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ABSTRACT: The  direct  conversion  of  abundant  methane
into  valuable  products  represents  a  promising  strategy  for
constructing  new  chemical  synthesis  networks.  However,
conventional  thermocatalysis  often  suffers  from  moderate
selectivity  and stability  due to  the  harsh  reaction  conditions
required  for  methane  activation,  while  photocatalysis
typically  exhibits  low  conversion  rates  owing  to  intrinsic
limitations  such  as  charge  recombination  and  poor  mass
transfer. Photo-thermo synergistic catalysis has emerged as
a  next-generation  approach  that  integrates  photo  and
thermal  energy  inputs,  leveraging  photons  to  overcome
activation  barriers  and  phonons  to  accelerate  bulk/surface
kinetics,  thereby  addressing  the  limitations  of  single-energy
systems.  In  this  review,  we  clarify  the  advantages  and
limitations of  dual-energy versus single-energy approaches,
explain four distinct synergistic modes between photo and thermo, and summarise recent strategies for methane valorisation
into a range of valuable products. We also discuss the roles of photon and phonon in modulating reaction kinetics and product
selectivity.  Finally,  we  propose  insights  into  current  challenges  and  potential  solutions,  including  scientific  performance
evaluation, expansion of product scope, development of dual-energy in-situ characterisation techniques, photo-thermo reactor
design, and AI-driven catalyst discovery.
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 1    Introduction
Methane,  the  primary  component  of  natural  gas,  biogas,  shale  gas
and  combustible  ice,  is  an  abundant  and  readily  accessible  C1
building  block  for  constructing  diverse  chemical  synthesis
networks1−4.  Beyond  its  industrial  relevance,  the  direct  conversion
of  methane  also  offers  substantial  environmental  benefits,  as
methane is a potent greenhouse gas5.

However,  methane  is  an  exceptionally  inert  molecule  due  to  its
symmetrical  tetrahedral  geometry,  strong  C–H  bonding  energy
(439 kJ∙mol–1), negligible electron affinity, and low polarisability4, 6.
Consequently,  conventional  thermocatalytic  conversion  requires
harsh  reaction  conditions  to  overcome  the  significant  kinetic
barrier,  typically  involving  high  temperatures  (600–1100  °C),
elevated  pressures  (30–200  bars),  and  strong  oxidants7−9.  These
conditions  impose  several  limitations  on  direct  methane
conversion:  1)  the  reaction  tends  to  favour  thermodynamically

stable  byproducts  such  as  coke,  CO2,  driven  by  overheated  and
disordered  reaction  pathways10, 11;  2)  the  non-selective,  three-
dimensional  energy  input  leads  to  excessive  molecular  vibrations
and  energy  dissipation,  reducing  overall  energy  efficiency10.  As  a
result, despite decades of research, the yield and selectivity of direct
methane  conversion  remain  insufficient  to  justify  the  high  energy
input, capital costs, limited catalyst lifetimes, and associated carbon
footprint.

Photocatalysis,  which  utilises  photons  as  an  alternative
driving  force,  offers  a  promising  strategy  to  overcome  the
kinetic-thermodynamic  constraints  associated  with  methane
activation6, 12−15. Specifically: 1) the targeted delivery of high-energy
input (a few eV) to selected molecules enables the circumvention of
thermodynamic  equilibrium  constraints;  2)  photoexcited  charge
carriers  can  preactivate  the  C–H  bond,  thereby  reducing  the
activation  energy.  Consequently,  photocatalytic  methane
conversion  has  achieved  notable  success  in  producing  a  variety  of
value-added products, such as ethane/ethylene, benzene, methanol,
ethanol  and  formaldehyde,  with  high  selectivity  under  mild
conditions, even at room temperature6, 12. Nevertheless, its practical
application remains constrained by several intrinsic challenges, such
as slow mass transfer, limited light-harvesting capability, and rapid
charge  carrier  recombination16−18.  These  limitations  result  in  low
methane conversion rates (typically 10–100 times lower than those
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achieved  via  thermocatalysis)  and  poor  quantum  efficiencies
(generally < 20%)6, 19.

In  recent  years,  photo-thermo  synergistic  catalysis  has  emerged
as  a  next-generation  platform  for  methane  activation,  integrating
the  complementary  advantages  of  both  photocatalysis  and
thermocatalysis  (Fig.  1).  This  dual-energy  approach  effectively
addresses  the  limitations  associated  with  single-energy  driving
forces20−22.  Briefly,  it  enables  the use of  photons to overcome high
activation  barriers,  such  as  C–H  bond  cleavage  and  oxidant
activation,  while  simultaneously  harnessing  phonons  to  accelerate
key  elementary  steps  including  mass  and  charge  transfer,
intermediates  migration,  and  bond  reconstruction.  Despite  its
promising  potential,  the  application  of  photo-thermo  synergistic
catalysis  in  direct  methane  conversion  remains  in  its  early  stages.
Several  methane conversion processes,  such as steam reforming of
methane (SRM)23, 24, dry reforming of methane (DRM)25, 26, partial
oxidation  of  methane  (POM)27, 28 and  oxidative/non-oxidative
coupling  of  methane  (OCM/NOCM)29, 30,  have  been  successfully
implemented  using  photo-thermo  synergistic  mechanisms.  These
approaches have yielded a wide range of valuable products from C1
to  C3 compounds,  including  syngas  (CO/H2),  C1 (methanol,
formaldehyde,  formic  acid),  C2 (ethylene/ethane,  ethanol,  acetic
acid),  and  C3 (propane)  products,  thereby  significantly  enriching
the  methane  conversion  landscape.  Notably,  these  strategies  have
shown  significantly  enhanced  reactivity,  often  achieving  yields
several to dozens of times higher than conventional photocatalysis,
while  maintaining  high  selectivity  (typically  >  90%)  and  excellent
stability over extended durations (ranging from tens to hundreds of
hours)  compared  to  conventional  thermocatalysis.  A  variety  of
multifunctional catalysts tailored to different reaction environments
have  been  explored.  Four  distinct  modes  of  photo-thermo
synergistic  catalysis  have  been  identified.  The  associated
photophysics and surface chemistry have also been elucidated in the
new systems.

This  review  seeks  to  deliver  a  timely  and  comprehensive
overview of photo-thermo catalytic methane conversion. We begin

by elucidating the fundamental principles underlying the synergistic
interactions  between  photon  and  phonon.  Next,  we  summarise
recent advances in catalyst design and reaction system engineering,
with particular emphasis on the roles of photo and thermal energy
in  enhancing  selectivity  and  accelerating  yields  of  C1–C3 desired
products. Finally, we highlight the key challenges that remain in this
emerging field and offer perspectives on future directions, including
performance  benchmarking,  broadening  the  product  scope,  real-
time  mechanistic  investigations,  reactor  design,  and  AI-driven
catalyst discovery.

 2    Types  of  photo-thermo  synergistic
catalysis
The complex interplay between photo and thermal stimuli in photo-
thermo  catalytic  methane  conversion  systems  necessitates  a  clear
classification  to  advance  mechanistic  understanding  and  guide
material  design  and  reaction  system  engineering.  The  synergistic
photo-thermo  effects  in  methane  conversion  can  be  categorised
into  four  distinct  modes:  thermo-assisted  photocatalysis,  photo-
enhanced  thermocatalysis,  photo-thermo  cascade  catalysis,  and
photo-to-thermo  catalysis,  as  shown  in Fig.  2.  In  certain  cases,
multiple  mechanisms  may  coexist  within  a  single  reaction  system.
This  framework  clarifies  the  distinct  roles  of  photon  and  phonon,
providing  a  robust  foundation  for  investigating  and  optimising
catalytic performance in methane conversion processes.

 2.1    Thermo-assisted photocatalysis
Thermo-assisted  photocatalysis  refers  to  a  process  in  which  light
serves  as  the  primary driving force  for  the  reaction,  while  thermal
energy plays a supportive role in enhancing efficiency. This process
typically  occurs  at  relatively  low  temperatures  (<  250  °C)  and
cannot be driven solely by thermal energy due to the high kinetic or
thermodynamic  barriers.  The  introduction  of  photons  can
overcome  these  barriers,  facilitating  a  thermodynamically
favourable “downhill” reaction21.  In  this  mechanism,  the

 

Fig. 1.    Thermocatalytic, photocatalytic and photo-thermo catalytic direct methane conversion.
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photocatalytic  component  absorbs  photons  with  energy  (on  the
order  of  a  few  eV)  equal  to  or  greater  than  its  bandgap,  exciting
electrons  to  the  conduction band and leaving  holes  in  the  valence
band6, 31.  While  some  photogenerated  electron-hole  pairs  may
recombine,  the  remaining  charge  carriers  migrate  to  the  surface,
where  they  drive  the  activation  of  substrate  molecules  (e.g.,  CH4,
H2O,  O2,  and  H2O2).  Thermal  energy  can  contribute  to  three
fundamental  steps  (Fig.  2a):  1)  charge  excitation:  for  indirect
semiconductors,  thermal  energy  (phonons)  compensates  for
momentum  mismatch  during  light-induced  electronic  transitions
from the valence band to the conduction band, enhancing electron
excitation  efficiency32.  Additionally,  thermal  energy  can  elevate
electrons  to  higher  energy  states,  increasing  their  driving  force  in
specific  cases33, 34.  2)  charge  transfer:  thermal  energy  facilitates  the
release  and  hopping  of  charge  carriers  between  discrete  localized
states,  improving  carrier  mobility,  reducing  transport  resistance,
and enabling efficient surface charge accumulation for reactions35, 36.
3)  surface  reaction  kinetics:  thermal  energy  (0.1–1  eV)  accelerates
surface elementary steps  by enhancing the migration and collision

frequency  of  reactants  and  intermediates,  aiding  bond  activation,
cleavage and reconstruction,  and promoting the timely desorption
of products6, 12, 17, 22, 31, 37, 38.

In  methane  conversion,  thermo-assisted  photocatalysis  has
proven  particularly  effective  for  reactions  such  as  POM,  NOCM,
and OCM, where precise control over the partial dehydrogenation
of CH4 is often critical. In this synergistic approach, C–H activation
is  primarily  achieved  by  the  photocatalytic  component,  either
through photohole abstraction or reactive oxidative species such as
·OH  cleavage.  Both  mechanisms  require  a  valence  band  with
sufficiently positive potential; thus, oxide semiconductors like TiO2,
ZnO, and CeO2 are commonly employed due to their O 2p orbitals
derived valence bands27, 29, 30, which can reach potentials as high as
~ 3 V vs. NHE39. To further enhance activity and selectivity, noble
metals such as Au, Pd, and Pt and their derivatives (e.g., alloys) are
frequently integrated with the semiconductor matrix. These metals
contribute  through  different  aspects,  including  C–H  bond
preactivation,  facilitation  of  charge  transfer,  regulation  of  oxygen-
containing  radicals,  and  tuning  of  redox  potentials30, 40−42.  The
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Fig. 2.    Synergistic  effects  in  four  photo-thermo  catalytic  modes:  a, thermo-assisted  photocatalysis; b, photo-enhanced  thermocatalysis; c, photo-thermo  cascade
catalysis; d, photo-to-thermo catalysis.
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desired  products  often  result  from  the  recombination  of  two  or
more  radical  species  (e.g.,  CH3·  +  CH3·,  CH3·  +  ·OH).  Therefore,
mild  thermal  input  from an  external  source  is  typically  applied  to
the  entire  reaction  system  to  facilitate  this  process  on  the  catalyst
surface  or  reaction  environment,  rather  than  being  targeted  at  a
dedicated thermocatalytic component. Moreover, emerging systems
are incorporating absorptive materials to harness low-energy, long-
wavelength  photons  for  localised  thermal  generation43.  Examples
include  surface  plasmonic  metals  and  carbon-based  materials,
which  enable  efficient  utilisation  of  solar  spectrum and  contribute
to the thermal enhancement of photocatalytic processes28, 44.

