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ABSTRACT: Atmospheric  pollutants  such  as  volatile
organic  compounds  (VOCs),  nitrogen  oxides  (NOx),
and  ozone  (O3)  pose  serious  threats  to  health  and
ecological  systems.  As  air  pollution  evolves  toward
multi-pollutant  coexistence,  synergistic  control
strategies  have  become  increasingly  important.  This
review  systematically  summarizes  and  compares
three  representative  synergistic  systems:  VOCs–NOx,
VOCs–O3,  and  multi-component  VOCs.  For
VOCs–NOx  system,  the  key  findings  highlight  the
dominant role of coupled redox catalytic mechanisms,
strongly  governed by catalyst  composition,  active-site
regulation,  and  reaction  conditions.  Synergistic
VOCs–O3  removal  is  mainly  achieved  through
photocatalytic  and  O3-assisted  pathways,  where
interfacial charge transfer and reactive oxygen species
generation  are  critical.  In  complex  multi-component
VOC  systems,  integrated  catalytic  strategies  are
required  to  address  competitive  adsorption  and
reaction  coupling,  giving  rise  to  both  synergistic  and
inhibitory  effects.  Distinct  from  previous  surveys,  this
review  offers  a  unified  mechanistic  framework  to
compare  these  systems,  emphasizes  multi-scale  catalyst  design  principles,  and  elucidates  competitive–synergistic
behaviors  in  realistic  mixed-pollutant  environments.  Remaining  challenges  include  catalyst  stability,  selectivity,  and
efficiency  under  multi-pollutant  conditions.  Future  research  should  focus  on  rational  catalyst  design,  system-level
optimization, and scalable engineering implementation to advance effective synergistic air pollution control.
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 1    Introduction
The  rapid  advancement  of  industrialization  and  urbanization  has
intensified  atmospheric  pollution,  posing  a  global  environmental

and  health  challenge.  According  to  WHO  estimates,  air  pollution
contributes  to  over  7  million  premature  annual  deaths  from
conditions  including  cancer  and  stroke,  ranking  as  the  thirteenth
leading global mortality risk factor. Most regions fail to meet WHO
air  quality  standards,  with  some  exceeding  limits  by  more  than
tenfold,  underscoring  severe  environmental  health  risks  [1−3].
Atmospheric  pollutants  impact  human  health  through  multiple
pathways.  Ozone  (O3),  as  a  potent  oxidant,  reacts  with  biological
molecules.  Acute  high-concentration  exposure  induces  symptoms
including  cough  and  chest  pain,  potentially  progressing  to
pulmonary  impairment  or  mortality  [4, 5].  Volatile  organic
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compounds (VOCs) manifest multi-system toxicity, where chronic
exposure  may  cause  neurological  impairment  and  hematopoietic
suppression,  with  certain  aromatic  compounds  exhibiting
genotoxicity  [6−8].  As  crucial  precursors,  VOCs  and  nitrogen
oxides  (NOx)  undergo  photochemical  reactions  forming  O3 and
secondary  organic  aerosols  [9−11].  Elevated  O3 concentrations
induce  foliar  damage,  photosynthetic  inhibition,  and  agricultural
yield  reduction  [12, 13].  NOx deposition  generates  nitrate
compounds,  accelerating  soil  acidification  and  plant  damage
[13−15].  Industrial  VOCs  (e.g.,  ethylene,  propylene)  demonstrate
flammability  hazards,  while  persistent  organic  pollutants  like
benzene,  toluene,  ethylbenzene,  and xylene (BTEX) bioaccumulate
through trophic transfer, threatening ecosystem integrity [16−18].

Atmospheric pollutants originate from diverse sources, primarily
including  industrial  emissions,  transportation,  biomass  burning,
and  biogenic  origins  [19].  As  key  pollutants,  VOCs  and  NOx

