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tocatalytic methane conversion
systems: from fundamental mechanisms to the
emerging role of ferroelectric materials

Yiming Lei, Xavier Sala, Jordi Garćıa-Antón and Jose Muñoz *

Methane (CH4) conversion is a promising strategy for reducing greenhouse gases, synthesizing high-value-

added chemicals, and thus achieving carbon neutralization. However, due to its inertness, CH4 requires high

energy input to initiate the conversion process, which always leads to excessive energy consumption and

catalyst deactivation. Along these lines, the use of sunlight as energy input has demonstrated enormous

potential to help overcome the uphill thermodynamics of methane conversion under mild reaction

conditions. Nevertheless, the high recombination rate of photoinduced charge carriers still hampers

photocatalytic efficiency. In the past years, ferroelectric photocatalysts have attracted much attention for

dealing with sluggish charge separation/transfer dynamics, presenting themselves as excellent materials

for enhancing photocatalytic CH4 conversion rates under mild conditions. Consequently, this work

reviews and discusses four pivotal photocatalytic CH4 conversion routes, including (i) dry reforming of

methane (DRM), (ii) partial oxidation of methane (POM), (iii) non-oxidative coupling of methane (NOCM),

and (iv) oxidative coupling of methane (OCM). In particular, special attention has been paid to the recent

advances in ferroelectric-assisted photocatalytic CH4 conversion to elucidate the influence of polarized

ferroelectrics in the charge transfer mechanisms. Finally, the main challenges in the field are highlighted,

also presenting possible strategies to overcome them in order to encourage more in-depth research on

ferroelectric-assisted methane conversion in the future.
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1. Introduction

The rapid global population growth and rising living standards
cause the high consumption of fossil fuels, leading to a non-
Jose Muñoz
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negligible energy crisis and environmental issues.1,2 It is pre-
dicted that compared to 2018, the total energy demand will
increase by about 40% in 2024.3 Fossil fuels as the dominant
energy source will be depleted aer 70 years, meaning that the
current energy-industry system cannot be maintained without
developing an alternative energy source.4 Besides, a series of
environmental issues like climate change and air pollution
owing to the over-exploitation of natural resources are the most
complex challenges faced today.5 Therefore, the development of
alternative energy resources is extremely urgent due to the
increasing growth in energy demand and the necessity to reduce
environmental problems.6,7With a sufficient reserve of methane
(CH4) hydrate and shale gas, the utilization of methane for
industrial production becomes a reliable strategy for replacing
petroleum.8,9 Besides the abundant natural resources, the
diversity of synthesis pathways to obtaining CH4 is also a great
advantage to utilizing this high-quality fuel gas. For instance,
natural gas is expected to increase from 35.57 Tcf (trillion cubic
feet) in 2024 to 42.07 Tcf by 2050, meaning that the chemical
synthesis of high-value-added products will be possible on
a large scale if suitable methane conversion technologies are
realized.10,11 In addition, biogas—composed of∼60% CH4—can
be generated from animal excrement, wastewater, and food
debris via anaerobic digestion, which is a clean and green
chemistry route.12 In this regard, CH4 from biogas can be
puried to obtain biomethane as a promising renewable energy
for further chemical transformation. Another environmentally
friendly production route for preparing CH4 is CO2 reduction
(or hydrogenation) reactions. CH4 can be made from CO2

captured from industrial sources, combined with hydrogen
obtained from water splitting using surplus renewable energy.
This offers additional opportunities for large-scale CH4

conversion while reducing the use of fossil fuels and the global
greenhouse effect. Thus, the diverse sustainable sources of CH4

are benecial for its utilization towards the production of high
value-added chemicals, oxygenated products including alcohols
and aldehydes chemicals, and even longer chain compounds
like long chain alkane.

Methane conversion to added-value chemical products can
be classied into two different strategies: indirect and direct
routes. While indirect routes include (i) dry reforming of
Table 1 Main products from diverse methane conversion processes

Conversion process Product Re

DRM CO + H2 (syngas) CH
CH3COCH3 2C

SRM CO + H2 (syngas) CH
CH3OH CH
C2H5OH 2C

POM CO + H2 (syngas) 2C
CH3OH 2C
HCHO 2C

OCM C2H4 2C
C2H6 4C

NOCM C2H6 2C
C6H6 6C

This journal is © The Royal Society of Chemistry 2025
methane (DRM) and (ii) steam reforming of methane (SRM),
direct routes are based on (iii) partial oxidation of methane
(POM), (iv) oxidative coupling of methane (OCM), and (v) non-
oxidative coupling of methane (NOCM). The main difference
between these two strategies is the fact that indirect routes need
to rstly produce syngas (a mix of CO and H2) for the production
of high-value-added products from methanol (CH3OH) conver-
sion, as summarized in Table 1.13 Importantly, these strategies
have been shown to be useful in addressing excess greenhouse
gas emissions without disrupting current infrastructure.14–19

However, because of the thermodynamic stability of
methane (440 kJ mol−1 for C–H bond cracking) due to its
symmetrical tetrahedral geometry, it is difficult to convert
methane into high-density energy fuels or chemicals taking into
account other small hydrocarbon molecules with low chemical
bond energy like 413 and 412 kJ mol−1 in propane and ethane,
respectively.14,20,21 To date, the thermocatalytic reaction, carried
out at high temperature or pressure, is still the main industrial
route of methane conversion.22 It is undeniable that thermo-
catalytic processes oen cause high energy consumption and
catalyst poisoning (generally due to the rapid carbon deposition
and catalyst sintering).23 To overcome these hurdles, increasing
attention is paid to photocatalytic methane conversion
technologies.

Compared to traditional thermocatalysis and its reaction
conditions, photocatalysis is a promising technology that can be
carried out under ambient conditions, using photons to drive
chemical processes.24–27 Light illumination causes energetic
charge carriers to move across the photocatalyst, signicantly
reducing the activation energy and overcoming the thermody-
namic barrier.28–31 Thus, photocatalytic methane conversion with
solar energy as the only energy input during the reaction process
can reduce energy consumption to the greatest extent possible.
Typically, over the conventional semiconductor surfaces, the
light-driven catalytic reactions can be viewed as three funda-
mental steps as follows (Fig. 1a):32,33 (i) when the light irradiates
the semiconductor-based photocatalysts, if the energy of the
photons is equal to or greater than the semiconductor band gap
(Eg), photons can be captured to excite photoelectrons. (ii) Then,
the photoelectrons transfer and occupy the conduction band
(CB). And the holes stay at the valence band (VB). Aerward,
action pathway DG0 (298 K) [kJ mol−1]

4 + CO2 / 2CO + 2H2 170.7
H4 + CO2 / CH3COCH3 + H2O 114.1
4 + H2O / CO + 3H2 142.1
4 + H2O / CH3OH + H2 117.3
H4 + H2O / C2H5OH + 2H2 161.7
H4 + O2 / 2CO + 4H2 −173
H4 + O2 / 2CH3OH −222.6
H4 + O2 / 2HCHO + 2H2 −103.6
H4 + O2 / C2H4 + 2H2O −287.6
H4 + O2 / 2C2H6 + 2H2O −320
H4 / C2H6 + H2 68.6
H4 / C6H6 + 9H2 433.9

J. Mater. Chem. A, 2025, 13, 12712–12745 | 12713
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electrons migrate to the reduction centres, while holes transfer to
oxidation sites. (iii) Finally, the adsorbed reactants will interact
with electrons and holes to compete with the photocatalytic redox
reactions. And several possible products should be desorbed from
the photocatalyst surface to ensure the subsequent reaction
cycles. Notably, several factors can affect the whole photocatalytic
efficiency. For example, many semiconductor-based photo-
catalysts have a narrow light response range, which means that
they only absorb ultraviolet light and little visible light.34–37

Therefore, visible-infrared light energy (∼90% of the solar energy)
is wasted, resulting in a low quantum efficiency.38–40 In addition,
poor adsorption/activation of reactants at the few active sites or
high charge transfer resistance in photocatalysts can lead to the
recombination of photoexcited carriers before they can partici-
pate in the redox process, which is also a major challenge.41–44 In
addition, difficulties in the absorption–desorption also limit the
photocatalytic efficiency.45,46 Among these issues, the sluggish
charge separation inhibits the solar conversion and hinders the
Fig. 1 (a) Three basic steps of photo-driven catalytic reactions. Step 1: i
Step 3: photo-driven redox reactions. (b) An illustration showing the im
subsequent redox reactions. (c) The band bending phenomenon in ferr
chart is publications of ferroelectric, photocatalysts according to the
“ferroelectric”. The red curve is “publications of photocatalytic methane

12714 | J. Mater. Chem. A, 2025, 13, 12712–12745
catalytic process, so improving the charge transfer dynamics is
a must to improve the photocatalytic activity. Although the design
of co-catalysts47–50 and heterojunction structures51–54 got a lot of
attention to accelerate the charge transfer process, the efficiency
is still not satisfactory for commercial use. Consequently, ratio-
nally designed photocatalysts with intrinsic controllable photo-
induced charge transfer behaviour are crucial. Under these
circumstances, ferroelectrics have been identied as potential
materials that might offer new opportunities to further promote
charge separation and thus improve photocatalytic activity.

In general, ferroelectric materials are polar non-
centrosymmetric (NCS) materials with domain walls.55 These
domain walls can generate an electric eld induced by non-
coincide positive–negative charge centres. And the NCS crystal
structure endows ferroelectrics with spontaneous polarization
ability even without external stimulation.56–61 Thus, an external
electric eld can simply adjust the polarization directions.
However, high-temperature conditions might lead to the
nducing photoexcited electrons and holes; Step 2: charges migration;
pact of the polarization effect in the separation of charge carriers and
oelectric photocatalysts owing to polarization effect. (d) The blue bar
search result in “Web of Science”. Key words: “photocatalysis” and
conversion via ferroelectric photocatalysts”.

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Energy band structures of semiconductors and the redox
potentials of reactants and active species.
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symmetric structure of the ferroelectric crystal, causing the
materials to lose their ferroelectricity. The built-in electric eld
associated with the asymmetric domain wall (DW) polarity in
ferroelectric materials facilitates the vectorial migration of
photoexcited charge carriers (Fig. 1b).56–61 In addition, by
controlling the polar facets, ferroelectric materials are able to
further improve the ability of reactant adsorption and product
desorption.41,62,63 Also, the selectivity of products as one of the
most important factors for highly efficient photocatalytic
methane conversion is adjusted by polarity switching at
DWs.63,64 More importantly, the adsorbed reactants at specic
active sites can generate several intermediates and charges with
different polarity properties. In this case, their accumulation
will lead to the band bending in different directions (Fig. 1c).65

Specically, the positive polarity always caused an electron
accumulation and thus a downward band bending. This can
promote the ow of electrons and restrict hole movement.66,67

Conversely, the surface with negative polarity should lead to an
upward band bending, since there is an electron depletion
layer. Obviously, in this case, the electron transfer will be
difficult and hole transfer is accelerated owing to the different
concentrations of charges on both sides of the interface.68,69

Accordingly, the controllable properties of charge transfer in
ferroelectric materials are benecial for photocatalytic redox
reactions with methane conversion no exception. Among the
extensive library of ferroelectric materials—which can be
mainly divided into three families, viz. inorganic, organic, and
organic–inorganic hybrid ferroelectrics—inorganic and
organic–inorganic hybrid ferroelectrics made of perovskite and
its halide derivatives show, simultaneously, strong spontaneous
polarization and optoelectrical properties.70–72 Thus, special
interest has been focused on the implementation of perovskite-
based ferroelectrics for photocatalytic approaches.

Although many publications on ferroelectric-assisted pho-
tocatalysis have been recently reported, there are fewer works on
their implementation for photocatalytic methane conversion
applications to advance toward the efficient production of
value-added chemicals and energy sources (Fig. 1d). Therefore,
this review aims to provide a comprehensive tutorial about the
recent progress in ferroelectric-assisted photocatalytic methane
conversion, pointing out the remarkable materials and merits
of the most common CH4 conversion technologies. Finally, the
main challenges in this emerging eld and the corresponding
solutions are listed. All in all, this review is hoped to provide in-
depth insights to encourage the scientic community to further
explore ferroelectric materials as potential photocatalysts for
their implementation in the eld of energy conversion in
general, and methane conversion in particular.
2. Routes for photocatalytic methane
conversion
2.1. Prominent semiconductors for photocatalytic methane
conversion

Before reviewing the fundamental reaction mechanisms and
key studies on different photocatalytic methane conversion
This journal is © The Royal Society of Chemistry 2025
strategies, it is essential to rst introduce prominent examples
of semiconductor photocatalysts capable of facilitating this
conversion. Among the broad spectrum of semiconductor
materials, two main families stand out due to their stability
under redox catalytic reactions:73–75 metal oxides and nitrides.
Indeed, the intrinsic properties of these materials are crucial for
understanding why the C–H bond in CH4 can be cleaved pho-
tocatalytically (see Fig. 2).

2.1.1. Metal oxides. As some of the most conventional
semiconductors, several metal oxides exhibit large band gaps,
which suggest strong redox capabilities for complete photo-
catalytic methane conversion reactions (Fig. 2).76 For instance,
the suitable CB and VB positions exhibited by TiO2 and ZnO
have been widely studied for both indirect and direct photo-
catalytic methane conversion process.16–19,77 From a selectivity
perspective, WO3 (ref. 78) and BiVO4 (ref. 79 and 80) are
potential semiconductors to preferentially forming CH3OH
owing to their CB positions are positioned just between the
redox potential of CH4/CO and CH4/CH3OH.81,82 Moreover,
SrTiO3 and CuO are potential candidates to obtain high-value-
added chemicals; however, their energy band structures are
defective.83,84 To address this issue, surface/energy band engi-
neering is widely utilized.85 Alternatively, introducing high
temperatures to promote CH4 activation has also shown to be
a feasible strategy.86 Another key aspect to be considered is the
ability of the employed photocatalyst to adsorb/desorb the
substrate. In particular, porous semiconductor materials, such
as SiO2 (ref. 87) and zeolites88 have been shown to boost the
photocatalytic methane conversion reaction by not only taking
advantage of their large surface areas and abundant active sites
but also accommodating alternative metal oxide semi-
conductors, such as Ga2O3.89

2.1.2. Nitrides. Research on nitride-based photocatalytic
methane conversion systems has primarily focused on carbon
nitride (C3N4) derivatives. Due to their polymeric properties,
a diverse range of C3N4 materials with tailored properties have
been prepared by selecting different monomer precursors for
their synthesis.90 Additionally, their photocatalytic ability has
been further modied through the incorporation of different
metal nanoparticles.91 Relevant examples include Ru/Zn-
modied C3N4 for CH4 coupling with CO2,92 La-modied C3N4

with tube shape for DRM93 and POCM,94 and Cu-modied C3N4
J. Mater. Chem. A, 2025, 13, 12712–12745 | 12715
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for CH4 oxidation to CH3OH.95 Interestingly, the interaction
between Cu and C3N4 on Cu-modied C3N4 also allowed the
conversion of CH4 into ethanol (CH3CH2OH) via the combina-
tion of –CH2–OH on Cu atoms and –O–CH3 on C atoms. Another
potential nitride for methane conversion is GaN, which has
demonstrated benzene production under UV light irradiation.96

Specically, Si-doped GaN nanowires, characterized by n-type
semiconductor properties, have exhibited good selectivity
toward benzene (96.8%), with an evolution rate of 0.019 mmol
h−1. However, the limited number of studies on GaN limits the
understanding of the reaction mechanism on its surface. To
date, a key challenge in nitride-based materials is that replacing
O atoms with N atoms broadens the light response range, but
the energy band structures of the resulting metal nitrides may
not be optimal for methane conversion. Therefore, achieving
a balance between enhanced optical properties and strong
redox capabilities remains a crucial issue to be addressed.
2.2. Indirect methane conversion

