received considerable
attention, including morphology control, heteroatom doping,
facet engineering, cocatalyst modification, and utilization of
electron scavengers (Figure 1). These strategies can enhance

Facet

Figure 1. Outline of emerging strategies for photocatalytic methane
conversion.

the absorption of light, improve the separation efficiency of
photogenerated carriers, and provide more reactive sites for
methane adsorption and activation, which can improve the
activity of methane conversion. Furthermore, surface site
engineering, such as heteroatom doping, facet engineering, and
cocatalyst modification, can regulate the adsorption energy and
desorption ability of intermediates and products, realizing high
selectivity toward desired products.

In order to reduce the atmospheric methane concentration
through the energy-efficient and eco-promising photocatalytic
process, great efforts have been made to exploit efficient
systems for photocatalytic methane conversion.””>> However,
the mechanisms over different catalysts still require full
consideration and analysis. In addition, the application
potential of photocatalytic methane conversion in different
methane emission scenarios, which is of great importance for
its future practical application, has not been discussed. In this
review, we provide an overview about the photocatalyst and
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system design strategies for the photocatalytic methane
conversion process (including the design of semiconductors
through morphology control, heteroatom doping, facet
engineering, cocatalyst modification, and utilization of electron
scavengers), describing how these strategies affect perform-
ance, mechanisms, and pathways. Furthermore, we summarize
the anthropogenic methane emission scenarios on earth and
analyze the application potential of photocatalytic methane
conversion in these scenarios. Finally, we outline key
challenges and perspectives for photocatalytic methane
conversion. We hope that this review can provide valuable
guidance for the development of desirable photocatalytic
methane conversion systems and inspiration for the treatment
of produced methane.

Under light irradiation with energy higher than the bandgap
energy (Eg) of the semiconductor, the electrons on the valence
band (VB) can be excited to the conduction band (CB),
together with the generation of holes on the VB. The
generated separated electrons and holes can migrate to the
surface of the semiconductor and then participate in the redox
reactions.”” Therefore, the efficiency of photocatalytic methane
conversion is determined by three key parameters and can be
described as Mtotal = Nabs X Nes X Nredow where MNabs ey and Mredox
denote the photoabsorption efliciency, carrier separation
efficiency, and surface reaction efficiency, respectively.
Accordingly, considerable efforts should be made to design
photocatalysts with strong photoabsorption ability, efficient
carrier separation ability, and abundant active sites for methane
conversion.’® Yet it is worth noting that there are differences
between the photocatalysts for methane conversion and
contaminants oxidation. For oxidation of contaminants,
photocatalysts that can efficiently activate H,O to *OH are
usually needed to realize the complete abatement of pollutants
(into CO,, H,0, or at least harmless products).”” For methane
conversion, an ideal catalyst should be able to achieve partial
oxidation of methane to high-value products rather than to the
oxidation of CO,, in order to improve the utilization value of
methane. In order to improve the selectivity of high-value
products, it is necessary to introduce suitable active sites to
regulate the formation of free radicals, the activation barriers of
intermediates, and the adsorption/desorption of intermediates.
Besides, photocatalysts for methane oxidation need to have
efficient methane activation capability.

The activation of the highly stable C—H bonds of methane
is regarded as the rate-determining step for methane
conversion.”®” The activation of the C—H bond follows
two main pathways, including direct and indirect pathways
(Figure 2). The VB of metal oxides (TiO,, ZnO) is mainly
composed of O 2p orbitals, which possess quite positive
potential (ca. +3.0 V vs SHE) and offer strong oxidation ability
for the activation of CH, (CH,/°CH,: 0.83 V). Upon light
irradiation, surface lattice oxygen of these metal oxides can trap
photoinduced holes (h*), leading to the generation of reactive
oxygen species (O7), which can be characterized by in situ
electron paramagnetic resonance (EPR) spectra. O~ active
species can directly capture the H atom from CH, and
generate *CH; (CH, + M®*—0~ — °CH, + M=D_
OH).""***! Interestingly, recent work by Hu’s group revealed
that the C—H bond can also be activated directly by the
photoexcited electrons accumulated on the cocatalyst.*” As for
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Indirect activation

Reduction

Figure 2. Schematic illustration of the methane activation mechanism
over semiconductor-based photocatalysts.

the indirect route, the C—H bond cleavage can be switched on
by the generated oxygen radicals, such as *OH.*’ The highly
oxidative *OH species can be generated through the reaction
between photoinduced carriers and adsorbate (H,O and H,0,,
H,0 +h* - *OH + H*; H,0, + H" + e~ —» *OH), which can
capture an H atom from methane.

Methane can be converted into a variety of products by
photocatalysis including gaseous products (C,Hs, C,H,, and
C;Hj) and liquid products (CH;00H, CH;0H, CH;CH,OH,
HCHO, and HCOOH). The type of products is related to the
reaction systems. For example, C,Hs and C,H, have high
economic values are usually the target products via oxidative
coupling of methane (4CH, + O, = 2C,Hg + 2H,0, AG%q ¢
= —320 kJ mol™") or nonoxidative coupling of methane (2CH,
— CHg + Hy, AG%g5¢ = 68.6 k] mol™") under gas—solid
reaction conditions, whereas liquid oxygenates can be
synthesized via partial oxidation of methane under liquid—
solid reaction conditions. For liquid—solid reactions, the *CH,
radical tends to react with *OOH (O, + e~ + H" - *OOH) to
form CH;OOH in the presence of O,, which can be reduced to
CH;O0H and then oxidized to HCHO/CO,. Besides, the *CHj,
radical can also react with *OH or H,O to generate
CH,0H.>"*** The selectivity of liquid products is related
to their ability to desorb on the catalyst surface. In addition,
syngas (CO and H,) can be obtained through methane
reforming with H,O (gas) or CO,, which are known as steam
reforming of methane (CH, + H,O — 3H, + CO, AG%gs ¢ =
142 kJ mol™") and dry reforming of methane (CH, + CO, —
2H, + 2CO, AG%qs ¢ = 171 kJ mol™!), respectively.**™* In
general, the conversion processes are thermodynamically
unfavorable without the participation of oxygen, such as
nonoxidative coupling of methane, steam reforming of
methane, and dry reforming of methane. These processes
can be driven under mild conditions by the photo energy

supplied.

Semiconductors are a crucial component of photocatalysts,
which are responsible for light absorption to generate
electron—hole pairs. For the photocatalytic conversion of
methane, the electrons and/or holes on the CB/VB of a
semiconductor should be able to drive the corresponding
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Figure 3. (a) Scheme of the synthetic route for quantum-sized BiVO,. (b) Proposed reaction pathway for methane oxidation over quantum-sized
BiVO,. Reprinted with permission.”” Copyright 2021, Springer Nature. (c) Schematic illustration for photocatalytic methane oxidation over ZnO
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nanosheets. Reprinted with permission.®’ Copyright 2021, American Chemical Society. () Partial photooxidation of methane over FeCA catalyst.

Reprinted with permission.”* Copyright 2021, American Chemical Society.

chemical reactions. As for conversion systems involving
oxygen, the CB of the semiconductor is required to be more
negative than the electrochemical potential of O,/°0,” (E° =
—0.33 V vs NHE, normal hydrogen electrode) or O,/*OOH
(E° = —0.05 V vs NHE) to generate active radicals. ZnO***>°
and TiO,”" are both good alternatives for the aerobic
conversion of methane. For conversion systems without
oxygen, the C—H bond of methane can be activated only by
h* or *OH attacking. Therefore, the VB should be more
positive than the electrochemical potential of methane
oxidation (CH,/°CH; E° = 0.83 V vs NHE) or water
oxidation (H,O/°OH, E° = 230 V vs NHE). ZnO,’**'
TiO,"' WO,,°* and BiVO,”™>° are all considered as
appropriate semiconductors to achieve methane conversion
in these anaerobic conversion systems. Nevertheless, the pure
semiconductor is limited by the rapid recombination of
photogenerated carriers and deficient active sites. Several
strategies have been proposed in recent years such as
morphology control, heteroatom doping, facet engineering,
and cocatalyst modification. An elaboration on these strategies
will be provided in the following sections.

3.1.1. Morphology Control. Depending on their
dimensionalities, semiconductors can be classified into zero-
dimensional (0D), one-dimensional (1D), two-dimensional
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(2D), and three-dimensional (3D) nanostructures. These
materials with unique nanostructures have attracted a lot of
attention owing to their size effect (0D quantum dots), large
specific surface area (2D nanosheets), and effective light
utilization (3D porous materials).”**” In this part, a detailed
description about the relationship between the morphologies
and photocatalytic performance can be found below.

