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ABSTRACT: The  activation  of  inert  C–H  bonds  under  mild
conditions  with  high  selectivity  remains  a  central  challenge  in
catalysis.  Metal–organic  frameworks  (MOFs)  and
polyoxometalate-based  MOFs  (POMOFs)  offer  atomically
precise, tunable structures that integrate light absorption, charge
separation,  and  catalytic  sites.  This  review  systematically
summarizes  recent  progress  in  the  development  of
MOFs/POMOFs for light-mediated C–H bond activation over the
past  decade.  We  discuss  design  strategies  for  active  sites,
including  metal  nodes,  functionalized  ligands,  guest
encapsulation,  defect  engineering,  and  single-site  regulation.
The synergistic role of POMs as electron sponges in promoting
charge  separation  and  modulating  reactive  oxygen  species
(·O2

−,  1O2,  and  ·OH)  pathways  is  discussed.  Structure–activity
relationships  governing  the  activation  of  aromatic,  benzylic,  allylic,  and  aliphatic  C–H  bonds  are  discussed.  Finally,
perspectives on operando characterization, precision synthesis, green manufacturing, and AI-assisted design are provided to
guide the development of next-generation photocatalysts.
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 1    Introduction
The direct functionalization of inert C–H bonds is regarded as the
Holy  Grail  of  organic  synthetic  chemistry.  If  achieved  with  high
efficiency  and  selectivity,  this  seemingly  simple  chemical  bond
transformation  could  provide  a  green  path  for  directly  obtaining
high-value  chemicals,  such  as  alcohols,  aldehydes,  ketones,  and
acids,  for  use  in  the  fields  of  medicine,  pesticides,  fine  chemicals,
and polymer materials. For example, according to industry statistics
[1, 2],  the  demand  for  benzaldehyde  increases  7%  annually,  and
more  than  50%  of  the  market  involves  high-purity  and  chlorine-
free  products.  The  direct  oxidation  of  C–H  bonds  would
significantly  shorten synthetic  routes,  enhance economic efficiency

and  environmental  friendliness,  and  fundamentally  drive  the
transformation of the organic synthesis field [3–5]. However, there
remain significant obstacles, mainly due to the core contradiction of
the  universality  and  chemical  inertness  of  C–H  bonds  [6–8].  The
dissociation  energy  of  the  C(sp3)–H  bond  is  approximately  440
kJ/mol,  which  is  a  very  high  energy  barrier  to  overcome  [9, 10].
From a kinetic perspective, the weak polarity and high directionality
of C–H bonds result in a low probability of orbital overlap between
the  substrate  molecules  and  the  active  sites  on  a  catalyst  surface.
Furthermore,  the  oxidation  products  are  often  prone  to  excessive
oxidation  as  they  are  highly  active  [11–13].  Taking  the  selective
oxidation  of  toluene  as  a  representative  example,  the  reactivity  of
the  target  product  (benzaldehyde)  is  much  higher  than  that  of
toluene. Once formed, benzaldehyde will rapidly further oxidize to
benzoic acid and even mineralize into CO2. Therefore, the synthesis
of  benzaldehyde  with  high  selectivity  under  mild  conditions
remains an important challenge [14–17].

This  activity–selectivity  trade-off  between  activating  inert  C–H
bonds and avoiding the overoxidation of labile products is the main
scientific  challenge.  For  over  a  century,  chemical  industries  have
used the side-chain chlorination hydrolysis of toluene oxidation to
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circumvent  selectivity  problems.  However,  this  process  is  lengthy
and  generates  a  large  amount  of  chlorine-containing  waste,  and
meeting  the  strict  chlorine-free  product  requirements  of  the  food
and  medical  fields  is  a  challenge  [18].  Moreover,  although
traditional  volumetric  oxidants  such  as  KMnO4 and  CrO3 have
strong  conversion  capabilities,  they  are  being  gradually
marginalized owing to their high toxicity, strong corrosiveness, and
environmental  risks  as  green  synthesis  becomes  more  popular
[19–23].  Therefore,  the  development  of  strategies  for  efficiently
activating  inert  C–H  bonds  under  mild  conditions  and  precisely
controlling  the  reaction  process  to  avoid  excessive  oxidation  is  a
core challenge in contemporary catalytic chemistry, and a key path
toward sustainable chemical synthesis.

Emerging photocatalytic technologies provide a new perspective
for  addressing  these  challenges  [24].  Unlike  traditional  thermal
catalysis  relying  on  high  temperature  and  pressure,  some
photocatalysts can directly capture solar energy and generate highly
active species (such as photogenerated holes/electrons, and reactive
oxygen  species  (ROS)  generated  by  O2 or  H2O)  under  normal
temperature  and  pressure.  Such  photocatalysts  can  achieve  the
cleavage  or  isomerization  of  inert  C–H  bonds  and  initiate
subsequent  functionalization  reactions  [25–32].  Traditional
photocatalysts,  such  as  noble-metal  complexes  and  inorganic
semiconductors,  exhibit  significant  limitations  in  practical
applications.  Although  noble-metal  complexes  (such  as  Ru  and  Ir
complexes)  have  high  quantum efficiency  and  clear  photophysical
properties,  they  exhibit  short  excited-state  lifetimes  and  rely  on
molecular  diffusion  and  substrate  collisions,  which  limit  their
catalytic  efficiency  [33–35].  Furthermore,  the  use  of  scarce  rare-
earth metals  makes these catalysts  expensive,  and they are difficult
to  recycle  to  recover  the  valuable  metals  [36, 37].  Traditional
inorganic  semiconductors  (such  as  TiO2,  CdS,  and  Bi2WO6)  also
exhibit  limitations,  such  as  severe  photogenerated  carrier
recombination  and  inhomogeneous  distribution  of  surface-active
sites  [38–41].  Furthermore,  it  is  difficult  to  achieve  atomic-level
control  of  these  semiconductors,  thereby  hindering  an  in-depth
understanding  of  the  catalytic  mechanism  and  efficient
performance  optimization.  Therefore,  developing  green
photocatalysts  that  are  both  highly  engineered  and  economically
viable is the key to achieving efficient C–H bond functionalization
under mild conditions [42].

The  emergence  of  metal–organic  frameworks  (MOFs)  brought
about  a  structural  revolution  in  photocatalysis  [43].  MOFs  can
incorporate  homogeneous  catalytic  units  with  well-defined
structures  (such  as  metal  porphyrins  [44],  metal  complexes  [45],
and  metal  oxygen  clusters  [46])  into  a  periodically  extended
framework through coordination bonds, ingeniously integrating the
advantages of homogeneous and heterogeneous catalysis. The clear
structure and controllable active sites of MOFs provided innovative
strategies for catalyst design [47–49]. Furthermore, the insolubility,
extremely high specific surface area (usually exceeding 1000 m2/g),
and tunable pore structures of MOFs enable easy recyclability, high
substrate  enrichment  capacity,  and  size  and  shape  selectivity,
providing  a  unique  confined  environment  that  ensures  stable
intermediates and substrate recognition [50–52].

Polyoxometalates  (POMs)  are  a  class  of  atomically  precise
inorganic  metal–oxygen  clusters  with  excellent  redox  activity  and
reversible  multi-electron  storage  capacity.  POMs  are  described  as
electronic  sponges  because  they  can  simultaneously  and
continuously  accept  and  release  electrons  without  destroying  the

structure  [53–58].  However,  POMs  are  easily  soluble  in  polar
solvents  and  exhibit  low  specific  surface  areas,  which  limit  their
application  in  heterogeneous  catalysis  [59, 60].  Encapsulating
POMs  within  the  regular  pores  of  MOFs  or  constructing  POM-
based MOFs (POMOFs)  using  POMs as  one  of  the  raw materials
through a one-pot method has become research priorities in recent
years  [61–64].  POMOFs  address  the  problem  of  POM  recovery
while  providing  a  novel  cooperative  catalysis  platform.  The  MOF
pores enrich the substrate and stabilize the intermediate,  while the
photosensitizing  framework  efficiently  injects  photogenerated
electrons  into  the  POMs.  The  POMs  act  as  an  electron  sponge,
further  transferring  electrons  to  O2 or  the  substrate,  thereby
significantly  promoting  charge  separation  and  subsequent
oxidation  reactions  [65–70].  This  multilevel  structural  design—
from  the  molecule  to  framework  scale—has  opened  up
unprecedented  pathways  for  developing  high-performance
photocatalysts (Fig. 1).

Compared with conventional photocatalysts, such as noble-metal
complexes  (e.g.,  Ru/Ir)  and  inorganic  semiconductors  (e.g.,  TiO2
and  CdS),  MOFs  and  POMOFs  offer  several  unique  advantages.
First,  their  atomically  precise  and  periodically  extended  structures
enable the rational integration of photosensitizers, catalytic centers,
and substrate recognition sites within a single framework, bridging
homogeneous  and  heterogeneous  catalysis.  Second,  the  tunable
pore  environment  (size,  shape,  and  hydrophobicity)  provides
confinement  effects  that  stabilize  reactive  intermediates,  enhance
substrate  enrichment,  and  provide  size/shape  selectivity  features
that are not accessible using traditional semiconductors. Third, the
modular  MOF  structure  enables  post-synthetic  modification  and
defect  engineering  to  fine-tune  electronic  and  catalytic  properties.
The  incorporation  of  POMs  as  electronic  sponges  further  imparts
reversible  multielectron  storage  and  ultrafast  charge  separation,
overcoming  the  severe  carrier  recombination  that  limits  the
performance  of  most  inorganic  photocatalysts.  These  combined
advantages  position  MOFs  and  POMOFs  as  next-generation
platforms for selective C–H bond activation under mild conditions.

This review aimed to systematically summarize the state-of-the-
art progress in the development of MOF and POMOF materials for
light-mediated C–H bond activation over the past decade, focusing
on two core issues.  First,  material  structures are precisely designed
at  the  atomic  level—including  the  selection  of  metal  nodes,
functionalization  of  organic  ligands,  encapsulation  of  guests,  and
interface  construction—to  precisely  control  the  behavior  of
photogenerated charges and reactive oxygen species (ROS), as well
as the activation pathways of C–H bonds. Second, the mechanism
by which these design strategies translate into excellent activity and
selectivity  for  specific  reactions  is  systematically  investigated.
Through  in-depth  analysis  and  discussion  of  the  mechanisms,  we
aimed  to  clarify  the  structure–activity  relationship  of  MOF/
POMOF catalysts  and provide  guidance  for  future  catalyst  design.
This  review  demonstrates  the  advantages  of  MOFs/POMOFs  in
generating  free  radicals  to  activate  C–H bonds  and evaluates  their
use as a new strategy for synthesizing high-value chemicals through
photocatalysis.