Indirect methane conversion pathways encompass the oxida-
tion of CH4 to syngas through either SRM or DRM technologies,
in which the resulting mixture of CO and H2 serves as the
precursor for their subsequent conversion into upgraded
products. Generally, SRM utilizes steam (H2O) to produce
syngas according to the formula CH4 + H2O/ CO + 3H2,97 DRM
involves the reaction of CH4 with CO2 by following the formula
CH4 + CO2 / 2CO + 2H2.55

2.2.1. Steam reforming of methane (SRM): mechanism and
kinetics. Indirect methane conversion technology still attracts
much attention, because of the reforming ability that convert
the CH4 into syngas including CO and H2, which can be further
used as a fuel to produce downstream chemicals of signicant
economic value (e.g., methanol, butanal, and kerosene).98 These
products from the downstream process could be important raw
materials for high-value-added industrial products, such as
plastics from methanol via formaldehyde as intermediate,99

biodiesel precursor from butanal via catalytic hydroxy
alkylation/alkylation reaction,100 and aviation kerosene from
long-chain alkanes via Fischer–Tropsch.101 Therefore, with
abundant CH4 and so many CO2 sources, such as fossil fuel
combustion or agricultural waste, their consumption and reuse
are promising to sufficiently supply the chemical industry.102,103

Since the high H/C ratio of CH4 among hydrocarbons, SRM is
a reliable technology to provide hydrogen energy at high oper-
ating temperatures.104 In brief, in the presence of CH4 and
water, hydrogen production can be produced as shown in eqn
(2-1). And some oxygenated products like CH3OH can also be
directly formed by SRM through another reaction pathway
shown in eqn (2-2). SRM is an endothermic reaction, which is
always operated at temperatures of >700 °C, indicating that the
catalysts for SRM should be stable under high-temperature
conditions.105

CH4 + H2O / CO + 3H2 (2-1)

CH4 + H2O / CH3OH + H2 (2-2)
12716 | J. Mater. Chem. A, 2025, 13, 12712–12745
Several excellent works have tried to construct kinetic
models for specic reaction conditions. Because of the endo-
thermic nature, the fast transfer of both heat and mass is
important to a highly efficient SRM process. In traditional
industrial SRM reactors, the heat energy always is transferred
from the furnace to the tube reactor, resulting in rapid reaction
rates and thus very low effectiveness factor (h), compared to the
diffusion rate of reactants and products over pellet-type cata-
lysts.105 Abbas's group simulated and studied the SRM process
based on a one-dimensional (1D) theoretical model.106 Theo-
retically, the activation energy for SRM was 257.01 kJ mol−1.
High temperature, low pressure, and high H2O/CO2 ratio
contributed to rapid CH4 conversion and high purity of H2. This
work is consistent with the previous report from Xu et al., also
showing a low h (<0.03) when using a small portion of catalyst in
industrial-scale conditions.107 An early theoretical work
studying the inuence of SRM reactors on kinetics has also been
investigated.108 Two computational uid dynamics (CFD)
models were developed for simulating the steam reforming and
combustion of methane in microchannel reactors. The models
included 20 mm in length and 0.7 mm side with 4 or 20 square
microchannels. The results illustrated that the gaseous reac-
tants were heated isothermally so that the complete CH4

combustion occurred at the channel entry within a short
distance. The cross-ow disposition led to 80 °C of maximum
temperature differences and an easier feed stream distribution,
which was benecial for the rapid reaction kinetics. In addition
to the unique reaction vessels, the reaction temperature was
also investigated from a kinetic perspective. Kechagiopoulos
et al. claried the reaction kinetics of SRM at low temperatures
in conjunction with isotopic investigations.109 Temperature-
programmed experiments of CH4 reforming and decomposi-
tion modes with isotopic investigations showed the cleavage of
the C–H bond was the rate-determining step, but the steam-
derived intermediates had a low inuence on the whole reac-
tion rate. The authors also proposed a thermodynamically
consistent microkinetic model with the consideration of several
surface pathways, indicating that –CH3 dehydrogenation on the
catalyst surface could also limit the reaction rate.

Although SRM has become a mature industrial technology
for obtaining hydrogen fuel, it still has several disadvantages
such as mass/heat transfer and carbon deposition (coking).
Coking oen blocks reactors or breaks catalyst particles so as to
cause deactivation. Experimentally, when the ratio of steam to
carbon (S/C) is lower than 1, rapid and severe coke will inevi-
tably occur.110 Meanwhile, the high temperature and pressure
are also related to the carbon deposition problem.111 In the
process of SRM industrialization, researchers try to use a high S/
C ratio (2.5–3.0) to avoid the coke deposition and catalyst
deactivation problem. However, the excessive partial pressure of
steam reduces energy efficiency. In order to develop catalysts
with high stability, the Boudouard reaction (including CH4 and
CO cracking) should be considered to suppress coke formation.
Additionally, the ratio and selectivity of products from SRM also
need to be further controlled. In this case, the catalytic trans-
formation of CH4 and CO2 into syngas via DRM might be an
ideal alternative technology to SRM. DRM has the potential
This journal is © The Royal Society of Chemistry 2025
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ability to achieve real carbon neutrality via the conversion of
solar energy to chemical energy and mitigate the greenhouse
effect. Considering the fact that the study about ferroelectric-
assisted SRM systems is still a blank eld, the SRM will not
be further discussed in this review article. Some excellent works
have comprehensively summarized and discussed the tradi-
tional thermal and advanced photo(thermal) catalytic SRM
implementations. Interested readers are recommended to read
ref. 97 and 112.

2.2.2. Dry reforming of methane (DRM): mechanism and
kinetics. Comparing SRM (eqn (2-1)) and DRM (eqn (2-3)), DRM
is particularly attractive because it uses two abundant green-
house gases as feedstocks. However, this technology is also
because of its inherent endothermic nature and the deactiva-
tion during the process triggered by carbon deposition at high-
temperature conditions.113 One of the advantages of the DRM
process is the high energy efficiency compared to SRM, since
SRM uses water as feed gas, meaning lots of energy has to be
used to evaporate the water.98 In DRM reactions, the feed
reactants are gaseous, indicating that the energy could be
entirely involved in redox chemical reactions rather than
physical evaporation as in SRM. And during the DRM process,
the ow rate and ratio of reactants are easily controlled.
Importantly, DRM has a higher CO/H2 ratio (1 : 1) than SRM (1 :
3). Thus, further downstream processes are contributed by the
CO-rich syngas from DRM.114

CH4 + CO2 / 2CO + 2H2 (2-3)

Generally, both traditional thermal catalysts and photo-
catalysts tend to activate reactants (CH4 and CO2) via a bifunc-
tional route: (i) aer CH4 is absorbed on reduction sites,
dehydrogenation will occur (Fig. 3a). However, during the CH4

activation step, the cracking of the strong CH3–H(g) bond is very
difficult because of the high binding energy (439.3 kJ mol−1),
meaning the rst step of CH4 dissociation is one of the rate-
determining step (DRS).115 Regarding the CO2 molecules, as
shown in Fig. 3b, they can be specically adsorbed on three
different reactive sites involving the metal (cocatalyst) surface,
metal–support interface, and support. Although the conversion
of CO2 to CO or carbonate precursors is simple and direct,116–118

the intrinsic properties of CO2 like non-polarity and thermo-
dynamic stability lead to robust C]O bond with ∼750 kJ mol−1

of dissociation energy barrier. From the thermodynamic view,
the activation of CO2 with high energy input is another RDS
factor.103,119 Further, the strong chemical bonds in CH4 and CO2
Fig. 3 Illustration of reactants activation during DRM process: (a) CH4 a
adsorption on three different active sites including metal surface, me
desorption of CO within one step.

This journal is © The Royal Society of Chemistry 2025
make a high-temperature condition (>800 °C) necessary during
the conventional thermal catalytic DRM process, resulting in
the unavoidable sintering and carbon deposition on transition
metal-based catalysts.120–122 It has been conrmed that the
photocatalytic DRM can be carried out at low temperatures
using semiconductor photocatalysts, which may be an effective
strategy to avoid sintering and coking of catalysts.123

For the kinetic studies, several kinetic models have been
proposed based on different adsorption states of the reactants,
so that the rate-determining step (RDS) could be studied in
different DRM systems. Here, three mainstream kinetic models
for predicting the reaction rates are presented.

(1) Power-law model: the power-law model was constructed
to provide reaction parameters without including reaction
mechanisms. This kinetic model only assumed one situation, in
which catalyst surfaces tend to adsorb more CH4 instead of CO2

so that the CH4 adsorption dominated the whole reaction. Thus,
the parameters from this simple model are rough and some-
times are not consistent with the actual experimental results.

(2) Eley–Rideal (ER) model: the ER model investigated the
DRM kinetics in the temperature range of 700–850 °C with the
pressure ratio of CH4 to CO2 was 1. Besides, other competitive or
reverse reactions were also taken into consideration.124 In this
model, only one reactant (CH4 or CO2) is adsorbed on the
catalyst surface to interact with another unadsorbed gaseous
reactant. The ERmodel showed that both conversion processes,
CH4 to H2 and active carbon (C) to CO (C + CO2 / CO),
determine the reaction rate.

(3) Langmuir–Hinshelwood–Hougen–Watson (LHHW)
model: although the ER model has considered a lot of factors
including crucial parameters and common side reactions, the
LHHW model is more accurate because the mechanistic steps
in the LHHW model are consistent with practical experimental
conditions and results.125 The greatest difference between
LHHW and other models is that in the LHHW model, two
reactants should be adsorbed on actives at the same time. In
this case, the LHHW model regards both activation and
cracking processes as the RDS. And another step is thermody-
namic equilibrium. The LHHWmodel is proposed based on the
activation process of two reactants and the interaction between
CHx and O, which nally generates the desired syngas product.
It has been conrmed that CHxO as an intermediate could be
rapidly dissociated to CO and H2.126 However, water was always
detected even though no water or steam was present in the
initial reactants owing to the unavoidable RWGS (reverse water–
gas shi) side reaction.98 Fortunately, although a small amount
dsorption and dissociation (cracking), generating H2 product. (b) CO2

tal–support interface, and support, and then direct generation and
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of water had a slight effect on the ratio of syngas (H2 : CO), the
RWGS with water generation leads to more CHxO active species
and thus the yield rate of syngas.

2.2.2.1. Thermal catalytic DRM. Considering the fact that
many photo(thermal)catalysts have been developed based on
previous investigations of mature thermal DRM technology,
some common thermal catalysts for conventional DRM reac-
tions should be introduced before showing the advantages of
ferroelectric-assisted photocatalytic DRM technology. During
the thermal catalytic process, the selection of catalysts is
important to achieve long-term and high conversion efficiency
of methane. Although the cost of catalysts cannot be neglected,
noble metals (e.g. Rh, Ru, Pt, Ir, and Pd) could be considered as
suitable candidates due to their high activity and stability under
harsh conditions for the DRM process.120–122 An early work re-
ported a Ru/Al2O3 catalyst. Ru/Al2O3 exhibited 46% CH4

conversion and 77%H2 selectivity. Kinetic and temporal studies
indicated that the Ru metals induced both CH4 and CO2

conversion processes. In addition, H and O species as inter-
mediates were continuously provided by the Al2O3 substrate, so
that catalyst aging (or active Ru oxidation) could be inhibited.
Another example is the Ru-loaded lanthanum oxide (Ru/La2O3)
for DRM application published by Cornaglia and co-workers.127

Ru/La2O3, which showed ∼15% conversion efficiency of CH4,
had excellent stability for more than 80 h at high temperatures
(823–903 K).

Furthermore, when considering industrial production, other
requirements have been proposed, such as maintaining high
activity while reducing the cost of catalysts, or achieving high
stability and efficiency at the same time. In this case, transition
metals have 3d orbitals with unpaired d-electrons. Especially,
Ni-based catalysts have become the best choice owing to their
low cost, high adsorption energy towards O and C atoms, and
excellent activity for DMR.128–130 However, the strong cracking
process of CH4 over Ni surface always leads to carbon deposi-
tion (CH4 / C* + 4H*), which can cover the active sites on the
catalyst surface and nally result in inactivation. Because long-
term stability is also pivotal for catalyst industrialization,
several advantages have been proposed to improve the stability
of Ni-based catalysts. For instance, the fabrication of bimetallic
thermal catalysts has been used in Ni-based catalysts.131–133 The
Ni-based alloy can resist carbon formation than single Ni.134

Zhang et al. reported NixAl1O2−d mesoporous catalyst.135 The
oxygen vacancy formed by the partially inverted structure of
NiAl2O4 spinel can be used to activate CO2. Then CO2 reacted
with deposited carbon atoms to avoid carbon deposition so that
the stability was improved up to 50 h at 800 °C. Besides, in
recent years, it has been reported that the position of carbon
atoms could be tailored in interstitial or surface sites in/over Ni
crystalline.136 And the interstitial atoms affect the electronic
properties of surface atoms, further adjusting the catalytic
behaviour. This provides a new idea to eliminate carbon depo-
sition. In addition to reactants activation and long-term
stability, other factors also determine the activity and selec-
tivity of DRM implementation. Several works have discussed the
impact of important factors in the DRM efficiency and product
12718 | J. Mater. Chem. A, 2025, 13, 12712–12745
selectivity.137–139 However, the photocatalytic DRM systems did
not get enough attention from the past works.

2.2.2.2. Photocatalytic DRM. Photocatalysis can reduce the
harsh conditions of the traditional thermal DRM process by
taking advantage of light illumination, as the energetic photo-
excited charges effectively dissociate the C–H and C]O bonds
and prevent carbon deposition under mild conditions instead
of high temperature and pressure conditions to maintain the
activity of the catalysts aer several cycles.140–143 However, low-
energy photons can hardly be used to directly excite photo-
catalysts to trigger reactions, so the infrared light energy has
been overlooked for a long time.39,40,144 The photothermal DRM
approach has led to an increase in DRM activity by integrating
solar energy and thermal energy in the same reactor,145–147 and
more studies have attempted to utilize both light and thermal
energy from light irradiation to further improve the conversion
rate of CH4. A representative work is the one reported by Shoji
and co-workers employing SrTiO3-supported rhodium catalyst
(Rh/STO).86 During DRM experiments, the limit of thermal
catalytic DRM over Rh/STO was determined, suggesting the
maximum H2 generation under dark and high-temperature
conditions (Fig. 4a). However, under light irradiation without
external thermal energy input, Rh/STO could overcome the
limitation in the thermal system even at a mild temperature. On
the other hand, no H2 could be detected from bare STO,
meaning Rh was an important active centre for photothermal
catalytic DRM. Rh remained at 1–2 nm of particle size before
and aer the DRM, indicating that there was no aggregation of
Rh particles (Fig. 4b and c). And no carbon deposition was
detected by STEM images. Thus, catalytic DRMwith light energy
as the only input energy source effectively enhanced the
longevity of catalyst via inhibiting aggregation and coking. The
charge transfer pathway during the DRM reaction was dis-
cussed by in situ EPR measurements. Trapped hole peaks in the
VB were clearly observed under light irradiation (Fig. 4d).
However, the trapped electrons in the CB were not obtained in
Rh/STO, suggesting that the photoexcites electrons were injec-
ted into Rh. In N2, CO2/CH4 or CH4 atmosphere, the signal
intensity of the hole decreased, indicating that the holes reacted
with CH4 instead of CO2 (Fig. 4e). The subtract potential prole
from Kelvin probe force microscope (KPFM) analysis implied
that the electron could transfer from STO to Rh due to the gap in
their Fermi levels (Fig. 4f–h). According to isotopic trace anal-
ysis, in the Rh/STO catalyst, the lattice oxygens (O2

−) acted as
mediators to drive DRM instead of protons. Thus, CH4 was
selectively oxidized by surface lattice oxygen ions of STO, while
CO2 was reduced by photoelectrons from STO over Rh particles,
avoiding the recombination of charge carriers in the interior of
STO (Fig. 4i).