 2.2    Photo-enhanced thermocatalysis
Photo-enhanced thermocatalysis  refers to a process where thermal
energy serves as the primary driving force, enabling reactions even
under dark conditions (typically at elevated temperatures > 300 °C),
while  light  plays  a  promotional  role  in  enhancing  selectivity,
stability,  or  energy  efficiency.  In  such  systems,  light  alone  is
insufficient to drive the reaction. For instance, in the DRM reaction,
the reduction potential required for CO2 activation could be low to
−1.9  V  versus  normal  hydrogen  electrode  (NHE),  while  the
oxidation  potential  for  CH4 oxidation  is  around  +1.7  V  versus
NHE45, 46.  This  results  in  a  minimum  bandgap  requirement  of
3.6  eV,  which  exceeds  the  capabilities  of  most  common
semiconductors47,  rendering  direct  photocatalytic  activation
challenging.

The thermocatalytic component in this mechanism involves five
classical  sequential  steps:  reactant  adsorption,  bond  activation,
intermediates  formation,  products  formation,  and  products
desorption48. Each step has distinct energy barriers, with the overall
reaction  rate  typically  governed  by  the  step  with  the  highest
activation  energy  (Ea).  In  conventional  thermocatalysis,  thermal
energy alone overcomes these barriers. In contrast, photo-enhanced
thermocatalysis  leverages  photon  excitation  to  contribute  in  three
key  ways  (Fig.  2b):  1)  photoelectrons/photoholes  generated  from
the semiconductor component can be injected into the antibonding
orbitals  of  reactant  molecules24, 31,  facilitating  targeted  bond
weakening  and  electronic  redistribution,  thereby  lowering  the
energy  barriers  of  critical  reaction  steps24.  2)  metallic  components
exhibiting  localised  surface  plasmon  resonance  (LSPR)  effects  can
not  only  donate  the  active  hot  carriers  to  activate  the  substrates,
similar  to  conventional  photocarriers,  but  also  modulate  metal
nanoparticles’ work function and d-band centre through hot charge
accumulation24, 49, 50.  This  alters  the  adsorption  and  preactivation
behaviour of  substrate  molecules,  enhancing catalytic  efficiency.  3)
in certain cases, photogenerated charge carriers can induce dynamic
surface  reconstruction,  such  as  increasing  the  concentration  of
oxygen  vacancies51−53,  which  enriches  active  sites  and  enhances
catalytic performance.

This photo-thermo synergistic mode is mainly employed in SRM
and  DRM  reactions.  A  key  reason  for  its  effectiveness  in  these
reactions is that the desired products, CO and H2,  are the result of
complete  dehydrogenation of  CH4.  This  allows  for  the  application
of elevated temperatures to meet both kinetic and thermodynamic
requirements  without  the  risk  of  overreaction  or  undesired  side
products.  Since  thermal  energy  also  contributes  significantly  to
C–H  bond  activation  in  these  systems,  the  band  position  of  the
photocatalytic  component  is  less  critical  compared  to  thermo-
assisted photocatalysis, which relies more heavily on photocatalytic
C–H activation. Consequently, the range of suitable catalysts is not

limited  to  metal  oxide  semiconductors.  Catalyst  design  in  this
context is primarily inspired by thermocatalysis, with metals known
for their strong C–H cleavage capabilities, such as Ni, Rh, and Ru,
being  particularly  favoured54.  To  harness  the  energetic  carriers
generated  by  photon  excitation,  these  metals  are  often  integrated
with  semiconductors  (e.g.,  CeO2,  TiN,  and  SrTiO3)  or  plasmonic
metals  (e.g.,  Au  and  Cu)  through  strategies  such  as  surface
decoration,  alloying,  or  lattice  substitution25, 55−57.  Recently,  high-
entropy materials have emerged as a versatile platform for tailoring
catalytic  properties  and  assembling  multifunctional  components.
This  includes  the  development  of  high-entropy  alloy  catalytic
centres (e.g., CoNiRuRhPd) and high-entropy oxide supports (e.g.,
CoNiFeZnCrOx)58, 59.  Despite  these  innovations,  it  is  evident  that
the most effective catalytic components remain largely unchanged,
underscoring the enduring relevance of well-established active sites
in methane reforming reactions.

 2.3    Photo-thermo cascade catalysis
Photo-thermo cascade catalysis represents a novel synergistic mode
in which photocatalysis and thermocatalysis are temporally and/or
spatially  separated,  enabling  a  stepwise  mechanism  where  photon
and phonon independently  drive  distinct  elementary  steps.  In  this
process, reactants are first converted into intermediate products via
either  light- or  thermo-driven  step,  followed  by  their
transformation  into  final  products  under  a  different  energy  input.
Unlike the transient intermediates in thermo-assisted photocatalysis
and photo-enhanced thermocatalysis, which rapidly convert to final
products  within  a  single  reaction  step,  photo-thermo  cascade
catalysis  generates  intermediate  species  that  can  accumulate  or
persist until the second energy input is applied. This catalytic mode
can  be  broadly  categorised  into  two  types  (Fig.  2c):  1)  a  single
catalyst  system  in  which  both  photo- and  thermo-driven  steps
occur  by  varying  the  energy  input27.  2)  a  dual-component  system
comprising  two  distinct  catalytic  materials,  one  activated  by
photons and the other by phonons, where intermediates generated
on  one  catalyst  are  subsequently  transformed  on  the  other38.  The
fundamental mechanisms of the photocatalytic and thermocatalytic
components align with those discussed in Sections 2.1 and 2.2.

Although  photo-thermo  cascade  catalysis  presents  an  ideal
platform for  designing  diverse  reaction  pathways,  enabling  precise
control  over  intermediate  formation and directional  conversion,  it
remains significantly underexplored. To date, only two applications
of photo-thermo cascade catalysis have been reported, both related
to  POM  with  formaldehyde  and  formic  acid  as  products,
respectively27, 60.  These  reactions  were  initiated  by  photon-driven
C–H activation; therefore, typical metal oxide semiconductors such
as ZnO and TiO2 were employed as the primary photocatalytic base
due to  their  strong oxidative  potential,  as  discussed in Section 2.1.
Interestingly, a dedicated thermocatalytic component is not always
required  to  achieve  sequential  transformation;  in  some  cases,
intermediates can undergo spontaneous conversion with the input
of  thermal  energy27.  Notably,  there  are  no  reported  examples  of
photo-thermo  cascade  catalysis  initiated  via  thermocatalytic  C–H
activation.  This  may  be  attributed  to  the  inherent  challenge  of
controlling  reactive  intermediates,  as  many products  derived  from
CH4 conversion  are  more  reactive  than  CH4 itself,  making  it
difficult to arrest the reaction at intermediate stages12. To overcome
this  limitation,  spatially  separated  cascade  catalytic  systems,
constructed by assembling two distinct functional units, may offer a
promising  alternative  to  conventional  multicomponent  catalyst
design.
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 2.4    Photo-to-thermo catalysis
Photo-to-thermo catalysis converts light energy into thermal energy
to  drive  thermocatalytic  reactions  without  external  heating.
Localised  heat  is  generated  via  two  primary  photons-to-phonons
pathways  (Fig.  2d):  LSPR  and  non-radiative  recombination  of
charge carriers in semiconductors. In LSPR, metallic nanostructures
undergo  collective  oscillation  of  conduction  electrons  under  light
irradiation,  concentrating  electromagnetic  energy  at  the  surface.
This energy is subsequently converted into heat via a series of non-
radiative  processes,  such  as  Landau  damping,  electron-electron
scattering,  electron-phonon  coupling,  and  phonon-phonon
interactions22, 61−63.  On  the  other  hand,  in  semiconductors  with
narrow  bandgaps,  photogenerated  electrons  and  holes  release
electronic  energy  as  lattice  vibrations  (phonons)  during  relaxation
to lower energy states and recombination, serving as a localised heat
source20.

In  contrast  to  conventional  thermocatalysis,  which  relies  on
external  heating  to  achieve  relatively  uniform  bulk  temperatures,
the  photo-to-thermo  catalytic  pathway  delivers  energy  directly  to
optically  active  nanoscale  domains31, 38.  This  approach  enables
precise,  site-specific,  and  energy-efficient  heating,  minimising
energy  losses  to  non-catalytic  components  (e.g.,  reactor  walls).
Moreover,  localised  heating  can  also  generate  vertical  temperature
gradients  across  catalyst  layers  and  interfaces  through  subtle
manipulation, creating tailored microenvironments that address the
distinct  kinetic  and  thermodynamic  requirements  of  individual
elementary  reaction  steps64.  This  capability  mitigates  conflicting
temperature  demands  at  the  nanoscale,  thereby  enhancing  the
overall efficiency of the catalytic process. By harnessing the full solar
spectrum, photo-to-thermo catalysis offers a sustainable alternative
to fossil fuel-based energy inputs.

Since  the  intrinsic  nature  of  this  mode  as  thermocatalysis,  high
temperatures,  comparable  to  those  used  in  conventional
thermocatalysis,  are  required  for  effective  CH4 activation.  As
discussed  in  Section  2.2,  DRM  is  particularly  well-suited  to  this
approach.  Materials  with  superior  light  absorption  capabilities,
encompassing  both  broad  spectral  responsiveness  and  high
absorption  efficiency,  are  ideal  supports  for  assembling  with
thermocatalysts.  Carbon-based  materials,  such  as  carbides,  are
especially  promising  due  to  their  extremely  narrow  bandgaps  and
responsiveness extending into the infrared region65. However, when
both  photocatalysis  and  photo-to-thermo  catalysis  are  involved  at
the same time under light irradiation, the resulting enhancement in
thermodynamic efficiency in DRM surpasses that achieved through
photo-to-thermo catalysis alone43. Consequently, this mode is more
commonly  integrated  with  other  catalytic  strategies  rather  than
employed  in  isolation.  Many  catalysts  have  thus  been  developed
based on plasmonic metals, such as NiCu and RuCu, leveraging the
dual  functionality  of  Cu  as  a  contributor  to  both  thermal  energy
and hot carrier generation56, 66. It is important to clarify that photo-
to-thermo catalysis is distinct from the photo-to-thermo effect. The
key  difference  lies  in  their  functional  roles:  photo-to-thermo
catalysis refers to a process in which thermal energy generated from
photon  absorption  can  drive  the  chemical  reaction  without  the
need for coupling with other catalytic modes. In contrast, the photo-
to-thermo  effect  can  occur  more  broadly  across  various  systems
and  does  not  necessarily  initiate  or  sustain  a  reaction  on  its  own.
Instead,  it  often  serves  to  enhance  existing  processes,  such  as
accelerating migration and desorption kinetics.