 2    Design  and  synthesis  of  MOF/POMOF
photocatalysts
The main advantage of  MOFs/POMOFs is  their  highly designable
structure [71–73]. The final performance of the catalyst depends on
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the  appropriate  selection  and  combination  of  photosensitive  and
catalytic  centers,  and pore  environments  to  achieve  the  synergistic
effects of electrons and spatial confinement [74–76].

 2.1    Photocatalytic active sites in MOFs
The periodic  structure  of  MOFs enables  the precise  positioning of
different photocatalytic functional units at specific locations in three-
dimensional (3D) space. These units can be derived from inorganic
metal  nodes,  organic  ligands,  or  guest  molecules  encapsulated  in
pores [77].

 2.1.1    Metal–oxygen cluster nodes

The secondary building units of MOFs can often serve as catalytic
centers  [78].  Metal–oxygen  clusters  containing  Fe,  Ce,  Zr,  and  Ti
can  be  regarded  as  independent  semiconductor  quantum  dots.
They are excited indirectly via the antenna effect of organic ligands,
resulting  in  ligand-to-metal  charge  transfer  (LMCT)  [79–83].  For
instance,  although the  Zr–O clusters  in  Fe–UiO-66 do not  absorb
visible  light,  the  ligands  of  amino  benzoic  acid  can  absorb  visible
light  and  inject  electrons  into  the  Zr  oxygen  clusters,  thereby
activating  adsorbed  O2 or  H2O  to  achieve  the  efficient
photocatalytic  oxidation  of  C–H  bonds  (Fig.  2(a))  [84].  Notably,
this  LMCT  process  enables  Zr–O  clusters  to  achieve  visible  light
activity,  demonstrating  the  valuable  effect  of  ligand  nodes.  Metal
nodes may also possess unique chemical properties beyond those of
traditional semiconductors [85]. For example, bimetallic Ce–O–Ce
units  in  the  Ce–AQ  (anthraquinone)  structure  directly  undergo
LMCT  under  light  irradiation,  generating  highly  active  bridging
oxygen  radicals  that  directly  capture  the  hydrogen  atoms  of
cyclohexane, achieving a selectivity of up to 98% for cyclohexanone
(Figs. 2(b) and 2(c)) [86]. The mechanism by which metal–oxygen
clusters  directly  participate  in  hydrogen  atom  transfer  (HAT)  is
fundamentally different from the traditional pathway that relies on
ROS for indirect oxidation. Hence, it demonstrates a new paradigm
where  metal  nodes  act  as  reaction  centers  [87].  Similarly,  nodes

containing  Cl− (such  as  the  Ce–Cl  units  in  the  Ce-MV+ structure)
can generate highly active chlorine radicals in situ through LMCT,
enabling  HAT  activation  of  inert  substrates  like  cyclohexane,
providing a new pathway for C–H bond oxidation (Fig. 2(d)) [88].

 2.1.2    Functionalized organic ligands

The organic ligands that serve as the structural framework of MOFs
can  also  act  as  photocatalytic  centers.  Through  ingenious  ligand
design, the functions of light capture, energy transfer, and catalysis
can  be  integrated  to  form  a  multifunctional  cooperative  catalytic
system [89–91].
 2.1.2.1    Photosensitive ligands
The inclusion of classical photosensitizer molecules directly used as
ligands  is  the  most  intuitive  strategy.  For  example,  the  porphyrin
ligand in PCN-222(H2), the pyrene ligand in NU-1000, and the 1,4-
bis(phenylethynyl)benzene  ligand  in  SIU-100  are  excellent  light-
absorption  antennas,  which  can  efficiently  transfer  light  energy  to
the  entire  framework.  Interestingly,  the  close  stacking  and  π–π
interactions  between  the  ligands  in  these  MOFs  result  in  distinct
excited-state  behavior  compared  to  that  of  free  ligands.  It  was
shown  that  ligands  can  form  migratable  singlet  excitons  (mobile
singlet electron–hole pairs) in NU-1000, preventing the generation
of  singlet  oxygen  and  ensuring  that  superoxide  radicals  are  the
main ROS type [92, 93]. This demonstrates that the MOF structure
can fundamentally alter the relaxation pathways of the excited states
of photosensitizers, providing new strategies for regulating the types
of ROS produced (Fig. 3).
 2.1.2.2    D–A type ligands
Integrating  electron  donors  (D)  and  acceptors  (A)  into  the  same
ligand  or  constructing  D–A-type  MOFs  through  a  mixed-ligand
strategy  is  an  effective  method  for  promoting  charge  separation
[94].  It  was demonstrated that JNU-204 (a D–A–D type pyrazole-
benzothiadiazole-pyrazole  ligand)  [95]  and  Zr-NDI-H2DPBP  (a
naphthalene  diamide  ligand  acceptor  and  a  porphyrin  ligand

 

Figure 1    Schematic diagram of MOFs/POMOFs for photocatalytic C–H oxidation.
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donor) [96] generated long-lived charge-separated states under light
irradiation,  thereby  prolonging  the  lifetime  of  photogenerated
carriers  to  provide  sufficient  time  for  surface  reactions,  and
significantly enhancing photocatalytic oxidation activity (Fig. 4).

In  summary,  functionalized  organic  ligands  in  MOFs  enable
three  distinct  photocatalysis  strategies:  (i)  Photosensitive  ligands
(e.g.,  porphyrin  and  pyrene)  serve  as  light-harvesting  antennas;
(ii)  D–A-type  ligands  (e.g.,  Naphthalene  Diimide-porphyrin)
facilitate  intramolecular  charge  separation;  and  (iii)  HAT-active
ligands  (e.g.,  benzophenone  and  fluorenone)  directly  abstract
hydrogen  atoms  from  substrates.  These  ligand-level  designs
collectively  expand  the  photocatalytic  versatility  of  MOFs  beyond
conventional metal-node-centered mechanisms.
 2.1.2.3    Ligands with HAT functionality
Directly  fixing  a  HAT  catalyst  onto  a  ligand  enables  the  close
activation of the substrate, which is an important step in mimicking

enzyme  catalysis  [97].  For  example,  carmine  Y  dye  was  anchored
onto the Zr clusters in eosin Y-decorated MOF-808 (Fig. 5(a)) [98].
After  absorbing  light  energy,  the  dye  activated  benzyl  alcohol  via
HAT,  and  the  adjacent  Zr  unsaturated  sites  preferentially
coordinated  benzyl  alcohol  rather  than  the  benzaldehyde  product,
achieving  high  selectivity  for  alcohol  oxidation.  The  key  to  this
design lies in the dual roles of the MOF as a light-sensitizer carrier
and  a  substrate-recognition  receptor,  demonstrating  the  broad
potential of host–guest synergy. Furthermore, it  was demonstrated
that  the  9-fluorenone  ligand  in  the  Zn-OFDC  MOF  forms
hydrogen  bonds  with  2,2,2-trichloroethanol  through  pore
confinement,  generating  alkoxyl  radicals  via  proton-coupled
electron  transfer,  which  served  as  HAT  reagents  to  achieve  C–H
functionalization of aldehydes and ethers (Fig. 5(b)) [99].

 2.1.3    Molecular encapsulation

The  pore  channels  of  MOFs  can  serve  as  nanoreactors,

 

Figure 2    (a) Schematic illustration showing the grafting FeOx onto the Zr-oxo cluster by coordination interaction, affording Fe-UiO-66 and the conversion of H2O to
·OH by visible-light-driven metal-to-cluster charge transfer (MCCT) process, which is accomplished by the holes on FeOx,  upon electron transfer from FeOx to Zr-oxo
cluster,  and  the  conversion  of  O2 to  ·O2

− based  on  the  accepted  electrons  on  the  Zr-oxo  clusters.  In  contrast,  the  LCCT  process  does  not  occur  under  visible  light
irradiation. Adapted with permission from Ref. [84], © American Chemical Society 2019. (b) Schematic illustration of the building blocks of the layered metal–organic
framework  Ce-MV+,  and  the  development  to  produce  2D  MOF  monolayer  nanosheets  via in  situ exfoliation  approach.  The  multiphoton  excitation  concepts  trigger
including the photoinduced electron transfer (PET) of initial excitation, the LMCT excitation on the cerium center, and the final HAT activation of inert C(sp3)−H bonds
step-by-step, and environmentally benign oxygenation reactions with active oxygen species. (c) (1) The Ce2 secondary building unit of MOF Ce-MV+. (2) Coordination
environments of cerium ions and the one-dimensional (1D) Ce chains in MOF Ce-MV+ along the a-direction. (3) Single-crystal structures of the 3D layered Ce-MV+,
detail view showed the π–π and electrostatic interactions between the adjacent layer. (4) The ultrathin 2D monolayer Ce-MV+ nanosheet. Adapted with permission from
Ref.  [86],  ©  Wiley-VCH  GmbH  2023.  (d)  Natural  binuclear  iron  monooxygenase  (PDB  code:  64WX2).  MOF-based  artificial  binuclear  cerium  monooxygenase.  The
photoexcitation of MOF-based artificial  monooxygenase triggers the hydrogen atom transfer process for the selective oxidation of inert C(sp3)−H bonds,  including the
energy transfer and ligand-to-metal charge transfer for the formation of singlet oxygen and oxygen bridge radicals, respectively. Adapted with permission from Ref. [88],
© American Chemical Society 2022.
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Figure 3    Structurally  comparable csq/xly MOFs  (referring  to  the  underlying  framework  topology  types)  PCN-222(H2),  NU-1000,  and  SIU-100  constructed  from
electronically  diverse  linkers  TCPP(H2)4−,  TBAPy4−,  and  PEPF4−,  respectively;  H  atoms  were  omitted  for  clarity.  Adapted  with  permission  from  Ref.  [93],  ©  American
Chemical Society 2025.