Photo(thermal) catalytic DRM technology realizes a highly
efficient CH4 conversion under mild conditions because it can
overcome the thermodynamic energy barrier with external light
energy input and assistance.148,149 From this perspective, the
charge-carrier recombination instead of CH4/CO2 activation will
become the main challenge for the whole DRM process, since
the random collision of electrons and holes will be aggravated
by high-temperature conditions from external heating or light
This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) H2 evolution efficiency and the limitation of the thermal DRM system. Reaction conditions: 150 W Hg–Xe lamp, 1% CH4 and 1% CO2

mixture in argon balance gas (4.5 mmol min−1). HAADF-STEM images of Rh/STO (b) before and (c) after DRM. ESR spectra of Rh/STO (d) in an N2

atmosphere; (e) in N2, CO2, or CH4/CO2 atmosphere. KPFM analysis of Rh/STO (f) before and (g) during UV light irradiation, and (h) potential
difference between light-on and light-off conditions. (i) Charge carriers and oxygen ions transfer mechanisms.86 Copyright © 2020, Springer
Nature.
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illumination.38 The collision of electrons and holes leads to
their recombination and the waste of the captured photon
energy before the charges take part in the photo(thermal)
catalytic redox process.150,151 In this case, ferroelectric materials
are able to inhibit the photoinduced charge recombination and
promote charge transfer by constructing a built-in electric eld
during the photo(thermal)catalytic DRM process.
2.3. Direct methane conversion

Direct methane conversion technologies, including POM, OCM,
and NOCM, rely on converting methane into added-value
products without the need of producing syngas as interme-
diate fuel.152 Thus, these technologies are especially appealing
when compared to traditional indirect methane conversion
approaches since reduce energy consumption, improve selec-
tivity, and minimize greenhouse gas emissions.153

2.3.1. Partial oxidation of methane (POM): mechanism and
kinetics. Another major and well-established reaction route is
the partial oxidation of methane (POM), which consists of the
combustion of methane to produce syngas or methanol, which
can be further utilized for the production of olens, middle
distillates, acetic acid, etc.154 Thus, POM holds the ability to
This journal is © The Royal Society of Chemistry 2025
supply to the downstream ne chemical industry.155 Different
reaction mechanisms of POM via homogenous and heteroge-
nous catalysts have been proposed. In detail, for homogeneous
catalysts, the metal centres are always considered as active sites
for C–H activation by several methods (e.g. oxidative addition,
metal-radical activation, 1,2-addition over the metal centres,
etc.).156,157 On the other hand, in heterogeneous systems, there
are two main transition statuses involving cCH3 radicals or M–

CH3.158 The CH4 activation has two processes including dehy-
drogenation and deprotonation of C–H. In the dehydrogenation
process, a hydrogen atom is separated from CH4 by M–O or
other active electrophilic oxygen atoms and then forms cCH3

and cOH radicals as a transition state (Fig. 5).156,159 In the
deprotonation process, this mechanism involves the generation
of CH3

− and H+ by the dissociative adsorption of CH4.160,161 The
CH3

− coordinates to the catalyst surface and forms an M–C s-
bond via oxidative addition, electrophilic activation, and s-
bond metathesis. H+ interacts with the metal sites/O species in
heterogeneous catalysts and molecules/ligands in homoge-
neous catalysts.161–163 Under these conditions, the carbon centre
will always maintain a formal oxidation state (FOS) showing
a tetrahedral geometry with sp3 hybridization during the
formation of reaction intermediates.161 The FOS of the carbon
J. Mater. Chem. A, 2025, 13, 12712–12745 | 12719
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Fig. 5 Dehydrogenation and deprotonation mechanism for CH4

activation during POM reactions.
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centre is not changed, conrming that the methane activation
step is an acid-based reaction according to the deprotonation
mechanism, suggesting that the deprotonation tends to occur
in some homogeneous systems with highly polar solvents (e.g.
H2O or concentrated acids).156 In addition to two aforemen-
tioned mechanisms, free radicals (e.g. cOH from the Fenton
reaction) can initiate the POM reactions,164 and plasma has also
been used to oxidize CH4 to various C1 species.165 The high
stability and thermodynamic inertness of CH4 also make the
oxidation reaction an extremely difficult task. The conventional
industrial thermocatalytic POM processes require high
temperature (700–1000 °C) and pressure (2.5–3.5 MPa), which
can cause the oxidation of catalysts and non-negligible risk of
explosion due to the presence of O2.155 To overcome the possible
hazards during POM, photocatalytic technology once again
becomes a promising strategy once again to complete POM
under mild conditions, reducing energy consumption, and
largely avoiding coke formation and sintering.

Several studies have discussed the kinetic model of POM
over different catalysts. An early study elucidated the kinetics of
the catalytic reactions over Pt catalysts,166 where the apparent
activation energy of CH4 and O2 conversion is only 10 kJ mol−1,
suggesting that the POM reaction is not temperature depen-
dent, but completely determined by the transport behavior. Due
to the excess of CH4 in this system, the efficiency of oxygen
consumption, which is strongly inuenced by mass transfer to
the surface, appears to have become the RDS. However, the
selectivity of the products (e.g. CO and H2) is strongly inuenced
by the temperature at the surface of the Pt catalysts.167 In
addition to the noble metal catalysts, a microkinetic model of
the CH4 oxidation reaction over PdO catalysts was proposed
based on DFT results under atmospheric tomoderate pressures,
rare fuel, and low-temperature conditions.168 The adsorption of
activated CH4 via dehydrogenation step over unsaturated
surface Pd–O site pairs (denoted as Pdcus–Ocus) is a RDS during
the initial stage of the POM reaction. Another focus of this work
was the strong water-inhibiting effect, which persists up to high
temperatures.169 The water inhibition could be considered as
hydroxide formation leading to reduced availability of the
Pdcus–Ocus site pairs. Thus, the presence of water vapor inter-
acting with the catalyst particles was one of the main factors
causing sluggish kinetics and even catalyst deactivation.
12720 | J. Mater. Chem. A, 2025, 13, 12712–12745
Another kinetic model of Ni-based catalysts was also developed
by comparing the numerical simulations with the experimental
data in a ow reactor.170 The results showed that the initial
temperature for CH4 conversion to CO2 and H2O was 723 K.
However, there was no signicant syngas evolution up to 880 K.
At temperatures above 880 K, the formation of H2 and CO was
increased, resulting in an equilibrium composition with CO2

and H2O. This behaviour indicated the indirect reaction
pathway of syngas formation via the initial generation of H2O
and CO2 during the CH4 oxidation process.171–173 Thus, the
competition between the rst and second steps determined the
efficiency of the overall POM reaction, meaning that the CO2

dissociation and CO desorption were the RDSs for CO evolution
at high temperatures. This review only shows some represen-
tative studies, including noble metal-/metal oxide-/transition
metal-based catalysts and their kinetic models, which deter-
mine the reaction rate. More kinetic models of POM and
discussion of reaction pathways over different catalysts have
been well demonstrated by other comprehensive works and are
therefore not shown in this review.174–176

2.3.1.1. Thermal catalytic POM. Various thermal catalysts
using different oxidants for POM have been developed and re-
ported over the last few decades. Early works used VOx and
MoOx to convert CH4 to formaldehyde (desired product) and
methanol (by-product) at 450 °C.177 The C–H bond activation
over Pt and Pd sites has also been investigated via Periana's
system using sulfuric acid (H2SO4) as the oxidant.157 The H2SO4

oxidant stabilized the methyl bisulfate product so that Pt2+

complex-based catalysts achieved ∼90% conversion and 81%
selectivity. In addition to the noble metal-based catalysts, under
mild conditions, zeolites with transition metal centres (e.g. Cu
and Fe) could easily dissociate C–H bonds and were therefore
developed for the oxidization of CH4 with N2O or O2 as oxidant
(Fig. 6a).178,179 Metal zeolite was activated in O2 at 450 °C but
reacted with CH4 without O2 at 200 °C. This stepwise process
avoided the over-oxidation of CH4 at high temperatures (the
rst step) and thus achieved over 90% CH3OH selectivity in the
second step (Fig. 6b). In addition, metal oxide-based supports
have also been extensively studied for POM reactions. Some
reports showed the real implementations of oxide-based
thermal catalysts such as SiO2, Al2O3, MgO, ZrO2, and
CeO2.180–184 For example, the Ni-loaded CeO2 catalysts were
suitable for long-term POM at high temperatures, excellent
redox capacity, and coke resistance behaviour. Bal et al. re-
ported Ni/CeO2 catalyst, which could activate and totally convert
methane at 400 and 800 °C, respectively.185 Due to the cooper-
ation between Ni and CeO2, Ni/CeO2 could resist coke and
produce syngas (H2 : CO = 2, Fig. 6c). Besides CeO2, iron oxides
were also investigated as oxygen carrier candidates,186 but the
oxygen species in iron oxide-based supports were too active to
avoid the overoxidation of CH4 to CO2 and H2O.187 In addition,
tungsten oxides (WO3) showed their superior stability and
selectivity for specic products (e.g. syngas).188 However, one of
the main challenges for WO3 thermal catalysts has been poor
reducibility, suggesting that a high temperature is required to
utilize the lattice oxygen in WO3 and initiate reactions.189

Despite the above advances in POM applications, the high
This journal is © The Royal Society of Chemistry 2025
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Fig. 6 (a) Active site in enzymes and zeolites with Fe or Cu atoms. (b) Conceptual activation of CH4 at a high-spin high-valent metal-oxo
species.178 Copyright © 2018, American Chemical Society. (c) Selectivity of Ni–CeO2 during POM reaction.185 Copyright © 2016, Elsevier B.V.
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stability and thermodynamic inertness of CH4 also make the
oxidation reaction an extremely difficult task. Conventional
industrial catalytic POM processes require high temperature
(700–1000 °C) and pressure (2.5–3.5 MPa), which can cause
oxidation of catalysts and non-negligible explosion risks due to
the presence of O2.155

2.3.1.2. Photocatalytic POM. Many conventional semi-
conductor photocatalysts, such as TiO2, WO3, BiVO4, etc., have
shown remarkable activity in CH4 oxidation.80,190,191 For
example, Morante's group investigated the selectivity of BiVO4

photocatalyst in the presence of nitrite ions.192 The low
concentration of nitrite was benecial for the selective oxida-
tion of CH4 to CH3OH. By reducing the free cCH3 radicals,
nitrite as a cOH scavenger limited the subsequent undesirable
oxidation process of CH3OH, thus greatly reducing the forma-
tion of CO2. Meanwhile, the nitrite ions could become a UV-
ltering species, inhibiting water photolysis, which ultimately
forms cOH. In this way, more than 90% selectivity towards
CH3OH could be achieved over BiVO4 (Fig. 7a). As an ultrawide-
bandgap semiconductor, strontium tantalate (Sr2Ta2O7) with Pd
nanoparticles has also been used to perform POM reactions
under low-temperature conditions.193 In this composite, O2

could accept the electrons from Sr2Ta2O7 to form radical
species. In addition, the layered perovskite structure made
Sr2Ta2O7 has high stability for immobilizing Pd nanoparticles
(Fig. 7b). The hot electrons from Pd nanoparticles facilitated the
Fig. 7 (a) Selectivity for POM towards CH3OH product. Reaction cond
Copyright © 2015, Royal Society of Chemistry. (b) Band alignment mecha

This journal is © The Royal Society of Chemistry 2025
activation of O2 and CH4. The photothermal effect was triggered
by hot carrier relaxation. Thus, light illumination lowered the
initial temperature of POM reactions to below 423 K and
improved the catalytic performance to below 873 K to produce
syngas. Other previous research has also demonstrated the
excellent ability of photocatalysis to reduce the large heat energy
during the POM process over various semiconductor-based
photocatalysts such as g-C3N4, TiO2, and CuMoO4/SiO2.94,194 In
addition, the recombination between electron–hole pairs is an
unavoidable defect in the photocatalytic process. Compared to
some photocatalytic reactions with simple products (e.g. water
splitting, organic degradation), the selectivity of POM products
is also a major challenge due to the diversity of products. In this
case, ferroelectric materials show their ability to overcome these
problems.

2.3.2. Oxidative coupling of methane (OCM): mechanism
and kinetics. The OCM technology is a new technology that
directly converts methane to olens without an intermediate
process.8,195 The OCM has relatively low-temperature reaction
conditions and cleaner product distribution, so it has recently
attracted wide attention for industrial production.196 The OCM
is generally considered to be a mixed catalytic and gas-phase
process.197–201 In principle, the reaction pathways of OCM
involve three steps on the catalyst surface (Fig. 8).196 First, CH4

reacts with O2 present in the feed to form CH�
3 radicals on the

catalyst surface, which is a heterogeneous step. This is followed
itions: 450 W Hg lamp, 20% CH4 in He (∼22.4 mL min−1), 55 °C.192

nism in a metal NP/semiconductor system.193 Copyright © 2019, Wiley.
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by a homogeneous step, during which CH�
3 is coupled to

produce ethane (C2H6). Finally, the production of ethylene
(C2H4) is achieved by subsequent dehydrogenation of C2H6.
During these steps, one of the difficulties is the energy required
to dissociate the strong C–H bond (∼438 kJ mol−1), which is
also present in other CH4 conversion technologies, suggesting
that a sufficiently low activation energy barrier is required for
the generation of CH�

3 radicals and the subsequent coupling or
dehydrogenation process.202 Overcoming the thermodynamic
barriers oen requires the introduction of O2 and high
temperatures, which leads to the production of unwanted
products, such as CO2 and graphitic carbon.85 In addition, C2H4

is more unstable than CH4, so consecutive oxidation of C2H4 is
also a major challenge.203,204 Moreover, it is difficult to achieve
efficient CH4 conversion while maintaining high selectivity for
C2 products, because the complete and partial oxidation of
methane to COx and the combustion of C2H6 and C2H4 can
occur simultaneously. Thus, the low selectivity and evolution
rates of C2 products are major challenges for large-scale
utilization.

The actual reaction steps can be more complex than the
theoretical three basic steps because both gas phase and cata-
lyst surface reactions should be considered simultaneously to
discuss the kinetic models and the RDSs.205–207 However, the
currently proposed kinetic models are still incomplete and not
able to fully explain the obtained experimental data.208,209

However, two typical assumptions based on the absence and
presence of catalysts have been studied, leading to the devel-
opment of many kinetic models in different catalytic systems. A
representative kinetic scheme reecting the OCM reaction
under gas-phase conditions without heterogeneous catalysts
has been demonstrated.210 According to this kinetic model, the
time dependence of the compound concentrations could be
calculated, thus determining the product selectivity as a func-
tion of the degree of conversion. Specically, when there was an
excess of CH4 in the gas phase, the concentration of active
oxygen species interacting with CH�

3 to form carbon oxides was
low, resulting in a high selectivity for C2 hydrocarbon products.
In contrast, under high O2 concentration conditions (e.g. CH4 :
O2 = 2), the formation of oxygen-containing radicals such as
HO�

2 and cOHwas promoted, leading to the low evolution rate of
C2 hydrocarbon products. The authors summarized the
optimum reaction conditions for achieving the maximum
selectivity of C2 products. The reaction temperature should be
1000–1100 K, and the pressure ca. 10 bar while the ratio of CH4

to O2 was not less than 5–7. A total pressure higher than 10 bar
was advantageous to produce the primary product C2H6 instead
Fig. 8 OCM reaction steps in the gas phase and over the catalyst surfac

12722 | J. Mater. Chem. A, 2025, 13, 12712–12745
of the desired C2H4. A lower ratio between CH4 and O2 would
make the non-selective reaction dominant. Based on the above
study, further work has been carried out through dedicated
experimental measurements, regression, sensitivity, and
parameter contribution analyses were carried out to explore the
optimal OCM reaction conditions.198,211–213 An interesting paper
by Simońı Da Ros and co-workers summarizes some details of
these works.208 In short, the updated kinetic model of OCM gas
phase reaction systems has contributed to the optimization of
the reaction parameters, and thus the operation of the product
distribution.