emissions  exhibit  significant  spatial  heterogeneity  and  transport
differentials  [20].  NOx undergoes  secondary  transformation  to
generate O3 and nitrate aerosols, capable of regional to continental-
scale  transport,  serving  as  major  contributors  to  photochemical
smog and acid rain [21]. The transport capacity of VOCs depends
on  their  atmospheric  lifetime:  Short-lived  components  (e.g.,
isoprene)  affect  local  areas,  while  long-lived  species  (e.g.,  methane
and  halocarbons)  undergo  intercontinental  transport  and
contribute  to  global  warming  [22, 23].  Both  are  concentrated  in
anthropogenic  emission  hotspots  and  biogenically  active  regions,
acting  as  core  precursors  for  O3 and  secondary  particulate  matter,
driving  global  background  ozone  increase  and  transboundary  fine
particle  transport  [24, 25].  Current  VOCs  control  technologies
mainly  include  thermal  combustion  [26],  catalytic  oxidation  [27],
and  biological  treatment  [28].  Catalysts  for  VOCs  combustion
require  high  selectivity,  activity,  thermal  stability,  and  poisoning
resistance to avoid generating highly toxic by-products.  Compared
to  thermal  combustion,  catalytic  oxidation  enables  efficient  VOCs
conversion  at  lower  temperatures,  completely  oxidizing  them  to
carbon dioxide (CO2) and water (H2O), offering advantages of high
efficiency,  energy  savings,  and  environmental  friendliness,  thereby
emerging  as  a  mainstream VOCs elimination technology  [29, 30].
Photocatalytic technology, powered by renewable solar energy, has
garnered  increasing  attention  due  to  its  mild  reaction  conditions,
energy  efficiency,  and  non-toxic  nature  [31, 32].  Sun  et  al.  [33]
developed  an  R-BiVO4/WO3/TiO2 nanotubes  (TNTs)  catalyst
demonstrating  a  28-fold  enhancement  in  photocurrent  intensity,
achieving  complete  toluene  degradation  within  50  min,  exhibiting
excellent visible-light photocatalytic activity and durability. Xu et al.
[34]  constructed  a  Co-Vo-Cu  catalyst  achieving  99%  toluene
degradation under visible light in 50 min, releasing 637 ppm CO2,
indicating that atomic-scale regulation of reaction pathways enables
efficient  deep  mineralization  of  pollutants  with  low  energy
consumption  and  high  cleanliness.  Furthermore,  Hu  et  al.  [35]
achieved  99.2%  toluene  mineralization  by  constructing  Sn–O
electron  channels,  demonstrating  efficient  multi-reactive  oxygen
species  synergy  and  good  environmental  adaptability.  However,
photocatalytic  technology  still  faces  key  challenges  including  poor
stability,  susceptibility  to  deactivation,  low  quantum  efficiency,
rapid  charge  carrier  recombination,  and  insufficient  active  sites.
NOx elimination  primarily  employs  selective  catalytic  reduction
with  ammonia  (NH3-SCR),  where  ammonia  (NH3)  serves  as  the
reductant  to  convert  NOx into  nitrogen  (N2)  and  H2O  (4NH3 +
4NO  +  O2 →  4N2 +  6H2O)  within  a  temperature  range  of

150–450 °C, with N2O (4NH3 + 4NO + 3O2 → 4N2O + 6H2O) as a
by-product  [36, 37],  though  it  remains  vulnerable  to  alkali/heavy
metal  poisoning.  O3 control  can  be  achieved  through  catalytic
decomposition  [38],  ultraviolet  (UV)  photolysis  [39],  or  precursor
control.  Existing  air  pollution  control  technologies  still  face
limitations  in  conversion  efficiency,  catalyst  susceptibility  to
poisoning/deactivation,  and secondary pollution risks.  Zhang et  al.
[40] reported a MnaCobNiOx catalyst achieving over 90% synergistic
removal  of  NOx and  benzene  (C6H6)  between  100  and  270  °C.
Gervasini  et  al.  [41]  observed  that  O3 synergy  with  Ba-CuO-
Cr2O3/Al2O3 enhanced C6H6 conversion to 98%, but the degradation
efficiency for  chlorinated VOCs like  C2HCl3 remained below 40%.
Wang  et  al.  [42]  developed  a  0.96(AuPd1.92)/Co3O4 catalyst
demonstrating  excellent  low-temperature  activity  (ignition
temperature, T90 =  180  and  187  °C  for  toluene  and  o-xylene
oxidation,  respectively),  though  challenges  like  water  vapor
sensitivity persist.

Over  recent  decades,  the  development  of  high-efficiency
treatment  technologies  has  been  a  central  research  focus  in
environmental  engineering  and  catalytic  science,  aiming  to
systematically  enhance  air  pollution  control  performance.  Within
this  context,  synergistic  control  strategies  have  progressively
replaced  conventional  single-pollutant  approaches,  emerging  as  a
critical  direction  in  air  pollution  mitigation.  These  integrated
approaches  demonstrate  significant  advantages  by  enabling
simultaneous  removal  of  multiple  pollutants,  reducing  energy
consumption,  minimizing  secondary  pollution,  and  enhancing
reaction efficiency, with substantial breakthroughs achieved in both
fundamental  research  and  practical  applications.  This  review
systematically consolidates recent advances in synergistic control of
mixed  air  pollutants,  with  particular  emphasis  on  three  key  areas
(Fig.  1):  synergistic  catalytic  elimination  of  NOx and  VOCs,
cooperative  control  mechanisms  for  VOCs  and  O3,  and  efficient
synergistic  degradation  of  complex  multi-component  VOCs.
Through  comparative  analysis  of  treatment  technologies,
mechanistic  investigation  of  reaction  pathways,  rational  catalyst
design  strategies,  and  in-depth  discussion  of  performance
influencing  mechanisms,  this  work  aims  to  provide  theoretical
foundations  and  technical  support  for  developing  high-
performance  synergistic  control  systems,  thereby  facilitating  the
translation of fundamental research into practical applications.

 2    Synergistic management of VOCs and NOx

VOCs  and  NOx serve  as  critical  precursors  for  the  formation  of
PM2.5 and  O3.  Under  solar  radiation,  they  participate  in
photochemical reactions that generate O3 and photochemical smog,
posing significant threats to atmospheric environment and human
health  [9−11].  Although catalytic  oxidation of  VOCs and selective
catalytic  reduction  (SCR)  of  NOx are  often  investigated  separately,
many catalysts exhibit activity toward both types of reactions, with
their  performance  strongly  dependent  on  the  acidity  and  redox
properties  of  the  catalysts  [10−12].  This  mechanistic  similarity
offers  a  promising  foundation  for  developing  highly  efficient
catalytic  systems  capable  of  synchronously  eliminating  VOCs  and
NOx.