In recent years, 0D materials such as quantum-sized
semiconductors have emerged as promising photocatalysts
owing to their large specific surface area, low cost, short carrier
transmission path, and easy surface functionalization. The
specific surface area will increase by 10° times when the size is
reduced from a millimeter to 5 nm.*® Under such circum-
stances, the performance of quantum-sized BiVO, nano-
particles (q-BiVO,, 4.5 nm) for photocatalytic methane
conversion was investigated by Tang’s group (Figure 3a).>’
Compared with bulk BiVO,, the product yield (CH;OH and
HCHO) of q-BiVO, displayed a 4-fold enhancement owing to
the enhanced surface area and kinetic energy. Despite the small
size of the catalyst, the morphologies, chemical states, and
initial activity remained almost unchanged after S photo-
catalytic cycles (3 h per cycle). As *OH was responsible for the
activation of CH, and the further oxidation of CH;OH (Figure
3b), regulating the wavelength of the light source was shown to
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be an effective method to alter the *OH concentration and
product selectivity. Specifically, the reaction provided a
selectivity of 96.6% for CH;OH under visible-light irradiation
(400—780 nm, 170 mW cm™2, 7 h), while a high HCHO
selectivity of 86.7% was achieved under ultraviolet irradiation
(300—400 nm, 170 mW cm™2 3 h) owing to the enhanced
oxidation of CH;OH.

0D semiconductors can be easily assembled with other
components to form complex structures, such as core—shell
structures and heterojunctions, which can further improve
charge separation efficiency, improve stability, and modulate
the active center for methane conversion. However, bulk
recombination is likely to occur when the size is comparable to
the width of the depletion Iayer.60 Therefore, the size of the 0D
semiconductor is required to be well-controlled.

2D materials such as graphene oxide (GO), graphitic carbon
nitride (g-C;N,), and metal oxide nanosheets have gained
increasing attention since the discovery of monolayered
graphene.””® 2D nanosheets can provide more active sites
for adsorption and activation of reactants due to the large
surface area. Besides, the diffusion distance for photoinduced
electrons and holes to the catalyst surface is minimized owing
to the atomic thickness, suppressing bulk electron—hole
recombination rate and improving photocatalytic efhi-
ciency.*** Graphitic carbon nitride (g-C;N,), a low cost
and metal-free material, is considered as an attractive visible-
light-responsive photocatalyst owing to its moderate bandgap
(2.7 eV). The photogenerated electrons on its CB position
(—1.1 eV vs NHE) can reduce O, or H,0, to generate *OH
(H,0, + H" + e~ - *OH + H,0, H,0,/°0OH = 1.07 V vs
NHE), realizing the activation of methane.®> A 2D
mesoporous g-C;N, nanosheet was fabricated by polymer-
ization of urea at 150 °C for 1 h and 550 °C for 4 h, which can
disperse well in water to contact with methane molecules.”® In
the presence of H,0, as the *OH source, the CH;0H
production rate is 140 ymol g~' h™" with 30 bar CH,. ZnO
nanosheets with a thickness of 1.53 nm were synthesized to
catalyze methane oxidation at ambient temperature and
pressure.”’ The formed O~ species from surface lattice oxygen
can directly cleave the C—H bond in CH, based on
experimental results (Figure 3c). Therefore, the formation
rate of liquid oxygenates (CH;OO0H, CH,OH, HOCH,OO0H,
and HCOOH) from ZnO nanosheets was 24 times higher than
that of commercial ZnO due to more surface lattice oxygen
sites in the ZnO nanosheets. With the aid of H,0O,, *CHj; can
react with *OH (from H,0 and H,0,) and *OOH (from
H,0,) to yield CH;OH and CH;0O0H, respectively. After-
ward, the formed CH3;OH may be further oxidized to
OHCH,00H (Figure 3d). ZnO nanosheets showed a low
selectivity for individual products, although the overall
selectivity for liquid oxygenates can reach 90.7%. The
selectivity of individual products can be improved by the
rational design of the photocatalysts. In order to improve the
selectivity toward CH3;OH, a unique 2D in-plane Z-scheme
heterostructure was constructed between ZnO nanosheets and
Fe,0;.”" The Fe sites were proven to be the key active sites for
improving CH;OH selectivity. In detail, CH, molecules were
adsorbed and polarized on the charge-accumulated Fe sites
over ZnO/Fe,0;, accompanied by the formation of Fe—CHj.
Fe—OHCH; intermediates were then generated through the
interaction between Fe—CH, and *OH. The electron transfer
from charge-enriched Fe sites to the O atoms strengthened the
polarity of the O—H bond in CH;OH, suppressing the

256

cleavage of the O—H bond and overoxidation of CH;0OH. For
pure ZnO nanosheets, Fe—OCHj; intermediates were more
easily generated due to the relatively weak O—H bond, which
can further interact with *OH and yield a series of byproducts
(CH;00H, HCHO, HCOOH, and CO,). Consequently, the
selectivity toward CH;OH increased from 57.1% to 99.6%
after the incorporation with Fe,O;.

Despite the recent progress of 2D semiconductors toward
photocatalytic methane conversion, the application of ultrathin
2D semiconductors is still a great challenge, especially the
synthesis techniques on a large scale for potential application.®”
Besides, 2D nanosheets are easy to aggregate, resulting in the
decrease of specific surface area and deterioration of
performance. Moreover, various kinds of surface defects can
be easily created during the synthesis of 2D nanosheets due to
their atomic thickness and high specific surface area, which
have a complex effect on the photocatalytic performance,
related to the type, concentration, and spatial distribution of
surface defects.®® Therefore, the modulation of defects and the
effect of defects on the performance of photocatalytic methane
conversion should be considered in the future. It is worth
noting that the refractive index of 2D semiconductors is low,
which prevents them from effectively scattering incident light,
thereby reducing the light utilization of the overall system.

Compared with 0D and 2D semiconductors, 3D hierarchi-
cally porous semiconductors are considered as more efficient
light harvesters because the ordered macrochannels allow deep
light penetration and enhanced light scattering as well as light
reflection, resulting in a higher utilization eﬂiciency.69 Besides,
the reactants can be well-confined within the pores of 3D
porous semiconductors, allowing full contact with active sites.
The micro (<2 nm) and meso (2—50 nm) pores contribute to
the large surface area for cocatalysts modification, while macro
pores (>50 nm) can facilitate the diffusion of reactants and
products and thus boost the mass transport.’”” By using
mesoporous KIT-6 silica as the template, 3D mesoporous WO,
with ordered pores and specific surface area of 151 m* g~! was
prepared by a nanocasting procedure.’” With the aid of 1 mM
Fe, the yield of CH;OH can reach 67.5 umol g7 h™" at
atmospheric pressure. The performance increased by 3.4-fold
compared with commercial WOj;, indicating the importance of
the mesoporous structure. Similarly, a hierarchical macro-
mesoporous TiO,—Si0, microarray was synthesized by using
polystyrenes and Pluronic triblock copolymer P123 as
templates to generate macropores and mesopores, respec-
tively.”' Compared with the hierarchical photocatalysts, the
TiO,—SiO, microarray with only mesopores or macropores
showed a lower methane conversion activity, demonstrating
the importance of interconnected hierarchical pores. Apart
from these traditional semiconductors, 3D porous carbon
aerogel emerges as a star material for photocatalytic reactions
owing to its low cost and high electrical conductivity.”” Xie’s
group fabricated Fe clusters anchored on carbon aerogel
(FeCA) via a facile sol—gel method (Figure 3e).”” With the
confinement of the carbon aerogel to Fe clusters, the
performance and morphology of the photocatalyst were still
retained even after 12 h of light illumination. According to X-
ray photoelectron spectra (XPS) results, iron clusters were
shown to exist as Fe’* (0 < § < 3), which could donate
electrons to C* (photoexcited-state carbon atoms in carbon
aerogel) to produce C*~. Afterward, the electron transfer from
C*~ to CH, enabled the generation of CH,~ and Fe’*—CH,*
intermediates. In the presence of H,0,, Fe’*—~CH;* can react
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Figure 4. (a) The methane conversion rate over different metal-doped catalysts. (b) Polaron analysis of Nb-doped TiO,, pristine TiO,, and Ga-
doped TiO,. Ti, O, Nb, and Ga atoms are shown in gray, red, navy blue, and purple, respectively. (c) Reaction energy profiles of two competition
paths of ethane desorption and C—C cleavage on Nb-doped TiO,, pristine TiO,, and Ga-doped TiO,. Ti, O, Nb, Ga, C, and H atoms are shown in
gray, red, navy blue, purple, black, and light blue colors, respectively. Reprinted with permission.”" Copyright 2021, Wiley-VCH. (d) Band structure
alignments of PCN and Cu-0.5/PCN. (e) The hypothetical reaction mechanism for photocatalytic methane conversion over Cu-0.5/PCN.
Reprinted with permission under a creative commons CC BY 4.0.%° Copyright 2019, Springer Nature. (f) Scheme illustration of a synthetic route
for the Cu,@g-C;N, catalyst. Reprinted with permission under a creative commons CC BY 4.0.*° Copyright 2022, Springer Nature.

with photogenerated *OH to produce Fe’*—CH;0* and
CH;00H in sequence. The selectivity of CH;0OH was
strongly influenced by the concentration of H,0,. By
optimizing the amount of H,0, to 2 mmol, the selectivity
and yield of CH;OOH can be up to 100% and 13.2 mmol g, ™"
h™!, respectively.

For 3D semiconductors, the synthesis procedure usually
involves the utilization and removal of templates, limiting their
extendibility and cost-effectiveness. Therefore, exploring facile
template-free approaches should receive extensive attention in
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the future. Based on the unique advantages of 0D/2D/3D
semiconductors, it may be a great idea to couple materials with
different dimensions, which can further improve the activity
and stability. Moreover, novel 3D materials such as hydrogels,
foams, aerogels, and sponges can be considered in the field of
photocatalytic methane conversion, which possess properties,
of low density, stable mechanical properties, and large surface
area.