 

Figure 4    (a) Three representative PET models 1–3 based on covalent or non-covalent systems using porphyrins as donors and NDI as Chemical structures of the NDI
and H2DPBP ligands.  The targeted PET model of mixed-ligand MOF Zr-NDI-H2DPBP based on donor H2DPBP and acceptor NDI used in this work. Adapted with
permission from Ref.  [95],  © American Chemical  Society 2023.  (b) Crystal  structure of  JNU-204.  ZnN4 clusters (cyan tetrahedra) are connected through edge-sharing
pyrazoles to form helical rod SBUs, further cross-linked through PBT linkers into a 3D framework with square channels along the [001] direction (Zn, sky blue; O, red; C,
gray; N, blue; H atoms are omitted for clarity). (c) Schematic illustration of JNU-204 as photocatalyst for aerobic oxygenation under visible-light irradiation. Adapted with
permission from Ref. [96], © American Chemical Society 2021.
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encapsulating  functionalized  guest  molecules  to  construct  a
cooperative  host–guest  catalytic  system.  This  is  advantageous
because  the  functionality  of  the  guest  molecules  can  complement
and  enhance  that  of  the  framework.  The  impregnation  of  organic
dye  EY@MOF-808  into  a  MOF  results  in  the  homogenization  of
the  dye,  while  the  MOF  pore  channels  regulate  the  reaction
selectivity.  Recent  research  demonstrated  the  encapsulation  of  a
fluorescent probe targeting cancer-cell membrane receptors in PCN-
Ru,  achieving  the  precise  photooxidation  treatment  of
phospholipids  in  tumor-cell  membranes  (Fig.  6)  [100, 101].  This
cross-disciplinary  application  demonstrates  the  broad  potential  of
MOF  host–guest  chemistry  in  the  field  of  biomedicine  and  the
viability  of  extending  photocatalytic  oxidation  from  organic
synthesis to life sciences, providing new tools for precise treatments
[102].

 2.1.4    Defect engineering and single-site regulation

In  addition  to  the  three  strategies  described  above,  defect
engineering  and  single-site  regulation  have  emerged  as  powerful
tools  for  optimizing  MOF  photocatalysts.  Defect  engineering
intentionally  introduces  missing  linkers  or  metal  node  vacancies
into  the  MOF,  thereby  generating  unsaturated  coordination  sites
and  structural  distortions  that  modulate  band  structures,  enhance

substrate adsorption, and expose more active centers. For example,
in  Def-CuCN/NU  (Section  3.4.2),  mesoporous  defects  promote
methane  adsorption  and  rapid  methanol  desorption,  suppressing
overoxidation  [103].  Single-site  regulation  refers  to  the  precise
anchoring  of  isolated  metal  atoms  (e.g.,  Cu,  Fe,  and  Ni)  at  MOF
nodes  or  within  pores,  maximizing  active-site  utilization  and
enabling  the  precise  control  over  reaction  pathways.  In  the  Def-
CuCN/NU  catalyst,  the  Cu  single-atom  sites  steer  O2 activation
toward hydroperoxyl radical (·OOH) rather than hydroxyl radicals
(·OH), dramatically improving the selectivity of methane oxidation
[103]. These two strategies complement metal nodes, functionalized
ligands,  and  guest  encapsulation,  collectively  enriching  the  design
toolbox for MOF/POMOF photocatalysts.

The  above  three  strategies  for  designing  active  sites  in  MOFs
(metal nodes, functionalized ligands, and guest encapsulation) have
made  significant  progress,  but  remaining  limitations  include
insufficient charge-separation efficiency and multi-electron transfer
capability.  In  particular,  for  highly  inert  C–H  bond  oxidation
reactions that require multiple electrons, a single MOF often fails to
simultaneously  provide  efficient  sensitization,  rapid  electron
transfer,  and  stable  active  sites.  Therefore,  POMs  have  attracted
attention  as  a  class  of  inorganic  metal–oxygen  clusters  with
excellent  redox  activity  and  reversible  multielectron  storage

 

Figure 5    (a) Schematic of the eosin Y-decorated MOF-808 for the selective photocatalytic oxidation of benzylic C(sp3)–H bonds via HAT events and electron transfer
process.  Adapted with  permission from Ref.  [98],  © American Chemical  Society  2024.  (b)  Coordination model  of  Zn-OFDC,  arrangement  of  OFDCs,  slip  angle  and
dihedral angle for one J-aggregation, slip angle for the other J-aggregation, hexagonal channels in Zn-OFDC, and spiral structure of the hexagonal channels in Zn-OFDC.
Adapted with permission from Ref. [99], © American Chemical Society 2021.
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capacity.  Introducing  POMs  into  MOF  systems  to  construct
POMOF  composite  materials  takes  advantage  of  the  electronic
sponge  property  of  POMs  to  promote  photogenerated  charge
separation  while  expanding  the  light-absorption  range  and
providing  additional  HAT  active  centers,  thereby  achieving  the
collaborative  catalysis  of  the  MOF and POM guest.  The  following
sections  systematically  discuss  POMOF design  strategies  and  their
synergistic effects in photocatalytic C–H activation.

 2.2    POMOFs:  Integrating  the  advantages  of  POMs  and
MOFs
POMOFs  are  not  a  simple  physical  mixture  of  POMs  and  MOFs
but  a  new  hybrid  material  constructed  through  the  interaction
between the host and guest, with strong electronic coupling effects.
Unlike  the  physical  encapsulation  of  other  molecules  (such  as
organic dyes like Eosin Y (EY)), as described in Section 2.1.3, POMs
in POMOFs typically exhibit  stronger electronic coupling with the
MOF. Unlike the post-synthesis impregnation methods commonly
used  to  insert  various  molecules  into  MOFs,  POMOFs  (such  as
CuW10-TIPA  and  NiW12-TPT)  can  be  synthesized  using  one-pot
self-assembly  or  in  situ  templating  methods  to  insert  POMs  into
MOFs  via  covalent  or  strong  hydrogen  bonds.  In  terms  of
electronic  coupling  strength,  many  molecules  interact  with  MOFs
through van der Waals forces or weak coordination, resulting in a
relatively  slow  photogenerated  charge-transfer  rate  (approximately
108–109 s-1).  By  contrast,  in  POMOFs,  the  lowest  unoccupied
molecular  orbital  (LUMO)  levels  of  POMs  are  more  compatible
with  the  highest  occupied  molecular  orbital  (HOMO)  levels  of
MOF  ligands,  enabling  extremely  fast  (picosecond-scale)  electron
injection  (~1011 s-1).  In  terms  of  the  synergistic  mechanism,  most
guest  molecules  mainly  act  as  additional  photosensitizers  or  HAT
reagents,  whereas  POMs  simultaneously  function  as  electron
sponges,  charge-separation  centers,  and  oxidation-active  sites,
enabling  multi-electron  storage  and  controlled  release.  The
synergistic  effects  of  POMs  manifest  throughout  the  light
absorption, charge separation, and surface reaction steps [104–106].

 2.2.1    Photocatalytic properties of POMs

POMs  play  multiple  roles  in  photocatalysis.  As  a  photosensitizer,
the  decatungstate  is  a  typical  HAT  photocatalyst,  which  is  excited
under  ultraviolet  light  and directly  captures  hydrogen atoms from

the  substrate  by  generating  an  active  W–O  intermediate.  This
process has been widely applied in POMOF designs such as CuW10-
TIPA  (Fig.  7(a))  [107]  and  CUST-906  (Fig.  7(b))  [108].  The
electron-sponge  functionality  of  POMs  enables  them  to  accept
multiple electrons and maintain excellent stability in their  reduced
state.  For  instance,  the  reversible  electronic  capacity  of  a  typical
Keggin-type POM (such as PW12O40

3−) can reach 24 electrons, with
a  reduction  potential  range  of −0.2  to −0.8  V  (vs.  NHE)  [108];
transient  absorption  spectroscopy  identified  an  electron  injection
rate from a light-excited MOF to a POM of ~ 1011 s−1 (i.e., reactions
occurring within a few picoseconds).  In MOF systems,  POMs can
act  as  efficient  receptors  for  photogenerated  electrons,  inhibiting
charge recombination in the framework [109]. The introduction of
the  [H2W12O40]6− POM  into  NiW12-TPT  enabled  the  migration  of
photogenerated  electrons  from  the  TPT+· ligand  to  the  cluster,
achieving  continuous  multi-step  electron  transfer  and  significantly
prolonging the charge-separation state lifetime (Fig. 7(c)) [110].

 2.2.2    Design strategy for POMOFs

When introducing POMs into MOFs, it is critical to achieve stable
and orderly loading and ensure electronic communication between
the  two  materials.  The  main  strategies  for  achieving  this  include:
(1) in situ templating; (2) post-synthesis impregnation; and (3) one-
pot self-assembly.

In  situ templating  was  performed  using  POM  molecules  larger
than the MOF window as templates, which were encapsulated into
the MOF pores during POMOF synthesis [111]. The POMs in the
resulting POMOFs were firmly locked in the framework cage with
excellent stability. Typical NENU series materials are highly ordered
superstructures  formed  by  encapsulating  Keggin-type  POMs  into
the pore cage of the HKUST-1 MOF (Figs. 8(a) and 8(b)).

In  post-synthesis  impregnation  methods,  large-window  MOFs
(such  as  MIL-101  and  NU-1000)  are  first  synthesized,  and  pre-
synthesized POM molecules are impregnated into the MOF pores.
This method requires a high degree of matching between the sizes
of  the  POM  molecules  and  MOF  windows,  but  it  is  flexible  and
suitable  for  thermally  sensitive  POMs.  The  PW12@NU-1000
POMOF  was  prepared  using  this  method,  and  X-ray  diffraction
(XRD)  and  electron  microscopy  confirmed  that  the  POM
molecules  were  uniformly distributed in  the  mesoporous channels
of the MOF (Fig. 8(c)) [112].

 

Figure 6    (a)  Schematic  diagram  of  the  synthesis  of  PCN-Ru.  (b)  (1)  Fluorescence  emission  of  Ru  complexes  in  PCN-Ru  (scale  bar:  200  nm).  (2)  TEM  images  and
elemental maps of PCN-Ru (scalebar: 300 nm). (c) The process of fluorescence emission and oxidative activation in SD-1@PCN-Ru. Adapted with permission from Ref.
[101], © Wiley-VCH GmbH 2026.
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In  the  one-pot  self-assembly  method,  a  mixture  containing
POMs,  metal  salts,  and  organic  ligands  is  reacted,  allowing  the
POMs  to  participate  in  the  construction  of  the  MOF  or  act  as  a
template to induce the formation of a specific topological structure.