For the kinetic model in the presence of catalysts, Stansch
et al. described a 1D homogeneous plug ow model comprising
10 reaction steps according to the experimental data over
a La2O3/CaO catalyst with high activity and selectivity towards
C2 hydrocarbons in a packed bed reactor.207 An important
assumption in this kinetic model was the small effect in gas
phase reactions, meaning that only a few cases where the gas
phase reaction can be neglected, such as short contact time and
low gas volume, were suitable for this model. Despite this
drawback, the dynamics of the oxidative reaction were
successfully represented by Hougen–Watson-type rate equa-
tions (eqn (3-1)). The power law rate equations determined the
rates of dehydrogenation, C2H4/H2O reforming, and the WGSR
(water–gas shi reaction, eqn (3-2) to (3-5)). The effects of O2

and CO2 on enhancing C2H4 selectivity via inhibiting C2H6 were
also described (eqn (3-6)).

rj ¼ k0;j e
�Ea=RTpc

mj pO2

nj�
1þ K

j;CO2 e
�DHad;CO2 ;j=RT

pCO2

� (3-1)

r1 = k0,1 e
−Ea,1/RT pC2H6

(3-2)

r2 = k0,2 e
−Ea,2/RT pC2H4

m2pH2O
n2 (3-3)

r3 = k0,3 e
−Ea,3/RT pCO

m3pH2O
n3 (3-4)

r4 = k0,4 e
−Ea,4/RT pC2H4

m4pH2O
n4 (3-5)

r5 ¼
k0;5 e

�Ea;5

RT
�
K0;O2

e�DHad;O2=RTpO2

�n5
pCH4h

1þ �
K0;O2

e�DHad;O2=RTpO2

�n þ Kj;CO2
e�DHad;O2=RTpO2

i2 (3-6)

where Ea,L is the activation energy (J mol−1), DHad,CO2
is the

adsorption enthalpy for CO2 (J mol−1), DHad,O2
is the adsorption

enthalpy for O2 (J mol−1), k0,L is the pre-exponential factor, K0,L

is the adsorption constant (Pa−1), n is the number of
e.

This journal is © The Royal Society of Chemistry 2025
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experiments, nj is the reaction order, p is the partial pressure
(Pa) and R is the gas constant (J mol−1 K−1). The author
emphasized that the proposed kinetic model could be used for
all reaction steps over other OCM catalysts with similar prop-
erties involving basic carrier and non-reducible catalytic
components. According to the above kinetic model, other
updated models considering the gas-phase reactions were
proposed later.214–217 These works included at most 39 gas-phase
reactions, which played important roles in explaining the
selectivity of products, the inhibiting effect of excess O2, and the
prediction of OCM reactors.

2.3.2.1. Thermal catalytic OCM. Considerable efforts have
been made to develop catalysts for OCM to C2 hydrocarbons.
For thermal catalysts, an early result was reported by Ito et al.,
who developed a lithium-doped magnesium oxide (Li/MgO)
catalyst that had a high activity for the formation of cCH3

radicals in the presence of O2, resulting in high selectivity for C2

compounds (C2H4 and C2H6) and 28% conversion of CH4.218 Cu-
and Fe-contained zeolite thermal catalysts have been widely
studied with their dehydrogenation mechanism. For example,
the Cu-/Fe-based catalysts have been used for OCM using N2O
or H2O2 as strong oxidants.219,220 The Cu–O–Cu sites have been
conrmed as the main active platform to activate CH4 via
hydrogen abstraction, convert cCH3 and cOH radicals to
CH3OH, and avoid catalyst inactivation by rapid desorption of
products (Fig. 9a).221 Recently, IrO2 has been shown to be an
effective catalyst for OCM application. Nørskov's group claimed
that Ir coordinatively saturates with surface oxygen,159 which
could be considered as an oxygen-promoted surface contrib-
uting to the high activity via the dehydrogenation process.222

However, another research with the opposite idea suggested
that the (110) facet over IrO2 is able to dissociate C–H at low-
temperature via the deprotonation mechanism. In addition to
Fig. 9 (a) Transformation mechanism of CH4 into CH3OH on the Cu/N
OCM mechanism.157 Copyright © 1998, The American Association for th

This journal is © The Royal Society of Chemistry 2025
the controversial reaction mechanism, single IrO2 was not
suitable for long-term OCM because overoxidation was
unavoidable, resulting in undesired CO and CO2. Besides IrO2,
other common thermal catalytic systems with the deprotona-
tion process are noble metal-contained catalysts, which always
exist in a low oxidation state so that proton acceptors can be
accessible.156,223,224 Taking Pt as an example, an organic ligand-
stabilized PtII complex was designed for the conversion of
CH4 into methyl bisulfate (CH3OSO3H).157 Using H2SO4 as
a strong oxidant, this complex achieved 90% conversion of CH4

and 81% selectivity of CH3OSO3H at 220 °C. Mechanistic
studies showed that platinum-methyl, the intermediate of
methyl ester, was produced via C–H activation of CH4 over Pt

II.
And PtII was the most active oxidation of Pt for OCM (Fig. 9b).
Other works on homogeneous Pt-based catalysts reported
a similar mechanism, in which Pt oxidized to PtII active sites
and PtIV–CH3 bond in an orderly manner. Finally, the reductive
elimination produced CH3OH and regenerated PtII active
sites.225–227 Although recent advances have been made in tradi-
tional thermocatalytic OCM, high temperatures (typically >600 °
C) are always required for reactant activation, resulting in
undesired products such as COx due to the high energy output
property (exothermicity) of hydrocarbon combustion.228 Mean-
while, the stability of OCM catalysts is also an inevitable issue
due to the excessive heat energy released during the reaction.

2.3.2.2. Photocatalytic OCM. Photocatalysis is a promising
approach to achieving OCM reactions in mild conditions.21,28,229

However, studies of photocatalysis technology for realizing
OCM are rare. Thus, in this section, a few noticeable and
representative works will be summarized to display the great
potential of photocatalytic OCM application. For instance,
Tang's group designed a Pt/CuOx-loaded TiO2 photocatalyst
with a 60% selectivity of C2H6 product in a gas ow reactor
a-ZSM-5 zeolite.221 Copyright © 2019, American Chemical Society (b)
e Advancement of Science.
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(Fig. 10a).85 In this nanohybrid, Pt as an electron acceptor
facilitated the charge separation, while CuOx was an active site
for photoexcited holes. Thus, deep dehydrogenation and over-
oxidation could be effectively avoided because of the low
oxidation potential of photoinduced holes over the VB of CuOx

clusters (Fig. 10b). A similar work to Pt/CuOx-loaded TiO2 pho-
tocatalyst was an Au–ZnO/TiO2 photocatalyst with an ethane
production rate of ∼5000 mmol g−1 h−1 and 90% selectivity
(Fig. 10c).228 These values are the highest efficiency in the
previously published works. The modication of Au and TiO2

not only accelerated the charge transfer but beneted the O2

activation owing to the low adsorption energy and activation
barrier at oxygen vacancies (Fig. 10d and e).230 The
Fig. 10 Copyright © 2020 Wiley. (a) C2 production and selectivity of pho
h−1, 40 W 365 nm LED 40 W, 40 °C.85 (b) Photocatalytic OCM process.8

CH4 and 1 mLmin−1 of 20%O2/N2, 300W Xe lamp. Theoretical energy di
pathways. Proposed reaction process on (f) Au–ZnO and (g) Pt–ZnO.228

12724 | J. Mater. Chem. A, 2025, 13, 12712–12745
comprehensive investigation demonstrated that Au as a cocata-
lyst promotes the formation of cCH3 radicals and inhibits the
overoxidation of CH4 to CO2 through the OCH3 intermediate
(Fig. 10f–g). Another representative work was reported in 2019
by Liu et al.231 A plasma-assisted photocatalyst was developed
for the oxidation of CH4 to C2H4 and CO via a new reaction route
with CH4 and CO2 as reactants. Experimental analyses indicated
that CO2 and CH4 tend to adsorb on TiO2 and Ag surfaces,
separately. Because of the localized surface plasma resonance
(LSPR) effect on Ag and photoelectric effect in TiO2, under
a mild condition (simulated solar irradiation, 84.2 mW cm−2),
the evolution rates of CO and C2H4 were 1149 and 686 mmol g−1

h−1, respectively. Apparently, the above studies successfully
tocatalytic OCM. Reaction conditions: O2/CH4 = 1 : 400, GHSV= 2400
5 (c) Photocatalytic OCM activity. Reaction conditions: 69 mL min−1 of
agrams for (d) oxidizing CH4 to C2H6 or CO2 and (e) two key competing
Copyright © 2021 Springer Nature.

This journal is © The Royal Society of Chemistry 2025
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elucidate the great capacity of photocatalysis for OCM to obtain
C2 products with high selectivity.

2.3.3. Non-oxidative coupling of methane (NOCM): mech-
anism and kinetics. Since the C–C coupling reaction is able to
produce more useful products than simple CO products, NOCM
has become one of the main CH4 conversion routes. Compared
to the OCM, NOCM ismore attractive since no oxidizing agent is
necessary during this process. Meanwhile, NOCM can avoid too
active oxidative products, which are oen generated by the OCM
process, and get high selectivity to desired products like H2. The
NOCM reaction mechanism is simpler compared to the above
POM and DRM reactions. In brief, the activation process of CH4

is direct during NOCM, during which the CH bond is dissoci-
ated. The absorbed H species was reduced to H2, and two
methyl radicals coupled with each other to form C2H6.

Several microkinetic models during NOCM have been
proposed based on different kinds of catalysts. Dumesic's group
studied the kinetic model of NOCM on PtSn surfaces with SiO2

or H-ZSM-5 supports via DFT calculation.232 Their model pre-
dicted that the full Pt surfaces adsorbed CH and C fragments
and C–C coupling had the highest rate during the whole NOCM
process. The RDS was the CH4 activation and product (H2)
desorption over Pt species. Besides, the desorption of C2H6 as
another main product also inuenced the whole reaction rate to
a large extent.

Kopyscinski et al. built another kinetic model based on
a metal-free GaN/SBA-15 catalyst.233 Their kinetic model was
proposed via a simple 1D model with the same observed rate as
the forward rate, reecting the reaction process away from the
chemical equilibrium and without mass transfer limitation.
The kinetic studies and also the isotope labelling experiments
conrmed that the possible reaction pathway should be
through a fast transformation from CH4 to CH�

3. Subsequently,
the 2nd step was slow bond cleavage of C–H, forming CH�

2 and
nally coupling to C2H6. However, the author believed that the
RDS should be the conversion step from CH�

3 to CH�
2 instead of

the H–CH3 bond cracking since the apparent order of NOCM
was ∼0 in CH4, indicating a fast adsorption process. More
importantly, the authors claimed that active sites always fully
adsorbed species. Their ideamight be a basis for understanding
and developing other metal-free catalysts.

With the appearance of single-atom catalysts (SACs), lots of
SACs have been used for NOCM so some related kinetic studies
have been conducted. For instance, Pohar's group explored the
micro-kinetics of NOCM to C2H6 over Pt/CeO2 catalyst.234 In the
SAC system, the RDS step was similar to the above metallic
catalysts, in which the abstraction of the rst Hc from a CH4

molecule and the sorption/desorption of the H2 product.
However, one of the deciencies in this model was the authors
assumed the reactions only performed on Pt sites. Some works
have proved that the active sites could also be the interface
between Pt with CeO2.235 In the future, the synergistic effects
between CeO2 support and Pt sites should be accounted for.
Kim et al. also studied the kinetic model on SAC containing Fe
single-atom.236 Similarly, they also claimed the formation of
CH�

3 limited the whole NOCM efficiency. More importantly, they
emphasized in the case of CH�

3 production, the activation
This journal is © The Royal Society of Chemistry 2025
barriers of CH4 needed abundant CH�
3 conditions. However, the

C–C coupling required higher hydrogen transfer rates on
carbon-attached structures under CH�

3 decient conditions.
This conict suggested the optimal conditions for these two
steps (CH4 conversion and C–C coupling) were difficult over
a single catalyst. Therefore, the above works showed that there
is still no perfect kinetic theory explaining all the catalytic
NOCM systems. It is urgent to develop more theories and
models to supply this area.

2.3.3.1. Thermal NOCM. The high thermodynamic barrier
for NOCM means the high energy is essential to C–C coupling.
Therefore, thermal catalytic technology is one of the common
strategies to realize the NOCM reaction.237,238 Since the NOCM
was rst reported by Wang's group,239 different kinds of thermal
catalysts have been designed and prepared for highly efficient
and selective NOCM implementation. Metal- and alloy-based
catalysts are one of the mainstream materials for NOCM. For
instance, Soulivong's group reported a SiO2-supported HTa
catalyst with an ethane selectivity of 98%. However, in this
work, the CH4 conversion was less than 0.5%, which was not
enough for industrialization.240 Similarly, Guo et al. realized
CH4 conversion of 48% with C2H4, C6H6, and C10H8 with carbon
selectivity of 53%, 22%, and 25% on Fe/SiO2 catalyst at
950 °C.241 The high CH4 conversion rate and good selectivity are
attractive, but how to separate such diverse products seemly will
be another problem. Varma prepared Pt–Bi bimetallic catalyst
supported on ZSM-5 zeolite for NOCM, achieving more than
90% selectivity at 873 K, suggesting the potential of polymetallic
or alloy systems for NOCM.242 Recently, due to the rapid devel-
opment of molybdenum titanium carbide (MXene) family
materials, noble metals presented by Pt have been anchored on
the MXene substrate.243 It has been conrmed that the metal/
MXene system could activate the C–H bond in CH4 molecular,
then forming methyl radicals, which favoured desorption over
subsequent dehydrogenation, so that coke deposition could be
suppressed. In this case, the stability and CH4 conversion rate
could be enhanced.

Although so many works have been reported in the thermal
catalytic NOCM eld. As mentioned before, the inevitable
disadvantage of NOCM, the high-temperature conditions, still
cannot be avoided, which causes large energy consumption, low
selectivity, and short longevity of thermal catalysts. Hence, the
photocatalytic NOCM at mild conditions attracts more and
more attention for exploring a new NOCM route and thus
achieving carbon neutrality.