 3    Photo-thermo  catalytic  methane
conversion
Photo-thermo  synergistic  catalysis  has  enabled  the  production  of
diverse  products  in  recent  years,  driven  by  the  development  of
multifunctional catalysts and co-catalysts integrated into innovative
reaction  systems.  These  systems  show  superior  performance
compared to processes driven by a single energy source. This review
focuses on representative methane conversion products, elucidating
the  complementary  roles  of  light  and  heat  in  these  processes.  By
providing  a  comprehensive  overview  of  recent  advancements,  we
aim  to  highlight  the  transformative  potential  of  photo-thermo
catalysis in sustainable methane valorisation.

 3.1    Methane to C1 chemicals

 3.1.1    Methanol

The conversion of methane (CH4) to methanol (CH3OH) requires
the  incorporation  of  an  additional  oxygen  atom,  typically  sourced
from O2, H2O, or H2O2, necessitating the co-activation of CH4 and
oxygen-containing reactants. In conventional thermocatalysis, H2O2
is  often used as an oxygen source due to its controllable reactivity,
but  its  high cost  exceeds that  of  methanol  itself67.  Using O2 as  the
oxidant  at  elevated  temperatures  risks  overoxidation,  as  reactive
oxide  radicals  may  form  randomly  and  CH3OH  is  more  reactive
than CH4

12. The high bond energy of H2O (O–H, ~ 492 kJ∙mol−1)68

demands  high  temperatures  for  activation,  often  leading  to  deep
dehydrogenation of  CH4 and significant  energy consumption69.  In
contrast, photocatalysis enables precise activation of O2 and H2O to
generate specific  oxygen-containing radicals  through tailored band
structure  design47, 70,  as  shown  in Fig.  3a.  Consequently,  thermo-
assisted photocatalysis,  where the photocatalytic  component serves
as  the  main  driver,  is  widely  employed  for  methane-to-methanol
conversion.  In  particular,  photoexcitation  can  also  facilitate  C–H
bond  activation  under  mild  conditions  through  generating  active
species, such as photohole71 and ·OH radical28, 72, 73. Thermal energy
promotes  the  kinetics  of  some  surface  reactions,  such  as  the
collision of CH3·  and ·OH radicals, timely CH3OH desorption28, 73,
further improving CH3OH yield compared to photocatalysis alone.

A notable example of thermo-assisted photocatalysis is shown by
a  single  atom  Au/black  phosphorus  (BP)  catalyst  operating  in
aqueous  media  under  visible  light  irradiation  at  90  °C73.  In  this
system, BP functioned as the photocatalytic component, generating
photoelectron  and  photohole  pairs.  Photoelectrons  reduced  O2 to
superoxide  radicals,  which  recombined  with  photoholes  to  form
singlet  O2.  Singlet  O2 then  reacted  with  water  to  produce  surface
hydroxyl  groups  and  ·OH radicals.  The  hydroxyl  groups  activated
C–H  bond  of  methane  to  form  CH3*,  which  further  reacted  with
·OH to yield  CH3OH. Throughout  this  process,  thermal  energy at
90  °C  overcame  residual  barriers,  accelerating  each  reaction  step
and,  crucially,  facilitating  CH3OH  desorption  to  achieve  >  99%
CH3OH selectivity.

Although thermal energy may not always directly drive reaction
steps,  its  indirect  contributions,  such  as  enhanced  substrate
diffusion,  significantly  boost  production  rates,  as  shown  by  the
Pd1FeOx/aUiO(H)  catalyst28.  This  catalyst  employed  a  metal-
organic framework (MOF) decorated with atomically dispersed Pd
and  Fe  sites  to  construct  a  photocatalytic  nanoreactor.  In  this
system, photoelectrons reacted with O2 and H2O to generate H2O2
in-situ at  the  Pd  sites.  The  H2O2 subsequently  oxidised  Fe  sites  to
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FeIV=O  species,  releasing  ·OH  radicals.  CH3·,  generated  via
homolytic  C–H  bond  cleavage  by  FeIV=O,  then  recombined  with
·OH  radicals  to  yield  CH3OH.  Unfortunately,  under  ambient
conditions (25 °C),  water  vapour tended to accumulate  within the
MOF pores, severely hindering the diffusion of other reactants (e.g.,
O2 and  CH4)  and  diluting  the  concentration  of  the  crucial  H2O2
intermediate. Interestingly, thermal energy could play a pivotal role
in  interfacial  water  management.  By  increasing  the  reaction
temperature to 75 °C, water uptake was reduced by approximately
sixfold,  thereby  minimising  water  retention  and  enhancing  the
diffusion of reactants and timely desorption of products. As shown
in Fig.  3b,  this  temperature  increase  led  to  a  nearly  three-fold
enhancement  in  methanol  yield,  while  selectivity  improved  from
85%  to  100%.  To  eliminate  the  need  for  external  heating  while
maintaining  elevated  reaction  temperatures,  a  carbon-based  gas
diffusion  layer  was  integrated  to  form  a  hybrid  MOF  membrane.
This  design  harnesses  infrared  light  from  the  solar  spectrum  to
initiate  a  photo-to-thermo  pathway,  while  reserving  UV–Vis  light
for  the  photocatalytic  components.  As  a  result,  this  system
was  successfully  operated  under  outdoor  sunlight  in  an  unusual

thermo-assisted  photocatalysis  process  without  any  additional
energy input.

In  addition,  photo-enhanced  thermocatalysis  has  also  been
reported  as  an  alternative  synergistic  mechanism  for  methanol
synthesis74, 75.  For  instance,  a  dual-functional  Cu-MOR/g-C3N4
catalyst was designed, in which Cu species were responsible for the
thermocatalytic  activation of  methane,  while  g-C3N4 facilitated  the
photocatalytic  regeneration of  active Cu sites.  During the reaction,
thermally  activated  CuxOy species,  formed  via  O2 activation  at
200  °C,  enabled  methane  conversion  to  CH3OH.  However,  the
reduced  CuxOy−1 species  required  reoxidation  by  O2 to  restore
catalytic  activity,  a  step  that  limited  overall  efficiency.  The
incorporation  of  g-C3N4 addressed  this  bottleneck  by  accelerating
the regeneration of active Cu sties. Specially, photoelectrons from g-
C3N4 reacted  with  O2 to  generate  superoxide  radicals,  which
promoted the reoxidation of  CuxOy−1 back to CuxOy.  This  indirect
photocatalytic  assistance  led  to  a  25.9%  increase  in  CH3OH  yield.
This  photocatalytic  component  did  not  directly  activate  methane
but  instead  sustained  the  catalytic  cycle,  which  enriches  the
mechanistic landscape of methane-to-methanol conversion.

 

a

b

d

c

Fig. 3.    Photo-thermo  catalytic  methane  conversion  to  C1 oxygenates.  a, Redox  potentials  relevant  to  methane  activation  and  the  generation  of  active  oxygen-
containing species. b, CH3OH yield and selectivity on Pd1FeOx/aUiO(H) catalyst at different temperatures. Reproduced with permission from Ref.28, © Hao, Y. et al. 2025.
c, Mechanism of photo-thermo cascade catalysis for methane oxidation to formaldehyde over the Ru-ZnO catalyst. Reproduced with permission from Ref.27, © Xu, Y. et
al. 2024. d, Different assembly modes of CsPW-TiO2 and Ru/Al2O3 catalysts for methane oxidation. Reproduced with permission from Ref.60, © Elsevier Ltd. 2023.
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 3.1.2    Formaldehyde

Apart  from  CH3OH,  formaldehyde  (HCHO)  is  another  widely
studied  oxygenate  produced  via  direct  methane  conversion76.
Achieving  HCHO  formation  requires  further  dehydrogenation
(oxidation)  for  the  carbon  atom  compared  to  CH3OH,  with  a
change  in  oxidation  state  from −2  to  0.  Consequently,  controlling
selectivity  in  the  direct  conversion  of  methane  to  formaldehyde  is
particularly  challenging  due  to  the  sequential  oxidation  steps  and
the tendency toward overoxidation to the thermodynamically stable
overoxidation product, CO2 (CH4 → CH3OH → HCHO → CO2)70, 77.
In  this  case,  photocatalysis  is  generally  more  suitable  than
thermocatalysis  as  the  dominant  driving  force  for  methane
activation,  owing  to  its  superior  ability  to  modulate  oxidation
extent, as discussed in section 3.1.1. To date, two distinct pathways
for  methane  oxidation  to  formaldehyde  have  been  reported  in
photo-thermo  synergistic  catalysis27, 78, 79:  1)  a  stepwise  oxidation
process  via  CH3OH  intermediates,  and  2)  a  direct  one-step
oxidation to HCHO.

In  the  first  pathway,  the  photocatalytic  components  in  photo-
thermo  catalysis  operated  similarly  to  conventional  photocatalysis,
generating  a  series  of  radicals  or  intermediates  (e.g.,  CH3OOH,
CH2OH,  and  OHCH2OH)  through  the  action  of  photoelectrons
and photoholes in the presence of H2O, O2 and even H2O2

77, 80−82.
Several  studies  (e.g.,  WO3 and  Pd8Sb3)  have  shown  that  the
introduction  of  moderate  thermal  energy,  either  via  external
heating  or in-situ LSPR  heating  to  achieve  a  thermo-assisted
photocatalysis  mode,  can  enhance  HCHO  yield  by  accelerating
general kinetic steps such as mass transfer and diffusion78, 83.

In  contrast,  a  more  targeted  approach  focusing  on  the  key
intermediate  CH3OOH  has  enabled  a  unique  photo-thermo
cascade  catalysis  strategy,  achieving  unprecedented  HCHO  yield
with high selectivity over a Ru single atom decorated ZnO catalyst27

(Fig. 3c). It was found that CH3OOH remained stable at 30 °C for
extended  periods,  while  thermal  treatment  at  150  °C  under  dark
conditions could convert it to formaldehyde with ~ 80% selectivity.
This  intermediate  thus  served  as  a  bridge  between  two  distinct
energy-driven  processes.  Initially,  CH3OOH  was  formed  via  a
general  photocatalytic  pathway:  photoholes  oxidised  H2O  to  ·OH,
which  abstracted  hydrogen  from  methane  to  form  CH3·.  The
resulting CH3· coupled with ·OH to yield adsorbed CH3OH*, which
was  further  oxidised  by  ·OH  to  produce  CH3OOH.  Subsequently,
the  co-presence  of  thermal  energy  drove  the  conversion  of
CH3OOH  to  HCHO.  This  complete  cascade  process,  combining
photon  and  phonon  inputs  (365  nm  light  and  150  °C  heating),
achieved  a  formaldehyde  production  rate  of  401.5  μmol∙h−1 with
90.4%  selectivity.  This  new  photo-thermo  synergistic  strategy
represented a  significant  advancement,  delivering nearly  an order-
of-magnitude  improvement  in  formaldehyde  production  rate
compared  to  previous  photocatalytic  systems.  Moreover,  the
methane conversion rate matched that of thermocatalytic processes
operated  above  500  °C,  while  maintaining  substantially  higher
formaldehyde selectivity (> 90% vs. < 65%).