3.1.2. Heteroatom Doping. Low photoinduced carrier
separation efficiency is one of the most important factors
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limiting photocatalytic methane conversion.”* Impurity doping
can introduce an additional band between CB and VB, which is
capable of trapping excitons and suppressing recombination of
carriers in the bulk of the semiconductor. Meanwhile, impurity
doping can also modulate the barrier height at the semi-
conductor electrolyte interface, which is beneficial for the
selective charge transfer of photogenerated carriers.””~"” For
instance, the introduction of a trace amount of Si into GaN
was evidenced to promote the photogenerated carrier
separation efficiency according to photoluminescence (PL)
spectra.”® Furthermore, dopants can affect the surface affinity
for chemical species, thus influencing the conversion efficiency
of methane. Villa et al. provided a detailed explanation about
the role of La dopant in methane conversion.”” The La doping
improved the specific surface area and pore volume, leading to
a high adsorption ability of methane. Meanwhile, oxygen
vacancies can be created after the incorporation of La, leading
to a higher amount of adsorbed water compared with pure
WO,;. Consequently, the CH;OH selectivity of La-doped WO,
increased by 50% compared with pure WO; because more
*OH radicals were available to react with CH, on the surface of
La-doped WO;.

Doping can be classified as p- and n-type doping according
to the type of dopants used. The n-type-doped semiconductors
and p-type-doped semiconductors can be obtained by
substituting host atoms with electron-rich and electron
deficient substitutes, respectively. The effects of these two
different types of dopants in TiO, on photocatalytic methane
conversion have been investigated by Zhang’s group.”' They
synthesized a series of n-type (Nb, Mo, W, Ta) and p-type
(Ga, Cu, Fe) doped TiO,, which were used for nonoxidative
coupling of methane. TiO, with n-type dopant showed a
higher methane conversion rate compared with that of p-type
doping TiO, (Figure 4a). As revealed by DFT calculations, the
n-type dopants can offer excess electrons to the adjacent Tig,
and Tis. atoms of TiO,, facilitating the polarization and
activation of methane molecules by transferring electrons to
methane (Figure 4b). More importantly, C—C bond cleavage
was more thermodynamically favorable than desorption for p-
type-doped TiO,, hindering the adsorption of new methane at
the active sites and resulting in a low methane conversion rate.
On the contrary, C,H tended to desorb from the surface of n-
type-doped TiO, instead of undergoing a C—C cleavage
reaction, leading to a high C,H, generation rate (Figure 4c).

C;N, is considered as a potential support to anchor
transition metal atoms through abundant nitrogen sites. It
has been demonstrated that Ni, Fe, and Cu atoms can
coordinate with N atoms on the C;N, framework.®”®’
Meanwhile, the fabrication procedures of doped C;N, are
particularly simple. Li et al. prepared a series of Zn-doped
C;N, photocatalysts via directly heating urea with different
ratios of zinc acetate.”” The increased binding energy of N 1s
revealed by XPS indicated the formation of Zn—N bonds,
which were conducive to the rapid electron transfer to a Ru
cocatalyst. After doping P atoms into C;N,, the light
absorption range was extended to 650 nm, and thus the
catalysts can achieve methane conversion even under the light
irradiation with a wavelength larger than 420 nm.*’ Unlike
BiVO, and WO;, the VB position of C;N, is more negative
than the electrochemical potential of H,O/*OH but more
positive than H,0/H,0,, which means that the holes of C;N,
could oxidize H,O to H,0, through a 2e™ pathway rather than
directly to *OH. As *OH radicals are responsible for the
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activation of CH,, H,0, is often required as an oxidant to
generate *OH. However, the high cost of H,O, holds back
their industrial application.”* Based on this, in situ generation
and decomposition of H,0, was achieved by introducing Cu
atoms into g-C;N, (Figure 4d).”> The decomposition of the
generated H,O, can be achieved by mixed-valence Cu species,
generating *OH species and initiating the C—H cleavage of
methane (Figure 4e). Meanwhile, the photogenerated
electrons in the CB of g-C;N, can reduce the oxidized Cu
species to keep the initial states. It is interesting to note that
the Cu-doped g-C;N, showed a higher selectivity toward
CH;CH,OH rather than CH;OH, which can be attributed to
the synergistic effect between Cu atoms and adjacent C atoms
in g-C3N,.

In biological systems, methanotrophic bacteria can convert
methane to methanol under aerobic conditions using methane
monooxygenase (MMO) as catalysts. The dicopper sites in the
membrane-bound MMO, one form of MMO, were demon-
strated as the active sites for this transformation process.*”®’
Although the mechanism is still unclear, the performance of
methane conversion reaction over diatomic Cu-doped semi-
conductors has been investigated by researchers. Wang’s group
prepared dimeric Cu-doped g-C;N,, (Cu,@g-C;N,) as efficient
catalysts for photocatalytic methane oxidation with O,, in
which every two Cu atoms were bridged by an O atom (Figure
4£).*® The barriers required for the generation of *OOH and
*OH from O, over Cu,@g-C;N, were lower than those for the
single-atom Cu-doped g-C;N, according to the DFT
calculations, explaining the enhanced reactivity for methane
conversion over the Cu,@g-C;N, catalyst.

Notably, the dopants may interact with the components in
the photocatalytic system and fall off the catalyst surface,
affecting the long-term stability of the photocatalyst. There-
fore, we need to focus on the stability of heteroatom-doped
photocatalysts in the following work. Besides, the doping
amount is also an extremely vital factor to improve the
performance of photocatalytic methane conversion because the
excess dopants can act as the new recombination sites of
photoexcited carriers. In the future, the construction of N, F,
Cl, and S-doped semiconductors for the synthesis of amines,
alkyl halides, and mercaptans is a direction worthy of our
attention.

3.1.3. Facet Engineering. The diversity of of semi-
conductor facets has a great impact on the catalytic activity as
well as selectivity.””® The exposed surface facets may affect
the photocatalytic performance through different mechanisms.
For example, the adsorption and activation energy required for
reactants may be varying on facets with different surface atomic
arrang.;ements.90 Taking anatase TiO, as an example, the (001)
facet has been verified to be more active than the (101) facet.
This is because (001) facet possesses high-density, low-
coordinated Ti atoms and active O atoms with a large Ti—O—
Ti bond angle, which are conducive to the adsorption and
activation of reactant molecules.”!

In the field of photocatalytic methane conversion,
constructing catalysts with a high percentage of active exposed
facets can improve methane conversion efficiency by
facilitating the adsorption and activation of methane, which
is widely regarded as the rate-limiting step of the methane
conversion reaction.*® Compared with GaN thin films, GaN
wires were found to exhibit a higher activity for photocatalytic
methane dehydroaromatization.”® The excellent performance
of GaN wires was strongly attributed to the high proportion of
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Copyright 2021, Wiley-VCH. (d) CH;COOH and (e) molecular and dissociative CH;OH adsorption on TiO, (001), (100), and (101) surfaces.
Reprinted with permission under a creative commons CC BY 4.0.1% Copyright 2022, Springer Nature.

the m-plane (97%), which was composed of Ga and N atoms
coordinated with each other. As a result, the m-plane can
induce strong polarization and stretch the C—H bond of
methane owing to the longer length of the Ga—N bond than
the C—H bond (1.95 A vs 1.09 A). In contrast, the GaN thin
films, containing a c-plane with only Ga atoms or N atoms, had
negligible effect on the activation of methane, demonstrating
the activation of the C—H bond of methane is surface-
sensitive. A similar conclusion was further investigated by Yi’s
group.”” They observed that ZnO nanosheets with a higher
ratio of (0001) facets exhibited a faster methane conversion
rate, in comparison with ZnO nanorods. The exposed polar
facets were demonstrated to be more conducive to inducing
polarization of highly stable molecules such as methane.
Facet engineering also has a great influence on the efliciency
of charge separation and transfer.””””® The internal electric
fields induced by polar facets may affect the migration of
photoexcited electrons and holes.”””*”” For example, the
photogenerated holes of mBiVO, (monoclinic scheelite
bismuth vanadate) tend to transfer to (110) facets for
oxidation reactions while the photogenerated electrons are
accumulated on (010) facets to participate in reduction
reactions.”””® As a result, the combination of (110) and (010)
facets can lead to more efficient carrier separation and
enhanced photocatalytic performance. Zhu et al. compared
the performance of photocatalytic methane conversion over
BiVO, with three different morphologies, including bipyr-
amidal BiVO,, thick platelet BiVO,, as well as thin platelet
BiVO, (Figure 5a).” The bipyramidal crystals possess (102)
and (012) facets, while the thick and thin platelet crystals are
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composed of (001) facets as their top and bottom surfaces. For
platelet BiVO,, the photogenerated electrons are abundant on
the (001) facets while holes are extracted around the
perimeter. For bipyramidal BiVO,, the photogenerated
electrons are extracted at the apexes, while holes are abundant
on the (102) and (012) facets. The highest oxidation turnover
number but lowest CH;OH selectivity were achieved over thin
platelets due to the short carrier diffusion length and highly
reactive rough perimeter. Bipyramidal BiVO, gave the highest
CH;OH vyield and selectivity owing to its large surface area for
holes and intermediate surface reactivity compared with thick
and thin platelets (Figure Sb).