2.3.3.2. Photocatalytic NOCM. Photocatalytic NOCM can
convert CH4 to C2H6 and H2 using light energy instead of
thermal energy, thereby reducing the reaction temperature and
thus avoiding catalyst coking or deactivation. In addition, the
energy barrier for CH4 activation can be lowered by photo-
catalysts. In 1998, Yoshida's group rst reported the photo-
catalytic NOCM reaction over SiO2/Al2O3 composite.244 The SiO2/
Al2O3 photocatalyst exhibited the highest CH4 conversion rate
of 0.328 mmol h−1 under UV light irradiation. This study proved
that the energy transfer from active sites (highly surface-
dispersed Al species) to absorbed CH4 might be the crucial
step for CH4 activation. Subsequently, a series of silica-based,
J. Mater. Chem. A, 2025, 13, 12712–12745 | 12725
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metal oxide-based, and zeolite-based catalysts have been widely
investigated in the photocatalytic NOCM eld.89,245–247 Xiong
et al. reported that the incorporation of Pd single atoms (SAs)
into the lattice could overcome the limitations since the effect of
O sites in VB was reduced.248 In this work, TiO2 was used as
a proof-of-concept model. DFT calculations suggested that the
TiO2 (001) facet was the best surface for the SAs modication
because of the loose arrangement of O atoms that can form the
M–O bond (Fig. 11a). In order to demonstrate the activity and
selectivity toward CH4 to C2H6 conversion, a series of metal SA-
modied TiO2 were prepared for photocatalytic NOCM
Fig. 11 (a) Pristine TiO2, Pd1/TiO2, and Pdn/TiO2 models. (b) The metal c
conditions: 0.1 MPa CH4, 300 W Xe lamp, room temperature. (c) STEM i
C2H6 production rates (f) and the corresponding selectivity of C2H6,
production on Pd1/TiO2. (h) Coordination environment during the DFT s

12726 | J. Mater. Chem. A, 2025, 13, 12712–12745
(Fig. 11b). The highest activity and selectivity were observed for
Pd SA-loaded TiO2. Therefore, the Pd1/TiO2 photocatalyst was
further investigated. The high-angle annular dark-eld scan-
ning transmission electronmicroscopy (HAADF-STEM) revealed
the atomically dispersed Pd elements on the TiO2 support
(Fig. 11c). The coordination of Pd was investigated by
synchrotron radiation-based X-ray absorption near-edge struc-
ture (XANES) spectroscopy (Fig. 11d). Only a single peak at 1.53
Å could be detected on Pd/TiO2 corresponding to the coordi-
nation between Pd and O (Pd–O), indicating the presence of
isolated Pd atoms in the photocatalyst. Thus, the coordination
ontribution in VBM and photocatalytic NOCM performance. Reaction
mage and (d) Pd K-edge EXAFS spectra in R space of Pd1/TiO2. (e) The
C2H4, and CO2 in 0.1 MPa CH4. (g) Free-energy diagrams for C2H6

imulation.248 Copyright © 2022, Springer Nature.

This journal is © The Royal Society of Chemistry 2025
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environment of Pd–O4 was formed through Pd SA binding with
O atoms in TiO2 crystalline. Under ambient conditions with Xe
lamp illumination, the photocatalytic NOCM results showed
pristine TiO2 nanosheets exhibited a very low production rate of
C2H6 (Fig. 11e). This could be attributed to the involvement of
the lattice oxygen in CH4 conversion, resulting in a susceptible
overoxidation to produce CO2 (Fig. 11f). In contrast, Pd/TiO2

exhibited a very high C2H6 production rate during the NOCM
reactions. The improvement of the photocatalytic activity was
due to Pd active sites instead of the lattice oxygen in TiO2, which
suppressed the overoxidation of CH4 and accelerated the
desorption of C2H6. To investigate the role of Pd SAs in CH4

dissociation and intermediate coupling via photogenerated
holes, the energy barrier of the CH4–CH4 coupling on the active
sites of Pd/TiO2 was studied by DFT calculation (Fig. 11g–h).
Under dark conditions (Uh = 0.00), CH4 required higher energy
for activation. Meanwhile, 1.74 eV of activation energy from CH4

to TS state was so high that hindered the whole NOCM.
However, photogenerated holes would provide additional
potential, so that the energy barrier of the step turns down (IM3
to IM4). In addition, the energy barriers of C–C coupling and
C2H6 desorption via Pd SAs were also lowered. Thus, the
photoexcited charge and the atomic-level reaction platform
were advantageous for triggering the photocatalytic NOCM
reaction with lower energy input and mild conditions. This
work suggested the great advantages of photocatalysis in the
activity and selectivity of NOCM.
3. Key role of ferroelectric materials
in photocatalytic reactions
3.1. Ferroelectric materials

Ferroelectricity was rst discovered in rock salt in 1921.249 The
ferroelectric material is one of the piezoelectric materials,
which belongs to pyroelectrics and then dielectric materials in
sequence. Unlike pyroelectric and piezoelectric materials,
ferroelectrics have spontaneous dipole moments without an
external heating source or applied stress activation. The dipole
moments generate spontaneous polarization electric elds,
which offer a sustainable driving force for the separation and
transfer of charge carriers from bulk to the surface of catalysts.
In general, ferroelectric materials can be classied into three
main families, viz. inorganic, organic, and organic–inorganic
hybrids. What follows summarizes the most representative
ferroelectric-based photocatalysts utilized for CH4 conversion
approaches.

3.1.1. Inorganic ferroelectric materials
3.1.1.1. Ferroelectric oxides. According to different struc-

tures, ferroelectric oxides have four basic types: perovskite,
pyrochlore, tungsten-bronzes, and layer-type bismuth
compounds (also called Aurivillius).250 Among them, perovskite
possesses higher polarization strength. Therefore, they are
widely exploited in photocatalysis and photovoltaics. In ferro-
electric oxides with perovskite structure, the ferroelectricity is
from the electron clouds hybridization mechanism between
adjacent ions, called displacive ferroelectricity.251 The
This journal is © The Royal Society of Chemistry 2025
photovoltaic effect in ferroelectric perovskite oxides was
discovered in the 1950s and still gaining increasing attention.252

The homogeneous bulk region in ferroelectric semiconductors
with inherent non-centrosymmetry could generate photocur-
rent and even photovoltage beyond the bandgap.253,254 There-
fore, the photovoltage from ferroelectrics depended on the
energy band structure instead of the built-in potential induced
by p–n junctions or Schottky junctions at the interface.55 This
property could be not only used in photovoltaics but also
extended to photocatalysis. In fact, several studies have applied
photoinduced charges and polarization from ferroelectric
perovskite oxides to improve photocatalytic efficiency.255–257

These works conrmed that perovskite oxides were effective in
both photocatalytic reduction and oxidation reactions,
providing experimental support for fully utilizing ferroelectric
oxides in various photocatalytic elds. More details about
published work in photocatalytic methane conversion elds will
be further introduced in the following sections. Currently, the
main deciency in conventional ferroelectric oxide perovskites
is the narrow light responding range and unsatisfactory
conductivity, limiting the photovoltaic and photocatalytic effi-
ciency. In this case, the bandgap engineering promotes the
development of ferroelectric perovskite into organic–inorganic
halide perovskites as shown below.

3.1.2. Organic ferroelectric materials
3.1.2.1. Liquid crystals (LCs). LCs are a crucial part of the

family called so condensed matter materials. Thermodynam-
ically, the state of LCs is located between an isotropic liquid and
a crystalline phase.258 They are partially ordered but have
anisotropic physical properties, such as electric conductivity or
magnetic susceptibility while maintaining owability.259 The
mainstream methods for producing LCs are based on thermo-
tropic phases and lyotropic phases, which are achieved by
changing the intensive variable of state and the dopant
concentration in the isotropic solvent, respectively. The ferro-
electric properties in the LC family should be attributed to the
chiral smectic C (SmC) phase, which is one of the molecular
arrangements in LCs (the other two structures are nematic and
smectic A phase).260 The chiral SmC is similar to SmC structure,
but owing to the chiral properties, Meyer et al. presented the
idea that a chiral smectic C mesophase should be ferroelectric,
which has been experimentally conrmed in 1975 via reporting
practical ferroelectric LCs.261 Owing to the particular chiral SmC
phase with helical structure, ferroelectric LC shows sponta-
neous polarization and molecular switching in microsecond
order. These attractive properties lead to wide applications in
modern photonic elds including grating,262 lensing,263 beam
steering,264 etc. Unfortunately, the aforementioned promising
advantages of ferroelectric LCs are still not utilized in the whole
catalytic eld. Considering the fact that more and more studies
tried to regulate the ferroelectricity/ferromagnetism in
LCs,265,266 the ferroelectric LC family could be a potential
candidate for achieving efficient photocatalytic
implementations.

3.1.2.2. Ferroelectric polymers. In addition to ferroelectric
LCs, the organic ferroelectric solid is another great family
belonging to the class of organic ferroelectric materials. In this
J. Mater. Chem. A, 2025, 13, 12712–12745 | 12727
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family, ferroelectric polymer is one of the most widely devel-
oped organic ferroelectrics and has been used in organic solar
cells,267 ferroelectric memory,268 piezoelectric devices,269 and
electrocaloric refrigeration devices.270 Among them, poly(-
vinylidene uoride) (PVDF) and corresponding copolymers/
terpolymers are the most representative ferroelectric poly-
mers. PVDF and the co-/ter-polymers had high dielectric
constant so that they are regarded as promising thin lm-type
materials for high-energy-density capacitors.271 In the photo-
catalytic eld, PVDF is also developed as the source of ferro-
electric elds, which are used to improve charge-carrier transfer
behaviours. In brief, through the ferroelectric effect, PVDF-
based photocatalysts have promoted different photocatalytic
redox reactions, such as overall water splitting,38,272 CO2

photoreduction,273 and advanced oxidation.274 Although there is
no work on PVDF-based photocatalytic systems for methane
conversion implementation, in consideration of the great
ability of PVDF and other ferroelectric polymers, organic
ferroelectric polymers should be applied as substrates or
cocatalysts for controlling charge migration pathways in future
studies.

Although the low-molecular-mass compound is also a kind
of organic ferroelectrics, since it is difficult for the steric to
reorient dipoles, causing an extremely larger coercive eld than
that of other ferroelectrics, the number of the low-molecular-
mass compound with ferroelectricity is rare so that the real-
implementation of the low-molecular-mass compound is
limited.275 Therefore, the low-molecular-mass compound rep-
resented by thiourea,276 the 2,2,6,6-tetramethyl-1-piperidinyloxy
(TEMPO) free radical,277 and 1,6-bis(2,4-dinitrophenoxy)-2,4-
hexadiyne278 are not listed as an independent sub-section.

3.1.3. Organic–inorganic hybrid ferroelectric materials
3.1.3.1. Ferroelectric metal–organic complex (MOC). Since

Valasek reported the ferroelectrics in Rochelle salt,279 tremen-
dous efforts have been made to design and fabricate novel
molecular-based ferroelectric materials. Although the ferro-
electric oxides family is well-known due to their strong intrinsic
ferroelectric effect, they are heavy, weak mechanically exible,
and not environmentally friendly.280 Owing to the ferroelec-
tricity of organic molecules, organic ferroelectric materials
gradually enter researchers' version as a new generation of
ferroelectric material. If a metal–organic complex (MOC) can
show ferroelectricity via modulating dipole moments of its
components, this MOC belongs to the family of organic ferro-
electric materials. Further, according to their crystal structures,
ferroelectric MOC can be divided into (i) discrete (0D), (ii) 1D
chain, (iii) 2D layer structure, and (iv) 3D framework. It is true
that several ferroelectric MOCs have been reported bymolecular
design based on the addition of chiral/polar molecules/ions or
structurally exible ligands or ions, but the ferroelectric MOC is
still at the early step since the number of developedMOCs is not
abundant. Some works have reviewed the advances of ferro-
electric MOC and also predicted their potential real-applicat
ion. Detailed descriptions can be seen in these excellent
review articles.280,281 However, in the catalytic eld, studies
about ferroelectric MOC are scarce, meaning that it is urgent to
perform some theoretical studies based on thermodynamic
12728 | J. Mater. Chem. A, 2025, 13, 12712–12745
theories and crystallographic requirements to offer funda-
mental support for exploring and developing ferroelectric MOC
in photocatalytic areas.

3.1.3.2. Organic–inorganic perovskites. To a large extent, the
prosperity of basic theory and practical applications in the eld
of ferroelectric materials should be attributed to the conven-
tional inorganic ferroelectric perovskites with high stability and
tunable ferroelectric properties.282 Subsequently, molecular
ferroelectrics are exible, cheap, and environmental-friendly,
and also have biocompatibility and homochirality so the
appearance of molecular ferroelectrics attracted our version,
causing a novel family of hybrid organic–inorganic perovskite
ferroelectric (HOIPF) materials.283,284 Compared to traditional
inorganic ferroelectrics, HOIPFs have larger piezoelectricity
coefficients, lower toxicity, and controllable chemical structures
although their ferroelectricity is weaker. Besides, the ferroelec-
tric quantum theory and Berry phase calculation also clarify
their potential in semiconductor areas.285 Semiconductor
properties transform HOIPFs into a new generation of photonic
device platforms.286 For instance, some Pb-based or lead-free
HOIPFs had tunable bandgap and high mobility similar to
common inorganic ferroelectric semiconductors.287,288 A series
of functional HOIPFs including (cyclohexylaminium)2PbBr4,289

(R)- and (S)-3-(uoropyrrolidinium)MnBr3 (ref. 290) possess
outstanding luminescent properties, such as high-purity lumi-
nescence, wider luminescence range, and high photo-
luminescence efficiency.291 Besides, the HOIPFs-based
optoelectronic applications (e.g. bulk photovoltaic and self-
powered photodetection) are also gradually explored with
tremendous efforts on the photoresponse effects from HOIPFs
andmultifunctional hybrid ferroelectric systems.292,293 Although
HOIPFs still face some challenges like mechanical weakness,
low stability, and short resistivity, the disadvantages do not stop
the expansion of the applications of HOIPFs towards photo-
catalytic elds. Actually, some lead-free halide perovskites (e.g.
Cs2AgInCl6 and Cs3BiBr6) have been used for photocatalytic
advanced oxidation reactions,294,295 photoreduction reactions,296

and even photocatalytic organic synthesis.297

Considering the number of practical examples of ferroelec-
tric photocatalysts developed for methane conversion is very
limited, it is necessary to emphasize the great effect of
ferroelectric-assisted photocatalytic systems in improving
methane conversion efficiency. In subsequent sections, the
representative works about aforementioned ferroelectrics,
especially ferroelectric perovskite and ferroelectric oxides, for
methane conversion implementations will be introduced for
further advancing the ferroelectrics-based catalytic community.

3.1.4. 2D ferroelectric materials. Although the traditional
metal oxide-based ferroelectric materials have displayed stable
spontaneous polarization, the high demands of micro/nano
devices might result in depolarization and dangling bond
problems during the reducing thickness process and nally
eliminate the ferroelectricity. In order to deal with this issue,
the exploration of 2D materials with stable ferroelectric prop-
erties attracts wide interest in the Material Science community.
Especially, monolayered 2D materials open a new direction for
developing 2D ferroelectrics. Recently, single-layered Sn–Te298
This journal is © The Royal Society of Chemistry 2025
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and a-In2–Se3 (ref. 299) have been conrmed as ferroelectric
materials owing to their out-of-plane polarization under 270 K
and ambient temperature, respectively. Through theoretical
prediction, oxidized MXene family showed switchable polari-
zation via the intermediate antiferroelectric phase.300 Some
research also indicated the potential ferroelectricity of mono-
elemental 2D materials akin to graphene (known as 2D
Xenes).301 For instance, it has been forecasted that the chemical-
functionalized phosphorene has ferromagnetism and ferro-
electricity simultaneously,302 however, the poor stability and
high surface energy of 2D Xenes seemly become the challenge to
realize this prediction. The quantum orders and pristine crystal
structures of 2D Xenes should be well reserved when function-
alizing them towards ferroelectrics. Fortunately, some works
experimentally achieved the implantation of ferroelectricity into
2D Xenes, including CrI3 (ref. 303 and 304) and CrGeTe3,305

encouraging further investigation in this area. Beyond them,
Kou et al. proposed a possible multiferroic or concurrent ferroic
and topological order based on the CH2OCH3-functionalized
germanene (2D-Ge).306 The pz orbits of Ge were the resource of
ferroelectricity. And the switchable polarization resulted from
the electric eld-induced ligand molecules (i.e. CH2OCH3)
rotation. Considering the potential use of 2D-Ge derivatives in
several elds, including electrocatalysis,307 biosensing,308 and
(opto)electronics,309 2D-Ge might be a suitable candidate to act
as a ferroelectric-assisted system for photocatalytic energy
conversion reactions.
3.2. Key role of ferroelectric materials in photocatalytic
reactions

Ferroelectric materials play a crucial role in photocatalytic
reactions owing to their inherent domain walls (DWs), which
arise from breaking-symmetry. These DWs inuence charge
transfer,310 local surface potential,311 and even surface
adsorption/activation ability,312 all of which are essential for
improving photocatalytic efficiency. Thus, this section
summarizes the basic mechanism of DWs inuencing photo-
catalytic reactions, supported by both experimental evidence
and theoretical predictions.