 2.1    Mutual reaction mechanism
VOCs  and  NOx exhibit  significant  synergistic  interactions  during
catalytic  processes.  On  one  hand,  VOCs  undergo  complex
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photochemical reactions under light irradiation. Unsaturated VOCs
(e.g.,  alkenes,  aromatics)  absorb  photon  energy,  triggering
intramolecular electron transitions to generate reactive radicals (e.g.,
benzyl radicals and hydrogen atoms from toluene photolysis) [53].
Simultaneously, NO2 photodissociation produces NO and O atoms,
with  the  latter  reacting  with  O2 to  form  O3 [54].  Radicals  derived
from VOCs photolysis (e.g., alkyl and acyl radicals) accelerate NO-

to-NO2 conversion,  thereby  promoting  O3 formation  [55].
Furthermore,  these  radicals  react  with  NOx to  form  secondary
organic  aerosols  (SOAs),  actively  participating  in  SOA  nucleation
and  growth  processes,  significantly  impacting  particulate  matter
concentrations  and  air  quality  [56].  On  the  other  hand,  oxidative
intermediates  of  VOCs  can  serve  as  additional  reductants  to
enhance  SCR  reactions  of  NOx,  while  their  deep  oxidation
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effectively reduces carbonaceous deposits that cause SCR active site
poisoning [57]. Although VOCs oxidation consumes lattice oxygen
and  suppresses  NO  oxidation,  the  presence  of  aromatic
hydrocarbons  conversely  inhibits  toxic  NO2 generation  while
promoting  NO conversion to  NO2

−,  NO3
−,  and N2 (Fig.  2(a))  [58].

Notably,  competitive  adsorption  occurs  between  toluene  and  NH3

on  acid  sites:  slightly  promoting  NOx conversion  at  low
temperatures  (<  175  °C)  while  significantly  suppressing  NH3-SCR
reactions  at  elevated  temperatures,  with  toluene  oxidation
intermediates  (e.g.,  benzoic  acid)  occupying  redox-active  sites  and
consequently affecting SCR processes [59].

Meanwhile,  NOx plays  a  crucial  role  in  promoting  the  deep
oxidation  of  VOCs.  Gong  et  al.  [57]  demonstrated  that  VMoTi
active  sites  effectively  catalyzed  the  further  conversion  of
incomplete oxidation intermediates (e.g., benzoic acid) generated at
VPO  sites  into  CO2 and  H2O,  significantly  enhancing
mineralization efficiency. The synergistic effect between dual active
sites simultaneously reduced the ignition temperature for complete
VOCs  oxidation  and  broadened  the  operational  temperature
window  (Fig.  2(b)).  More  importantly,  NO2 generated  from  NO
oxidation serves as a strong oxidant, establishing a dynamic “lattice
oxygen activation-replenishment” cycle that effectively compensates
for  lattice  oxygen  consumed  during  VOCs  reactions.  This
mechanism  prevents  catalyst  deactivation  and  ensures  continuous
supply  of  active  oxygen  species,  thereby  significantly  promoting
ring-opening  reactions  and  deep  oxidation  of  aromatic
hydrocarbons  [58].  Furthermore,  Gan  et  al.  [59]  confirmed  that
reactive  oxygen  species  (e.g.,  ·O−,  ·O2

−)  generated  from  NOx

decomposition  at  redox  sites  directly  participate  in  toluene
oxidation.  In  the  optimized  Ce2Si1  catalyst,  owing  to  its  balanced

physicochemical properties, the inhibitory effect of NOx on toluene
oxidation  was  significantly  mitigated,  enabling  efficient  synergistic
elimination across a broad temperature window of 300–375 °C.

In  synergistic  control  systems  for  VOCs  and  NOx,  the
elimination  processes  are  not  independent  but  achieve  enhanced
efficiency  through  profound  interplays.  These  interactions  enable
VOCs  to  promote  the  deep  conversion  of  NOx into  harmless
products,  while  NOx plays  a  critical  role  in  maintaining  sustained
catalytic  activity.  These  mechanisms  provide  fundamental
theoretical  insights  and  diverse  technical  pathways  for  designing
efficient and stable multipollutant control catalysts.

 2.2    Collaborative mechanism
Catalytic oxidation of VOCs and SCR of NOx are inherently linked
in  their  reaction  pathways  and  catalytic  functional  requirements:
both  processes  rely  on  bifunctional  catalysts  containing  acid  sites
(for  adsorbing/activating  reactant  molecules)  and  redox  sites  (for
regulating  electron  transfer  processes)  [60−62].  Furthermore,  their
coincident  operational  temperature  windows  [63]  enable
simultaneous  efficient  VOCs  oxidation  and  NOx reduction.  These
fundamental  similarities  establish  the  feasibility  for  developing
integrated removal systems targeting both pollutants.

 2.2.1    Catalytic redox mechanisms

In  synergistic  catalytic  systems  for  NOx and  VOCs,  redox
mechanisms form the core of the reactions,  wherein the Mars-van
Krevelen (MvK) mechanism (Fig. 2(c)) and pathways derived from
SCR,  including  the  Eley-Rideal  (E-R)  and Langmuir-Hinshelwood
(L-H)  mechanisms  (Fig.  2(d)),  play  predominant  roles  [64, 65]
(Table 1).