Recently,  the  second  pathway  (direct  one-step  oxidation  of
methane  to  formaldehyde)  has  also  been  observed  via  a  thermo-
assisted  photocatalytic  process79.  Unlike  the  first  pathway,  which
involved  a  variety  of  oxygen-containing  radicals,  this  mechanism
utilised  lattice  oxygen  from  ZnO  as  the  oxygen  source  HCHO
formation,  following  a  Mars-van  Krevelen  cycle.  Under  light
irradiation,  single-atom  Ag  sites  served  as  photohole  acceptors  on
ZnO, initiating hydrogen abstraction from methane to form surface-

bound *CH2 species. Thermal input (surface temperature ~ 228°C),
in  conjunction  with  the  Ag  single  atom,  enhanced  lattice  oxygen
activation,  enabling  its  reaction  with  *CH2 and  desorb  HCHO.
Meanwhile,  photoelectrons reduced O2 to replenish the consumed
lattice  oxygen,  thereby  completing  the  catalytic  cycle.  The  critical
role  of  thermal  assistance  was  evidenced  by  a  dramatic
enhancement  in  formaldehyde  production  rate,  over  50-fold
compared  to  room  temperature  conditions.  Notably,  this  system
achieved  a  record-high  formaldehyde  concentration  (~  1.5%)
among  all  reported  photocatalytic  systems,  showing  strong
potential  for  synthesising  industrial-grade  HCHO  solutions  via
photo-thermo synergistic catalysis.

 3.1.3    Formic acid

Compared  with  the  direct  conversion  of  methane  to
methanol/formaldehyde  in  Section  3.1.1  and  3.1.2,  formic  acid
(HCOOH)  through  photo-thermo  synergistic  catalysis  remains
relatively  underexplored.  Its  high  oxidation  states  (close  to  CO2)
results  in  the  challenge  control  in  selectivity  may  be  one  of  the
reasons84.  Given  the  slow  progress  in  this  field,  it  is  reasonable  to
see that the mechanism, in particular the main role of photons and
phonons,  has  not  been  fully  understood  in-depth.  For  example,  a
TiO2-HSiMo  interface  was  constructed  to  efficiently  convert
methane  to  formic  acid  via  thermo-assisted  photocatalysis85.
Although  the  mechanism  of  photocatalytic  component  has  been
well  discussed  in  detail,  such  as  the  C–H/O–H  activation  by
photoholes,  the  precise  role  of  thermal  input  remained  unclear,
despite  a  nearly  tenfold  increase  in  formic  acid  yield  when  the
temperature was raised from 50 °C to 150 °C.

Surprisingly, another example of photo-thermo cascade catalysis
has  recently  emerged  in  methane  conversion  to  formic  acid—an
especially  rare  and  valuable  development  in  the  field  of  photo-
thermo  synergistic  catalysis60.  Given  that  both  HCHO  and
HCOOH are stepwise oxidation products,  it  is  perhaps reasonable
that this catalytic mode would appear in their formation reactions.
Unlike  the  Ru/ZnO  system  for  HCHO  production  discussed  in
Section  3.1.2,  which  achieved  cascade  catalysis  through
manipulation  of  reaction  conditions,  this  study  employed  two
distinct  catalytic  components:  a  photocatalyst  (CsPW-TiO2)  and  a
thermocatalyst  (Ru/Al2O3),  designed  to  operate  synergistically.  As
shown  in Fig.  3d,  CsPW-TiO2 alone  produced  a  broad  range  of
oxygenates, such as HCOOH, HCHO, CH3OH alongside CO2, due
to  the  inherent  difficulty  in  controlling  selectivity  within  such  a
complex  oxidation  network.  Meanwhile,  Ru/Al2O3,  capable  of
converting CH3OH and HCHO to HCOOH under thermocatalytic
conditions,  showed  limited  activity  when  physically  mixed  with
CsPW-TiO2.  This  was  likely  because  of  light-blocking  effects  that
hindered  photocatalytic  activation  process.  To  overcome  this,  a
tandem reactor configuration was implemented using a  sand filter
to spatially separate the two catalysts: CsPW-TiO2 was placed in the
top layer to receive light irradiation, while Ru/Al2O3 was positioned
below.  This  design  enabled  sequential  reaction  steps  in  distinct
microenvironments.  Remarkably,  the  production  of  formic  acid
was  significantly  enhanced  compared  to  the  single-photocatalyst
system, achieving a high selectivity of 85%. This dual catalyst, dual
reaction  microenvironment  strategy  represents  a  significant
advancement in the application of  photo-thermo cascade catalysis.
It  not  only  shows  the  feasibility  of  spatially  and  temporally
decoupling reaction steps but also provides a valuable blueprint for
designing  future  systems  aimed  at  producing  other  selective
oxidation products.
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Table  1 summarizes  representative  advances  in  the  photo-
thermo catalytic conversion of methane to C1 oxygenates (CH3OH,
HCHO,  and  HCOOH).  Thermo-assisted  photocatalysis  remains
the  dominant  synergistic  approach,  accounting  for  most  reported
systems,  while  photo-enhanced thermocatalysis  and photo-thermo
cascade catalysis have only emerged as complementary strategies. A
strong reliance on noble metals (Pd, Ru, Au, and Ag) is evident, as
these systems consistently outperform non-noble metal catalysts in
productivity. For instance, Cu-based catalysts exhibit only moderate
CH3OH production rate  compared to  noble-metal  systems,  which
can achieve rates even more than two orders of magnitude higher,
even  under  milder  conditions.  This  highlights  a  critical  need  for
developing  low-cost  materials  to  break  the  trader-off  between
activity  and  price.  Most  studies  have  been  conducted  in  batch
reactors,  which  are  suitable  for  initial  catalyst  screening  but
impractical  for  scale-up.  Continuous  flow  systems  are  essential  to
advance  these  reactions  toward  industrial  application.  Regarding
product performance, CH3OH and HCHO can achieve near 100%
selectivity  and  higher  production  rate,  reflecting  their  kinetic
favourability  as  primary  oxidation products.  In  contrast,  HCOOH
is limited by the inherent kinetic challenges of multi-step oxidation
and  thermodynamic  constraints  associated  with  deeper  oxidation,
where  CO2 represents  the  most  stable  product.  Furthermore,
despite  frequent  claims  of  record-high  production  rate  or
performance  comparable  to  thermocatalysis,  CH4 conversion,  a
critical  metric  in  catalysis,  is  often  overlooked.  Many  batch
reactions  operate  under  high  CH4 pressures  to  enhance
reactant  solubility  in  water,  yet  conversions  remain  low.  For
example,  Ru/ZnO  achieved  the  highest  reported  production  rate
(401.5  µmol∙h−1)  but  only  1.1%  CH4 conversion  at  20  bar27.  Such
low  conversion  poses  significant  challenges,  including  reactant
waste,  increased  separation  costs  for  products,  and  more

importantly,  potential  selectivity  issues  at  higher  conversions  as  all
C1 products  are  more  reactive  than  CH4 itself.  Collectively,  these
findings  indicate  that  integrating  photo-thermo  synergistic  effects
offers  clear  improvements  over  pure  photocatalytic  processes  in
CH4 conversion  to  C1 products.  However,  substantial  progress  is
still  required  before  these  systems  can  deliver  practical  catalytic
performance across all key metrics.

 3.2    Methane to C2 chemicals

 3.2.1    Ethylene/Ethane

The direct conversion of methane to ethane (C2H6) and/or ethylene
(C2H4)  proceeds  via  two  pathways:  OCM  and  NOCM.  A  critical
step in both processes  is  C–C bond formation,  exemplified by the
coupling  of  two  CH3·  radicals  to  form  ethane.  Thermocatalytic
OCM  and  NOCM  typically  require  very  high  temperatures
(>  600  °C),  making  precise  control  over  dehydrogenation
(oxidation)  to  CH3·/CH2·  intermediates  particularly  challenging.
This  difficulty  arises  from  the  comparable  activation  barriers  of
sequential  dehydrogenations  steps  and  the  strong  thermodynamic
preference for stable byproducts (CO2 under aerobic conditions and
coke  under  anaerobic  conditions)10, 12, 38, 88, 89.  In  contrast,
photocatalysis enables more controlled C–H activation under mild
conditions  by  employing  photogenerated  redox  carriers  to
selectively  produce  intermediates  such  as  CH3·6, 12.  Notably,
photocatalysis  can  even  overcome  thermodynamic  equilibrium
constraints  in  NOCM,  achieving  yield  improvements  of  100  to
10000 times  at  room  temperature6, 12.  Consequently,  the
photocatalytic  component  often  plays  a  dominant  role  in  photo-
thermo  synergistic  catalysis  for  methane  coupling.  A  closer
examination  of  photocatalytic  methane  coupling  reveals  that,
following  photon  activation,  the  migration  of  CH3·  to  recombine
with another CH3· is a fundamental step. This process may involve

 

Table 1    Representative examples of photo-thermo conversion of CH4 to C1 oxygenates

Catalyst Photo-thermo
synergistic type Reaction conditions Production rate

(µmol∙h−1) Selectivity (%) Ref.

Pd1FeOx/aUiO(H) Thermo-assisted
photocatalysis

Batch reactor, 50 mg catalyst,
simulated sunlight, 75 °C CH3OH: 730 CH3OH: ~ 100 [28]

Bi2S3/BiOCl Thermo-assisted
photocatalysis

Batch reactor, 10 mg catalyst, 320–1100 nm,
~ 500 mW∙cm−2, 67.2 °C CH3OH: 59.15 CH3OH: 90.2 [86]

Cu/p-GaN Thermo-assisted
photocatalysis

Flow reactor, 0.28 mg catalyst, full spectrum,
5000 mW∙cm−2, 212 °C CH3OH: 3.584 CH3OH: 23 [87]

Au/BP Thermo-assisted
photocatalysis

Batch reactor, 200 mg catalyst, full spectrum,
382 mW∙cm−2, 90 °C CH3OH: 11.35 CH3OH: > 99 [73]

Cu/Ti-ZSM-5 Photo-enhanced
thermocatalysis

Flow reactor, 100 mg catalyst, 200–400 nm,
360 mW∙cm−2, 300 °C CH3OH: 6.741 CH3OH: 92 [75]

Cu-MOR/g-C3N4
Photo-enhanced
thermocatalysis

Flow reactor, 100 mg catalyst,
> 420 nm, 500 °C CH3OH: 0.309 / [74]

Ag-ZnO Thermo-assisted
photocatalysis

Flow reactor, 4 mg catalyst, 200–1200 nm light,
1000 mW∙cm−2, 228 °C HCHO: 117.8 HCHO: 71.2 [79]

Pd8Sb3
Thermo-assisted

photocatalysis
Batch reactor, 0.4 mg catalyst, 300–2500 nm light,

1700 mW∙cm−2, 70 °C HCHO: 133 HCHO: 98.7 [78]

WO3
Thermo-assisted

photocatalysis
Batch reactor, 10 mg catalyst, 300–700nm light,

150 mW∙cm−2, 50 °C HCHO: 1.65 HCHO: ~100 [83]

Ru-ZnO Photo-thermo cascade
catalysis

Batch reactor, 10 mg catalyst, 365 nm LED,
75 mW∙cm−2, 150 °C HCHO: 401.5 HCHO: 90.4 [27]

HSiMo/TiO2
Thermo-assisted

photocatalysis
Batch reactor, 20 mg catalyst,

simulated sunlight, 150 °C HCOOH: 13.59 HCOOH: 45 [85]

CsPW-TiO2 and
Ru/Al2O3

Photo-thermo cascade
catalysis

Batch reactor, 10 mg CsPW-TiO2 catalyst and
1 g Ru/Al2O3 catalyst, full spectrum HCOOH: 25.28 HCOOH: 85 [60]
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several  energy-uphill  transitions88,  suggesting  that  phonon
participation  can  enhance  overall  activity.  Furthermore,  timely
desorption  of  the  formed  products  is  essential  to  prevent  further
dehydrogenation and overoxidation during the photocatalytic cycle.
Thermal input is expected to facilitate this step, thereby improving
selectivity and mitigating coke formation40, 44, 88, 90, 91.