CuW10-TIPA  and  NiW12-TPT  POMOFs  produced  using  one-pot
methods, as confirmed by single-crystal XRD, exhibited covalent or
strong  hydrogen  bond  interactions  between  the  POMs  and  the
metal-ligand  framework,  with  stronger  electronic  coupling  and

 

Figure 7    (a)  (1)  Unit  cell  of  CuW10-TIPA.  (2)  and  (3)  2D layer  of  CuW10-TIPA along  the b-axis.  (4)  Hydrogen  bonds  between  TIPA with  [W10O32]4−.  (5)  Anion···π
interactions in CuW10-TIPA between POM anion and faces of the TIPA rings. (6) 3D stacking diagram of CuW10-TIPA. Adapted with permission from Ref. [107], ©
Elsevier Inc. 2024. (b) Asymmetric unit of CUST-906. Adapted with permission from Ref. [108], © Elsevier Inc. 2025. (c) (1) Coordination environment of Ni(II) ions in
NiW12-TPT. (2)  3D structure of  NiW12-TPT. (3)  Design concept of  NiW12-TPT for the photocatalytic  oxidation of  hydrocarbons.  Adapted with permission from Ref.
[110], © The Royal Society of Chemistry 2025.

 

Figure 8    (a)  View  of  a  (001)  sheet  with  two  kinds  of  pores,  A  and  B,  in  NENU-n (n =  1–6).  The  Cu-BTC  framework  and  Keggin  polyanions  are  represented  by
wireframe and polyhedral models. Blue, red, and gray represent Cu, O, and C, respectively. (b) Components of the crystal structures of NENU-n (n = 1–6): a cube of five
truncated-octahedral  cages sharing square faces;  the pore A accommodating the Keggin polyanion,  Cu2-cluster  (blue polyhedra),  Keggin polyanion (red polyhedra),  C
(gray), and O (red). All H atoms and solvent molecules are omitted for clarity. Adapted with permission from Ref. [111], © American Chemical Society 2009. (c) Visual
representations (top and side view) of the proposed structures for PW12@NU-1000, where the POM is located inside the windows between the channels, in the hexagonal
channels,  or  in  the  small  triangular  channels.  DED  mapping  of  PW12@NU-1000  has  led  to  the  conclusion  that  is  most  representative  of  the  material.  Adapted  with
permission from Ref. [112], © American Chemical Society 2017.
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more significant synergistic effects [107, 109].

 2.2.3    Synergistic effect of POMOFs in photocatalysis

The  catalytic  performance  of  POMOFs  far  exceeds  that  of  any
single  component.  The  synergistic  effects  are  observed  at  multiple
levels,  such  as  the  expansion  of  the  light-absorption  range  and
regulation  of  the  energy  band  structure.  The  band  gap  of
tetrabutylammonium  decatungstate  (TBADT)  salt  is  3.01  eV,
limiting  its  response  to  the  ultraviolet  region  [107].  When
combined  with  the  Cu-TIPA  MOF  to  form  the  CuW10-TIPA
POMOF,  the  band  gap  decreased  to  2.27  eV,  and  the  light-
absorption  range  significantly  shifted  to  the  visible  region.  This
energy-band  optimization  stems  from  the  electronic  coupling
between POMs and MOFs, enabling POMOFs to efficiently utilize
visible  light  (Fig.  9(a)),  while  promoting  charge  separation  and
prolonging carrier lifetime. Analysis of the photoluminescence (PL)
spectrum  of  NiW12-TPT  showed  that  the  introduction  of
[H2W12O40]6− led to a sharp decrease in PL intensity, indicating that
it suppressed charge recombination [110]. The transient absorption
spectrum  further  revealed  that  photogenerated  electrons  migrated
from  the  ligand  2,4,6-tri(2-pyridyl)-s-triazine  (TPT)  to  the  POM
cluster  within  picosecond timescales,  forming a  long-lived  charge-
separated  state.  The  photocurrent  response  and  electrochemical
impedance  spectroscopy  analysis  of  CuW10-TIPA  also  confirmed
that  the  introduction  of  the  POM  significantly  enhanced  charge
separation  and  interface  transfer  efficiency  (Figs.  9(b)–9(d)).
Integrating  different  reaction  pathways  achieved  synergistic
catalysis.  Furthermore,  a  study of  SiW12@CuMOF-1 demonstrated

that after light excitation, the Cu site undergoes LMCT to generate
Cl· radicals for HAT, whereas the NAD+ mimetic ligand generates
1O2 and  ·O2

− through  energy  and  electron  transfer,  respectively
[113]. The three active species, under the collaborative action of the
Cu  site,  POM,  and  ligand,  collaboratively  achieve  the  efficient
oxidation  of  3,5-dibutylphenol.  This  design  achieved  the  effective
integration  of  multiple  activation  pathways  by  a  single  catalyst,
demonstrating  the  great  potential  of  the  POMOF  platform
(Fig. 9(e)).

Notably,  the  specific  structure  of  the  incorporated  POM
significantly  influences  the  charge-separation  efficiency  and  ROS
selectivity  of  a  POMOF.  Decatungstate  ([W10O32]4−)  exhibits  a
relatively  low  reduction  potential  and  is  readily  excited  under
ultraviolet  (UV)/visible  light  to  generate  highly  reactive  W–O·
species  that  directly  abstract  hydrogen  atoms  via  HAT,  favoring
·O2

− as the primary ROS. In MOF-confined systems, such as CuW10-
TIPA and CUST-906, decatungstate maintains its HAT-dominated
pathway  with  fast  (picosecond)  electron  injection.  Keggin-type
POMs (e.g., [PW12O40]3−) possess moderate reduction potentials and
large  reversible  electron  capacity  (up  to  24  electrons),  acting
primarily as electron acceptors that promote charge separation. The
ROS selectivity in Keggin-based POMOFs (e.g., PW12@NU-1000) is
more  dependent  on  the  MOF  exciton  behavior,  often  generating
ROS  mixtures  (mainly ·O2

− with  minor 1O2).  Wells–Dawson-type
POMs  (e.g.,  [P2W18O62]6−)  have  stronger  oxidizing  power  and
higher  reduction  potentials,  yet  few studies  have  investigated  their
confinement  in  MOFs.  In  Cu-P2Mo18,  the  Wells–Dawson  POM
cooperates  with  Cu  sites  to  generate ·OH  or  t-BuO· radicals,

 

Figure 9    (a) Tauc plots of CuW10-TIPA, TIPA and [(n-C4H9)4N]4[W10O32]. (b) EIS Nyquist plots of CuW10-TIPA in 0.1 M Na2SO4 aqueous solution without bias versus
Ag/AgCl electrode irradiated with 300 W xenon lamp light.  (c)  Transient photo current response of  CuW10-TIPA in 0.1 M Na2SO4 aqueous solution without bias vs.
Ag/AgCl electrode irradiated with white light. Adapted with permission from Ref. [107], © Elsevier Inc. 2024. (d) Transient photocurrent response of TPT and NiW12-
TPT.  Adapted with permission from Ref.  [110],  © The Royal  Society  of  Chemistry  2025.  (e)  Schematic  of  the  NAD+ mimics  incorporated copper-organic  framework
containing the binuclear copper catalytic sites and the embedded polyoxometalates and the exogenous chloride sources for the selective monooxygenation of substrates.
Adapted with permission from Ref. [113], © American Chemical Society 2023.
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achieving  high  selectivity  for  benzylic  C–H oxidation.  Overall,  the
charge-separation efficiency is  governed by LUMO level  matching
between the POM and MOF linker, as well as the strong electronic
coupling  between  the  POM  and  metal  nodes,  whereas  ROS
selectivity is controlled by the reduction potential and excited-state
reactivity  of  the  POM.  Systematic  comparative  studies  using  the
same  MOF  host  with  different  POM  guests  are  still  lacking  and
represent an important future research direction.

 2.3    Mechanism of photogenerated electron separation and
transport in MOFs/POMOFs
Understanding the generation, separation, and migration of charges
in MOFs/POMOFs is the theoretical basis for rational photocatalyst
design  [114–116].  Efficient  charge  separation  is  a  key  prerequisite
for  photocatalytic  C–H  activation,  as  it  directly  determines  the
availability  of  photogenerated  electrons  and  holes  for  subsequent
surface reactions. Three primary charge-separation mechanisms are
discussed  here:  (1)  LMCT,  (2)  node-to-node  charge  transfer,  and
(3) POM-mediated charge separation, followed by the generation of
ROS.

 2.3.1    Ligand–metal charge transfer

Ligand–metal  charge  transfer  is  the  most  fundamental  charge-
separation mechanism in MOFs. After the ligand is excited by light,
the  photogenerated  electrons  can  be  injected  from  the  LUMO  of
the  ligand  into  the  conduction  band  of  the  metal  node,  confining
the electrons and holes to the metal  and ligand, respectively [117].
In  Fe-UiO-66,  the  amino  benzoic  acid  ligand  absorbs  visible  light
and  injects  electrons  into  the  Zr–O  cluster,  achieving  efficient

charge  separation  (Fig.  10(a))  [84].  Transient  absorption
spectroscopy  indicated  that  this  process  occurs  on  the  picosecond
scale and is one of the fastest charge-separation pathways in MOF
photocatalysis.

 2.3.2    Node-to-node charge transfer

In  multicomponent  or  multimetal  MOFs,  electrons  can  transfer
between different  metal  nodes,  enhancing the spatial  separation of
charge-separated  states  [118].  A  density  functional  theory  (DFT)
study  of  the  c-Ni5-Co4 catalyst  showed  that  after  light  excitation,
photogenerated  electrons  were  transferred  from  the  ligand  of  the
Ni5 cluster  to  the  W–O  framework  of  the  Co4-POM,  while  the
holes  were  confined to  the  metal  center  of  the  Ni5 cluster  and the
Co  center  of  the  Co4-POM  [119].  This  charge  separation  enables
the  simultaneous  progression of  the  reduction and oxidation half-
reactions. The good agreement between theoretical calculations and
experimental  results  indicated  that  DFT  is  a  powerful  tool  for
understanding  the  charge-transfer  pathway  at  the  atomic  level
(Figs. 10(b) and 10(d)).