 

Figure 2    (a) Schematic diagram of the Mars–van Krevelen (MvK) mechanism. Reproduced with permission from Ref. [67], © Elsevier B.V. 2023. (b) Schematic diagram
of the Eley–Rideal (E–R) and Langmuir–Hinshelwood (L–H) mechanisms. Reproduced with permission from Ref. [69], © American Chemical Society 2024. (c) PCO
mechanism in the o-xylene/NO/air reaction system. Reproduced with permission from Ref. [58], © Elsevier B.V. 2022. (d) Reaction pathway of the VPO-VMoTi tandem
catalytic filter for simultaneous removal of NOx and VOCs. Reproduced with permission from Ref. [57], © Elsevier B.V. 2025.
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In the MvK mechanism, VOCs initially react with lattice oxygen
on  the  catalyst  surface,  generating  oxygen  vacancies.  These
vacancies serve as crucial intermediate states in the catalytic process,
providing active sites for the subsequent adsorption and activation
of  gaseous  oxygen  or  oxygen  atoms  [2].  To  replenish  the  surface
oxygen vacancies, gaseous oxygen or oxygen atoms from the system
adsorb onto the catalyst surface and undergo a series of reactions to
regenerate  the  reduced  active  components  of  the  catalyst.  This
process  ensures  a  continuous  supply  of  reactive  oxygen,  thereby
sustaining the catalytic reaction [66]. The sequence begins with the
adsorption and activation of VOCs on Lewis acid sites, followed by
nucleophilic  attack  by  lattice  oxygen  on  the  intermediates,  driving
their  stepwise  oxidation  and  initiating  aromatic  ring  opening,
ultimately  yielding  CO2.  Simultaneously,  the  consumed  lattice
oxygen  is  replenished  via  the  adsorption,  activation,  and
incorporation  of  gaseous  oxygen  at  the  oxygen  vacancy  sites,
achieving catalyst regeneration through a redox cycle. Notably, the
by-product NO2, acting as a strong oxidant, can directly participate
in the transfer and replenishment of lattice oxygen via the pathway
NO2 (ads)  →  O- (ads)  →  O2- (lattice),  further  promoting  the  deep
oxidation of VOCs and enhancing the reaction cycle [67]. In the E-
R pathway, gaseous VOCs directly react with adsorbed NOx species.
Studies have shown that NH3 first adsorbs on Lewis acid sites of the
catalyst,  where  it  is  oxidatively  dehydrogenated  to  form  amino
species  (NH2).  The  activated  NH2 then reacts  with  gaseous  NO to
form  a  nitrosamine  intermediate  (NH2NO),  which  subsequently
decomposes  into  N2 and  H2O.  In  the  Langmuir-Hinshelwood  (L-
H) pathway, both NOx and VOCs must be co-adsorbed on adjacent
active  sites  to  undergo surface  reactions.  Here,  NH4

+ formed from
NH3 adsorbed  on  Brønsted  acid  sites  reacts  with  nitrate/nitrite
complexes  generated  from  NO  adsorbed  on  Lewis  acid  sites,
forming  NH4NO3 on  the  catalyst  surface,  which  then  decomposes
into  N2 and  H2O  [68].  Furthermore,  it  has  been  reported  that  by
modulating  lattice  oxygen  mobility  and  the  surface  electronic
structure,  it  is  possible  to  suppress  the  over-oxidation  of  key
intermediates (such as nitrites), thereby significantly enhancing the
performance of synergistic catalysis [69].

The MvK mechanism facilitates the deep oxidation of VOCs and
catalyst regeneration through a lattice oxygen-oxygen vacancy cycle,
while  the  E-R  and  L-H  pathways  drive  the  targeted  reduction  of
NOx via  gaseous  radical  interception  and  surface  ion  coupling,
respectively;  the  synergy  among  these  three  constructs  a  dynamic
catalytic network enabling the highly efficient co-conversion of NOx

and VOCs.

 2.2.2    Other mechanisms

In  integrated  VOCs  and  NOx abatement  systems,  a  variety  of
mechanisms  operate  alongside  catalytic  redox  pathways.
Absorption removes pollutants via chemical or physical dissolution
into  a  solvent;  biological  treatment  relies  on  microorganisms  that
metabolize  pollutants  as  energy  sources  [61];  adsorption  employs

physical  or  chemical  interactions  on  solid  surfaces  to  capture
contaminants  [70];  condensation  separates  VOCs  by  lowering  the
temperature,  with  partial  co-removal  of  NOx achievable  under
certain  conditions  [71];  membrane  separation  utilizes  selective
permeation  through  porous  or  dense  membranes  to  isolate
pollutants  [72];  plasma-catalysis  coupling  applies  non-thermal
plasma  (NTP)  to  cleave  recalcitrant  VOCs  molecules  (e.g.,
chlorobenzene  → ·CH3)  while  generating  reactive  species  (e.g.,
·O/·OH) in  situ,  significantly  reducing  the  activation  energy
required for oxidizing halogenated compounds [73]; photocatalysis
exploits electron-hole pairs generated in semiconductors (e.g., TiO2)
upon photoexcitation,  enabling simultaneous reduction of  NOx by
conduction band electrons and oxidation of VOCs by valence band
holes [74].