In  recent  years,  numerous  thermo-assisted photocatalytic  OCM
systems have been developed,  such as  Au/TiO2

30,  Au-ZnO/TiO2
88,

Au/CeO2
29,  and  Au/CeO2/ZnO44,  all  showing  significant

enhancements  in  ethane  yield,  ranging  from  several  tens  to  over
200%  as  the  reaction  temperature  increased  from  40−70  °C  to
120−170 °C.  Among these,  Au/CeO2/ZnO has  been systematically
investigated  as  a  model  catalyst  to  elucidate  the  role  of  thermal
energy44.  In  this  system,  Au  nanoparticles  exhibited  LSPR  effect,
generating in-situ thermal  fields  under  full  solar  irradiation  that
promote  the  reaction.  To isolate  the  influence  of  photo-to-thermo
effects,  a  low-intensity  monochromatic  light  source  (360  nm)  was
used  during  thermal  effect  studies  (Fig.  4a).  Ethane  production
rates  increased  with  temperature  up to  ~  200  °C,  beyond which a
decline  was  observed,  likely  due  to  reduced  reactant  adsorption

orenhanced charge carriers recombination, as previously reported6, 92, 93.
Notably,  the  apparent  quantum  efficiency  (AQE),  which  reflects
photon  utilisation  efficiency,  nearly  double  as  the  temperature
increased from 80 to 200 °C. To further investigate the underlying
mechanism,  DFT  simulations  were  performed  to  quantify  energy
barriers  for  key  reaction  steps  at  different  temperatures  (Fig.  4b).
Interestingly,  while  the  barrier  for  CH4 dissociation  remained
unaffected by temperature, the desorption barrier for CH3* species
decreased  from  70.0  to  50.6  kJ∙mol−1.  Moreover,  this  desorption
barrier  was  substantially  lower  than  the  activation  barrier  for  the
consecutive  reaction  between  CH3*  and  surface  oxygen  species.
This  finding  suggests  that  elevated  temperatures,  induced  by  the
LSPR  effect  of  Au,  facilitated  CH3*  desorption,  thereby  increasing
the likelihood of CH3· recombination to form C2H6. Consequently,
thermal  input  played  a  crucial  role  in  enhancing  both  yield  and
selectivity in photocatalytic OCM reactions.

Unlike OCM, NOCM avoids the use of oxygen, achieving 100%
atomic efficiency with H2 as  the  sole  byproduct3, 94.  In  addition to
the  kinetic  requirements  for  the  key  steps  such  as  C–C  coupling
and product desorption, elevated temperatures also help overcome
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Fig. 4.    Mechanisms  behind  thermo-assisted  photocatalytic  methane  conversion  to  C2 products.  a, Investigation  of  thermal  contributions  on  the  Au/CeO2/ZnO
catalyst by varying temperature and irradiance. b, Evaluation of CH4 activation and CH3 desorption barriers on Au/ZnO (black) and Au/CeO2/ZnO (red) at 25 °C (light
colour) and 150 °C (dark colour). Reproduced with permission from Ref.44, © Song, H. et al. 2025. c, Temperature responses under full-spectrum light irradiation over
Cu9S5/Cu-CCN, Cu-CCN and CCN catalysts. d, Polarization curves and e, EIS Nyquist plots of CH4 electrooxidation over Cu9S5/Cu-CCN, Cu-CCN and CCN catalysts
with or without IR irradiation. Reproduced with permission from Ref.99, © Xue, F. et al. 2024. f, CH3COOH productivity and selectivity over RhZn-MoS2/TiO2 catalyst
under various reaction conditions. Reproduced with permission from Ref.100, © Li, Y. et al. 2025.
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the  thermodynamic  limitations  of  NOCM39.  As  a  result,  many
catalysts  such as  Nb-modified TiO2-SiO2

95,  Ga-doped TiO2-SiO2
96,

Pd/Ga2O3
91,  and  Nb2O5

97 have  enabled  NOCM  processes  via
thermo-assisted photocatalysis. However, the role of thermal energy
in these systems is often underexplored, with more emphasis placed
on C–H bond polarisation or preactivation via surface engineering.
Interestingly,  a  unique  function  of  thermal  energy  in  modulating
surface frustrated Lewis pair (FLP) sites for photocatalytic methane
activation has  been discovered in the Ag/InOxHy catalyst98.  In  this
system,  thermal  energy  enhanced the in-situ generation  of  oxygen
vacancies,  forming In-Vo-In-OH FLP sites  that  polarised CH4 and
promoted  heterolytic  C–H  cleavage  into  CH3

– and  H+.
Subsequently, photoholes oxidised CH3

– to CH3·, which underwent
coupling  to  form  ethane,  while  photoelectrons  reduced  H+ to  H·,
which dimerised to H2. This thermo-assisted photocatalytic process
achieved an ethane production rate approximately 6.5 times higher
than  that  of  the  photon-driven  system  alone.  In  contrast,  the
thermal driven system alone remained negligible due to insufficient
temperature  to  overcome  the  C–H  activation  barrier.  These
findings broaden the role of thermal energy assistance, highlighting
its capacity to dynamically generate surface-active sites and thereby
enhance overall photocatalytic performance.

 3.2.2    Ethanol

The direct conversion of methane to ethanol (CH3CH2OH) can be
conceptually  viewed  as  a  hybrid  of  methane  to  methanol  and
methane to ethane pathways. Apart from the collision of CH3· with
oxygen-containing  species  (as  discussed  in  Section  3.1.1),
CH3CH2OH formation requires an additional C–C bond coupling
step  to  extend  the  carbon  chain  beyond  CH3OH.  Critically,  this
process  demands  precise  activation  to  obtain  both  oxygen-
containing  radicals  and  methane-derived  species,  either -CH3 or -
CH2,  making  photocatalysis  more  suitable  than  thermocatalysis  as
the  dominant  driving  force.  Many  photocatalysts  have  been
reported to be active for CH4 conversion to CH3CH2OH101−104, with
polymeric bases frequently employed due to their ability to stabilise
carbon-containing  intermediates  for  chain  growth  rather  than
premature  desorption1, 101.  Given  the  complexity  of  the  reaction,
such  as  intermediate  migration,  transformation,  diffusion,  and
desorption,  thermal assistance is  expected to further accelerate key
kinetic steps to improve the yield and selectivity. As a result, thermo-
assisted  photocatalysis  has  emerged  as  a  prevalent  mechanism  for
ethanol synthesis, with conjugated polymers continuing to serve as
the primary photocatalytic components1, 99, 105, 106.

A  notable  example  involves  the  integration  of  Cu9S5
nanoparticles onto crystalline carbon nitride99. The Cu9S5 exhibited
broadband absorption (200–1350 nm), enabling efficient photo-to-
thermo conversion and generating localised thermal fields up to ~
90  °C  under  light  irradiation  (Fig.  4c).  This in-situ thermal  effect
enhanced charge carrier transport and reduced overpotential (Figs.
4d and 4e),  significantly  improving  CH4 oxidation  activity,  as
evidenced by lower activation energies compared to systems lacking
Cu9S5.  Furthermore,  elevated  local  temperatures  reduce  the
desorption  energy  of  ethanol,  enabling  timely  product  release  and
preventing  overoxidation.  This  strategy  achieved  a  state-of-the-art
ethanol selectivity of 94.8%.

 3.2.3    Acetic acid

Compared  to  ethanol,  the  direct  conversion  of  methane  to  acetic
acid (CH3COOH) remains sparsely explored. If both carbon atoms
are  directly  from  CH4,  the  reaction  requires  precise  control  over

differential  oxidation  states  within  a  single  catalytic  system,  one
CH4 molecule must be converted to a CH3·, while another must be
oxidised  to  a  carbonyl  species  (e.g.,  CO*  and  CHO*).  This
complexity,  combined  with  the  involvement  of  reactive  oxygen-
containing radicals and the tendency of CHO/CO intermediates to
overoxidise to CO2

107, 108, significantly suppresses CH3COOH yield.
To address this challenge, some studies have introduced CO as a

co-fed  second  carbon  source  alongside  CH4
100.  A  representative

example  of  thermo-assisted  photocatalytic  methane  conversion  to
acetic  acid  was  achieved  using  a  specially  designed  RhZn-
MoS2/TiO2 catalyst. In this system, CH4 was activated at the Zn-Mo
bridge site to form CH3 species, while CO adsorbed on adjacent Rh
sites,  enabling  C–C  coupling  to  form  key  intermediate  CH3CO
species.  This  intermediate  subsequently  reacts  with  OH  to  yield
CH3COOH.  High-energy  UV  photons  served  as  the  primary
driving  force,  as  evidenced  by Fig.  4f.  Under  UV–visible-light
irradiation, the CH3COOH production rate was approximately 5.3
times  higher  than  under  visible  light  alone,  and  2.6  times  higher
than  under  thermocatalytic  conditions  at  the  same  reaction
temperature  (65  °C).  While  the  reaction  appeared  to  be  feasible
under either photocatalytic or thermocatalytic conditions alone, the
synergistic effect of dual-energy input has not yet been thoroughly
investigated or quantified.

Table  2 summarises  representative  advances  in  photo-thermo
synergistic  methane  conversion  to  C2 chemicals.  Notably,  all
reported systems employed a thermo-assisted photocatalytic mode,
which  combined  high-energy  photons  (typically  UV–visible  light)
to activate the inert C–H bond with mild thermal energy (generally
< 200 °C) to facilitate coupling among reactive intermediates. Flow
reactors  dominated gas-solid  phase  reactions  due to  their  superior
capability for enhancing mass transfer and enabling timely product
removal.  Consequently,  C2H4/C2H6 production  rates  in  flow
reactors  were  often  significantly  higher,  sometimes  by  more  than
two orders  of  magnitude,  compared to  batch reactors,  even under
much  lower  irradiance  conditions  or  reaction  temperatures.
Interestingly,  achieving  high  C2H4/C2H6 yield  and  selectivity
appeared  to  require  Au  as  an  indispensable  co-catalyst.  This  was
not  only  attributed  to  its  LSPR  effect,  which  generated in-situ
thermal  fields,  but  more  importantly  to  its  unique  ability  to
promote  coupling29.  As  a  result,  Au/metal  oxide  composites  (e.g.,
TiO2,  ZnO,  and  CeO2)  were  the  most  widely  adopted  catalyst
systems with only limited variation among oxide supports.