3.2.1. Polarization/built-in electric eld promoting charge
separation. Ferroelectric materials exhibit spontaneous dipole
moments that create an internal electric eld that favours
charge separation.313 Additionally, they generate spontaneous
polarization with potential differences. Then, perpendicular to
DWs, these potential differences act as a driving force to
establish a built-in electric eld. The role of polarization, along
with the corresponding built-in electric eld, can be categorized
into promoting bulk charge separation and surface charge
separation, thereby reducing recombination and enhancing
photocatalytic performance.69

A prominent example for conrming the promotion of bulk
charge separation is based on the SrBi4Ti4O15 ferroelectric
photocatalyst.255 In this work, Huang and co-workers visualized
the intrinsic ferroelectric polarization of SrBi4Ti4O15 nanosheet
via KPFM, which was rationalized by DFT calculations. The
KPFM images showed DWs with an amorphous shape (Fig. 12a).
This journal is © The Royal Society of Chemistry 2025
The bright and dark areas corresponded to different polariza-
tion directions. DFT calculations revealed that the effective
masses of e− and h+ along the [100] orientation were smaller
than along other orientations, suggesting the higher migration
rates of e− and h+ along this axis, which was consistent with the
polarization direction in SrBi4Ti4O15. Therefore, ferroelectric
polarization promoted charge transfer. Similarly, Park et al.314

prepared K0.5Na0.5NbO3 with a permanent polarization via
a corona electric eld polarization method. With external
polarization, the time-resolved photoluminescence (PL) spectra
of K0.5Na0.5NbO3 presented a decrease in the decay time from
1.64 to 3.31 ns (Fig. 12b). This result suggests that the ferro-
electric polarization eld inhibited the recombination between
electrons and holes.

Beyond the bulk charge separation, the ferroelectric effect
can also promote charge transfer at the interface of hetero-
junctions. Considering the short time scale of interfacial charge
migration, the electrochemical analysis becomes a reliable
method to monitor the effect of ferroelectric materials. For
example, Huang's group designed a heterojunction containing
ferroelectric tetragonal-phase BaTiO3 (T-BaTiO3) and narrow-
band-gap semiconductor BiOI (T-BaTiO3/BiOI).67 They applied
photoelectrochemical (PEC) measurements to further investi-
gate the polarization-induced eld. Interestingly, with higher
bias voltage, the photocurrent of T-BaTiO3/BiOI samples
showed clear changes. In contrast, control experiments dis-
played stable current intensity, indicating that polarization
could adjust charge transfer and be adjusted by external bias
voltage (Fig. 12c). Other similar works also prepared
ferroelectrics-based heterojunctions for accelerating the surface
charge mobility during different photocatalytic reac-
tions.58,315,316 In the eld of methane conversion, although
mechanistic studies are still at the early stage, state-of-the-art
characterization methods like PL and PEC analysis have
recently been used to clarify the role of ferroelectric materials in
charge transfer kinetics. These results will be discussed in detail
in Section 4.

3.2.2. Polar nano regions and surface active sites. The
driving force from spontaneous polarization in ferroelectric
materials leads to the opposite migration direction between
electrons and holes, further resulting in the different polarity
walls over the ferroelectric surface (viz. polar nano regions).
Therefore, by controlling the switchable polarization via
external elds or stimulations, ferroelectric materials can be
explored as a bi-functional electrode for photocatalytic redox
reactions.56 For instance, Rohrer and co-workers used AFM
characterization to elucidate the domain-specic reactivity of
two samples of elemental-doped BiVO4—named as (Bi1−0.5x-
Na0.5x)(V1−xMox)O4, where x = 0.05 and x = 0.175 was assigned
to samples exhibiting monoclinic and tetragonal domains,
respectively.317 The AFM images of undoped monoclinic BiVO4

showed the alternative properties between reduction and
oxidation domains, corresponding to ferroelastic domains
(Fig. 13a). This observation suggested the possibility of both
reduction and oxidation to take place on the ferroelectric
surface but with different polarization. Further, the authors
employed piezoelectric force microscopy (PFM) to display the
J. Mater. Chem. A, 2025, 13, 12712–12745 | 12729
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Fig. 12 (a) Phase maps (top) and corresponding curve (bottom) of the piezoelectric response.255 Copyright © 2018 Elsevier. (b) Decay profile of
PL from K0.5Na0.5NbO3.314 Copyright © 2014 Royal Society of Chemistry. (c) Transient photocurrent responses at different bias voltages.67

Copyright © 2017 Elsevier.
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piezoresponsive nature of doped BiVO4 (Fig. 13b). While the
monoclinic BiVO4 sample possessed a polar surface, the
tetragonal BiVO4 sample did not show polar domains according
to the colour contrast in these images. Aer light illumination,
AFM images presented the photo-deposition states over
monoclinic and tetragonal BiVO4 (Fig. 13c and d). The higher
height of monoclinic BiVO4 suggested that more particles were
deposited on its surface, meaning stronger reactivity. Therefore,
the ferroelectric effect was proved to improve the photochem-
ical activity. Similarly, over a BaTiO3 surface, AFM was also
applied to monitor ferroelectric properties.318 Interestingly, the
product distribution matched the underlying domain structure
of the BaTiO3 matrix, once again conrming the role of the
dipolar eld in the improvement of reactivity (Fig. 13e and f).
Besides the experimental evidence, some works used DFT
calculations to show the polarization-dependent binding
12730 | J. Mater. Chem. A, 2025, 13, 12712–12745
geometries and simulate the surface adsorption/desorption
states over ferroelectric materials. Taking PbTiO3 as a case
study, the positively polarized electrons were benecial for
capturing reactants (i.e., O2 and NO molecules) for subsequent
redox reactions (Fig. 13g–i).319 Once the surface was saturated,
the polarization states were not stable, and the products were
easily desorbed, thus returning the polar surface to the pristine
status. This fact not only ensured the long-term reaction cycles
but also avoided the negative effect of poisoning molecules or
overreaction towards undesired products.

Another potential role of ferroelectric materials is to provide
high-density surface active sites as discussed in Section 1. The
conversion of CO2 into CO2c

− bidentate radical is promoted by
the electrons on positively polarized surfaces/sites.147 Further,
based on the CO2c

− intermediate, the interaction between
CO2c

− and H+ to form HCOOc− and nally HCOOH is achieved
This journal is © The Royal Society of Chemistry 2025
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Fig. 13 (a) Surface topography after Ag+ reduction (left) and Mn2+ oxidation (right). (b) PFM phase images of monoclinic and tetragonal
elemental-doped BiVO4. Surface topographic images (left), inverse pole figure maps (mid), and topographic line profiles (right) of (c) monoclinic
and (d) tetragonal elemental-doped BiVO4.317 Copyright © 2016 Royal Society of Chemistry. (e) AFM images of rutile TiO2 supported by BaTiO3

before (left) and after (right) a photochemical reaction, and (f) their heights.318 Copyright © 2010 American Chemical Society. (g) O2 dissociative
binding and (h) NO binding on negatively (left) and positively (right) poled RuO2–PbTiO3. (i) Space electron redistribution, presenting covalent
binding between NO and positively poled CrO2–PbTiO3.319 Copyright © 2015 American Chemical Society.
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via a proton-coupled electron mechanism.154 Accordingly, CH4

dissociation/cracking should tend to occur on negatively
polarized surfaces/sites. In the case of ferroelectrics, the
reduction and oxidation reactions will take place at different
polarized surfaces/sites, inhibiting the recombination between
photoexcited electrons and holes.
This journal is © The Royal Society of Chemistry 2025
4. Ferroelectric-assisted
photocatalytic methane conversion
4.1. Ferroelectric-assisted photocatalytic DRM

Recently, a Fe2O3-loaded BaTiO3 photocatalyst (denoted as
BFxy, where xy is the BaTiO3/Fe2O3 molar ratio) is reported for
J. Mater. Chem. A, 2025, 13, 12712–12745 | 12731
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the DRM reaction.320 The photoluminescence signals, a feature
of the recombination rate of charge carriers, emitted by all the
samples were measured (Fig. 14a). BaTiO3 showed the lowest
charge recombination rate due to its intrinsic ferroelectric
property. On the contrary, Fe2O3 showed the maximum charge
recombination rate due to the narrow band gap of Fe2O3. The
heterostructure and charge transfer across to interface of BF
were conrmed by PL spectra. In this case, the ferroelectric
effect from BaTiO3 endowed BF composites with a higher
charge separation/transfer efficiency than Fe2O3. Thus, the
DRM activity of BF31 showed the highest reactant conversion
efficiency (Fig. 14b). Besides BaTiO3, TaN as another ferroelec-
tric material was also developed for photocatalytic DRM reac-
tion.146 In this work, Liu's group explored the effect of TaN as
the photocatalyst substrate with a Pt NPs loading (Pt/TaN).
Under visible light illumination, Pt/TaN showed improved
photocatalytic DRM activity. The convergent beam electron
diffraction (CBED) characterization exhibited the polarization
phenomenon in the TaN substrate (Fig. 14a). Obviously, the
polarity would lead to a built-in electric eld, facilitating the
photoexcited charge separation. On the contrary, TiN and ZrN
as the reference samples did not show any polarized property
and thus had lower activity than Pt/TaN (Fig. 14b and c).
Accordingly, this study also proved the ineligible enhancement
role of ferroelectrics with electrostatic eld in photocatalytic
efficiency.
Fig. 14 (a) PL spectra and (b) CO2 conversion efficiency of BaTiO3, Fe2O
and 10% He, 125 W Hg lamp, 35 °C.320 Copyright © 2019, Springer Nature
(c) Pt/TiN. Reaction conditions: 300 W Xe lamp, CH4/CO2 = 1 (20.0 mL

12732 | J. Mater. Chem. A, 2025, 13, 12712–12745
Until now, a large number of ferroelectric materials have
been developed in photocatalytic elds.86,321 Unfortunately, in
photocatalytic DRM implementations, the previous reports
prefer to pay more attention to the impact of cocatalysts or the
heterojunction with controllable energy band structure in the
DRM process instead of investigating the ferroelectric effect and
enhanced charge transfer dynamics. With the development of
ferroelectric materials, the ferroelectric effect is expected to be
maintained even under harsh reaction conditions (high
temperatures or pressures),154 meaning that ferroelectrics can
be widely used in different photo(thermal) catalytic applica-
tions. Therefore, it is hoped to report more in-depth research on
the improvement of DRM reactions from the view of the ferro-
electric effects soon. Our previous literature also discussed and
emphasized the role of the ferroelectric eld especially in DRM
applications, the potential interested audience is recommended
to browse ref. 55.
4.2. Ferroelectric-assisted photocatalytic POM

As mentioned above, the permanent polarization generated
from ferroelectrics creates a built-in electric eld. The strong
and reliable driving force in an electric eld adjusts the transfer
path of electrons and holes to different active sites, separately.
As a result, more charge carriers tend to complete the redox
reaction instead of recombination. An early work was reported
by Yi's group in 2013,322 where NaNbO3 polar semiconductors
3, and BFxy. Reaction conditions: 40 psi containing 45% CO2, 45% CH4,
. (a) CBED pattern of TaN. Catalytic DRM performance of (b) Pt/ZrN and
min−1), 500 °C.146 Copyright © 2018, Wiley.

This journal is © The Royal Society of Chemistry 2025
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were used to enhance the POM activity. Scanning electron
microscopy (SEM) images showed the preparation of NaNbO3

nanocuboids with ordered b-axis orientation (NNB-1, Fig. 15a
and b). To investigate the role of ferroelectric property, the
disordered random distribution of NaNbO3 (NNB-8) was also
obtained (Fig. 15c). In general, the NaNbO3 crystal showed
antiferroelectric and ferroelectric properties in the direction of
the c-axis and b-axis, respectively, implying an internal polari-
zation in NaNbO3 nanocuboids along the b-axis.323 Instead,
NaNbO3 nanocuboids with a disordered nanostructure would
induce a randomly distributed local bias electric eld. In pho-
tocatalytic CH4 oxidation experiments, with Pt loading as
cocatalyst via impregnation and photodeposition methods
(denoted as Pt-NNB-1, Pt-NNB-1-LD, Pt-NNB-8, and Pt-NNB-8-
LD), the CO2 evolution rate of NNB-1 was much higher than
that of NNB-8 (Fig. 15d). Interestingly, pure NNB-1 had higher
Fig. 15 SEM images of NaNbO3 samples with (a) and (b) ordered, and
reaction. Reaction conditions: 1 mL mixture of 10% CH4 and 90% O2, 300
catalyst, Pt-NNB-1, Pt-NNB-1-LD, NNB-8, Pt-NNB-8, Pt-NNB-8-LD, and
the impregnation method. (f) Illustration of charge distribution in single
circuit photovoltage curves. (h) Photocurrent responses of ordered N
Chemistry.

This journal is © The Royal Society of Chemistry 2025
activity than that Pt-NNB-1 and Pt-NNB-1-LD. The reason was
investigated by SEM, which showed that the Pt loading process
caused the destruction of the ordered structure of NNB-1
(Fig. 15e). Therefore, the structure orderliness was a crucial
factor for CH4 oxidation because it was a prerequisite for
maintaining the strong ferroelectric effect (Fig. 15f). And the
above results also conrmed the great ability of polar semi-
conductors with built-in electric elds to enhance CH4 oxida-
tion compared to conventional cocatalysts (e.g. Pt). To further
investigate the ferroelectric effect, photoelectrochemical (PEC)
measurements were used to detect the photocurrent responses
of different NaNbO3 samples. As shown in Fig. 15g and h, the
authors used photoelectrochemical measurements, which dis-
played higher photovoltage and photocurrent response on
ordered NNB-1 compared to disordered NNB-8, to conrm the
built-in electric eld of each crystal unit with consistent
(c) disordered nano cuboid assemblage. (d) CO2 evolution from POM
W Xe lamp. Along the direction of the arrow, the samples are without
NNB-1, respectively. (e) SEM image of Pt–NNB-1 sample prepared by

crystal with ordered and disordered arrangement structures. (g) Open
NB-1 and disordered NNB-8.322 Copyright © 2014, Royal Society of
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direction was benecial for the directional charge transfer.
Thus, the advantage of ordered ferroelectrics in charge
separation/transfer dynamics was proved in this work.