By  integrating  complementary  processes-including  directional
transport  across  multiphase  media  (absorption/adsorption/
condensation/membrane  separation),  biological  metabolism,  and
energy  field  activation  (e.g.,  plasma  cracking  and  photoinduced
charge carriers)-this synergistic governance system achieves end-to-
end regulation of VOCs and NOx, from enrichment and separation
to  deep  conversion.  It  thus  offers  a  systematic  strategy  beyond
single-mode  redox  pathways  for  treating  complex  industrial  waste
gases.

 2.3    Catalyst design
In  mixed  VOCs  and  NOx systems,  their  removal  processes  are
markedly  non-independent;  rather,  they  exhibit  synergistic
enhancement  through  complex  and  profound  interaction
mechanisms.  From  a  functional  perspective,  VOCs  can  promote
the  deep  conversion  of  NOx into  harmless  products  such  as  N2-
either  by  providing  reactive  sites  or  participating  in  intermediate
transformations-thereby  significantly  improving  NOx removal
efficiency. Concurrently, NOx contributes to maintaining the long-
term  stable  activity  of  the  catalyst,  primarily  by  modulating  the
surface  electronic  state  and  suppressing  by-product  formation,
thereby furnishing the necessary catalytic environment for efficient
VOCs  degradation.  Based  on  their  mutual  reaction  mechanisms
and synergistic catalytic behavior, it is established that constructing
suitable  acid  and  redox  sites  on  the  catalyst  surface  is  key  to
achieving synergistic elimination of VOCs and NOx.

 2.3.1    Catalyst types

Vanadium-based  (V-based)  catalysts  have  achieved  commercial
application  owing  to  their  superior  stability,  abundant  acid  sites,
and  strong  resistance  to  sulfur  poisoning.  However,  their  weak
oxidation  capacity  often  leads  to  the  accumulation  of  partial
oxidation  by-products  and,  in  the  case  of  chlorinated  VOCs
(CVOCs),  may  promote  the  formation  of  highly  toxic  dioxins.
Manganese-based  (Mn-based)  catalysts,  representative  transition
metal  oxides,  have  attracted  significant  attention  due  to  their
remarkable  low-temperature  activity  (< 200  °C)  and  cost-

 

Table 1    Key characteristics and roles of MvK, E–R, and L–H mechanisms in synergistic VOCs-NOx removal

Mechanism Conditions and key features Role

MvK [57, 67] Requires redox-active catalyst with mobile lattice oxygen. VOCs
consume lattice O, creating vacancies replenished by gaseous O2/NO2.

Drives deep oxidation of VOCs; NO2 aids oxygen transfer, sustaining
catalytic activity and inhibiting deactivation.

E–R [69] Involves reaction between a gas-phase molecule (e.g., NO) and an
adsorbed species (e.g., NH2 from NH3).

Dominates the NH3-SCR pathway for NOx reduction; enables direct
reaction of gaseous VOCs/intermediates with adsorbed NOx.

L–H [69] Requires co-adsorption of reactants (e.g., NH4
+ and NOx adspecies) on

adjacent surface sites; surface reaction is rate-limiting.
Promotes surface-coupled reactions in SCR, enhancing N2 selectivity;
mitigates competitive poisoning in VOCs-NOx co-adsorption.
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effectiveness. Nonetheless, they suffer from challenges such as active
component  leaching,  poisoning-induced  deactivation,  and
insufficient  thermal  stability.  Zeolite  catalysts  enhance  reaction
selectivity  through  their  rigid  framework  structure  and  shape-
selective catalytic properties; however, their high cost and complex
synthesis  procedures  substantially  limit  exploration  of  large-scale
applications (Table 2).

V-based catalysts. V-based catalysts hold significant importance
in  industrial  waste  gas  treatment,  particularly  demonstrating
notable  performance  and  stability  in  the  reduction  of  NOx under
complex  flue  gas  conditions.  In  commercial  SCR  catalysts,  the
existing  form and valence  state  of  vanadium profoundly  influence
its  catalytic  activity.  While  these  catalysts  also  exhibit  certain
capability in the catalytic destruction of chlorinated volatile organic

compounds  (CVOCs),  they  display  evident  limitations  in  the
catalytic  oxidation  of  VOCs  within  coal-fired  flue  gas  purification
scenarios.  On  one  hand,  their  relatively  low  oxidation  efficiency
toward  VOCs  often  impedes  complete  conversion  into  harmless
substances; on the other hand, the reaction process tends to yield a
considerable amount of by-products [75]. This not only diminishes
the  selectivity  toward  desired  products  but  may  also  introduce
secondary pollution, thereby posing challenges for V-based catalysts
in achieving the synergistic and efficient removal of both NOx and
VOCs.

To  address  the  aforementioned  issues,  existing  studies  have
explored  the  introduction  of  a  second  transition  metal  as  an
effective  strategy.  Lin et  al.  [76]  constructed V-Cu dual-metal  sites
on  TiO2,  modulating  the  active  site  structure  to  facilitate  electron

 

Table 2    VOCs-NOx synergistic performance summary.