In  contrast,  for  methane  conversion  to  C2 oxygenates  (e.g.,
ethanol and acetic acid),  batch reactors were generally preferred at
this  early  stage.  These  systems  typically  involved  gas-liquid-solid
three-phase  configurations,  requiring  more  complex  reactor
designs, where liquid-phase stirring compensated for the inherently
low  mass  transfer  in  gas-solid  batch  systems.  However,  the
production  rates  of  C2 oxygenates  remained  modest,  up  to  two
orders  of  magnitude  lower  than  those  of  C2 hydrocarbons,  and
selectivity  was  often  lower  than  90%.  These  observations
underscored  the  significant  challenge  of  achieving  controlled
oxidation  beyond  bond  formation.  Unlike  hydrocarbon-oriented
systems  that  relied  on  metal  oxides  and  Au,  oxygenate-oriented
systems  broadened  the  catalyst  scope  to  carbon-based  materials
such  as  covalent  triazine  frameworks  (CTFs),  graphitic  carbon
nitride  (g-C3N4),  and  reduced  graphene  oxide  (r-GO).  These
materials  offered  advantages  in  stabilising  carbon-containing
intermediates  for  chain  growth.  However,  their  more  negative
valence band positions compared to O 2p-based metal oxides might
hinder C–H activation from a kinetic perspective.
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Overall,  despite  the  promising  selectivity  and  productivity
achieved  in  photo-thermo  catalytic  methane  conversion  to  C2
products,  CH4 conversion  again  remains  a  critical  bottleneck.  For
instance, the very recent result PtOx/CTF-1 with the highest ethanol
production  rate  achieved  only  2.3%  CH4 conversion1.  Looking
forward,  flexible  application  of  dual-energy  catalytic  modes  is
expected to unlock new reaction pathways. Insights may be drawn
from  methane  conversion  to  C1 oxygenates  (Section  3.1),  where
photo-thermo  cascade  catalysis  could  be  developed  to
accommodate  multi-intermediate  assembly  while  mitigating
overoxidation.

 3.3    Methane to syngas
The  direct  conversion  of  methane  into  syngas  (H2 and  CO)
primarily proceeds via two conventional pathways: SRM and DRM.
In thermocatalytic processes, extremely high temperatures (typically
700–1000 °C) are required to achieve complete dehydrogenation of
CH4 and to reach favourable equilibrium conversions to syngas24, 54, 112.
The  integration  of  photons  into  these  reactions  is  anticipated  to
contribute to three key aspects: 1) facilitating C–H bond activation
at  lower  temperatures,  thereby  reducing  energy  consumption;

2)  enabling  the  breaking  of  thermodynamic  equilibrium;
3)  enhancing  catalyst  stability  against  coke  accumulation  under
reaction  conditions.  Among  the  four  modes  of  photo-thermo
synergistic  catalysis,  photon-enhanced  thermocatalysis  is
particularly  prominent,  as  discussed  in  Section  2.2.  This  is  largely
because this reaction does not necessitate precise or moderate C–H
bond  activation,  making  it  well-suited  for  operation  at  elevated
temperatures to fully accelerate reaction kinetics.  Furthermore,  the
band  structures  of  many  photocatalysts  are  insufficient  to
simultaneously meet the redox potentials required for CH4 and CO2
activation in DRM.

Given  the  industrial  maturity  and  commercial  viability  of
thermocatalytic SRM113, research attention to this reaction has been
relatively  limited.  However,  recent  studies  have  shown  that  the
introduction  of  photons  can  significantly  enhance  catalytic
performance  at  a  fixed  reaction  temperature.  In  other  words,
achieving the same syngas yield via a purely thermocatalytic process
typically  requires  an  increase  in  temperature  by  several  tens  of
degrees  Celsius23, 24.  A  representative  example  involves  the
construction of a Schottky junction between metallic nanoparticles
and a semiconductor, such as Rh/TiO2

24 (Fig. 5a). Upon interband

 

Table 2    Representative examples of photo-thermo conversion of methane to C2 chemicals

Catalyst Photo-thermo
synergistic type Reaction conditions Production rate

(µmol∙h−1) C2 selectivity (%) Ref.

Au/CeO2/ZnO Thermo-assisted
photocatalysis

Flow reactor, 20 mg catalyst, 300–800 nm light,
670 mW∙cm−2, 162 °C C2H6/C2H4: 319.18 80 [44]

Ag/InOxHy
Thermo-assisted

photocatalysis
Flow reactor, 30 mg catalyst, 250–1050 nm light,

126.8 mW∙cm−2, 200 °C C2H6: 10.176 100 [98]

Zn-doped MgO/Al2O3
Thermo-assisted

photocatalysis
Batch reactor, 10 mg catalyst, full spectrum,

9160 mW∙cm−2, 325 °C C2H6: 0.96 94.93 [109]

Au/Nb2O5
Thermo-assisted

photocatalysis
Flow reactor, 5 mg catalyst, 320–780 nm light,

300 mW∙cm−2, 86.1 °C C2H6: 7.7 96 [110]

Au/CeO2
Thermo-assisted

photocatalysis
Flow reactor, 50 mg catalyst, 365 nm LED,

200 mW∙cm−2, 150 °C C2H6/C2H4: 757.5 93 [29]

Au/MgO Thermo-assisted
photocatalysis Flow reactor, 5 mg catalyst, full spectrum, 290 °C C2H6: 63.667 90.4 [90]

Au/TiO2
Thermo-assisted

photocatalysis Flow reactor, 20 mg catalyst, 365 nm LED, 120 °C C2H6/C2H4: 479 86 [30]

Nb2O5
Thermo-assisted

photocatalysis
Batch reactor, 5 mg catalyst, 200–2500 nm light,

2000 mW∙cm−2, 67 °C C2H6: 3.004 88.3 [97]

Ni-doped MgO/Al2O3
Thermo-assisted

photocatalysis
Flow reactor, 5 mg catalyst, 400–800nm,

1040 mW∙cm−2, 150 °C C2H6: 2.2715 97.8 [111]

Ga-doped TiO2-SiO2
Thermo-assisted

photocatalysis
Batch reactor, 2 mg catalyst,

2200 mW∙cm−2, 120 °C C2H6: 1.04 82 [96]

Au-ZnO/TiO2
Thermo-assisted

photocatalysis
Flow reactor, 20 mg catalyst, 300–500 nm light,

500 mW∙cm−2, 140 °C C2H6/C2H4: 100.8 91 [88]

Nb-modified TiO2-
SiO2

Thermo-assisted
photocatalysis Batch reactor, 100 mg catalyst, 100 °C C2H6: 0.169 96.2 [95]

Pd/Ga2O3
Thermo-assisted

photocatalysis
Flow reactor, 800 mg catalyst, 220–300 nm light,

20 mW∙cm−2, 47 °C C2H6: 0.51 / [91]

PtOx/CTF-1 Thermo-assisted
photocatalysis

Flow reactor, 1000 mg catalyst, 365 nm LED,
100 mW∙cm−2, 65 °C C2H5OH: 167.6 79.6 [1]

Cu9S5/Cu-CCN Thermo-assisted
photocatalysis

Batch reactor, 10 mg catalyst, full spectrum,
400 mW∙cm−2, 50 °C C2H5OH: 5.497 94.8 [99]

Ru/Zn-g-C3N4
Thermo-assisted

photocatalysis Batch reactor, 100 mg catalyst, UV–vis light, 80 °C C2H5OH: 50.045 72.5 [105]

RGO/TiO2
Thermo-assisted

photocatalysis
Batch reactor, 10 mg catalyst, simulated solar light,

100 mW·cm−2, 60 °C C2H5OH: 0.3521 53 [106]

RhZn-MoS2/TiO2
Thermo-assisted

photocatalysis
Batch reactor, 25 mg catalyst, 200–800 nm light,

1500 mW∙cm−2, 65 °C CH3COOH: 3.8 96.5 [100]
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photoexcitation,  hot  electrons  generated  in  Rh  nanoparticles  can
overcome the Schottky barrier and transfer to the TiO2 conduction
band, thereby prolonging their lifetime. This process left behind hot
holes  on  the  Rh  surface,  which  facilitated  the  formation  of  Rhᵟ+
species.  These  positively  charged  Rh  sites  were  highly  effective  in
accelerating  the  rate-determining  step  (C–H  bond  activation  in
CH4),  leading  to  a  substantial  reduction,  nearly  50%,  in  the
activation  energy  compared  to  the  thermocatalytic  reaction  under
dark  conditions.  Consequently,  a  temperature  increase  of  up  to
40  °C  was  required  in  the  absence  of  light  to  match  the
performance of the photo-enhanced thermocatalytic system.

Compared with SRM, DRM is often cited as an attractive route
toward  carbon  neutrality  as  it  co-consumes  another  dominant
greenhouse gas of CO2

114, 115. However, it is more challenging than
SRM  due  to  the  higher  kinetic  barrier  associated  with  the  higher
bonding energy of C=O bond (~ 750 kJ∙mol–1)  in CO2 than O–H
bond  (~  492  kJ∙mol–1)  in  H2O68,  and  the  thermodynamic  driving
force  for  carbon  deposition54.  The  research  on  photo-enhanced
thermocatalysis  is  thus  booming  with  a  variety  of  catalysts
(Table  3),  mainly  assembled  of  the  form as  metallic  nanoparticles
on metal oxide supports.

Due  to  the  simultaneous  generation  of  both  localised  thermal
fields  and  hot  carriers,  the  incorporation  of  metallic  nanoparticles
exhibiting  LSPR  effect  has  become  a  widely  adopted  strategy  in
photo-thermo  catalysis56, 116, 117.  For  instance,  plasmonic  Cu
nanoparticles could act as an antenna, while single Ru atoms served
as  active  reaction  sites56.  This  configuration  enabled  the
development of an anti-coking and efficient catalyst that integrated
both  photo-enhanced  thermocatalytic  and  photo-to-thermo
conversion  modes  for  DRM.  The  reaction  was  initiated  with  the
dissociation of  CH4 and CO2,  forming surface-bound C*,  O*,  and
H*  species  following  CO  release.  In  conventional  thermocatalysis,
H*  species  competed  with  C*  for  O*,  often  resulting  in  an
imbalance  between  C*  formation  and  removal,  which  led  to  coke
accumulation.  In  contrast,  hot  carriers  generated  under  light
irradiation  could  significantly  accelerate  the  associative  desorption
of  H2,  thereby  promoting  the  removal  of  H*  and  suppressing  its
reaction with O*. This facilitated the timely oxidation of C* species,
effectively  mitigating  coke  formation.  Additionally,  hot  carriers
enhanced the kinetics  of  CH4 dehydrogenation,  further  improving
catalytic efficiency. Under white-light illumination at an intensity of
19.2 W∙cm–2, the CuRu catalyst surface could reach temperatures of
approximately  727  °C  via  photo-to-thermo  conversion.  At  this
temperature, the reaction rate was four times higher than that of the
thermocatalytic  process  conducted at  the  same temperature.  More

importantly,  the  photo-thermo  synergistic  system  exhibited
excellent  stability,  with  no  noticeable  deactivation  observed  over  a
50-h test period, unlike the rapid deactivation (within 8 h) seen in
the purely thermocatalytic counterpart.