In addition to the conversion efficiency, facet engineering
can also influence the selectivity of products by affecting the
concentration and reactivity of *OHs. This is because *OHs
can not only activate methane,” but also further oxidize
CH;0H to form CO and CO,.**** Recently, Ma et al.
demonstrated that the reactivity of *OH can be tuned by
controlling the facet ratios of WO, (Figure 5¢).1° According
to the DFT calculations, the adsorbed *OH was spatially close
on the (100) and (001) facet, spontaneously forming surface-
bound O and H,0. As a result, the reactivity of *OH on these
two facets were diluted, while the reactivity of *OH could be
maintained on (010) facet due to the extensive distance
between two adjacent *OH. Therefore, facet engineering may
be an effective method to transform methane into an ideal
product. However, none of the above work considered the
effect of facets on the adsorption and desorption ability of
intermediates, which was demonstrated to play an important
role in determining the selectivity in recent work (Figure Sd—
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Figure 6. (a) Proposed mechanism for photocatalytic methane conversion over ZnO loaded with different cocatalysts. Reprinted with permission.
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Copyright 2019, American Chemical Society. (b) Reaction mechanism for photocatalytic methane oxidation over Au-CoO,/TiO,. Reprinted with

c ol 51
permission.

Copyright 2020, American Chemical Society. (c) Schematic diagram illustrating the photogenerated charge transfer process over Au-
ZnO/TiO,. (d) Reaction process on ZnO loaded with Au cocatalyst and (e) on ZnO loaded with a Pt cocatalyst. Reprinted with permission.
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Copyright 2021, Springer Nature. (f) Proposed mechanism of photocatalytic conversion of CH, to HCHO or CH;0H on Au,/In,O; or Auyp,/

In,0;, respectively. Reprinted with permission.' '’

Copyright 2023, American Chemical Society. (g) The corresponding selectivity of C,H,, C,H,,

and CO, over Pd,/TiO,, Pd,/TiO,, and pristine TiO,. Reprinted with permission under a creative commons CC BY 4.0.""" Copyright 2022,

Springer Nature.

e). Specifically, the weak adsorption of CH;OOH on the
Ti0,(101) surface allows a CH;OOH selectivity of 100% over
the TiO,(101)/C;N, catalyst, while HCOOH is the major
product over the TiO,(001)/C;N, catalyst due to the
overoxidation of CH;OOH to CH;OH and the preferential
dissociation of CH,;OH on TiO,(001).'"”" Moreover, the
performance of high-index facets in the field of methane
conversion also requires exploration.

Attention should be paid to the use of units when exploring
the impact of crystal faces on the photocatalytic performance.
Compared with ymol g' h™, yumol m™> h™" is a more suitable
active unit. The unit gmol m™ h™' can reflect the surface
activity of the catalyst, which is suitable for comparing the
same type/composition but different morphology/structure of
catalysts. Conversely, ymol g~' h™" reflects the intrinsic activity
of the catalyst, which is independent of the morphology,
structure, and dispersion of the catalyst. As a result, ymol g™
h™' is more suitable for comparing different types or
compositions of catalysts.
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Combining semiconductors with appropriate cocatalysts is
another promising strategy to tune and optimize the
performance of photocatalytic methane conversion. The
loaded cocatalysts can influence the performance via the two
following aspects: (1) the cocatalysts can provide trapping sites
for photoexcited electrons/holes to facilitate carrier separation
and promote the solar-to-chemical conversion efficiency;'**
(2) the cocatalysts can accelerate the generation of reactive
oxygen species, such as *OH, *OOH, *O,~, which can reduce
the energy barrier of methane activation.”*'**'** At present,
the research on cocatalysts mainly focuses on noble metals (Pt,
Au, Pd, Ag, Ry, etc.) and metal oxide (CuO,, CoO,, etc.) in
the field of photocatalytic methane conversion. In this section,
we will discuss the effect of cocatalysts on methane conversion.

Au is demonstrated as an effective cocatalyst to achieve the
selective transformation of methane.'”>'%® Lang et al.
deposited various noble metals onto TiO, via a photo-
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deposition method and evaluated the performance for
nonoxidative coupling of methane.*” Compared with bare
TiO,, Ru/TiO,, Pd/TiO,, Ir/TiO,, and Pt/ TiO,, Au/TiO, has
obviously superior C,Hg yield and selectivity in gas—solid
reaction systems, owing to the lowest contact resistance and
easiest transfer of photoelectrons between TiO, and Au. DFT
calculations revealed that CH, dissociation on the TiO, surface
required a higher energy barrier than dissociation on the Au
surface, disclosing that the Au cocatalyst is the reactive site.
The photogenerated electrons accumulated on Au nano-
particles can activate adsorbed methane molecules into CH;~
anions and H atoms. Then, CH;™ anions reacted with holes to
generate *CHj radicals, which could further combine with each
other to form C,Hy. In liquid—solid reaction systems, the role
of cocatalysts was explored by Ye’s group (Figure 6a).** They
modified commercial ZnO with different noble metals (Pt, Pd,
Au, Ag) via the NaBH, reduction method. The introduction of
cocatalysts led to a pronounced increase in the amounts of
*CH; and °*OOH, which may be due to the enhanced
separation efficiency of photoexcited carriers and the lowered
energy barriers of the oxygen reduction reaction. The increased
signals of these radicals led to an improved photocatalytic
activity. With the participation of O,, Au and Ag can selectively
reduce O, to H,0, through a 2e™ process, followed by the
formation of CH;0OOH, while Pt and Pd were more efficient in
the 4e” oxygen reduction reaction to produce H,O or
CH;O0H. Therefore, the selectivity toward CH;OOH or
CH;0H can be altered by modifying different types of
cocatalysts.

To inhibit the excessive oxidation of methane to CO, and
improve the selectivity toward high-value products, metal
oxides with more negative VB have been employed as
cocatalysts. For example, Tang’s group modified CuO, clusters
on Pt/TiO, to avoid overoxidation of C,Hy in the presence of
0,."”” The introduction of only Pt nanoparticles into TiO, led
to a decrease in C,Hy selectivity but an increase in CO,
selectivity, which resulted from the electron sink function of Pt,
increasing available electrons for *O,” formation, and strong
oxidative holes of TiO,. After CuO, clusters were deposited
onto Pt/TiO,, some holes could migrate from TiO, to CuO,
clusters because the VB of CuQ,, is more negative than that of
TiO,. Holes with relatively weak oxidation ability on CuO,
avoided the overoxidation of hydrocarbons and increased the
selectivity of C,Hg and C,H, by about 3-fold. In aqueous
solution, excessive highly oxidative *OH radicals from water
oxidation were demonstrated as dominant species for the
generation of overoxidized product (HCHO and CO,).
Therefore, controlling the concentration of *OH radicals
emerges as an effective method to improve the selectivity
toward primary oxygenates, which can be realized by cocatalyst
modification. By modification of CoO, nanoclusters on Au/
TiO,, photoinduced holes can transfer from TiO, (3.0 V vs
NHE) to CoO, (2.4 V vs NHE). Up to 98% selectivity for
primary products (CH;OOH and CH;OH) was achieved
owing to the insufficient oxidation capacity to oxidize water to
*OHs (Figure 6b).”"

Recently, an ethane production rate of 5020 ymol g~ h™*
with 90% selectivity was achieved by using Au-ZnO/TiO, as
catalyst.'” TiO, acted as a highly active semiconductor for
methane photooxidation, enabling a high methane conversion
rate, while ZnO could suppress the overoxidation of methane
due to its more negative VB position compared with TiO,,
realizing a high selectivity toward C,Hy (Figure 6¢). With the
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participation of O,, Au nanoparticles considerably facilitated
the adsorption and activation of O, according to the
temperature-programmed desorption of O, (O,-TPD) experi-
ments, and the formed °0,” contributed to methane
conversion. In addition to conversion efliciency, the Au
cocatalyst also had a very positive effect on the selectivity of
C,Hg. The *CHj; on Au sites preferred to desorb into the gas
phase to produce *CHj rather than combining with *O to
form *OCHj;, as the formation of the latter required to
overcome a higher activation barrier (Figure 6d—e). Therefore,
a high selectivity of C,Hy rather than that of CO, can be
achieved via the coupling of *CHj radicals. FeO, species
(FeOOH and Fe,0;) on TiO, can not only promote the
charge separation but also lower the energy barrier for H,0,
reduction, which contributed to the improvement of the
methane conversion rate.'”® The FeO, species also played a
key role in improving CH;OH selectivity, leading to a high
CH,OH selectivity of 90%.