Catalyst [Ref.] Preparation method VOCs conversion temperature (°C)
(efficiency (%))

NOx conversion temperature (°C)
(efficiency (%))

Selectivity
(%)

V5Mo5Ti [80] Conventional impregnation method 300 (> 95) 200–400 (100) >90 (N2)

5% V/Ti [51] Wet impregnation method 250 200–350 ~ 90 (CO2)

MnOx@CeO2@MgO
[83] Two-step method 300 (> 80) 300 (86) ≥ 93 (N2)

80 (CO2)

MnO2 nanorod [85] Hydrothermal method 275 (> 90) 125–300 (> 60) —

MnO(0.4)-CeO2 [63] Hydrothermal method 300 (> 90) 125–300 (> 80) > 85 (N2)

Mn-Cu/SBA-15 [95] Hydrothermal method 250 (100) 300 (> 70) —
Cu/Beta@CeO2 [96] Self-assembly method 300 (> 90) 250–400 (> 80) > 80 (CO2)

Cr-CeO2 [97] Co-precipitation method 330 (> 90) 240 (> 90) 90 (N2)

VPO-VMoTi [57] Layer-by-layer drop-coating method 250–400 (~ 100) 250–400 (~ 100) > 95 (N2)

TiO2 (anatase) [58] — (100) (18.20) —

Ce2Si1 [59] Reverse co-precipitation method 300–375 (> 90) 300–375 (> 90) > 95 (N2)

Co-MnOx [87] Sol-gel method ≥ 180 (> 90) 105–275 (> 90) > 75 (N2)

Cu-MnO2 [88] Precipitation method 260 (~ 98.5) 260 (68) > 50 (N2)
80 (CO2)

Al3+-CeO2 [98] Homogeneous co-precipitation method 274 (> 80) 185 (30) 94 (N2)

In(OH)3 [46] Precipitation method (65.50) (100) 3.7 (N2O)

NiMn2O4-CeO2 [89] Precipitation method 210 (90) 100–250 (> 80%, 100% in 100 °C) —

V1-Cu5/TiO2 [76] Impregnation method 257 (> 90) (> 97) ~ 100 (N2)

Fe-MnO2-F&R [86] Hydrothermal method 170 (> 90) 170 (> 80) —

Fe-MnO2@TiO2 [84] Hydrothermal method 188–316 (> 90) 188–316 (> 90) ~ 100 (N2)

PdV/TiO2 [82] Sol-gel method (> 90) (> 90) —

CuCeTi [62] Homogeneous co-precipitation method 257 (> 90) (> 90) ~ 100 (N2)
>95 (CO2)

CeO2-TiO2 [99] Homogeneous co-precipitation method 300 (~ 100) (> 90) > 96 (N2)
~ 100 (CO2)

Co-SmMn2O5 [92] Hydrothermal method 270 (> 90) 160–300 (> 80) > 80 (N2)
~ 100 (CO2)

MnCe/TNT [67] Hydrothermal method combined with
impregnation method 196 (> 90) 182–300 (> 80) > 90 (CO2)

Pd1V1/CeO2 [69] Hydrothermal self-assembly method 238 (90) 230 (90) 98 (N2)
98 (CO2)

NbmCeOx [100] Homogeneous co-precipitation method > 210 (> 90) 170–390 (> 90) > 85 (N2)
>80 (CO2)

Ag-Mn/HZSM-5 [90] Wet impregnation method 293–400 (> 60) 293–400 (> 90) > 90 (N2)
>90 (CO2)

V0.5Mn5Co5 [91] Oxalic acid precipitation method 260 (92) 180–300 (> 95) ≥ 80 (N2)

Cu5-VWT [81] Wet impregnation method 350 (> 99) — > 99 (CO2)
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transfer  and  the  formation  of  reaction  intermediates.  This
significantly enhanced the synergistic removal efficiency of toluene
and  NOx,  while  improving  catalyst  stability  and  anti-poisoning
ability.  The  mechanism  is  attributed  to  the  strong  interaction
between  Cu  and  V,  promoting  electron  transfer  from  Cu  to
adsorbed  oxygen  and  generating  reactive  oxygen  species  (O2

-),
thereby  enhancing  toluene  oxidation  activity.  Gong  et  al.  [57]
designed  a  tandem  catalytic  filter  with  VPO  and  VMoTi  layered
loading,  achieving  highly  efficient  synergistic  removal  of  NOx and
toluene  (close  to  100%)  within  200–400  °C,  and  reducing  the
toluene ignition temperature from 320 to 170 °C (Figs. 3(a)−3(b)).
The catalyst exhibited excellent low-temperature activity and sulfur
resistance  stability,  with  C1  selectivity  increased  by  nearly  200%,
indicating  significantly  enhanced  mineralization.  It  maintained
stable  performance  for  100  h  in  the  presence  of  SO2 and  water
vapor. Vanadium-tungsten-titanium (VW/Ti) catalysts, as a mature
SCR  catalyst,  possess  excellent  anti-poisoning  capability,  acidity,
and  redox  properties,  demonstrating  potential  in  the  synergistic
catalysis  of  VOCs  and  NO  [77−79].  Lian  et  al.  [75]  investigated
metal  modification  of  VW/Ti  catalysts  and  found  that  excessive
metal  loading  adversely  affected  performance,  while  composite
metal  modification  was  less  effective  than  single  or  dual-metal
systems.  Among  them,  Cu-modified  and  Fe-modified  catalysts