In addition to the hot carriers generated in plasmonic metals, the
photoelectrons/photoholes  in  traditional  semiconductors  have  also
shown  the  ability  to  accelerate  the  DRM  reaction.  Notably,  some
semiconductor-based  systems  have  even  exhibited  the  capacity  to
overcome  the  equilibrium  limitations  inherent  to  thermocatalytic
DRM,  as  observed  with  catalysts  such  as  Rh/SrTiO3

25,  Ni/CeO2
57,

and  CoNiRuRhPd/SrTiO3
58.  Taking  the  Rh/SrTiO3 catalyst  as  an

example, light served dual functions: inducing carrier excitation and
maintaining  reaction  temperature  through  photo-to-thermo
conversion.  In  this  system,  O2– species  served as  intermediates  for
CO2 reduction and CH4 oxidation. When light was used as the sole
driving  force,  photoelectrons  from  SrTiO3 were  transferred  to  Rh
nanoparticles,  where  they reduced CO2 to  CO and generated O2–.
Subsequently,  CH4 was  activated  by  these  O2– species  in
conjunction  with  photoholes,  leading  to  H2 production.  This
photon  excitation  has  enabled  the  reaction  to  surpass  the
thermodynamic  equilibrium  limitations  over  a  broad  temperature
range  (120–500  nm  due  to  interband  transition,  allowing  the
catalyst to harness the entire solar spectrum, integrating both photo-
to-thermo  and  photo-enhanced  modes58.  As  a  result,  this  catalyst
has  demonstrated  robust  activity  under  outdoor  conditions  (Fig.
5b), achieving performance comparable to that under artificial light
sources.  This  approach  opens  new  opportunities  for  utilising
abundant  and  clean  solar  energy  to  drive  the  DRM  reaction  with
higher  efficiency  than  conventional  thermocatalytic  processes,  a
trend  that  is  increasingly  evident  in  the  field  of  photo-thermo
catalytic  DRM.  Furthermore,  the  development  of  larger-scale
outdoor  reactors,  such as  the  recently  reported meter-scale  system
for  CO2 photo-thermo  methanation118,  is  highly  anticipated  to
facilitate the practical application of these sustainable technologies.

 3.4    Methane to C3 chemicals
To  date,  few  successful  examples  have  achieved  the  selective
conversion  of  methane  to  C3 chemicals  via  photo-thermo
synergistic  catalysis128, 129.  Remarkably,  propane  (C3H8),  a  valuable
C3 hydrocarbon,  was  produced  using  a  widely  studied  catalyst,
Au/TiO2

128.  Unlocking  a  previously  underappreciated  function  of
thermal  energy  in  thermo-assisted  photocatalysis  made  great
contributions to this unexpected outcome. Unlike the conventional
role of thermal energy in accelerating surface reaction kinetics, this
system  revealed  a  new  function:  inducing  surface  active  site

 

a b

Fig. 5.    Photo-enhanced thermocatalytic methane conversion to syngas. a, Substrate activation via excitation of hot carriers. Reproduced with permission from Ref.24,
© American Chemical Society 2018. b, Outdoor solar-driven DRM reaction setup. Reproduced with permission from Ref.58, © American Chemical Society 2024.
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reconstruction.  At  a  surface temperature of  approximately  200 °C,
co-fed  steam  induced  tensile  strain  on  Au  nanoparticles,
significantly  enhancing  their  interaction  with  both  CH4 reactants
and  C2H6 intermediates.  This  promoted  C–H  activation  and
facilitated  C2–C1 coupling  to  form  propane.  In  parallel,  steam
played a second critical role by thermally activating lattice oxygen to
generate active hydroxyl species near the Au/TiO2 interface.  These
hydroxyls  promoted  the  combustion  of  surface-bound  hydrogen
species formed during C–H activation, thereby regenerating the Au
surface and accelerating the overall catalytic cycle. As a result of this
dual  thermal  function,  the  C3H8 yield  driven  by  UV-photons
increased nearly sixfold compared to room temperature conditions,
with  selectivity  improving  from  50.8%  to  90%.  This  work
compellingly  demonstrates  how  the  strategic  use  of  photo-thermo
synergy  can  unlock  new  reaction  pathways  and  achieve
breakthroughs in methane valorisation products.

 4    Challenges and perspectives
Significant  progress  has  been  made  in  the  development  of  photo-
thermo  synergistic  catalytic  systems  for  methane  conversion.  This
dual-energy-driven  approach  has  demonstrated  clear  advantages:
enhanced  reactivity  compared  to  conventional  photocatalysis  (e.g.,
POM and OCM), and improved selectivity and/or reduced energy
consumption  relative  to  conventional  thermocatalysis  (e.g.,  SRM

and  DRM).  In  some  cases,  stable  methane  conversion  has  even
been achieved using natural outdoor solar energy, underscoring the
potential  for  sustainable  operation.  Despite  these  promising
developments,  the  field  still  faces  at  least  five  challenges  that  must
be addressed to enable broader application and scalability.

 4.1    Scientific evaluation of performance
The  enhanced  performance  of  photo-thermo  synergistic  catalysis
can  be  evaluated  across  multiple  dimensions,  depending  on  the
reaction  type,  ranging  from  chemical  metrics  such  as  conversion
and selectivity to photophysical parameters like quantum efficiency
and  solar-to-chemical  conversion  efficiency.  Among  these,
temperature  emerges  as  a  critical  factor  influencing  nearly  all
performance  indicators.  Accurate  temperature  measurement  is
therefore  essential  for  enabling  objective  and  scientifically  robust
comparisons  across  different  catalyst  materials  and  systems.  This
becomes  particularly  important  when  making  ambitious  claims,
such  as  the  frequently  cited “breaking  of  thermodynamic
equilibrium limitation in  DRM”25, 58.  It  should be  noted that  even
slight  temperature  increases  can  lead  to  exponential  rises  in
conversion,  especially  when  operating  near  the  inflection  point  of
the “light-off” curve in thermocatalysis43, 130.

Given  that  photon  penetration  depth  is  typically  on  the
micrometre  scale131, 132,  functional  photo-to-thermo  components

 

Table 3    Representative examples of photo-thermo synergistic catalytic DRM

Catalyst Photo-thermo synergistic type Reaction conditions Production rate
(mmol∙h−1)

H2/CO
ratio Ref.

Pt/black TiO2 Photo-enhanced thermocatalysis 15 mg catalyst, visible light, 0.1 W∙cm−2,
600 °C (external heating) H2: 1.425, CO: 4.05 0.35 [119]

Pt/TaN Photo-enhanced thermocatalysis 100 mg catalyst, visible light, 0.42 W∙cm−2,
500 °C (external heating) H2: 6.75, CO: 7.5 0.9 [120]

Ni/SiO2 Photo-enhanced thermocatalysis catalyst containing 30 mg metallic Ni, 300–800 nm,
1.07 W∙cm−2, 550 °C (external heating) H2: 2.25, CO: 2.52 0.89 [121]

Rh-Au/SBA-15 Photo-enhanced thermocatalysis 5 mg catalyst, visible light, 0.32 W∙cm−2,
500 °C (external heating) H2: 122.4, CO: 117 1.05 [117]

Pt-Au/SiO2 Photo-enhanced thermocatalysis 20 mg catalyst, 300–800 nm, 0.6 W∙cm−2,
400 °C (external heating) H2: 0.11, CO: 0.146 0.75 [116]

MgO/Pt/Zn-CeO2
Photo-enhanced thermocatalysis +

Photo-to-thermo catalysis
5 mg catalyst, solar simulator, 3 W∙cm−2,

600 °C (external heating) H2: 1.78, CO: 2.58 0.69 [122]

Pt-Si-CeO2
Photo-enhanced thermocatalysis +

Photo-to-thermo catalysis
10 mg catalyst, solar simulator, 250–800 nm,

1.775 W∙cm−2, 600 °C (external heating) H2: 0.9, CO: 1.54 0.58 [123]

Ni/Ga2O3
Photo-enhanced thermocatalysis +

Photo-to-thermo catalysis
40 mg catalyst, UV–vis light, 3 W∙cm−2,

391 °C (external heating) H2: 0.48, CO: 0.51 0.94 [124]

Ru/LaMnFeO Photo-enhanced thermocatalysis +
Photo-to-thermo catalysis 50 mg catalyst, 5.2 W∙cm−2, 500 °C H2: 25.734, CO: 32.952 0.78 [26]

CoNiRuRhPd/SrTiO3
Photo-enhanced thermocatalysis +

Photo-to-thermo catalysis 5 mg catalyst, 200–2500 nm, 4 W∙cm−2, 560 °C H2: 1.819, CO: 1.866 0.97 [58]

CuRu/MgO-Al2O3
Photo-enhanced thermocatalysis +

Photo-to-thermo catalysis 1.5 mg catalyst, white light, 19.2 W∙cm−2, 727 °C H2: 2.97, CO: 2.97 1 [56]

Ni/CeO2
Photo-enhanced thermocatalysis +

Photo-to-thermo catalysis 25 mg catalyst, 320–800 nm, 2.4 W∙cm−2, 472 °C H2: 1.664, CO: 1.493 1.11 [57]

Ru/MgO
Photo-enhanced thermocatalysis +

Photo-to-thermo catalysis 10 mg catalyst, UV–vis–IR light, 7.32 W∙cm−2, 490 °C H2: 26.106, CO: 35.586 0.73 [125]

RuNi single-atom alloy
Photo-enhanced thermocatalysis +

Photo-to-thermo catalysis 5 mg catalyst, full spectrum, 13.5 W∙cm−2, 350 °C H2: 2.694, CO: 3.21 0.84 [126]

Rh/LaNiO3
Photo-enhanced thermocatalysis +

Photo-to-thermo catalysis 100 mg catalyst, 300–1100nm, 1.5 W∙cm−2 H2: 0.452, CO: 0.528 0.86 [127]

Rh/SrTiO3
Photo-enhanced thermocatalysis +

Photo-to-thermo catalysis 5 mg catalyst, 450 °C H2: 0.372, CO: 0.372 ~ 1 [25]
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are often confined to ultrathin layers. Conventional thermocouples,
with  probe  diameters  on  the  millimetre  scale,  can  introduce
significant  discrepancies  between  actual  surface  temperatures  and
measured values133. Even infrared (IR) cameras, commonly used to
monitor  thermal  distribution,  may  yield  misleading  results  due  to
variations  in  material  reflectance  and  blackbody  radiation
properties53.  These  inaccuracies  are  particularly  pronounced  in
nanoscale systems with efficient photo-to-thermo conversion, such
as those involving plasmonic metallic  nanoparticles.  In such cases,
underestimating the true temperature may lead to misclassification
of  the  catalytic  mechanism,  for  example,  mistaking  photo-to-
thermo  catalysis  for  photo-enhanced  thermocatalysis,  thereby
exaggerating the role of photons.

To  address  these  challenges,  the  development  and
implementation of advanced temperature measurement techniques,
such  as  operando  X-ray  absorption  nanothermometry134 and
operando  luminescence  thermometry135,  are  strongly
recommended. These methods offer high spatial resolution and can
provide  more  accurate  insights  into  the  thermal
microenvironments  of  the  catalytic  systems.  Additionally,  when
investigating the specific promotional role of photons, it is advisable
to  use  low-intensity  light  sources  during  control  experiments  to
minimise photo-to-thermo effects,  as  shown in the Au/CeO2/ZnO
system discussed in Section 3.2.1. Furthermore, using light sources
of  different  wavelengths  to  achieve  the  same  surface  temperature
can  help  identify  the  contribution  of  photons.  If  a  higher  activity
can  only  be  observed  under  light  with  sufficient  energy  to  excite
energetic  carriers,  this  supports  the  presence  of  a  photocatalytic
process.  Wherever  possible,  accurate  surface  temperature  data
should be reported when comparing catalytic performance metrics.
Ideally,  experiments  should  be  conducted  under  consistent
temperature conditions to ensure fair and meaningful comparisons
across different systems.