In addition to the types of cocatalysts, the sizes also play an
important role in the efficiency of methane conversion.
Through a photodeposition method, Ma et al. synthesized
different-sized Pt-loaded Ga,O; by simply regulating the
amount of H,PtClg-6H,0.""” With the particle size ranging
from 1.5 to 2.7 nm, the methane conversion rate showed a
volcano-shaped trend, which reached the highest when the size
is 1.9 nm. The corner sites of Pt nanoparticles are inferred to
be the main active sites according to the normalized TOF of
different geometric sites. Perversely, the performance of the
1.5-Pt/Ga,0; sample was suppressed despite its highest
content of corner atoms. This is because C,Hy tends to be
adsorbed by corner atoms, and Pt nanoparticles with 1.5 nm
have the highest proportion of corner atoms, hindering the
desorption of C,Hy from 1.5-Pt/Ga,0;. Consequently, C—H
cleavage and C,H desorption are both crucial factors affecting
the efficiency of the methane conversion.

Notably, the cocatalyst modification strategy and doping
strategy may have different effects on the catalytic perform-
ance. Recently, the catalytic behavior of Au single-atom-doped
In,0; (Au;/In,0;) and Au-nanoparticles-loaded In,0,
(Auypy/In,O;) for methane oxidation was investigated by
Tang’s group.''’ A remarkable HCHO selectivity of 97.62%
and HCHO yield of 1.98 mmol g™' h™' were achieved over
Au,/In,O; catalyst, while a high CH;OH selectivity of 89.42%
and CH;OH yield of 2.03 mmol g™' h™' were achieved over
Auyp/In,O; catalyst (Figure 6f). According to experiments
and DFT calculations, the difference in selectivity is related to
the adsorption configurations of O, on the surfaces of Au,/
In,0; and Auyp,/In, 03 The end-on configuration-adsorbed
O, on Au,/In,O; preferred to be reduced to *OOH, which
could react with °CH; to generate CH;OOH, and the
spontaneous decomposition of CH;OOH led to the formation
of HCHO. The side-on configuration-adsorbed O, on Auyp,/
In,0; tended to be reduced to *OH, which then reacts with
*CH; to generate CH;OH product. Similarly, the different
effects of Pd nanoparticles (Pd,) and doped Pd single atoms
(Pd,) were investigated by Xiong’s group (Figure 6g).""" The
Pd nanoparticles on TiO, acted as sites for electron
accumulation, while Pd single atoms displayed the accumu-
lation of holes due to the contribution of Pd—O, units to VB of
TiO,. The Pd-doped TiO, showed 94.3% selectivity toward
C,Hg because Pd—O, units reduce the contribution of O 2p
orbitals to VB, thus suppressing the overoxidation by lattice
oxygen. In stark contrast, TiO, modified with Pd nanoparticles
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exhibited approximately 65% selectivity toward C,Hy, as lattice
oxygen played a dominant role in methane oxidation, on which
the *CH; hardly desorbed to form °CHj. Therefore, the
product selectivity can be regulated by delicate design of
photocatalysts.

Among noble metals, Au nanoparticles showed the highest
selectivity for ethane and primary oxygenates in different
systems. However, their high cost urges us to improve the
atomic utilization efficiency by regulating their characteristics
(such as facet, size, structure, loading amount, and surface
area) or develop noble metal-free cocatalysts.

The addition of various of hole scavengers has been certified as
an effective method to capture the holes and improve the
performance of CO, photoreduction.'*™"'* Likewise, electron
scavenging agents such as MV>* (methyl viologen dichloride
hydrate), Fe*, Cu**, Ag*, H,0,, and O, were revealed to have
a great influence on the conversion efficiency of methane to
methanol.'”®

Villa et al. gave a detailed investigation about the effect of
their type and dosage on the methanol yield and selectivity.””
The addition of electron scavengers (Fe**, Cu®", and Ag") not
only promoted the electron—hole pair separation but also
inhibited the photocorrosion of WO; by scavenging photo-
generated electrons, leading to an enhanced total productivity
(including CH;0H, C,Hy, and CO,). In addition, the different
electron scavengers often lead to various catalytic selectivity.
The added Ag" resulted in the complete oxidation of methane
to CO, because Ag" can be reduced to Ag by the
photogenerated electrons of WO;. In the presence of Fe®*
with optimized concentration (1 mM), both the generation
rate and selectivity of CH;OH can be improved. However, the
addition of Fe** may bring about severe water pollution and do
harm to biological health,' >~ hindering its practical
application in methane conversion.
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Compared with Fe**, H,0, is regarded as a clean oxidant for
chemical production and environmental remediation owing to
the nontoxic products (H,O and O,).""* H,0, can not only
promote the carrier separation efliciency by scavenging
photogenerated electrons, but also produce active species
(*OH and *OOH) via electrons-mediated reduction process,
which can react with methane molecules to generate oxygenate
products.®"'*"*° However, in addition to being reduced by
photogenerated electrons into *OH (0.06 eV vs RHE) or
*OO0H (—0.38 eV vs RHE), H,0, can also be oxidized into O,
by photogenerated holes facilely, lowering the H,O, use
efficiency for methane conversion (H,0, + 2h* — O, +
2H") 106

Considering the high cost of H,0,, the utilization efficiency
of H,0, needs to be improved. A recent work demonstrated
that O, additive with proper concentration can lead to a high
H,0, use efficiency of 93.3% and enhanced methane
conversion rate.'”’ The added O, was shown to suppress
H,O, adsorption on photocatalysts and inhibit the decom-
position of H,0, to O, mediated by holes (Figure 7a).
Whether H,O, is reduced to *OH or *OOH depends on the
catalyst used. Over TiO, catalysts, the *OH radicals were
obtained from H,0, due to the insufficient potential of
electrons on TiO,. Over TiO,/C;N, composites, the electrons
were mainly located on the CB of C;N, owing to the formed
Z-scheme heterojunctions, resulting in the generation of
dominant *OOH radicals. Another alternative approach is
the in situ generation and decomposition of H,0,. For
instance, Zhang’s group designed W single-atom modified
C;N, by calcining urea and Na,WO,2H,O in the atmos-
phere.'”" W% species not only acted as the active sites for
methane activation but also as the center for H,O, production
and reduction (Figure 7b). The W modified C;N, (1.6 gmol
L™") catalyst exhibited a 4-fold increase in H,0, production
over pure PCN (0.4 ymol L™"). As a result, CH;OH yield can
reach up to 215 umol g' h™" without any additional sacrificial
agent, 24 times higher than that of single PCN.
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Compared with the addition of various electron scavengers,
in situ generation and decomposition of H,0, are green and
low-cost methods to facilitate carrier separation. Meanwhile,
the generated *OH or *OOH can promote methane
conversion reactions. However, the in situ generation and
decomposition of H,0, are limited to C;N,-based photo-
catalysts. Future studies should consider the exploration of
photocatalysts that can oxidize H,O into H,O, via a 2e”
pathway. Besides, the amount of H,0O, should be controlled
because of its two sides of product selectivity.

Overall, this review presents typical engineering strategies
for improving methane conversion efficiency and selectivity,
including morphology control, heteroatom doping, facet
engineering, cocatalyst modification, and utilization of electron
scavengers. With the help of these strategies, the activity and
selectivity of methane conversion can be improved through a
reasonable material design. As shown in Tablel, a summary of
the photocatalysts used, reaction conditions, and specific data
for the above photocatalytic methane conversion systems is

provided.

The major sources of methane emissions and the global
methane emissions and sinks are roughly shown in Figure 8."**
Anthropogenic methane emissions on earth are estimated to be
equal to natural methane emissions.'”” Here, we focus on
discussing the anthropogenic methane emission scenarios
because they are much easier to control and quantify than
natural methane emission sources. The application scenarios
for methane conversion can be broadly divided into the
complete oxidation of low-level emitted sources and the
resource recovery from some concentrated sources, including
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identification of methane emission sources, accounting of
emissions at each stage, as well as available mitigation
technologies. The summaries presented above of existing
photocatalytic methane conversion technologies give a
promising picture of efficient methane utilization and
mitigation. Unfortunately, no commercialized pilot or large-
scale applications of photocatalytic methane conversion have
been reported. Through examples and analysis of possible
photocatalytic application scenarios, combined with a literature
review of potential industrial applications, we hope to provide
suggestions for the sustainable development of photocatalytic
methane conversion in the future.

Dilute methane emitted from scattered sources is the dominant
factor influencing global warming in most scenarios. For
example, methane from livestock breeding, rice cultivation,
biomass burning, and coal mining accounts for 40% of
anthropogenic methane emissions.’”* Besides, wetlands, with
an average methane emission of 102—200 Mt yr', are
considered as the largest natural methane emitter here on the
earth, accounting for about a quarter of global methane
emissions.”'”> Here, we describe low-concentration methane
as atmospheric methane or higher concentrations of methane
within a particular space (e.g, below 2% in vol.). Treating
these low-concentration but high-volume emitters can reduce
the impact of the short-term warming spike caused by methane
radiative forcing and provide time for long-term greenhouse
gas treatment.