Furthermore, to achieve the high selectivity of POM over
photocatalysts, precise control of the surface polarity on ferro-
electric materials is a credible strategy aer the separation of
electron–hole pairs is completed. In the CH4 to CH3OH
conversion process, CH4 can interact with cOH on the oxidizing
surface with negative polarity to produce CH3OH.22 The state of
the surface is then switched to positive polarization with
reducibility, allowing the O2 molecules to complete the disso-
ciation. Due to the addition of O2, the surface is ready to oxide
CH4 again. The whole cycle is therefore advantageous for the
partial oxidization of CH4 to CH3OH instead of other products.
However, Arvin Kakekhani et al. suggested that this theory also
has some potential challenges according to DFT results. Firstly,
the surface oxygens could couple with the neighbouring oxygen
to form O2. In fact, the barrier to O2 leaving the surface is much
lower than that for direct oxidation of CH4, suggesting that the
dissociated oxygen may not participate in the oxidation reac-
tion. Secondly, before CH3OH leaves the ferroelectric materials,
the products undergo a reverse reaction to dissociate back into
CH4 and surface oxygens when the surface state changes to
positive polarization. Some groups have attempted to overcome
these shortcomings in various photocatalytic applications by
using monolayers of transition metal oxides.324 As an example,
ZnOmonolayer on PbTiO3 ferroelectric photocatalysts. Through
the dynamically tuned catalysis mechanism, the energy barrier
for CO2 conversion was obviously lowered.325 In addition, the
CrO2-based monolayer also promotes NOx dissociation and CO
Fig. 16 FESEM of the ZnO (a) nanosheets and (b) nanorods. (c) Growth
under simulated solar light over the ZnO. Reaction conditions: 200 ppm
Copyright © 2019, American Chemical Society.
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oxidation over the PbTiO3 substrate. And the switchable polarity
between strong and weak binding achieved rapid dissociation
and easy desorption simultaneously, avoiding oxygen and
sulfur poisoning.319 Recently, Yi et al. investigated the inuence
of polar and non-polar facets in methane oxidation based on
ZnO ferroelectric photocatalysts.326 The ZnO nanosheets and
nanorods were prepared to compare the inuence of facets with
different polar states (Fig. 16a and b). Compared to nanosheets
with polar facets, ZnO nanorods mostly contained non-polar
facets (Fig. 16c). The photocatalytic oxidation of CH4 showed
distinct morphology dependence characteristics (Fig. 16d). Due
to the polarization in ZnO nanosheets, the methane could be
rapidly oxidated. However, ZnO nanorods showed a lower rate
of photocatalytic CH4 oxidation under the same conditions. The
CH4 oxidation followed the quasi-rst-order reaction kinetics
(Fig. 16e). The rate constants were 0.01 and 8.01 × 10−4 min−1

for ZnO nanosheets and nanorods, respectively. These results
indicated the signicant enhancement effect of polar facets over
ZnO nanosheets in CH4 oxidation. High-energy polar facets are
thermodynamically more reactive than non-polar facets,
inducing polarity in stable and symmetric CH4 molecules.
During the PEC measurements, ZnO nanosheets had higher
photocurrent (Fig. 16f), which could be attributed to more polar
facets in ZnO nanosheets. Furthermore, the authors proposed
the relationship between CH4 activation and polar facets in ZnO
nanostructures. As a ferroelectric material, the polar semi-
conductor property of ZnO could be viewed as alternately
stacking multilayers of Zn2+ and O2− ions with tetrahedral
coordination structure along the c-axis. This unique structure
endowed ZnO with a built-in electric eld. When CH4 was
models of ZnO. (d) Time course and (e) reaction kinetic plots of POM
CH4, Xe lamp (200 mW cm−2). (f) Photocurrent responses of ZnO.326

This journal is © The Royal Society of Chemistry 2025
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adsorbed on the m-plane of ZnO, the H3C
d−–Hd+ was polarized

due to the interaction between cCH3 and cH and active sites over
the m-facets. Meanwhile, the light illumination activated the
C–H bond in CH4, the formation of free cCH3 and cH. On the
other hand, the generation of oxygen species (activation of O2

molecules) would take place on the polar (0001) plane, forming
cO2

− radicals. Finally, cO2
− would oxidize the intermediate to

produce the products (CO2 and H2O). Although the products in
this work were not high value-added chemicals, the above work
indeed demonstrates the potential of an epitaxial monolayer of
a transition metal oxide in the activation of reactants over the
specic facet with polarization. Thus, the development of
specic surface layers is benecial to fully exploit the ferro-
electric photocatalysts in POM application.

4.3. Ferroelectric-assisted photocatalytic OCM

Compared to the conventional thermal catalytic OCM process,
photocatalytic OCM focuses on the inhibition of competitive
reaction and overoxidation under mild conditions. From this
perspective, ferroelectric materials are a suitable candidate for
enhancing photocatalytic OCM efficiency. However, few studies
reported that ferroelectric materials are used in the thermal
catalytic or photocatalytic OCM eld. Thus, in this section, the
feasibility and possible advantages of ferroelectric-assisted
OCM systems will be discussed to encourage more ferroelec-
trics to be developed for OCM applications. Firstly, both
ferroelectric-based photocatalysts and ferroelectric cocatalysts
could form an electric eld due to intrinsic spontaneous
polarization. The electric eld would function as the above
noble metal cocatalysts that become the charge acceptor via
adjusting the electrons and holes to transfer onto the surface
with different polarized states. Secondly, ferroelectric polariza-
tion could avoid some unfavorable effects from O2 by actively
toggling the surface–absorbate interaction. Using PbTiO3 as an
example, aer the dissociation of O2 in the reactants, each
oxygen adsorbate could bind to the surface oxygen atom,
forming a surface O2 molecule. In negative polarization, the
surface O2 molecules have very low dissociative binding energy.
On the contrary, the interaction between positively polarized
surface and surface O2 molecules is strong. Table 2 exhibits the
binding energies for the surface O2 molecule.22 A positive
number means the binding is favourable. Conversely, a negative
number indicates a metastable state that is more unfavourable
than O2. Indeed, this is meaningful for photocatalytic OCM
applications because the overoxidation and inactivation from
adsorbed O2 could be eliminated by controlling the polar state
Table 2 Intact and dissociative binding energies toward one O2

molecule on PTO as a function of polarization relative to O2 in
a vacuum22

Polarization status
Intact binding
energy [eV]

Dissociative binding
energy [eV]

Positive 2.4 2.6
Paraelectric 0.2 −0.8
Negative 0 0.4

This journal is © The Royal Society of Chemistry 2025
on ferroelectric catalysts (or cocatalysts). Finally, similar to the
above-mentioned plasma-assisted photocatalysts, some novel
reaction pathways of the OCM process might be found in the
ferroelectric-assisted photocatalytic systems.231 Because the
local surface state was changed by polarization, the localized
electric eld in ferroelectric materials probably led to some
different intermediates or initiated OCM reactions by other
oxidants except O2 and H2O2. Thereby, it is feasible to efficiently
convert CH4 into high-value-added C2 products over photo-
catalysts containing ferroelectric materials.
4.4. Ferroelectric-assisted photocatalytic NOCM

Although photocatalytic NOCM has many advantages, unfor-
tunately, the evolution rate of C2H6 from the photocatalytic
NOCM reaction is almost an unexplored eld. It is very urgent to
design more efficient photocatalysts for NOCM. Several aspects
should be considered for the reasonable development of NOCM
photocatalysts. First, a strong local electric eld may be needed
to easily polarize and nucleophilically or electrophilically attack
CH4. From this perspective, ferroelectric material is a suitable
candidate to improve the efficiency of photocatalytic NOCM.
However, few studies used ferroelectric materials in the NOCM
eld. Second, metallic co-catalysts are dynamically necessary for
the occurrence of the half-reaction of H2 generation because the
large overpotential inhibits the release of H2 across the bare
oxide surface. In order to simultaneously address the above
challenges, an Au/ZnO porous nanosheet with a local electric
eld and polar facet was designed for photocatalytic NOCM by
Long's group.327 A ZnO crystal was tailored to expose [001] facet
with polarized property, benecial for the CH4 activation
(Fig. 17a). Au/m-ZnO showed a bandgap absorption at ca.
395 nm and a broad absorption peak from plasmonic Au NPs
(Fig. 17b). The as-prepared Au/m-ZnO samples achieved the
highest evolution rates of C2H6 and H2. Further, the reaction
mechanism of NOCM was investigated under different reactive
atmospheres. Compared to the pure CH4 atmosphere, the C2H6

production was increased by O2 and H2O and decreased by CO2.
However, the H2 evolution rate was decreased in the order of
pure CH4 > CH4 + H2O > CH4 + CO2 > CH4 + O2. Thus, it could be
assumed that CO2 did not favor the NOCM because CO2 is
competitive for photoelectrons and inhibits the dehydrogena-
tion process, which is an important process for CH4 activation.
The decrease in H2 production could be attributed to the side
reaction CH4 + CO2 / CH3COO

− + H+, which would cause the
stoichiometric mismatch between H2 and C2H6. Under O2-free
conditions, C2H6 and H2 yields could remain stoichiometrically
matched (C2H6 : H2 = 1 : 1), indicating that the photocatalytic
NOCM proceeds by a dehydrogenative process. In situ electron
spin resonance (ESR) results showed the coupling between
electron-occupied oxygen vacancy (VO

+) and diamagnetic oxygen
ion (O−) according to the characteristic peaks at 1.960 and 1.957
(Fig. 17c and d). However, light illumination did not change the
VO

+ signal, indicating the lattice O atoms have no effect on the
NOCM process. Thus, the dehydrogenative coupling occurred at
the Zn2+ atoms. CH4 was polarized by the Zn plane, resulting in
Hd+–CH3

d− polarization to generate cCH3 radical and H+ via the
J. Mater. Chem. A, 2025, 13, 12712–12745 | 12735
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Fig. 17 (a) SEM image of Au/m-ZnO-4.8. (b) UV-vis spectra. In situ ESR spectra of (c) Au/m-ZnO-4.8 under CH4 atmosphere and (d) O deficiency
under CH4/H2O atmospheres. (e) Energy barrier of NOCM on Zn3O3H3(001)/Au(111). (f) CH4-TPD patterns.327 Copyright © 2018, Royal Society of
Chemistry.
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photoelectron transfer between ZnO and CH4. The plasmonic
hot electrons on Au NPs promoted the H2 formation. DFT
studies calculated the energy barrier of NOCM on Au/ZnO
photocatalyst (Fig. 17e). The results showed the advantage of
the polar Zn(001) surface in the generation of C2H6. The charge
analysis showed the interaction in charge transfer between ZnO
and Au, which means that Au activated the ZnO surface and
enhanced the CH4 chemisorption. Meanwhile, the CH4-TPD
results proved the enhancement of the CH4 dissociation on the
(001) facet by the electric eld coupling (Fig. 17f). Therefore,
this work provided convincing evidence for the important role
of the synergistic effect between ZnO ferroelectric material and
Au plasma in accelerating the CH4 activation and charge-carrier
interaction.

5. Potential role of ferroelectric effect
during photocatalytic methane
conversion

Based on the previous studies with convincing evidence of the
inuence of ferroelectric materials on photocatalytic processes,
the potential effects of ferroelectrics on the photocatalytic
methane conversion eld can be summarized as follows:

5.1. Promoting charge transfer

As a general effect, the polarization and corresponding built-in
electric eld are always mentioned and widely utilized when
researchers purposely introduce ferroelectric materials into
different photocatalytic systems. Considering that photo-
catalytic methane conversion systems must follow the general
steps of photocatalysis, the sustainable internal electric eld
derived from ferroelectric properties should enhance charge-
carrier transfer kinetics in this specic process.328 Meanwhile,
12736 | J. Mater. Chem. A, 2025, 13, 12712–12745
as mentioned before (Section 3.3.2), different polar surfaces will
lead to the separation of reduction and oxidation processes.
This also adjusts the transfer routes of electrons and holes
towards different surface sites, decreasing the recombination
possibility. In addition, the spatial selectivity of charges over the
ferroelectrics surface leads to energy band bending at the
interface when the polarized surface contacts with solution.329

This characteristic has been widely used in both photocatalytic
and electrocatalytic systems, because the negative surface/
electrode causes upward band bending, promoting the charge
migration from electrolyte/reactants to catalysts. On the
contrary, the positive surface/electrode leads to downward band
bending, enhancing charge transfer from ferroelectric catalysts
to electrolyte/reactants.330
5.2. Promoting reactant adsorption/activation

Although light illumination can directly promote chemical
bond cracking, the high C–H bond energy of this small hydro-
carbon molecule (CH4: ∼440 kJ mol−1) might arouse a suspi-
cion: is the light energy enough to complete the CH4

association? In this case, the photoexcited radical species (cOH
and h+) should be more reliable in order to activate CH4 mole-
cules. From this view, ferroelectric materials are able to create
a negatively polarized surface, which is benecial to oxygen-
containing active species, and further oxidizes CH4 to inter-
mediates or CH3OH.147 Depending on the atmosphere in the
reaction systems, the intermediates (i.e. cCH3) will take part in
the NOCM or OCM to obtain CO, CH3OH, or C2 products like
C2H6 as reviewed in the previous sections. Another potential
effect for accelerating reactant activation over ferroelectric
surfaces might be the adsorption–desorption enhancement. It
has been reported that the adsorption–desorption properties of
ferroelectric materials can be tuned according to the molecules
This journal is © The Royal Society of Chemistry 2025
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polarity.331,332 Even if CH4 is a non-polar molecule, products like
CO and CH3OH are polar molecules. This suggests the surface
states can be automatically switched during CH4 conversion
processes, promoting reactant adsorption and subsequent
activation, ensuring long-term reaction cycles. Further, DFT
calculations have conrmed that 2D ferroelectric materials are
able to control the adsorption energies, electron transfer, and
magnetic moment of adsorbed reactant molecules so that there
was a polarization-dependent gas adsorption behaviour over the
monolayer surface.333
5.3. Improving selectivity

Ferroelectric materials are able to switch reaction pathways to
obtain desired products without stopping the reaction process
and changing catalysts, demonstrating the great potential for
achieving high selectivity during methane conversion
systems.334 One approach to control the selectivity is the
surface polarization. When the absorbance is saturated, the
negative surface state will be switched to a positive state
reducing oxygen species so that the overoxidation can be
inhibited. Therefore, complex methane conversions can ach-
ieve high selectivity over a polarized surface.335 Besides, the
selective adsorption of reactants on the polarized surface can
effectively li the limitations imposed by Sabatier's prin-
ciple.336 For instance, the ferroelectric BiFeO3 could reduce the
charge recombination rate from 17 to 0.6 s−1 so that increased
4.4 times the photoelectric efficiency.337 The improvement
should be attributed to the compensation effect through elec-
tronic reconstruction when a built-in electric eld promotes
electron–hole separation.319,338 The changes in electron distri-
bution lead to different abilities of polarized surfaces towards
oxidation or reduction reactions. Thus, the switchable ferro-
electric polarization allows us to control the surface affinity to
desired redox reactions. Because ferroelectric materials always
have large band gaps and dielectric constants, using ferro-
electrics as triggers to control the dissociation of specic small
hydrocarbon molecules has been reported as a strategy to tune
the chemical selectivity.325 The ferroelectric matrix could
dynamically reduce the reaction barrier through polarization
manipulation to affect the local reaction pathways.339 In addi-
tion to changing the surface properties and reaction routes,
recently, a novel idea to control the selectivity based on ferro-
electric materials is using a ferroelectric eld to immobilize
active sites (i.e. cocatalyst on photocatalyst).340,341 To be specic,
during methane conversion reactions, depositing at cocatalyst
with a strong ability towards CH4 cracking over a holes-
accumulated surface under the assistance of a ferroelectric
eld promoted the directional oxidation of CH4 molecules and
the reversible reactions could be inhibited. However, the real
implementation of ferroelectric photocatalysts with ideal
selectivity is still challenging due to the large gap between
theoretical predictions and practical paradigms. Up to now,
these predictions have beenmainly realized in CO2RR and NRR
systems or ferroelectric electrocatalysts. These works make us
hold strong condence that ferroelectric systems should be
This journal is © The Royal Society of Chemistry 2025
widely and practically utilized in photocatalytic methane
conversion reactions in the near future.
6. Conclusions and outlook

The utilization of CH4 is one of the crucial steps in the transi-
tion from a fossil fuel energy system to a sustainable energy
system. The mainstream sources for renewably obtaining CH4

are currently based on anaerobic digesters, which convert cow
manure into natural gas, and CO2-based green chemistry
transfer routes, such as biochemical, (photo)electrochemical,
and photo(thermal) catalytic methods.342 Globally, more than
50% of H2 is produced through the reforming of CH4.343 Addi-
tionally, by producing higher hydrocarbons, various conversion
routes of methane are crucial to reducing the greenhouse gas
and achieving carbon neutralization. Therefore, clean produc-
tion and sustainable utilization of CH4 seem like a complete
and ideal strategy to deal with energy shortages and environ-
mental problems.