 4.2    Expanding the scope of valuable products
To  date,  photo-thermo  synergistic  catalysis  has  primarily  focused
on  methane  conversion  to  C1–C2 products.  While  this  includes
important  compounds  such  as  methanol  and  formaldehyde,  the
overall  product  spectrum  remains  narrow.  For  example,  in  OCM
and NOCM processes,  C2H6 is  typically the dominant C2 product,
whereas  C2H4,  a  highly  valuable  industrial  feedstock,  is  far  less
explored. Similarly, although higher hydrocarbons (Cn, n > 2) have
been  reported  in  OCM  or  NOCM  processes,  their  selectivity  is
generally  low,  with  only  one  notable  example  achieving  91.3%
selectivity to propane (C3H8). In contrast, desired products such as
ethylene136, 137 and  benzene4, 138 have  already  been  successfully
achieved using either photocatalysis or thermocatalysis alone. Many
existing  pathways  are  based  on  either  thermo-assisted
photocatalysis  or  photo-enhanced  thermocatalysis,  where  one
energy  mode  dominates,  resulting  in  product  types  that  largely
follow  single-energy-driven  pathways.  The  potential  flexibility  and
diversity  offered  by  treating  photocatalysis  and  thermocatalysis  as
equally influential processes remain underutilised, yet this approach
holds promise for expanding the product scope.

Achieving  this  goal  requires  a  comprehensive  understanding  of
reaction  pathways,  including  the  behaviour  of  all  substrates  and
intermediates,  and  their  possible  transformation  routes  under
different  energy  inputs.  Photo-thermo  cascade  catalysis  offers  a
compelling  example,  where  temporal  and  spatial  separation  of
functional  components  enables  cooperative  synthesis,  as  shown in

the  production  of  HCHO  and  HCOOH  (see  Section  3.1.2  and
Section  3.1.3).  This  concept  could  be  extended  to  multi-step
transformations,  for  instance,  using  photoactivation  to  generate
ethane,  followed  by  thermocatalytic  or  photo-thermo  catalytic
dehydrogenation  to  produce  ethylene.  A  similar  strategy  has  been
shown in CO2 photocatalytic hydrogenation to C2H4

139, where CO2
was first reduced to C2H6 by Au/TiO2, and then dehydrogenated to
C2H4 by PdZn-ZnO, showcasing the potential of cascade reactions.
Beyond  tandem  reactions,  it  is  also  highly  promising  to
simultaneously apply photo and thermo energy to activate different
components  or  substrates,  allowing  products  to  emerge  from  the
recombination  of  intermediates  formed  via  photocatalysis  and
thermocatalysis, respectively. Through these strategies, new catalytic
systems  capable  of  orchestrating  complex  transformations  toward
higher-value  products  with  high  selectivity  may  soon  become  a
reality, breaking the product limitations imposed by single-energy-
driven approaches.

 4.3    Development of dual-energy in-situ characterisations
To  obtain  a  comprehensive  understanding  of  the  photo-thermo
catalytic  methane  conversion,  it  is  essential  to  unravel  both  the
photophysics and surface chemistry under real reaction conditions.
In-situ/operando  characterisation  techniques  are  therefore
indispensable.  However,  their  development  and  application  have
lagged  behind,  as  most  current in-situ/operando studies  rely  on
single-energy input paradigms, investigating either photocatalysis or
thermocatalysis  in  isolation.  For  instance, in-situ ATR-FTIR  or
DRIFTS  measurements  under  light  irradiation  without  thermal
input are commonly used to probe surface chemistry during photo-
thermo  catalytic  processes29, 30, 58.  While  these  approaches  provide
partial  mechanistic  insights,  they  may  overlook  intermediates  or
active species that require co-driven activation by both photon and
thermal  energy.  This  challenge  is  even  greater  in  understanding
photophysics.  Apart  from  being  conducted  under  ideal  inert
conditions,  almost  no  studies  have  thoroughly  resolved  charge
dynamics  and  energy  conversion  among  photons,  phonons,
electrons,  and  holes  under  photo-thermo  catalytic  conditions.
Yet,  carrier  behaviour  can  differ  significantly  under  thermal
heating31, 140, 141,  such  as  enhanced  collision-induced  decay  due  to
lattice vibrations and phonon-assisted release of carriers trapped in
shallow  states.  Consequently,  no  mature  mechanistic  framework
currently  exists  to  guide  material  design for  balancing interactions
among multiple functional components.

To  address  these  gaps,  the  development  of  dual-energy in-situ
characterisation  techniques  tailored  to  new  catalytic  modes  is
urgently needed, enabling the elucidation of synergistic interactions
between  photocatalytic  components  and  thermocatalytic
components  at  the  atomic  scale142.  For in-situ techniques  widely
used in thermocatalysis, such as DRIFTS and XPS, upgrades can be
relatively  straightforward  by  replacing  window  materials  to  allow
light  penetration.  However,  for  more  complex  systems,  such  as
synchrotron  X-ray  absorption  spectroscopy,  designing  dedicated
cells  requires  a  deep  understanding  of  measurement  and
instrumental  constraints.  For  techniques  where  significant
improvements  are  challenging  in  the  short  term,  alternative
strategies  should  be  considered  to  approximate  dual-energy
conditions. For example, in photophysic studies where introducing
a heating element is impractical,  low-energy light sources (e.g.,  IR)
could  be  employed  to  induce  thermal  effects  via  photo-to-thermo
conversion without interfering with primary excitation. In the long
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term,  the  development  of  advanced  dual-energy in-situ
characterization  platforms  with  precise  control  over  both  photon
and thermal inputs remains strongly encouraged. Such tools will be
critical  for  elucidating  fundamental  mechanisms  and  guiding  the
rational design of next-generation photo-thermo catalytic systems.

 4.4    Reactor design optimisation
Compared  to  the  rapid  progress  in  catalyst  development  and  the
emergence  of  various  synergistic  catalytic  modes,  the  design  of
dedicated photo-thermo catalytic reactors remains underdeveloped.
A  key  challenge  arises  from  the  fundamental  difference  between
light  and  heat  conduction:  light  typically  propagates  in  two
dimensions  with  limited  surface  penetration,  whereas  heat
distributes  three-dimensionally  throughout  bulk  materials33, 143.
Fixed-bed  reactors,  widely  used  in  both  photocatalysis  and
thermocatalysis,  suffer  significantly  from  these  limitations  when
applied to photo-thermo synergistic catalysis. From the perspective
of  light  conduction,  catalyst  bed  thickness  is  critical,  as  photons
typically  penetrate  only  ~  0.1  μm131,  leaving  most  of  the  deeper
catalyst layers inactive. This issue becomes even more pronounced
in  photo-to-thermo  catalysis,  where  steep  temperature  gradients
can  develop  within  the  bed.  Similarly,  for  systems  employing
external  heating  elements,  thick  fixed  beds  can  lead  to
inhomogeneous temperature distribution. These factors may result
in  surface  and  bulk  catalysts  operating  under  entirely  different
mechanisms,  such  as  photo-thermo  catalysis  combined  with
thermocatalysis  or  photocatalysis  combined  with  thermocatalysis,
posing  significant  challenges  for  performance  optimisation  and
mechanistic interpretation.

Greater  effort  is  needed  to  develop  reactors  tailored  to  specific
photo-thermo  reactions  to  achieve  uniform  light  and  heat
conduction.  Strategies  include  engineering  porous  structures  to
enhance  light  penetration  and  designing  interchannels  to  facilitate
efficient  heat  transfer.  Reactor  configurations  may  need  to  move
beyond  traditional  fixed-bed  designs  toward  innovative  models,
such  as  membrane  reactors,  foam  reactors,  and  fluidised
reactors43, 144. Additionally, advanced elements should be integrated
to improve energy delivery and maximise catalyst exposure, such as
optical  fibre-guided  illumination  and  parabolic  solar
concentrators31, 38.  Beyond  optimising  light  and  heat  conduction,
reactor  design  should  also  accommodate  the  unique  requirements
of  photo-thermo  synergistic  catalysis  to  improve  overall
performance. As shown in Section 3.1.3,  in the methane to formic
acid  system  using  CsPW-TiO2 and  Ru/Al2O3,  reactor  engineering
was  leveraged  to  achieve  spatial  separation  of  reaction  steps,  an
outcome  difficult  to  accomplish  through  material  design  alone.
Finally,  given  the  abundance  of  solar  energy  as  a  source  of  both
photocatalytic  and  thermocatalytic  components  via  different
photon  energies,  future  research  should  focus  on  developing
outdoor compatible reactor systems, such as arrayed panel reactors
or  tower-type  solar  concentrator  reactors,  to  enable  real-world
application  and  scalability  of  photo-thermo  catalytic  methane
conversion145, 146.

 4.5    Artificial intelligence (AI)-assisted catalyst discovery
Currently, research efforts in photo-thermo catalysis predominantly
emphasise  the photocatalytic  component,  even in photo-enhanced
thermocatalysis,  where  studies  focus  on  introducing  functional
elements  capable  of  generating  energetic  carriers.  Consequently,
catalyst  development  largely  relies  on  trial-and-error  or  semi-
empirical strategies, typically combining oxide semiconductors (e.g.,

TiO2 and  ZnO)  with  co-catalysts  (e.g.,  Au,  Cu,  Pt,  and  Ni)  to
assemble  multiple  functionalities  such  as  plasmonic  effects  and
Schottky junctions. Meanwhile, phonons generally act at the system
level  rather  than  being  tailored  to  specific  catalytic  species,  with
thermal  energy  added  as  an  auxiliary  input  (e.g.,  Au/TiO2,
Au/CeO2,  and  Au/ZnO/TiO2;  see  Section  3.2.1).  This  imbalance
limits  the  scope  of  photo-thermo  catalysts  and  constrains
exploration  of  the  full  potential  of  dual-energy-driven  catalytic
modes for reactions beyond single-energy paradigms. As shown in
Section 3.1.3,  dedicated design of  thermocatalytic  components  can
deliver  unexpected  synergistic  effects,  achieving  selectivity
unattainable under single-energy conditions.

To  unlock  this  potential,  thermocatalytic  components  must  be
elevated to an equal position alongside photocatalytic components,
enabling holistic consideration of reaction pathways across different
photo-thermo synergistic  modes.  Beyond photophysical  properties
such as band structure, carrier density, interface junctions, and light
absorption,  thermochemical  characteristics,  including  d-band
centre,  surface  acidity  and  polarity,  hybridisation  configuration,
porosity  and  thermal  conductivity,  should  also  be  prioritised.
Furthermore,  the  catalyst  library  should  expand  beyond  oxide
semiconductors  to  encompass  diverse  compositions,  leveraging
tunable  polymers,  high-surface-area  frameworks  (e.g.,  molecular
sieves, silica, and MOFs), and multifunctional systems such as high-
entropy alloys and heterojunctions. Given this complexity, artificial
intelligence  offers  a  powerful  approach  to  accelerate  catalyst
discovery and optimisation142, 147. By constructing a comprehensive
materials  database  that  integrates  existing  photo-thermo  systems
and  extend  to  photocatalytic  and  thermocatalytic  platforms,  AI
models  can  identify  hidden  patterns,  predict  performance,  and
propose  novel  catalyst  combinations.  This  data-driven  approach
holds  significant  promise  to  guide  the  rational  design  of  next-
generation  photo-thermo  synergistic  catalysts  for  methane
conversion.
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