 2.3.3    POM-mediated charge separation

In  POMOF  systems,  the  POM  often  acts  as  an  efficient  electron
acceptor, facilitating charge separation over a large spatial scale. In a
representative  system,  pyrene  ligands  (TBAPy)  are  excited,  and
electrons  are  rapidly  injected  into  adjacent  PW12 clusters,  thereby
reducing  the  clusters,  while  the  holes  remain  on  the  ligand  [112].
Transient absorption spectroscopy indicated that electron injection
occurs  within  a  few  picoseconds,  and  charge  recombination  is
delayed  to  the  nanosecond  or  even  microsecond  scale,  indicating

 

Figure 10    (a) the proposed photocatalytic generation of ·O2
− and ·OH radicals over Fe-UiO-66 based on the MCCT process. Adapted with permission from Ref. [84], ©

American Chemical Society 2019. (b) (1) Time-dependent yields of N-BA, Ph-CHO, and Ph-NH2 catalyzed by c-Ni5-Co4. (2) Control experiments using different radical
quenchers for the selective photocatalytic synthesis of Schiff base in a coupled system of Ph-CH2OH and Ph-NO2 over c-Ni5-Co4 under visible light illumination for 12 h.
Adapted with permission from Ref. [117], © Science China Press 2024. (c) A channel-type POM@MOF (PW12@NU-1000) was synthesized for the first time. The hybrid
material  shows stability  and enhanced activity  towards  the  oxidation of  organosulfur  with hydrogen peroxide.  Adapted with permission from Ref.  [112],  © American
Chemical Society 2017. (d) The proposed possible mechanism. Adapted with permission from Ref. [117], © Science China Press 2024.
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efficient charge separation (Fig. 10(c)).

 2.4    ROS generation
Molecular oxygen (O2) is the ideal oxidant for photocatalytic C–H
bond oxidation, as it is abundant, inexpensive, and environmentally
friendly.  Controlling  the  pathways  by  which  O2 is  activated  by
photogenerated  electrons  or  holes  directly  determines  the  types  of
ROS generated, thereby influencing reaction selectivity [120–122].

 2.4.1    Superoxide radicals

Superoxide  free  radicals  (·O2
−)  are  usually  generated  by  the

reduction of O2 by photogenerated electrons. These radicals exhibit
mild  oxidation  ability,  and  they  mainly  participate  in  radical
coupling  and  addition  reactions;  for  example,  they  are  the  key
species for the highly selective generation of target products, such as
aldehydes  and  ketones  [123].  From  a  thermodynamic  perspective,
the  reduction  potential  of  O2/·O2

− is −0.33  V  vs.  NHE.  Therefore,
the  conduction-band  position  of  the  catalyst  must  be  sufficiently
negative  to  generate  ·O2

−.  In  PCN-222  (H2)  and  other  singlet-
exciton  MOFs,  the  tight  packing  of  ligands  inhibited  inter-system
crossing,  prevented  the  formation  of 1O2,  and  the  photocatalytic
oxidation coupling of amines mainly occurred via the ·O2

− pathway,
achieving excellent selectivity (Fig. 11(a)) [93].

 2.4.2    Singlet oxygen

Singlet  oxygen  (1O2)  is  generated  via  the  energy  transfer  between
photogenerated  excitons  and  O2,  without  electron  transfer.
Therefore, this reaction is not restricted by the band position of the
catalyst. 1O2 is  a  highly active electrophilic  species that can directly
react with electron-rich substrates and is particularly suitable for the
selective  oxidation  of  alkenes  and  sulfides.  It  was  shown  that  the
high-density AQ ligands in the Co-AQ structure form π–π stacking
within  the  pores,  facilitating  exciton  migration  and  increasing  the
energy-transfer efficiency, resulting in efficient 1O2 generation [124].

This process is particularly active in the reaction of oxidizing thiols
to sulfoxides (Fig. 11(b)).

 2.4.3    Hydroxyl radicals

·OH  can  be  generated  by  the  oxidation  of  H2O  by  holes  or  the
reduction  of  H2O2 by  electrons,  and  they  are  one  of  the  most
oxidizing ROS (with a standard oxidation potential of up to 2.80 V
vs.  NHE).  However, ·OH  radicals  indiscriminately  activate  most
C–H  bonds,  resulting  in  poor  selectivity.  The  photocatalytic
oxidation of toluene by Fe-UiO-66 to produce benzoic acid mainly
relies  on ·OH  radicals  [84].  Furthermore,  in  the  photocatalytic
oxidation of methane by W10@Ce-bpdc, the generated ·OH radicals
ultimately oxidize methane to form formic acid [124]. To improve
selectivity,  ·OH  generation  needs  to  be  limited  or  confined  to  a
specific  microenvironment.  Def-CuCN/NU  was  regulated  via  the
Cu  monometallic  site  to  make  the  O2 activation  pathway  more
inclined  to  generate ·OOH  rather  than ·OH,  thereby  avoiding
excessive  methanol  oxidation  [125].  This  demonstrates  that
precisely regulating the ROS type is critical for achieving the highly
selective oxidation of C–H bonds (Fig. 11(c)).

The  three  ROS  types  discussed  above  often  coexist  in  practical
photocatalytic  systems,  and  their  competitive  generation  critically
determines  reaction selectivity.  The tendency to  generate ·O2

-, 1O2,
or ·OH depends on multiple factors. First,  the catalyst’s band edge
positions  dictate  thermodynamic  feasibility:  The  conduction  band
must be more negative than − 0.33 V vs. NHE to reduce O2 to ·O2

-,
while  the  valence  band  must  be  more  positive  than  +2.80  V  vs.
NHE  to  oxidize  H2O  to ·OH.  Second,  the  O2 concentration
influences the competition between electron and energy transfer: A
higher  O2 concentration  favors  electron  transfer  to  produce ·O2

−,
whereas  energy  transfer  to  generate 1O2 is  less  dependent  on  O2
partial  pressure.  Third,  solvent  polarity  and  hydrogen-bonding
ability  affect  the stabilization of ·O2

− and 1O2,  altering their  steady-
state  concentrations.  For  example,  polar  protic  solvents  tend  to

 

Figure 11    (a)  Aza-Henry  reaction  through  reductive  or  oxidative  quenching  of  PS*,  where  ·O2
− is  the  dominant  ROS.  Adapted  with  permission  from  Ref.  [93],  ©

American  Chemical  Society  2025.  (b)  Proposed  mechanism  for  photoactivating  inert  C(sp3)–H  bonds  and  oxygen,  involving 1O2 as  the  key  species.  Adapted  with
permission from Ref. [124], © American Chemical Society 2022. (c) Proposed reaction mechanism for CH4 oxidation over Def-CuCN/NU, showing ·OOH as the selective
ROS instead of ·OH. Adapted with permission from Ref. [103], © Feng, B. et al. 2025.
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stabilize  ·O2
− via  hydrogen  bonding,  whereas  aprotic  solvents  may

prolong 1O2 lifetimes.  Finally,  the  MOF  pore  microenvironment
(e.g.,  hydrophobicity,  confined  space)  can  selectively  enrich  O2 or
exclude  water,  thereby  suppressing ·OH  generation  and  favoring
·O2

− or 1O2 pathways. Understanding these competitive mechanisms
provides a rational basis for tuning ROS selectivity through catalyst
and reaction condition design.

 3    MOFs/POMOFs  photocatalytic  C–H  bond
activation reaction
This section provides an in-depth analysis of the action mechanism
of  MOF/POMOF  catalysts  based  on  specific  reaction  types  and
explores  the  structure–performance  relationships  of  the  catalysts
(Table 1). Before discussing specific reaction types, it is necessary to
compare  the  intrinsic  characteristics  of  different  C–H  bonds.  The
bond  dissociation  energy  of  the  aromatic  C(sp2)–H  bond  is
relatively  high  (approximately  110–115  kcal/mol),  but  the
conjugated system makes it prone to electrophilic substitution. Due

to  the  hyperconjugation  effect  of  the  benzene  ring,  the  benzyl
C(sp3)–H  bond  has  a  lower  bond  energy  (approximately  85–90
kcal/mol)  and  tends  to  generate  benzyl  radicals  through  the  HAT
pathway.  The  allyl  C(sp3)–H  bond  also  has  a  low  bond  energy
(approximately  82–88  kcal/mol),  but  the  presence  of  the  double
bond introduces cyclopropanation competition. Meanwhile, alkane
C(sp3)–H bonds, such as those in methane and cyclohexane (bond
energies  of  104  and  99  kcal/mol,  respectively),  are  the  most  inert,
requiring strongly oxidizing species (such as ·OH) or highly active
HAT  reagents  (such  as  excited-state  tetravalent  tungstate).  These
intrinsic  differences  determine  the  selectivity  requirements  of
different  C–H  bonds  for  ROS  types  (·O2

−, 1O2, ·OH)  and  are  also
key factors in the structural design of MOF/POMOF catalysts.

 3.1    Oxidation of the aromatic C(sp2)–H bonds
The  oxidation  of  the  aromatic  C(sp2)–H  bond  is  important  for
synthesizing  phenols;  its  mechanism  shares  similarities  with
C(sp3)–H oxidation,  but the differences in electronic structure and
steric hindrance bring unique challenges. Cu-based MOFs (such as

 

Table 1    Application of MOF/POMOF-based photocatalysts in C-H oxidationa

Catalyst Reaction Reaction conditions Conversion (%) Ref.

Fe-UiO-66 Toluene-benzoic acid 10 mg [P], 1 mL MeCN, 20 μL H2O, 47.2 μmol [S], 300 W Xenon lamp
(380 nm), 1 atm O2, 25 °C, 3.5 h 96.9 [84]

Ce-AQ Cyclohexane-cyclohexanone 5 μmol, 0.1 mmol [S], 5 mL MeCN, LED (395 nm), O2, 25 °C, 14 h 98.4 [88]

Ce-MV⁺-NS Ethylbenzene-acetophenone 5 μmol [P],0.1 mmol [S], 5 mL MeCN, LED (455 nm), O2, 25 °C, 14 h 83 [86]

NU-1000 THIQPh-azaHenry 10 mg [P], 0.25 mmol [S], 1 mL DMF, 0.5 mL CH3NO2, 15 W CFL
(5 mW/cm2), air, 2.8 h 100 [93]

Zr-NDI-H2DPBP Benzylamine-N-
benzylidenebenzylamine 11 mg [P], 1 mmol [S], 5 mL DMF, 300 W Xenon lamp, O2, 27 °C, 20 min 97 [95]

JNU-204 4-Cyanophenylboronic acid 1 mol% [P], 1.0 equiv [S], 2.0 epuiv Et3N, CH3CN/H2O (4:1),
30 W blue LED, air, 25 °C, 48 h 93 [96]

EY@MOF-808 Benzyl alcohol-benzaldehyde 5 umol [P], 0.2 mmol [S], 3 mL MeCN, LED (455 nm), O2, 40 °C, 12 h 68 [98]