However, the C–H bond strength in CH4 is the biggest
obstacle to converting CH4 into added-value products. As
mentioned above, many thermal catalysts have been developed
to overcome this thermodynamic challenge. Kinetic models and
reaction pathways in these thermal catalytic systems are
continuously being elucidated. Nevertheless, the high temper-
ature needed for CH4 conversion processes leads to the inacti-
vation of thermal catalysts and even causes excessive CO2

emissions. Fortunately, with the extensive studies of environ-
mentally friendly photocatalysts, the harsh reaction conditions
needed in thermal catalytic methane conversion are being
gradually reduced, indicating that carbon neutralization
becomes possible. Currently, an important problem to be solved
in photocatalytic methane conversion is the insufficient effi-
ciency mainly due to the slow charge transfer. In this regard, the
ferroelectric-based photocatalysts are envisioned to play a key
role in manipulating the evolution efficiency and selectivity of
products from CH4 conversion by regulating the transfer
kinetics. Many efforts have been made in this interdisciplinary
eld so far, but some obstacles and deciencies still exist as
follows.
6.1. Development of novel photocatalysts using ferroelectric
materials

An increasing number of ferroelectric-assisted photocatalytic
systems have been designed and fabricated to participate in
reactions that produce the desired chemicals and clean energy
fuels (e.g., H2 from overall water splitting and CO from CO2

reduction). However, in the catalytic methane conversion eld,
research based on ferroelectric materials is still rare. Thus, the
excellent ability of ferroics should be further developed for
improving CH4 conversion efficiency. One of the possible
reasons is that some ferroelectric-based semiconductors do not
have suitable energy band structures to generate photoinduced
charge carriers with high redox capability. In addition, the work
function of certain ferroelectric materials is not sufficient to
promote the reduction process when electrons are transferred
J. Mater. Chem. A, 2025, 13, 12712–12745 | 12737
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to the ferroelectric co-catalyst surface. Thus, energy band
engineering is important for the design of ferroelectrics-
supported photocatalytic systems. However, it is not practical
to synthesize and experimentally test all candidate ferroelectrics
to obtain the details of the energy band and work function. DFT
calculations and hybrid functional calculations are useful to
determine the electronic structure and predict ideal ferroelec-
tric materials with sufficient redox ability and polarized state.
However, the high computational cost of these methods should
be considered for high throughput calculations. In addition,
machine learning (ML) has recently become a highly efficient
technique in materials data engineering to estimate various
parameters (e.g., Eg, CB, and VB) in materials. Thus, with the
improvement and supplementation of organic/inorganic data-
bases, the ML method could provide guidance for the discovery
and design of novel energy materials.

6.2. Emphasize the role of the ferroelectric effect

Ferroelectric materials have been widely used in various pho-
to(thermal)catalytic applications, but some works paid too
much attention to other properties (e.g., optical properties,
absorption/desorption abilities) in as-designed ferroic-based
photocatalysts instead of their intrinsic ferroelectric effect. In
particular, some outstanding works shown in this review also
used ferroelectric materials such as BiVO4 and SrTiO3,86,192 but
the authors only systematically investigated the inuence of
loaded co-catalyst or elemental doping on the photocatalytic
activity or selectivity. To some extent, the reason for this
problem is that the ferroelectric effect was not considered in the
key points during the initial design process. However, it is
known that the photocatalytic activity could be affected by
various factors, and even a small factor could have a non-
negligible effect on the overall photocatalytic efficiency. There-
fore, the function of the natural ferroelectric effect and the
accompanying built-in electric eld should gain more interest
when using ferroelectric materials not only for methane
conversion reactions but also for photocatalytic applications in
general.

6.3. Exploring new effects from ferroelectric materials

During the photocatalytic reactions, the electron spin
phenomenon plays an important role in electron migration and
thus photocatalytic efficiency. The electron spin could be
regulated by external elds like magnetic and electric elds.344

In detail, the spin–orbit coupling is able to change the spin
orientation of both electrons and holes from semiconductors.
Then the recombination between photoinduced charges will be
inhibited. The electrons scatter can gradually decrease the
impact from spin polarization, meaning that the spin polari-
zation with a longer lifetime can effectively promote charge
separation and transfer. From this perspective, a series of
ferroelectrics with a magnetic response called the magneto-
electric effect, could be a new path toward ferroelectrics-based
control of electron spin. It has been conrmed that some
single-phase ferroelectric materials like BiFeO3 could adjust the
spin behaviour via the interaction between intrinsic coupling
12738 | J. Mater. Chem. A, 2025, 13, 12712–12745
between electric and magnetic order parameters.345,346 Some
works also discussed the inuence of spin polarization in the
photocatalytic process.344 However, in the photocatalytic eld,
the investigation on the control of photoexcited electrons spin
via ferroelectric materials is still scarce, and this blank is no
exception in methane conversion areas. With the development
of theories about ferroelectric materials, the spin-related
mechanisms in ferroelectrics should obtain more attention
for full utilization in practical photocatalytic reactions.

6.4. Design of advanced reaction vectors

To further exploit the advantage of ferroelectric materials for
boosting photocatalytic methane conversion, the design or
update of reactors must be as important as the development of
ferroelectric materials. It has been conrmed that different
polarization states lead to the variation of adsorption/
desorption behaviour towards reactants on ferroelectric mate-
rials. Thus, if the updated reactors are able to periodically
control the surface state of ferroelectric photocatalysts, the
activity, and selectivity for specic hydrocarbon products,
especially C2 products, will be signicantly improved. Similarly,
there are some successful examples of piezoelectric/
pyroelectric-assisted photocatalytic systems, proving that this
proposal is reasonable and feasible. For example, the intro-
duction of an external ultrasonic device to excite the piezo-
electric effect, which forms a strong electric eld in
photocatalysts and thus improves the photocatalytic efficiency.
In addition to the external auxiliary device, advanced ow
reactors are more effective than conventional batch reactors.
Although the operation, cost, and safety are major challenges
for the design of ow reactors, some mature ow systems in
thermal catalysis are ideal references for photocatalytic gas–
solid two-phase reactions. Additionally, some membrane reac-
tors also have unique advantages in separating catalysts from
products aer reaction, lowering the operating temperature,
breaking the restriction of thermodynamic balance, and
improving the selectivity and activity. Membrane reactors are
expected to achieve the coupling of different photocatalytic
applications. Therefore, if more effort is devoted to the devel-
opment of reactors and assisted devices, ferroelectric-assisted
photocatalytic CH4 conversion will realize industrial applica-
tion at an early date.

6.5. Coupling of other photocatalytic reactions

Nowadays, (i) most products of methane conversion are raw
materials for downstream reactions, and (ii) ferroelectric-based
materials have been widely used for photocatalytic applications
beyond methane conversion. Taking these two points into
account, if some advanced reactors could separate specic
products of methane conversion, at least two photocatalytic
reactions including methane conversion could be simulta-
neously and continuously conducted on ferroelectric photo-
catalysts. In this case, the cost of industrial production could be
signicantly reduced by eliminating the transportation and
storage of intermediate raw materials. Meanwhile, other labour
costs and space occupied by chemical production equipment,
This journal is © The Royal Society of Chemistry 2025

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta08554j


Review Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
M

ar
ch

 2
02

5.
 D

ow
nl

oa
de

d 
on

 5
/2

0/
20

25
 1

2:
49

:4
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
which are difficult to calculate, could also be saved by reaction
coupling. However, to realize this goal, it is necessary to fabri-
cate excellent (ferroelectric-based)photocatalysts and the
aforementioned novel reaction vectors to overcome the complex
requirements of various catalytic reactions.
6.6. Investigation of enhancement and reaction mechanism

Compared with much scientic research focused on the devel-
opment of novel photocatalysts, few mechanisms are known
about each methane conversion technology. The transient
intermediates and local reaction pathways need to be studied in
detail because the surface state of ferroelectric materials may be
changed during CH4 conversion. Beyond the reaction mecha-
nism, little evidence has been provided to directly show the
effect of polarization on charge transfer dynamics at the nano or
micro-scale. Although some works claimed that electrons and
holes would separate to different locations under the inuence
of the ferroelectric effect, more characterization data should be
provided to demonstrate the migration or bias of photoexcited
charge carriers. For this problem, a series of advanced charac-
terization methods, such as in situ Fourier transform infrared
spectroscopy (FT-IR), in situ X-ray photoelectron spectroscopy,
piezoresponse force microscopy (PMF), and molecular probe
technology, were integrated with DFT-based calculations to
clarify both the enhancement and the reaction mechanism in
the photocatalytic eld. It is expected these advanced charac-
terization methods will provide a deeper insight into the
ferroelectric-assisted methane conversion eld.

It is undeniable that some high-level methane conversion
routes are still at a very early stage and that ferroelectric-assisted
catalysis, especially in the photocatalytic eld, is far from
industrial applications. However, this multidisciplinary eld
could develop rapidly with the presence of a new generation of
advanced characterization techniques and chemical synthesis
strategies. It is expected that more studies on ferroelectric-
assisted photocatalytic methane conversion will be carried out
in the coming years.
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308 Y. Lei, Á. Campos-Lend́ınez, X. Sala, J. Garćıa-Antón and
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M. Pumera, Adv. Mater., 2022, 34, 2206382.

310 J. L. Giocondi and G. S. Rohrer, Top. Catal., 2008, 49, 18.
311 G. F. Nataf, M. Guennou, J. Kreisel, P. Hicher, R. Haumont,

O. Aktas, E. K. H. Salje, L. Tortech, C. Mathieu,
D. Martinotti and N. Barrett, Phys. Rev. Mater., 2017, 1,
074410.

312 K. Garrity, A. M. Kolpak, S. Ismail-Beigi and E. I. Altman,
Adv. Mater., 2010, 22, 2969.

313 M. Du, W. Liu, N. Liu, Y. Ling and S. Kang, Nano Energy,
2024, 124, 109495.

314 S. Park, C. W. Lee, M.-G. Kang, S. Kim, H. J. Kim, J. E. Kwon,
S. Y. Park, C.-Y. Kang, K. S. Hong and K. T. Nam, Phys.
Chem. Chem. Phys., 2014, 16, 10408.

315 F. Wu, Y. Yu, H. Yang, L. N. German, Z. Li, J. Chen,W. Yang,
L. Huang, W. Shi, L. Wang and X. Wang, Adv. Mater., 2017,
29, 1701432.

316 W. Li, F. Wang, M. Li, X. Chen, Z. Ren, H. Tian, X. Li, Y. Lu
and G. Han, Nano Energy, 2018, 45, 304.

317 R. Munprom, P. A. Salvador and G. S. Rohrer, J. Mater.
Chem. A, 2016, 4, 2951.

318 N. V. Burbure, P. A. Salvador and G. S. Rohrer, Chem.
Mater., 2010, 22, 5831.

319 A. Kakekhani and S. Ismail-Beigi, ACS Catal., 2015, 5, 4537.
320 N. P. Zangeneh, S. Sharifnia and E. Karamian, Environ. Sci.

Pollut. Res., 2020, 27, 5912.
321 Z. Du, C. Petru, X. Yang, F. Chen, S. Fang, F. Pan, Y. Gang,

H.-C. Zhou, Y. H. Hu and Y. Li, J. CO2 Util., 2023, 67,
102317.

322 L. Jiang, Y. Zhang, Y. Qiu and Z. Yi, RSC Adv., 2014, 4, 3165.
323 R. Von der Mühll, A. Sadel and P. Hagenmuller, J. Solid

State Chem., 1984, 51, 176.
This journal is © The Royal Society of Chemistry 2025
324 K. Garrity, A. Kakekhani, A. Kolpak and S. Ismail-Beigi,
Phys. Rev. B: Condens. Matter Mater. Phys., 2013, 88, 045401.

325 B. O. Alawode and A. M. Kolpak, J. Phys. Chem. Lett., 2016, 7,
1310.

326 Z. Li, M. A. Boda, X. Pan and Z. Yi, ACS Sustain. Chem. Eng.,
2019, 7, 19042.

327 L. Meng, Z. Chen, Z. Ma, S. He, Y. Hou, H.-H. Li, R. Yuan,
X.-H. Huang, X. Wang, X. Wang and J. Long, Energy
Environ. Sci., 2018, 11, 294.

328 B. Dai, Y. Chen, S. Hao, H. Huang, J. Kou, C. Lu, Z. Lin and
Z. Xu, J. Phys. Chem. Lett., 2020, 11, 7407.

329 A. M. Schultz, Y. Zhang, P. A. Salvador and G. S. Rohrer, ACS
Appl. Mater. Interfaces, 2011, 3, 1562.

330 H. S. Kushwaha, A. Halder and R. Vaish, J. Mater. Sci., 2018,
53, 1414.

331 Y. Yun and E. I. Altman, J. Am. Chem. Soc., 2007, 129, 15684.
332 M. H. Zhao, D. A. Bonnell and J. M. Vohs, Surf. Sci., 2008,

602, 2849.
333 X. Tang, J. Shang, Y. Ma, Y. Gu, C. Chen and L. Kou, ACS

Appl. Mater. Interfaces, 2020, 12, 39561.
334 T. L. Wan, L. Ge, Y. Pan, Q. Yuan, L. Liu, S. Sarina and

L. Kou, Nanoscale, 2021, 13, 7096.
335 J. Y. Y. Loh, N. P. Kherani and G. A. Ozin, Nat. Sustainability,

2021, 4, 466.
336 W. Ding, J. Lu, X. Tang, L. Kou and L. Liu, ACS Omega, 2023,

8, 6164.
337 J. Xie, C. Guo, P. Yang, X. Wang, D. Liu and C. M. Li, Nano

Energy, 2017, 31, 28.
338 C. Noguera, J. Phys.: Condens. Matter, 2000, 12, R367.
339 A. M. Kolpak, I. Grinberg and A. M. Rappe, Phys. Rev. Lett.,

2007, 98, 166101.
340 C. Zhen, J. C. Yu, G. Liu and H.-M. Cheng, Chem. Commun.,

2014, 50, 10416.
341 F. Chen, Z. Ren, S. Gong, X. Li, G. Shen and G. Han, Chem.–

Eur. J., 2016, 22, 12160.
342 A. J. Welch, I. A. Digdaya, R. Kent, P. Ghougassian,

H. A. Atwater and C. Xiang, ACS Energy Lett., 2021, 1540.
343 J. Baltrusaitis, I. Jansen and J. D. Schuttleeld Christus,

Catal. Sci. Technol., 2014, 4, 2397.
344 R. Li, L.-P. Qiu, S.-Z. Cao, Z. Li, S.-L. Gao, J. Zhang,

S. Ramakrishna, Y.-Z. Long, R. Li, L.-P. Qiu, S.-Z. Cao,
Z. Li, S.-L. Gao, J. Zhang, Y.-Z. Long and S. Ramakrishna,
Adv. Funct. Mater., 2024, 2316725.

345 P. Rovillain, R. de Sousa, Y. Gallais, A. Sacuto,
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