Take the ventilation air in coal mines as an example of low-
level methane emissions. Methane is typically less than 1 vol %

https://doi.org/10.1021/acsenvironau.3c00002
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in ventilation air but contributes about 60—70% of total CH,
emissions from coal mining activities.'"””'*” In order to avoid
the direct emission of methane into the atmosphere, the
enrichment of methane in ventilation air is considered as one
of the effective means of mine exhaust treatment, and
concentrated methane flow could be used as fuel gas of lean-
burn gas turbines burning for heat and electricity gener-
ation."”*'*” Commercialized methane separation involved
membrane separation and adsorption-based separation.
Though membrane can purify acidic gases from methane
flows, it suffers from the limitations of capital investment and
replacement cost of the membrane and is not able to recovery
methane from ventilation air flows.'”'* In contrast, physical
or chemical adsorption is more effective and applicable for the
enrichment of methane with a lower concentration. For
example, an adsorption-based separation process adopted a
two-stage progressive enrichment strategy and obtained
methane concentration of more than 25% as well as methane
recovery of up to 99%."*° Another typical scenario of low-
concentration methane emission is the oil and natural gas
industry, where most diluted methane emissions are fugitive
losses from vents, leaks, and unlit flares during the production,
processing, transportation, and distribution of natural gas
resources. >> For instance, Hawkes et al.'*' calculated that the
major global natural gas supply chains as mentioned above
could emit 264 Mt CH, into the atmosphere in 2017.
Although the accounting scope and emission factors can affect
the estimated results of the study, the annual growth trend of
total fugitive methane emissions from natural gas is
consistent.>>'>® Tt was reported that the mean leak
concentration of a natural gas pipeline in Washington, DC
was 4.6 ppm of CH, while the maximum reached 88.6 ppm of
CH,."** Available low-concentration methane abatement
technologies in the natural gas industry focus on associated
leak detection and remediation as well as gas recovery.'*>'*°
For example, Ravikumar et al. found that a leak detection and
remediation process reduced total emissions by 44%, and 90%
of leakin7g sources stopped emitting in subsequent measure-
ments."”” In addition, as opposed to the zero benefit of direct
emissions, concentrating these relatively high concentrations of
low level methane, similar to that of ventilation air in coal
mines, for heat and electricity generation is technically
possible.

But as a low grade energy, it is obvious that the enrichment
and purification of methane in scenarios with lower
concentration (i.e, as low as dozens of ppm or even
atmospheric level methane) is economically unfavorable and
not suitable as it is a process with huge energy consumption
and little benefit."> For example, ruminants are the largest
source of methane emissions in animal husbandry, with around
2/3 of livestock methane emissions in the European Union
coming from enteric fermentation and 1/3 from manure. >
Methane emissions from ruminants are mainly produced in the
rumen and intestine through anaerobic fermentation."”
Recently, researches focus on the front-end prevention of
methane emissions from ruminants, such as dietary regulation
(improved nutrition intake,'*" feed additives'*'), manure
management,142 etc., which can prevent more than 20% of
ruminant methane emissions,'*”'** equivalent to at least 42
Mt yr' of methane reduction. But the rest of the largely
inevitable methane emissions still pose a challenge to
greenhouse gas mitigation. And the end-of-pipe treatments of
discharged methane face the challenges of variability of the
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mixed gas components and very dilute methane concentration
in air, while the expensive operation costs or temporarily
insurmountable technical obstacles (e.g, enrichment and
purification of methane flow) make it difficult for methane in
near atmospheric level scenarios such as pasture to be recycled
into flammable gases.

In addition, the conversion of low concentration methane to
methanol seems to be an attractive one. Because methanol is
generally a vital intermediate for further upgrading of industrial
products originating from methane. Steam methane reforming
is the most widely used indirect process route for methanol
production nowadays due to its technological maturity and
relatively low investment.'” In the downstream industry,
methanol can further produce traditional chemicals, for
instance formaldehyde, acetic acid, etc., and emerging products
or fuels, such as olefins, dimethyl ether, methyl tert-butyl ether,
etc.'* Tt is forecasted that the total demand of the global
methanol market could reach 110 million metric tons by
2023.""” However, even if the total methanol demand is
converted to the mass of methane consumed (e.g,, 220 MMT
by steam methane reforming with an estimated conversion of
50%), it is not enough to reverse the trend of atmospheric
methane growth or affect atmospheric methane stocks (e.g.,
the newly increased annual total methane emissions reached
737 million metric tons).'*” It seems that the environmental
impact created by the conversion of methane to methanol is
nearly negligible. Moreover, many factors restrict the further
development of atmospheric methane resources. For example,
the conversion process is trapped by the same premise that
existing advanced purification technologies cannot support the
enrichment of dilute methane to meet the industrial require-
ments for inhibiting the occurrence of side reactions and
ensuring methanol selectivity.

Therefore, it is not appropriate to regard atmospheric level
methane as a kind of resource so far. The more effective
measure to get an environmental benefit from the short-term
climate mitigation of methane abatement is to directly convert
atmospheric methane into carbon dioxide, and it is proposed
that this process will not aggravate the greenhouse effect when
we talk about the global atmospheric reserves of CO,. For
example, Plata et al. proposed a low-temperature thermal
catalytic method using earth-abundant copper-doped morden-
ite zeolite to catalyze the complete oxidation of atmospheric
concentration CH, to CO,, which could reduce a considerable
410 Mt Yr~' of CO,e global coal mine methane emissions.”’

However, if existing photocatalytic technologies are applied,
they also have the potential to achieve 100% conversion of
atmospheric methane in a more suitable environment for
catalysts. Compared to thermal catalysts, electrical catalysts,
and biocatalysts, photocatalysts get distinct advantages in the
treatment of low-concentration methane emissions: (1)
photocatalysis has a wider operating concentration range and
can maintain a high conversion efficiency at a relatively low
methane concentration; (2) except for solar energy, no
additional energy input is required, which will undoubtedly
save the user’s operating costs; (3) commercially available
catalysts such as TiO, and ZnO are inexpensive, and the
reactor structure is simple and easy to a maintenance. It is
promising and ecofriendly to deploy photocatalysts in surface
methane emission sources, and it is expected to make great
contribution for atmospheric methane mitigation. Photo-
catalysts can be deployed in any scenario where adequate
lighting and active ventilation can be achieved, such as
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pipelines and venting stations in the oil and gas industry. For
example, CuO/ZnO ** and Ag-ZnO149 have been investigated
for the total oxidation of methane (100—200 ppm) to CO,
within 30 min under the simulated sun light irradiation,
demonstrating that photocatalysis has the advantages of lower
sensitivity to methane concentration and ambient temperature
over thermal catalysis. Unfortunately, photocatalytic conver-
sion at lower concentrations (even at atmospheric methane
concentrations) has not been reported. Subsequent studies
could focus on the direct photocatalytic oxidation of
atmospheric methane with more climate mitigation implica-
tions.

The basic photocatalytic system generally consists of a
photocatalyst, photoreactor, reaction medium, light source,
and so on. Reasonable design of the photocatalytic system
plays an important role in improving catalytic performance and
technical competitiveness. In addition to the general strategies
for enhanced light harvesting, thermal-assisted photocatalysis,
and photocatalysts modifications that have been discussed in
detail in previous sections, the efficient mass transfers in
reactor systems are worthy of further studies. There are two
major types of photoreactors for methane conversion: batch
reactor and flow reactor. The batch reactors are usually purged
with certain ppm methane and oxidants (e.g., O,, H,0,, H,0)
after vacuuming and sealed before reaction. The flow reactors
are continuously fed with mixture gases throughout the
reaction process. Generally, batch reactor systems are suitable
for total oxidation of methane to carbon dioxide due to a
higher retention time, but the limited adsorptions of methane
on the surface of the catalyst are mainly driven by the free
diffusion of methane molecules. And it seems like mass
transfer, rather than photocatalytic efficiency itself, determines
the limited yield rate of carbon dioxide. While for flow reactor
systems, although the conversion ratio of methane is reduced,
the yield rate of CO, increases due to more evenly dispersed
methane molecules by complex flow changes and more
efficient methane absorption. For example, when Ag-ZnO
was utilized in a batch photoreactor containing 100 ppm of
methane, the methane conversion ratio reached 100%, and the
calculated CO, yield rate was 4.8 umol h™'; however, if the
catalyst was put into the flow reactor with a mixed methane/air
flow rate of 25 mL min~’, the methane conversion ratio slightly
dropped to 98. 5%, and the calculated CO, yield rate increased
to 6.5 umol h™', suggesting the benefits of mass transfer
improvement over photocatalytic methane oxidation.'*’ Of
course, it does not mean the flow reactor is better than batch
reactor; the adjustments of the reactor should depend on the
consideration of many factors such as desired methane
conversion effect, economic issue, light energy input, etc.

In addition to the above lab-scale advances, the solar
chimney power plant (SCPP) coupled with photocatalytic
reactors was proposed for continuous large-scale atmospheric
level methane removal, where the whole system consists
mainly of four parts: heat collector, catalyst bed, turbine, and
chimney, as depicted in Figure 9.'*° The principles of SCPP
are as follows: (1) the air is heated by solar light in a heat
collector to form the updraft; (2) CH, is oxidized to CO, and
water vapor as the air flows through the photocatalyst bed; and
(3) the powerful flow created by the stack effect then spins the
turbine to generate electricity. Subsequently, Ming et al.
developed a numerical model to evaluate the photocatalytic
methane removal efficiency and electricity generation perform-

ance.””' Interestingly, they found that nearly 30.6 kg of
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Figure 9. Combined solar chimney power plant and photocatalytic
reactors for non-CO, greenhouse gas removal. Reprinted with
permission under a creative commons CC BY 4.0."° Copyright
2017, Elsevier.

atmospheric methane could be degraded during the daytime
with a maximum photocatalytic efficiency of up to 96.5% and
an average turbine output power reached 17.04 kW in an hour
(with an average air volume flow rate of 688 m® s™' and
co;:respondmg atmospheric methane purification rate of 0.7 g
).