performed best  in  the  synergistic  removal  of  NO and VOCs,  with
the Cu-modified catalyst achieving 89.9% NO conversion at 380 °C
and  average  removal  rates  of  97.1%  and  92.7%  for  benzene  and
toluene,  respectively.  Huang  et  al.  [80]  studied  the  synergistic
removal  of  chlorobenzene  (CB)  and  NO  over  a  V5Mo5Ti  catalyst.
They found that  its  oxidation capacity  was  limited,  with  some CB
only  oxidized  to  dichloromaleic  anhydride  without  further
mineralization,  resulting  in  low  CO2 selectivity.  Additionally,
chlorine  species  (e.g.,  CCl4 and C2Cl4)  accumulated on the  catalyst
surface,  leading  to  deactivation.  Liu  et  al.  [51]  systematically
investigated the effect  of  different  V loadings on the structure and
performance  of  V/Ti  catalysts,  finding  that  the  5%  V/Ti  catalyst
exhibited  optimal  active  site  distribution  and  redox  capacity.
Through in  situ infrared  (IR)  and  gas  chromatography-mass
spectrometry  (GC-MS)  analysis,  a  novel  mechanism  for  NOx-
promoted toluene oxidation was proposed: NOx attacks the toluene
side  chain  to  form  benzohydroxamic  acid,  which  polarizes  the
aromatic  ring  via  a  conjugation  effect,  reducing  the  ring-opening
energy  barrier  and  accelerating  the  reaction  (Figs.  3(c) and 3(d)).
Xiao et  al.  [81]  developed a  Cu-vanadium-tungsten-titanium (Cu-
VWT) catalyst  bifunctional catalyst,  where highly dispersed V and
Cu sites predominantly govern NO reduction and VOCs oxidation,
respectively  (Fig.  3(e)).  The catalyst  exhibited high surface-reactive

 

Figure 3    Removal behaviors of NOx and VOCs over the VPO-VMoTi tandem catalytic filter and VMoTi catalytic filter: (a) NO conversion and (b) toluene conversion.
Reproduced with permission from Ref. [57], © Elsevier B.V. 2025. Projected density of states (PDOS) and crystal orbital Hamilton population (COHP) analyses for (c)
benzoic acid and (d) benzohydroxamic acid. Reproduced with permission from Ref. [51], © Elsevier B.V. 2024. (e) Mechanism for the synergistic removal of toluene and
NO over the Cu-VWT catalyst. (f) Dichloromethane conversion over different catalysts under simulated flue gas conditions. Reproduced with permission from Ref. [81],
© American Chemical Society 2023. (g) Adsorption behavior of NH4

+ on Brønsted acid sites. Reproduced with permission from Ref. [82], © Elsevier B.V. 2021. (h) NOx

conversion over different catalysts. Reproduced with permission from Ref. [69], © American Chemical Society 2024.

Nano Research | Vol. 19, No. 6 Zhang et al.

94908398 (7 of 26) Nano Research, 2026, 19, 94908398

https://www.sciopen.com/article/10.26599/NR.2026.94908398
https://www.sciopen.com/article/10.26599/NR.2026.94908398
https://www.sciopen.com/article/10.26599/NR.2026.94908398
https://www.sciopen.com/article/10.26599/NR.2026.94908398
https://www.sciopen.com/article/10.26599/NR.2026.94908398
https://www.sciopen.com/article/10.26599/NR.2026.94908398
https://www.sciopen.com/article/10.26599/NR.2026.94908398
https://www.sciopen.com/article/10.26599/NR.2026.94908398


oxygen  content  and  balanced  redox  properties,  effectively
suppressing polycyclic aromatic hydrocarbon (PAH) formation and
achieving  efficient  synergistic  removal  of  VOCs  and  NOx,  with  a
total VOCs removal rate of 97.9% (Fig. 3(f)). Li et al. [82] prepared
PdV/TiO2 catalysts  by  tuning  the  atomic  ratio  of  Pd  to  V,  which
demonstrated  excellent  synergistic  CB/NO  removal  efficiency  and
CO2/N2 selectivity within 300–400 °C. The study revealed that NO2

acted as an oxidant participating in CB oxidation and regenerating
oxygen  vacancies,  while  NH3 reacted  with  Cl  species  adsorbed  on
Pd sites to form NH4Cl, inhibiting CB oxidation (Fig. 3(g)). Chu et
al. [69] employed a Pd-V dual single-atom catalyst for simultaneous
toluene oxidation and NO2 reduction, compressing the temperature
window  for  >  80%  NO2 conversion  to  152  °C  (Fig.  3(h)),
significantly outperforming single-atom catalysts. Both CO2 and N2

selectivity  reached  98%,  achieving  near-complete  mineralization.
The broad temperature window, high selectivity, high stability, and
anti-poisoning performance provide a new paradigm for synergistic
control of multiple pollutants.