Zn-OFDC Benzaldehyde 0.5 mol% [P], 25 equiv [S], 0.2 mmol C8H8O2S, 0.1 mmol C2HCl3O, 2 mL
DMAC, blue LED (455 nm), Ar, 40 °C, 12 h 82 [99]

SD-1@PCN-Ru Oleic acid 0.5 mg [P], 10 mmol [S], 5 mL H2O, 2 h 93.8 [101]

CuW10-TIPA 4-Methoxyphenol and p-
allylanisole

10 mg [P], 0.2 mmol [S], 0.3 mmol [S], 0.24 mmol (NH4)2S2O8,
3 mL MeCN, white, air, 6 h 94 [106]

PW12@NU-1000 CEES 1.7 μmol [P], 10 μL [S], 1 mL MeCN, 1.5 eq H2O2,45 °C, 20 min 98 [111]

SiW12@CuMOF-1 Benzyl alcohol 0.5 mol% [P], 0.1 mmol [S], 4.5 mol% pyridine hydrochloride, 2 mL
MeCN, LED (395 nm), O2, 35 °C, 10 h 94 [112]

NENU-3a Ethyl acetate 0.2 g [P], 30 mL 5 wt.% [S], 60 °C, 2 h 25.4 [110]

CUST-906 Cyclohexane 20 mg [P], 1 mmol [S], 9 mL MeCN, 300 W Xenon lamp, 101 kPa O2, 72 h 33.4 [107]

NiW12-TPT Toluene 10 mg [P], 1 mmol [S], 2 mL H2O, LED (365 nm), air, 25 °C, 24 h 99 [109]

CuW-NPY Cyclohexane 2 μmol [P], 200 μmol [S], 1.5 mL MeCN, 500 W Xenon lamp,
101 kPa O2, 25 °C, 12 h 86.9 [134]

PdO/TiO2 CH4 300 mW/cm2 1196 μmol/(g·h) [135]

Cu@HKUST-1 Nitrobenzene and
benzaldehyde 50 mg [P], 0.2 mmol [S], 15 mg NH3BH3, 15 mL EtOH, 100 mW/cm2, 10 h 100 [126]

c-Ni5-Co4
Nitrobenzene and benzyl

alcohol Solvent-free, visible light, 25 °C, no photosensitizer or sacrificial agent 10,552.8 μmol/g [118]

Co-AQ Benzyl alcohol 6 μmol [P], 0.4 mmol [S], 420 nm LED, air, 5 mL CH3CN, 25 °C, 12 h 64 [123]

W10@Ce-bpdc-2 CH4 20 mg [P], Xenon lamp (200 mW/cm2), O2, 25 °C, 12 h 155 μmol/g [124]

Def-CuCN/NU CH4 10 mg [P], 60 mL H2O, Xenon lamp (200 mW/cm2), O2, 25 °C, 3 h 51.6 μmol [125]

MIL-100(Fe)-200W N2 + H2O Visible light, H2O, 25 °C, ambient pressure 115.1 μmol/(g·h) [127]

PW12-Cu-pbba Indane 0.5 mol% [P], 0.1 mmol [S], 2 mL DCE, O2, 25 °C, 48 h 81 [130]

a[S] = substrate; [P] = photocatalyst.
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HKUST-1) exhibited unique catalytic behavior in the hydroxylation
of benzene to phenol [126]. The presence of water is crucial because
water molecules can coordinate to the unsaturated Cu sites, activate
the  benzene  ring  through  hydrogen  bonds,  and  promote  the
decomposition  of  H2O2 to  generate  ·OH,  thereby  efficiently
oxidizing  benzene  to  phenol.  The  conversion  rate  of  HKUST-1
without water treatment was only 2.7%, while it increased to 36.5%
after  water  treatment,  highlighting  the  clear  influence  of  the
coordination environment on catalytic performance (Fig. 12(a)). Fe-
based  MOFs  (such  as  MIL-100(Fe))  can  undergo  the
photoreduction of Fe3+ to Fe2+ under visible light and then generate
·OH  through  a  Fenton-like  reaction  to  drive  the  hydroxylation  of
benzene [127]. The conversion rate of MIL-100(Fe) reached 22.5%,
and  it  can  be  reused,  demonstrating  the  potential  of  MOF-based
catalysts in this reaction (Fig. 12(b)).

Aromatic  C(sp2)–H  hydroxylation  typically  requires  highly
oxidizing  species  such as  ·OH,  which can be  generated via  photo-
Fenton  reactions  (e.g.,  using  MIL-100(Fe))  or  H2O2 activation  at
unsaturated  metal  sites  (e.g.,  using  HKUST-1).  Unlike  benzylic  or
aliphatic  C–H  bonds,  the  π-system  of  the  aromatic  rings  makes
them less susceptible to direct HAT; instead, electrophilic attack by
·OH or metal–oxo species leads to an arenium intermediate, which
subsequently  rearranges  to  phenol.  To  achieve  high  selectivity  in
this  reaction,  overoxidation  to  dihydroxybenzenes  or  quinones
must  be  avoided,  which  can  be  partially  achieved  by  pore
confinement  to  limit  the  accessibility  of  the  product  to  further
oxidative attack.

 3.2    Oxidation of benzyl C(sp3)–H bonds
The  C(sp3)–H  bond  of  the  benzyl  group  has  low  bond  energy
(~85–90  kcal/mol)  due  to  the  superconjugation  effect  of  the
benzene ring. It is an ideal model for studying C–H activation, and
its oxidation products, such as benzaldehyde and benzyl ketone, are
important chemical  intermediates [128].  Oxidation to ketone/alkol
is  the  most  widely  studied  example  of  such  reactions.  The  main
challenge  is  the  selective  generation  of  benzyl  radicals  and  the
control  of  their  reaction  pathways  with  ROS  to  avoid  excessive

oxidation to carboxylic acids or CO2 [129].
Previous  studies  showed that  in  PW12-Cu-pbba and Cu-P2Mo18

catalysts  containing  Cu-POM  dual-sites,  t-BuOOH  acts  as  an
oxidant and is activated at the Cu site, generating t-BuO· and ·OH
radicals  [130, 131].  Electron  paramagnetic  resonance  studies
confirmed  the  existence  of  these  radicals.  The  generated  radicals
seize  hydrogen  atoms  from  the  benzene  methylene  position,
forming  benzyl  radicals,  and  subsequently  combine  with  O2 or
peroxides,  ultimately  generating  benzoquinone  (Fig.  13(a)).  Cu-
P2Mo18 achieved a 90% conversion rate of benzene–methane and a
99%  selectivity  for  benzoquinone  under  optimal  conditions,
demonstrating  the  efficiency  of  Cu-POMs  cooperative  catalysis.
Furthermore, 1O2 generated  through  energy  transfer  from  Co-AQ
was  shown  to  attack  the  C–H  bond  at  the  benzene  methylene
position of benzene-methane, forming a peroxide intermediate and
ultimately  producing  ketone  [123].  This  pathway  avoids  the
generation  of  strongly  oxidizing ·OH,  resulting  in  extremely  high
selectivity  (over  98%).  Free-radical  capture  experiments  confirmed
that  the  reaction  was  almost  completely  inhibited  when  the 1O2
capture agent DABCO was added, whereas there was no significant
effect  when  an  ·OH  capture  agent  was  added,  further  confirming
the  dominant  role  of 1O2.  A  study  of  EY@MOF-808  showed  that
high  selectivity  was  not  achieved  by  controlling  active  species  but
rather  from  the  differential  binding  ability  of  the  MOF  pore
channels  to  substrates  and  products  [98].  The  Zr  unsaturated  site
preferentially  coordinates  with  the  hydroxyl  group  of  benzyl
alcohol,  bringing  it  close  to  the  EY  photosensitizer  for  oxidation,
whereas  the  benzaldehyde  carbonyl  product  only  weakly
coordinates  with  Zr  and  is  quickly  desorbed,  avoiding  further
oxidation  to  benzoic  acid  (Fig.  13(b)).  These  results  highlight  the
key role of host–guest interactions in regulating selectivity.

In  summary,  the  selective  generation  of  benzyl  radicals  and
control  over  their  reaction  pathways  in  MOFs/POMOFs  rely  on
three key factors. First, the choice of ROS determines the hydrogen
abstraction  mechanism: ·O2

− and 1O2 tend  to  generate  benzyl
radicals  with  high  selectivity,  while ·OH  often  leads  to
overoxidation. Second, the design of active sites (e.g., Cu-POM dual

 

Figure 12    (a) (1) Synthesis of aromatic imines through hydrogenation of nitrobenzene and reductive amination of benzaldehyde. (2) Plots of time versus the volume of
hydrogen  generated  from  catalytic  hydrolysis  of  NH3BH3 over  Cu2O@HKUST-1,  Cu2O/HKUST-1  and  Cu2O  NCs.  (3)  Conversion  of  the  cascade  reactions  under
different  experimental  conditions.  Reaction conditions:  0.2  mmol nitrobenzene,  0.2  mmol benzal  dehyde,  15 mg NH3BH3,  50 mg catalyst,  15 mL ethanol,  visible-light
irradiation (100 mW/cm2). Adapted with permission from Ref. [126], © Wiley-VCH GmbH 2021. (b) (1) Schematic illustration of the plasma-assisted synthesis of MOF
catalysts with different types of defects. (2) Photocatalytic NH3 yield rates over four samples. (3) Photocatalytic NH3 yield rates over MIL-100(Fe) and plasma-modified
MIL-100(Fe) samples with different powers. Adapted with permission from Ref. [127], © Wiley-VCH GmbH 2024.
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sites  and  Co-AQ  for  energy  transfer)  controls  the  activation
pathway of the oxidant (t-BuOOH or O2) and the subsequent fate
of the radical. Third, pore confinement and host–guest interactions
regulate substrate binding and product desorption, as demonstrated
by EY@MOF-808, for which the preferential coordination of benzyl
alcohol  over  benzaldehyde  suppresses  further  oxidation.  These
principles provide a rational basis for designing catalysts with high
selectivity toward ketones or aldehydes in benzylic C–H oxidation.