Although the construction costs and footprint are still the
main limitations of SCPP, direct atmospheric methane
treatment should focus on the improvement of reactor system
design, as discussed above. Meanwhile, the operational
stability, engineering applicability, and environmental impact
assessments are also critical links to these photocatalytic
systems. Due to the high uncertainty of economic and
environmental feasibility in methane treatment, it is suggested
that any emerging technologies should weigh their own life
cycle assessment (LCA) costs against the potential climate
benefits. Very recently, a prospective LCA of photocatalytic
methane total oxidation to CO, was proposed, claiming that a
self-sufficient photocatalytic module can amortize the
produced GHG emissions within 1.5 years under the best-
case scenario in 2050, and the future feasibility of this system is
investigated."”> Through LCA analyses, this limited but
prospective work provides guidance for the future development
of photocatalytic low concentration methane oxidation
researches.

It should be noted that the concentration of most methane
emitted into the atmosphere is barely impossible for
enrichment or recycling due to the unfavorable considerations
of undeveloped enrichment technologies, capital investment,
operation cost, etc. And currently catalytic methane con-
versions require high concentration or even pure methane to
ensure the well production of higher hydrocarbon products
under existing industrial production systems and the methanol
market. Therefore, in this part, we focus on concentrated
methane production or possible emission scenarios where
produced methane has not yet been released into the
atmosphere and could be recovered or utilized directly using
available technologies.

A major source of high concentrations of anthropogenic
methane emissions is waste management, especially domestic
sewage treatment and landfills, which accounts for 12% of
global anthropogenic methane emissions.'** Anaerobic diges-
tion bacteria in sewage from underground pipes and egg-
shaped digesters can convert organic matter into biogas, which
can lead to safety issues.'>”">* Almost all process units in a
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Figure 10. (a) CH, emissions from municipal wastewater treatment plants in 229 cities. Reprinted with permission.'>® Copyright 2019, Wiley-
VCH. (b) Cost analysis of per kg methanol production by PMOF-RuFe(OH) photocatalysts. Reprinted with permission.'®* Copyright 2022,

Springer Nature.

typical anaerobic/anoxic/oxic (A/A/QO) municipal wastewater
treatment plant (WWTP) emit methane, with anaerobic tanks,
oxic tanks, aerated grit chambers, and sludge concentration
tanks being major sources, accounting for 76—98% of total
methane emissions in the A/A/O WWTPs.'>> Methane
emissions from WWTPs increase with the demand for more
influent. Total annual methane emissions from WWTPs in
China were estimated to be around 1395.8 thousand tons
(34.84 MtCO,e) in 2014. More densely populated cities in the
prosperous east are obviously the main contributors to
methane emissions, possibly due to the adoption of more
anaerobic treatment solutions for their WWTPs (Figure
10a)."*° In addition, the biodegradable organic matters in
the waste will be decomposed by anaerobic bacteria to produce
a mixture of biogases containing methane, especially for landfill
gas (LFG), which generally contains about 50% CH,, 50%
CO,, and a small amount of nonmethane organic com-
pounds.'””” In China, the methane emissions from waste
management reached 5.408 Mt yr™" in 2017."*® The common
practice of burning LFG or biogas to generate electricity leads
to 60—69 Mt yr ' of CH, emissions, which is an unfavorable
factor for climate greenhouse mitigation. >

In the oil and natural gas extraction process, associated gas
and flare gas are valuable resources. Almost 150—170 billion
m® yr™! of gas is flared from production wells to generate 750
billion kWh of electricity, but this process is accompanied by
382 Mt yr' of CO, emissions and 3 Mt yr' of additional CH,
emissions from unlit flaring."*”'** Although the amounts of
emitted CO, and CH, are minor in comparison to the gross
reserves of atmospheric greenhouse gases, it will be beneficial if
this part of methane in flare gas could be recovered.
Conversions of methane to value-added chemicals provide
commercially profitable paths for sustainable utilization of high
concentrated methane. The use of flare gas as a feedstock to
produce syngas and subsequent liquid fuels through Fischer—
Tropsch (F—T) synthesis has been investigated and can
recover at least 20% of unburnt methane.'®" However, such
technologies still face challenges such as necessary methane
purification, large storage facility footprints, and additional
power consumption.
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In situ resource upgrading technologies, represented by
photocatalysis, have the potential to recover methane to value-
added chemicals throughout the natural gas production end
and replace cumbersome energy recovery. ”'*> Photocatalysis
has been shown to be effective for the direct conversion of
methane to methanol, ethylene, and benzene due to the
rational design of active sites on catalyst surface. For
concentrated methane, the advantages of photocatalysis over
thermal catalysis are that (1) the carbon deposition of the
photocatalyst is much more moderate than that of the thermal
catalyst during long-term operation; and (2) the direct
photocatalytic methane conversion can be carried out under
ambient temperature (below 50 °C) or pressure (~1 bar)
without multistep F—T synthesis in the conventional process.
Photocatalytic conversion of this high concentration methane
to methanol exhibited good performance with a total methane
conversion ratio exceeding 12% in pressurized batch reactors.*
A total methane conversion ratio of 100% is also technically
feasible if the residual gas can be recycled in better designed
flow reactors. Recently, PMOF-RuFe(OH), a visible-light
responsive photocatalyst composed of monoiron hydroxyl
sites immobilized within a metal—organic framework, is used
for partial POM with a substantial CH;0H yield up to 8.81
mmol g~' h™' and corresponding CH;OH selectivity is close to
100%.'”> Despite the relatively higher catalyst production
costs, it is worth noting that the life cycle cost difference
between this photocatalyst and ternary Cu/Zn0O/Al,0, (CZA)
thermal catalysts can be smoothed out when the mass-time-
yield (MTY) of CH;OH is up to 10.7 mmol g~ h™’, as shown
in Figure 10b.'°> This means that the further optimized
PMOF-RuFe(OH) is able to compete against commercial
CZA catalysts for the industrial synthesis of CH;OH. In
addition, the direct conversion of methane into multicarbon
products is more preferred over methanol. Dehydrogenation
coupling of methane to ethane and ethylene was achieved on
ZnO nanorods loaded with Au—Pd core—shell nanorods, with
a total methane conversion ratio of nearly 9.6% and a C,H,
yield and selectivity of 12.79 umol g™' h™' and 39.7%,
respectively, during the 8 h photocatalytic process.'%°
However, the overall methane conversion ratio and C,H,
yields are still far from industrialization requirements (the
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Roadmap for Photocatalytic Methane Conversion

Short term

Dilute methane

» Introduce photocatalysis for atmospheric methane mitigation.

» Priority should be given to the life cycle assessment of
photocatalysis for offsetting climate costs when comparing
with commercial available technologies.

Concentrated methane

» Pursue selective photocatalytic methane conversion with
methane conversion above 30% for industrialization.

» Priority should be given to effective photocatalyst design
and ambient condition control for mass industrial
production, which can be expected to be put into practice

Long term

Pursue further cost reduction.
Contribute greenhouse climate
reversal through photocatalytic
atmospheric methane oxidation.

Use cheap photocatalysts and
robust photoreactors for selective
conversion of concentrated methane
to chemicals.

Employ innovative methane
capture and product separation
technologies to further enhance
photocatalytic methane conversion
performance and bring more

conversion of emitted

major  anthropogenic  methane
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Figure 11. Roadmap of photocatalytic methane conversion technology for climate mitigation and chemical production.

methane conversion ratio should be above 30%), and the
application of noble metals increases catalyst costs. Similarly,
photocatalytic conversion of methane to ethanol has been
reported in recent years, but this process faces the challenges of
byproduct formation and inefficient methane conversion in the
liquid phase.*”'* At present, photocatalytic conversion of
methane to products with industrial value is still in its infancy,
and the problems described above have great potential for
optimization. In order to successfully deploy photocatalytic
conversion technology in high-concentration methane emis-
sion scenarios, it is important to design cheap and efficient
catalysts, upgrade existing photoreactors, and build process
prototype verification systems in future works.

In the past 40 years, the dramatically increased methane
concentration has given rise to air pollution (ozone) and global
warming, resulting in rising concerns over human health, crop
loss, and economic benefits as well. Therefore, we must pay
intense attention to the mitigation of methane emissions.
Photocatalytic methane conversion technologies stand for an
encouraging prospect for lowering atmospheric methane
concentration and converting methane to valuable chemicals.
To improve the methane conversion efficiency and selectivity,
strategies such as morphology control, heteroatom doping,
facet engineering, cocatalysts modification, and utilization of
electron scavengers have been proposed. These strategies can
improve the conversion efficiency by enhancing the absorption
of light, improving the separation efliciency of photogenerated
carriers, and providing sites for methane adsorption and
activation. As discussed in our article, the product selectivity in
liquid—solid reaction systems can be altered not only by
optimizing experimental factors (such as the amount of H,0/
0,/H,0,, the light source, and the reaction time) but also by
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introducing active sites that can regulate the type and
concentration of free radicals (mainly *OH and *OOH),
reduce the oxidation ability of holes, and regulate the breaking
of specific chemical bond as well as the adsorption/desorption
ability of intermediates. The improvement of C,Hy selectivity
in gas—solid reaction systems can be achieved by using
photocatalysts, which can suppress the combination of *CHj
with *O and facilitate the desorption of C,Hg. In addition, it is
feasible to apply photocatalytic methane conversion technol-
ogy to scenarios of diluted methane emission source and
concentrated methane source. Photocatalytic oxidation of low-
level or atmospheric-level methane to CO, gains opportunities
for short-term climate mitigation, while photocatalytic
conversions of concentrated methane to multicarbon products
expand the pathways to achieve methane resource utilization in
more sustainable and prospective approaches. With the
demand for realizing a carbon-neutral society, this research
field has attracted increasing attention recently. To promote
the application of photocatalytic methane conversion technol-
ogy in the industrial sector, we have listed the relative short-
term targets for this technology by 2030 and medium- to long-
term targets after 2040 (Figure 11). It is worth noting that
although some encouraging results have been achieved in the
field of photocatalytic methane conversion, the development of
photocatalytic methane conversion is still in the preliminary
stages, facing many challenges to be addressed, which are
discussed in the following sections.

Quantum efficiency (QE) is considered an important intrinsic
parameter for evaluating the efficiency of photons-to-products.
However, in the field of photocatalytic methane oxidation
reactions, more than 50% of the work did not provide QE
values. To date, the QE of photocatalytic methane conversion
is mostly below 5%, and only a few works can reach above
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10%. More importantly, these values are obtained under
ultraviolet light.lm’l ILI9,164 However, in the solar energy, the
ratio of UV light (<400 nm) is less than 5%, while visible light
(400—700 nm) and near-infrared (NIR) light (>700 nm)
account for approximately 43% and 52%, respectively.'®
Therefore, extensive efforts require dedication to further
improving the values of 7, 7y and 7.4, and developing
photocatalysts with high QE under visible light. In other
photocatalytic reactions, such as photocatalytic CO, reduction
reactions, the QE could reach 10% at 450 nm by accelerating
the electron transfer between molecular catalysts and photo-
sensitizers.'°° In photocatalytic hydrogen evolution reactions,
introducing suitable donors and receptors into the covalent
organic frameworks can extend the carrier lifetime and achieve
a quantum yield of 82.6% at 450 nm after loading Pt
cocatalyst.'”” Therefore, there is still a long way to go to
improve the performance of photocatalytic methane con-
version. In addition to several strategies showed in this review,
constructing photocatalysts with heterojunction structure is
also a promising way to promote charge carrier separation and
improve the photon utilization efficiency, which has been
extensively applied for photocatalytic water S})litting,168 Cco,
photoreduction,® and pollutant degradation.'”’

Most of the developed cocatalysts are noble-metal-based
cocatalysts, which are difficult to apply in large scale due to
their scarcity and expensiveness. Improving the atomic
utilization efficiency of cocatalysts by controlling their
characteristics (such as facet, size, structure, loading amount,
and surface area) is an effective approach to lower the cost, but
research exploring the effect of these characteristics on
methane conversion performance is scare. There are a few
examples of using single-atom (SA) cocatalysts with nearly
100% atomic efficiency in photocatalytic methane conversion,
such as Pd SAs on TiO,.'"" At the same time, it is crucial to
seek noble-metal-free cocatalysts. The reported nonprecious
cocatalyst, such as SrCO; (basic oxide), can facilitate the
adsorption of methane (Lewis acid) by the acid—base
interaction.'”"'”* The decoration of iron species on TiO,
can lower the energy barrier for H,O, reduction, promotin§
the generation of *OH radicals and methane activation.'’
These examples provide helpful guidance for the subsequent
design of noble-metal-free cocatalysts.

Although similar photocatalysts are used, the proposed
mechanism and pathway are very different. For instance, as
for nonoxidative coupling of methane, methane molecules
were reported to initially interact with semiconductors (such as
ZnO) and oxidized by holes to generate Zn—CHj;*, which can
interact with the second methane subsequently and form a
Zn—CH,;—CH; intermediate, followed by the generation of
C,H,.'”> However, some researchers suggested that methane
molecules were reduced into CH;~ anions by the photo-
induced electrons on noble metal sites (such as Au).
Thereafter, the CH;~ anion migrated to TiO, and reacted
with holes to generate *CHj, which can produce C,Hj via self-
coupling.”” By using ZnO/Au as photocatalysts for liquid—
solid reaction, Ye’s group demonstrated that O, was the O-
source for oxygenates generation (CH;OOH, CH;OH, and
HCHO) through the reaction between *CH; and *OOH
(from O, reduction),” whereas Tang’s group showed that
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both O, and H,O are the O-source of CH;OH because the
*CH; radical can directly react with *OH (from H,O
oxidation).” The observed differences may be related to
experimental parameters such as the ratio of oxygen to
methane, the loading amount of Au, or the water volume.
Therefore, we need to combine a great deal of experimental
and theoretical calculations to carefully determine the reaction
mechanisms. Future work should pay attention to in situ/
operando characterization techniques such as in situ DRIFTS,
in situ ESR, and X-ray absorption techniques, which can
provide a deep understanding of the key intermediates, the
active species, and the real catalytic sites.

The incorporation of high-throughput experimental techniques
with computational chemistry and machine learning (ML)
holds significant promise for advancing the design of eflicient
photocatalysts.'” This data-driven approach has the potential
to bring about irreversible changes in the field of materials
science research and development. However, there exist several
challenges that need to be addressed to realize this potential.
One of the major challenges is the acquisition of appropriate
data sets, which is complicated by the fact that many material
properties are process-dependent and researchers employ
different protocols and conditions. Moreover, the properties
of solid materials are not solely dependent on their chemical
composition but also on the structures and morphologies of
various scales, including higher-order structures of polymers,
grain boundaries, and pores of inorganic materials. Density
functional theory (DFT) has been employed for predicting
new photocatalysts in recent years.174 However, the number of
compounds explored using this technique is significantly lower
than the vast chemical space that exists. To augment and
accelerate DFT calculations, ML has emerged as an attractive
approach and is increasingly being used for predicting new
photocatalysts and their properties. In general, a convolutional
neural network is trained using a known synthesis to conduct
high-throughput experiments. The obtained data is then used
to generate a data set that links experimental and chemical
parameters, which is subsequently utilized to train a tree-based
ML regressor for further photocatalyst synthesis.'”> By
optimizing the calculation methodologies, exploring the
preparation of efficient photocatalysts and screening the
conditions for the photocatalytic oxidation of methane using
machine learning, we can expect to rapidly design highly
efficient photocatalysts for the selective photooxidation of
methane.

At present, most studies on photocatalytic methane conversion
are based on pure methane, and the reaction conditions are too
stable and perfect, which may mask the optimistic illusion of
the development of this technology. However, the actual
adverse factors, such as the variable concentration of actual
methane flow, possible catalyst deactivation, and short solar
illumination time, bring uncertainty to the application of
photocatalytic methane conversion, prolong the time required
for technology conversion, and greatly reduce the technical
competitiveness. Therefore, we recommend that methane
conversion be integrated into practical application scenarios as
soon as possible. For example, the sewage treatment plant we
mentioned earlier is an excellent “resource plant”, where the
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anaerobic digester continuously produces biogas as a good
source of methane, and the plant footprint also provides
sufficient illumination area for the deployment of a large
amount of photocatalysts without exaggerated facility upgrade
costs, which not only generates positive revenue but also
reduces greenhouse gas emissions. In addition, cross-
disciplinary technical exchanges and support are critical to
enable the development of photocatalytic technology applica-
tions to break through limitations. For example, the coupling
of photocatalysis and purification technology may be one of
the effective ways to reduce the cost and environmental risks of
atmospheric methane conversion and reuse dormant atmos-
pheric methane resources in the future. We hope that our
insights will be validated in practical engineering in the future,
and we look forward to more application-oriented research on
photocatalytic methane conversion.

At present, research on photocatalytic methane oxidation
needs to consider how to overcome the bottlenecks (catalysts,
mechanisms, units, etc.) that limit further development of
photocatalysis. The industry-oriented perspectives are recom-
mended to evaluate how much contribution photocatalytic
methane conversion can make to global energy conversion,
methane mitigation, and even climate change. Techno-
economic analysis (TEA) has been widely used in modern
industry as one of the means to evaluate the commercial
viability of catalysts. For the photocatalysis process, catalyst
(synthesis cost, structure, active sites, lifetime), catalytic
performance (methane conversion, target product selectivity,
quantum efficiency), and reactor (design, production) are
necessary factors in a complete TEA analysis process. Based on
the above results, a feasible path for optimization of the
catalytic system can be obtained. For example, the activation
efficiency of photocatalytic methane limits the conversion of
methane in the flow-cell device; future research should focus
on developing efficient photocatalysts. Furthermore, cost
estimates and trade-offs from the comparisons of timely
methane abatement and post-treatment are also important
indicators of TEA in determining the economic feasibility of
the social cost of methane. It is hoped that the TEA analysis of
photocatalytic methane oxidation can be used in subsequent
works.
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