 3.3    Oxidation of the allyl C(sp3)–H bonds
The  C(sp3)–H  bond  at  the  allyl  position  has  a  lower  bond  energy
(approximately  82–88  kcal/mol)  than  that  at  the  benzyl  position
due to the conjugation of the double bond. Its oxidation product is
an  important  intermediate  for  the  synthesis  of  fragrances  and
pesticides.  Cyclohexene  is  often  used as  a  model  substrate,  and its
oxidation  faces  competition  between  the  epoxidation  of  the  olefin
double  bond  and  the  oxidation  at  the  allyl  position  [132].  Ce-AQ
exhibited high selectivity for the oxidation of allylic positions when
oxidizing cyclohexene,  with 2-cyclohexene-1-ketone formed as  the
main  product  [88].  Mechanistic  studies  indicated  that
photogenerated  holes  or  generated ·OH  tended  to  seize  the
hydrogen  at  the  allylic  position  rather  than  directly  reacting  with
the double bond. DFT calculations further revealed that the energy
barrier for hydrogen extraction from the allylic C–H bond is lower
than  that  of  cyclohexene  ring  oxidation,  which  was  highly
consistent with the experimental results (Fig. 14).

In  allylic  C–H  oxidation,  the  presence  of  a  C=C  double  bond
introduces  competition  between  epoxidation  and  allylic  hydrogen

abstraction.  To  achieve  high  selectivity  for  allylic  oxidation,  HAT
must  be  favored  over  electrophilic  addition  to  the  double  bond.
This  can  be  accomplished  using  ROS  with  suitable  hydrogen-
abstraction  ability  but  low  electrophilicity,  such  as ·O2

− or
photogenerated  holes,  or  by  employing  HAT-active  species  (e.g.,
W–O· from decatungstate). Additionally, the confinement effect of
MOF  pores  can  sterically  shield  the  double  bond  while  exposing
allylic  C–H  bonds,  as  proposed  for  Ce-AQ  [88].  The  lower  bond
dissociation energy  of  allylic  C–H bonds  (~  82–88 kcal/mol)  than
vinyl C–H bonds further favors HAT, but careful catalyst design is
required to suppress unwanted epoxidation pathways.

 3.4    Oxidation of C(sp3)–H bonds in alkanes
The oxidation of alkanes (such as methane and cyclohexane) is the
most  challenging goal  in this  field.  The C–H bonds in alkanes are
extremely  inert  (with  a  bond  energy  up  to  104  kcal/mol  in
methane), which imposes strict catalyst-design requirements [133].

 3.4.1    Cyclohexane oxidation

The  oxidation  of  cyclohexane  to  cyclohexanol  and  cyclohexanone
(ketone-alcohol (KA) oil)  is  an important process in the industrial
production  of  nylon-66.  The  traditional  process  has  a  conversion
rate  of  only  ~  4%  and  a  selectivity  of  ~  70%.  Ten-poly  tungstate-
based  MOFs  exhibit  excellent  performance  in  this  reaction.  The
proposed photocatalytic mechanism of catalysts such as CUST-906
and  CuW-NPY  involves  the  excitation  of  [W10O32]4− under  light
irradiation  to  generate  W–O  intermediates,  which  seize  the
hydrogen  atoms  of  cyclohexane  via  HAT  to  generate  cyclohexyl

 

Figure 13    (a) Thermal filtration experiments and recyclability of Cu-P2Mo18 for the diphenylmethane oxidation reaction. Adapted with permission from Ref. [131], ©
American Chemical Society 2025. (b) Time-dependent corresponding absorption of 3,3′ ,5,5′ - tetramethylbenzidine (TMB) at 393 nm in a CH3CN solution containing
MOF-808 and EY@MOF-808 with 455 nm irradiation and EY@MOF-808 without light irradiation in the air atmosphere. Electron paramagnetic resonance (EPR) spectra
of EY@MOF-808 for the 1O2 and ·O2

− detection in the presence of 2,2,6,6-tetramethylpiperidine (TEMP) and 5,5-dimethyl-1-pyrroline-N-oxide (DMPO). Adapted with
permission from Ref. [98], © American Chemical Society 2024.
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radicals,  which then combine with O2 to  form KA oil  (Fig.  15(b))
[134].  Under  optimized  conditions,  CUST-906  achieved  a
cyclohexane conversion rate of 33.4% and KA oil selectivity of over
99% through the generation of ·O2

− free radicals, which exceeds the
selectivities  achieved  by  industrial  processes  [107].  Spectroscopic
studies  indicated  that  the  lifetime  of  the  W–O  intermediate  was
approximately  several  tens  of  nanoseconds,  which  is  sufficiently
long to enable collisions with the substrate (Fig. 15(a)).

 3.4.2    Methane oxidation

MOFs/POMOFs exhibit great potential in methane oxidation. The
Def-CuCN/NU  catalyst  was  designed  to  integrate  engineered
defects, single atomic sites, and S-type heterojunctions, successfully
resolving the trade-off between high activity and high selectivity in
methane  oxidation  [125].  The  key  to  its  success  is  the  use  of

defective MOFs as microreactors,  where the mesoporous structure
enhances the adsorption of CH4 and promotes the rapid desorption
of CH3OH, effectively inhibiting overoxidation (Fig. 16(a)).

Comparing  methane  and  cyclohexane  oxidation  highlights
distinct  catalyst-design  requirements.  Methane  has  a  higher  C–H
bond  energy  (104  vs.  99  kcal/mol  for  cyclohexane)  and  a  much
smaller  molecular  size,  making  it  more  difficult  to  activate  and
prone  to  overoxidation  due  to  the  high  reactivity  of  the  initial
products  (methanol,  formic  acid,  CO2).  Therefore,  methane
oxidation  demands  catalysts  with  strong  oxidizing  capacity  (e.g.,
·OH or high-energy HAT species) to break the strong C–H bonds.
The  precise  control  over  the  O2 activation  pathway  avoids  ·OH
overproduction.  An  optimal  adsorption–desorption  balance
facilitates methanol desorption before further oxidation. In contrast,
cyclohexane  is  more  easily  activated  via  HAT,  and  the  desired

 

Figure 14    (a)  Coordination  model  between the  anthraquinone  ligand and cerium ion  in  Ce-AQ.  (b)  Oxygen bridge  groups  of  Ce-O-Ce in  Ce-AQ and the  parallel-
displaced  π–π  interaction  between  the  adjacent  anthraquinone  groups  with  a  distance  of  3.38  Å.  (c)  Two  different  size  windows  in  the  MOF.  (d)  Pores  of  the  3D
framework in Ce-AQ along the c direction.  (e) Cyclohexane-encapsulated co-crystal  structure of  CYH@Ce-AQ. (f)  Interaction between the cyclohexane and binuclear
cerium oxygen bridge of Ce-AQ. Adapted with permission from Ref. [88], © American Chemical Society 2022.

 

Figure 15    (a) Photocatalytic mechanism of oxidation of cyclohexane to KA oil.  Adapted with permission from Ref. [107], © Elsevier Inc. 2025. (b) Proposed reaction
mechanism of CuW-NPY for the photo-oxidation of cyclohexane. Adapted with permission from Ref. [134], © Springer Science+Business Media, LLC, part of Springer
Nature 2020.
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products  (cyclohexanol/cyclohexanone)  are  relatively  stable;  thus,
the main challenge lies  in achieving high selectivity toward KA oil
while  suppressing  ring-opening  reactions  or  overoxidation.
Accordingly,  POMOFs,  such  as  CUST-906  and  CuW-NPY,
effectively  utilize  decatungstate-mediated  HAT  for  cyclohexane
production,  whereas  methane  oxidation  requires  more
sophisticated  designs,  such  as  the  combination  of  engineered
defects, single-atom sites, and heterojunctions in Def-CuCN/NU to
regulate ROS generation and product desorption [125].

Formic  acid  was  synthesized  by  methane  oxidation  using  the
W10@Ce-bpdc catalyst at room temperature with O2 as the oxidant,
resulting  in  a  formic  acid  yield  of  155  μmol/g  [135].  Mechanistic
studies  indicated  that  Ce-MOF  absorbs  light  energy  to  generate
separated  charges;  the  electrons  are  captured  by  W10 through  the
Ce(III)/Ce(IV) cycle, which then reduces O2 to generate H2O2. This
work revealed a new pathway for methane oxidation and provided
new  strategies  for  methane  conversion  under  mild  conditions
(Fig.  16(b))  [124].  Furthermore,  the  use  of  a  PdO/TiO2
nanocomposite  was  demonstrated  as  a  new  pathway  for  the
nonoxidative coupling of methane [135]. The photogenerated holes
on  TiO2 generate  O− active  sites,  which  seize  the  H  in  CH4 to

generate ·CH3, which  is  stabilized  on  the  PdO  surface  and
undergoes C–C coupling to form C2H6. DFT calculations indicated
that the adsorption energy of PdO for ·CH3 is moderate, which may
stabilize  the  free  radicals  to  prevent  excessive  oxidation  and
promote the coupling reaction (Fig. 17).

 3.5    Series  connection  of  photocatalytic  oxidation  and
other transformations
By  taking  advantage  of  the  simultaneous  generation  of  electrons
and holes during photocatalysis, the efficient coupling of oxidation
and  reduction  half-reactions  can  be  achieved,  thereby  converting
solar  energy  into  chemical  energy  while  maximizing  the  atomic
economy [136].

 3.5.1    Oxidation–reduction series

The  c-Ni5-Co4 catalyst  was  used  to  couple  the  reduction  of
nitrobenzene with the oxidation of  benzyl  alcohol,  resulting in the
formation  of  aniline  and  benzaldehyde  (Fig.  18(a))  [118].  These
compounds then underwent further condensation to form imines.
This design fully utilizes the photogenerated electrons and holes for

 

Figure 16    (a) Schematic diagram of synthesis of Def-CuCN/NU. Adapted with permission from Ref. [125], © Feng, B. et al. 2025. (b) (1) Schematic for the fabrication of
W10@Ce-bpdc. (2) Time-dependent HCOOH yield over W10@Ce-bpdc-2 and Ce-bpdc. (3) Recycle experiments for CH4 photooxidation. Adapted with permission from
Ref. [124], © Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences 2025.
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the  reduction  of  6-electron  nitrobenzene  and  the  oxidation  of  2-
electron  benzyl  alcohol,  respectively.  The  two  hybrids  undergo
condensation  to  form  the  final  product.  Isotope  labeling
experiments confirmed that the nitrogen and carbon in the product
come from nitrobenzene and benzyl alcohol, respectively. The c-Ni5-
Co4 catalyst  achieved  an  imine  yield  of  10,552.8  μmol/g  under
anhydrous  conditions,  which  is  500  times  that  obtained  for  a
physical mixture.

 3.5.2    Ring-addition reactions

CuW10-TIPA  was  used  to  catalyze  the  [3+2]  cycloaddition  of

phenol  and  alkenes,  providing  a  green  synthetic  route  for
constructing  a  biologically  active  dihydrobenzofuran  skeleton
(Fig.  18(c))  [106].  Mechanistic  studies  indicated  that  this  reaction
involves  the  oxidation  of  phenol  by  photogenerated  holes  to
form  phenol  oxygen  radicals,  which  then  undergo  cycloaddition
with  activated  alkenes,  rather  than  following  the  traditional
HAT  process.  Free-radical  trapping  experiments  confirmed  the
formation  of  phenol  oxygen  radicals.  The  catalyst  showed  good
adaptability  to  various  substituted  phenols  and  alkenes,  with  a
yield  of  94%,  and  was  recycled  5  times  without  significant
deactivation.

 

Figure 17    Proposed photocatalytic  mechanism of  the NOCM reaction over  PdO/TiO2.  Adapted with permission from Ref.  [135],  © The Royal  Society  of  Chemistry
2026.

 

Figure 18    (a)  Crystal  structures  of  Co4-POM,  Ni5,  c-Ni5-Co4,  and  uc-Ni5-Co4.  Adapted  with  permission  from  Ref.  [118],  ©  Science  China  Press  2024.  (b)  Proposed
photocatalytic mechanism of photocatalytic the oxidative [3+2] cycloaddition of phenols with olefins. Adapted with permission from Ref. [106], © Elsevier Inc. 2024. (c)
The intelligent host-guest system (SD-1@PCN-Ru) for targeted RTKs recognition and controlled membrane phospholipid oxidation. Adapted with permission from Ref.
[101], © Wiley-VCH GmbH 2026.
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 3.5.3    Cancer treatment

A remarkable extension of photocatalytic oxidation into the field of
biomedicine  was  demonstrated  using  the  SD-1@PCN-Ru  catalyst
[101].  Guided  by  the  targeted  probe  SD-1,  the  photocatalyst
precisely  located  the  overexpressed  Receptor  Tyrosine  Kinase
(RTK)  receptors  on  cancer-cell  membranes  and  generated  ROS
under  light  excitation,  selectively  oxidizing  membrane
phospholipids. Lipidomic analysis indicated that the concentrations
of  the  two  main  types  of  membrane  phospholipids,
phosphatidylcholine  (PC)  and  phosphatidylethanolamine  (PE),
significantly decreased, and the membrane integrity was disrupted,
ultimately  resulting  in  cell  pyroptosis  and  immune-response
activation.  This  cross-disciplinary  application  demonstrates  the
great  potential  of  MOF  host–guest  chemistry  in  the  field  of
biomedicine  and  proves  that  photocatalytic  oxidation  can  be
extended from organic synthesis to life science, providing new tools
for precise treatments (Fig. 18(b)). Although this system operates in
a  biological  context,  the  core  chemical  process  is  ROS-mediated
C–H  bond  oxidation:  The  photogenerated  species  (·O2

– or 1O2)
abstract hydrogen atoms from the allylic C–H bonds of unsaturated
phospholipids,  converting  them  into  C–O  bonds  and  disrupting
membrane  integrity.  This  demonstrates  that  the  principles  of
photocatalytic  C–H activation  can  be  extended  beyond  traditional
organic synthesis to biomedical applications.

 3.6    Catalyst stability and recyclability
The  cyclic  stability  of  catalysts  is  a  key  parameter  for  evaluating
their  viability  for  practical  application.  The  representative  catalysts
reviewed  in  this  article  exhibit  excellent  recyclability.  For  instance,
PW12-Cu-pbba  shows  no  significant  decrease  in  activity  after  5
cycles  of  benzyl  C–H oxidation (Fig.  13(a))  [130].  Cu-P2Mo18 was
recycled  5  times  for  benzene  methanation,  and  powder  XRD  and
Fourier-transform infrared spectroscopy analyses indicated that the
structure remained intact [131]. EY@MOF-808 was reused 5 times
for benzyl alcohol oxidation, and the conversion rate and selectivity
remain  unchanged  [98].  In  the  [3+2]  cycloaddition  reaction  of
phenol with alkenes catalyzed by CuW10-TIPA, the yield remained
over  90%  after  5  cycles  [106].  In  a  methane  oxidation  system,
W10@Ce-bpdc maintained 85% of the initial acetic-acid yield after 4
cycles (Fig. 16(b)) [124]. Furthermore, MIL-100(Fe) exhibited stable
activity  during  various  benzyl  hydroxylation  cycles  [127].  These
results  indicate  that  MOF/POMOF  materials  can  effectively
maintain stable catalytic active sites owing to their structural rigidity
and effective encapsulation.

 4    Conclusion and outlook

 4.1    Conclusion
Over the past  decade,  MOFs and POMOFs have achieved various
milestones  in  photocatalytic  C–H  bond  activation.  The  core
insights are summarized as follows (Fig. 19).

First,  in  addition  to  the  composition,  the  structure  determines
the catalyst function. Catalytic performance relies on both the type
of  elements  as  well  as  their  precise  arrangement,  electronic
coupling, and pore microenvironment. Even a single missing atom
(defect),  ligand  orientation,  or  POM  encapsulation  position  can
fundamentally alter catalytic behavior.

Second,  charge  regulation  is  fundamental  in  photocatalysis.
Every  step,  including  light  absorption,  charge  separation,  and

surface  reactions,  requires  precise  control  over  photogenerated
electrons  and  holes.  Strategies  such  as  the  use  of  D–A  ligands,
POMs  as  electron  sponges,  and  heterojunctions  aim  to  promote
effective charge separation and steer carriers to specific active sites.

Third,  selectivity  is  achieved  by  the  precise  control  of  reaction
pathways.  High  selectivity  requires  the  careful  selection  of  ROS
(·O2

– vs.  ·OH  vs. 1O2),  specific  substrate  recognition,  and  rapid
product  desorption.  The  pore-confinement  effect  of
MOFs/POMOFs provides unprecedented scope for such regulation.

Fourth,  synergistic  effects  are  critical  to  overcome  performance
bottlenecks.  For  example,  dual-metal-sites,  POM–MOF structures,
and host–guest systems all provide synergistic effects. The coupling
of oxidation with reduction half-reactions further demonstrates that
future  catalyst  designs  should  emphasize  multicomponent
integration and multifunctional coupling.

In  summary,  MOFs  and  POMOFs  offer  a  structurally  tunable
platform that addresses the long-standing activity–selectivity trade-
off  faced  by  C–H  bond  activation.  Continued  advances  in  precise
synthesis,  operando  characterization,  and  data-driven  design  are
expected  to  unlock  their  potential  for  sustainable  chemical
synthesis.

 4.2    Outlook
Despite remarkable achievements, this field faces several challenges
that urgently need to be overcome.

(1)  Operando  characterization  techniques.  The  development  of
novel POMOFs is critical in this field. As for MOFs/POMOFs, the
mechanisms  are  often  inferred  by  characterizing  the  catalyst  and
comparing the reagents before the reaction with the products after
the reaction. However, practical catalytic processes are dynamic and
transient.  In  the  future,  the  use  of  advanced  spectroscopic
techniques  under  working  conditions,  such  as  operando  X-ray
absorption  spectroscopy,  ultrafast  two-dimensional  (2D)  infrared
spectroscopy,  and  transient  absorption  spectroscopy,  should  be
combined  with  high-precision  theoretical  calculations  to  capture
the  electronic  state  and  geometric  structure  changes  of  the  active
center  during  the  reaction  process  in  real  time,  especially  the
evolution  of  transient  intermediates,  to  unveil  the  fundamental
catalytic cycle.

(2)  Precision  synthesis.  Current  selectivity  strategies  focus  on
distinguishing  C–H  bonds  in  different  chemical  environments
(such  as  benzyl  vs.  alkyl).  Future  research  could  draw  on  our
knowledge  of  biological  enzymes  to  design  more  complex  pore
environments.  Revolutionary  strategies  for  the  synthesis  of  chiral
drugs  and  fine  chemicals  could  be  achieved  by  introducing  chiral
pockets,  hydrogen bond networks,  and hydrophobic  microregions
to  achieve  stereoselective  and  regioselective  recognition  and  the
activation  of  C–H  bonds  at  different  positions  and  spatial
orientations within the same molecule.

(3)  Green  and  scalable  synthesis.  The  synthesis  of  most
MOF/POMOF  catalysts  remains  at  the  laboratory  scale  and  uses
expensive  ligands,  solvents,  and  metal  sources.  Developing  green,
low-cost,  and  scalable  synthesis  methods,  such  as  aqueous-phase,
mechanochemical,  and  continuous-flow  synthesis,  and  evaluating
the long-term stability,  space-time yield, and environmental effects
of  catalysts  in  continuous-flow  reactors  are  necessary  to  promote
industrial applications. The successful application of NiW12-TPT in
kilogram-scale reactions and the room-temperature aqueous-phase
synthesis of UiO-66-type MOFs highlight positive advancements.

(4)  Diversification  beyond  C–H  oxidation.  This  review  focuses
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on  the  generation  of  C–O  bonds,  but  the  potential  of
photogenerated  radical  intermediates  R·  extends  far  beyond  this.
The  utilization  of  R·  to  construct  bonds,  such  as  C–C,  C–N,  and
C–X,  and  achieve  the  direct  functionalization  diversity  of  C–H
bonds,  will  be  an  exciting  future  direction.  In  the  future,  the
photocatalytic  functionalization  of  C–H  bonds  is  expected  to  be
combined  with  other  reaction  types  to  produce  diverse  molecular
structures.

(5)  Artificial-intelligence  (AI)-assisted  material  design.  With  the
accumulation  of  MOF/POMOF  structure  databases  and  catalytic
performance  datasets,  machine  learning  and  AI  are  expected  to
advance  catalyst  design.  By  establishing  structure–performance
relationship  models,  conducting  high-throughput  screening  of
potential  high-performance  catalysts,  and  combining  with
experimental  verification,  the  discovery  of  new  materials  will  be
greatly accelerated.

Looking  to  the  future,  the  design  of  MOF/POMOF
photocatalysts is  expected to become more intelligent,  precise,  and
functional.  We  confidently  predict  that  through  the  continuous
innovation  of  these  molecular  materials  and  the  use  of  unlimited
sunlight, highly stable C–H bonds could be transformed into highly
complex  molecular  structures.  These  advancements  will
significantly  contribute  to  the  development  of  a  sustainable
chemical industry and green synthesis paradigm.
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Figure 19    Outlook for light-mediated C-H bond activation with MOFs/POMOFs.
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