Mn-based  catalysts. Mn-based  catalysts  demonstrate  superior
performance  in  the  simultaneous  reduction  of  NOx and  oxidation
of VOCs, owing to their unique physicochemical properties.  Their
excellent  redox  capability  primarily  stems  from  the  multivalent
nature  of  manganese,  which  facilitates  flexible  transitions  between

Mn2+,  Mn3+,  and Mn4+,  thereby  promoting  electron transfer  during
reactions. To enhance the synergistic removal of VOCs and NOx in
sulfur-containing  flue  gas,  researchers  have  optimized  Mn-based
catalysts  through  structural  and  compositional  design.  Pan  et  al.
[83] constructed a core–shell MnOx@CeO2@MgO catalyst, in which
the  MgO  shell  preferentially  reacts  with  SO2 to  form  MgSO4,
effectively protecting the inner MnOx and CeO2 active sites. Under
conditions of 300 ppm SO2 and 300 °C, the conversion rates of NOx

and  CB  remained  above  80%,  demonstrating  excellent  sulfur
resistance stability  (Fig.  4(a)).  Similarly,  Lin et  al.  [84]  developed a
Fe-MnO2@TiO2 core–shell catalyst, in which the TiO2 shell inhibits
SO2 deposition and oxidizes SO2 to surface sulfates via unsaturated
Ti sites and bridge hydroxyl groups, thereby protecting the internal
active sites and enhancing catalyst stability (Fig. 4(b)). Morphology
control  and  crystal  phase  design  are  also  key  strategies  for
improving  the  performance  of  Mn-based  catalysts.  Jia  et  al.  [85]
compared  the  catalytic  performance  of  MnOx nanorods  and
nanocuboids,  finding  that  the  former  achieved  85%  synergistic
removal  of  NO  and  toluene  at  275  °C  due  to  a  higher  Mn4+ ratio
and  superior  redox  capability.  MnCe  solid  solution  catalysts
significantly lower the oxidation temperature of VOCs due to their
enhanced  redox  properties.  Gan  et  al.  [63]  reported  that  the
MnOx(0.4)–CeO2 solid  solution  achieved  a  good  balance  between

 

Figure 4    (a) Effect of  the MgO shell  on the SO2 resistance of the MnOx@CeO2@MgO catalyst.  Reproduced with permission from Ref.  [83],  © Elsevier B.V. 2024.  (b)
Sulfur and water resistance stability of Fe-MnO2@TiO2 at 220 °C. Reproduced with permission from Ref. [84], © Elsevier B.V. 2024. (c) Pore size distribution of K-MnO2-
120 and Fe-MnO2-F&R. Reproduced with permission from Ref. [86], © American Chemical Society 2024. (d) Projected density of states (PDOS) of the Mn-Mn sites in
SM  and  Co-SM.  Reproduced  with  permission  from  Ref.  [92],  ©  Elsevier  B.V.  2024.  (e)  XPS  spectra  of  fresh  and  spent  Cu/Beta@CeO2 catalysts.  Reproduced  with
permission  from  Ref.  [96],  ©  Elsevier  B.V.  2023.  (f)  Adsorption  energy  of  NO  when  toluene  is  pre-adsorbed.  (g)  Nitrogen-containing  products  identified  by  ion
chromatography (IC). Reproduced with permission from Ref.  [46],  © Elsevier B.V. 2022. (h) Synergistic reaction mechanism of the CuCeTi catalyst.  Reproduced with
permission from Ref. [62], © Elsevier B.V. 2023.
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redox  performance  and  surface  acidity.  The  presence  of  CB
inhibited  excessive  NH3 oxidation,  while  NO2 generated  from NO
oxidation  promoted  deep  oxidation  of  CB,  forming  a  synergistic
reaction  pathway.  Modifying  surface  acidity  and  redox  properties
through metal  doping is  another effective approach. Lin et al.  [86]
prepared  a  Fe-MnO2-F&R  composite  catalyst  with  abundant
micropores  and  Brønsted/Lewis  acid  sites  (Fig.  4(c)).  Fe  doping
increased  the  Mn4+ ratio,  promoting  toluene  activation  and  NH3

adsorption,  enabling  low-temperature  synergistic  removal.  In  the
Co-MnOx catalyst developed by Kang et al. [87], Co doping formed
a  MnCo2O4 spinel  structure,  enhancing  Lewis  acidity  and
promoting  oxygen  vacancy  formation.  NOx conversion  exceeded
90% within 105–275 °C, and the CB conversion reached over 90%
above 180 °C. The Cu-MnO2 catalyst prepared by Huang et al. [88]
achieved  98.5%  toluene  conversion,  although  high  concentrations
of  NOx competed  for  active  sites  and  generated  nitrite
intermediates,  inhibiting  toluene  oxidation.  In  composite  catalyst
systems,  the  NiMn2O4-CeO2 catalyst  developed  by  Ma  et  al.  [89]
utilized  Ni  and  Mn  to  predominantly  govern  NH3-SCR  and
propane  (C3H8)  oxidation,  respectively.  NOx conversion  exceeded
80% within 100–250 °C, and the C 3H8 conversion reached 90% at
210  °C.  However,  SO2 readily  caused  sulfate  deposition  and
deactivation. Sun et al. [90] reported an Ag-modified Mn/HZSM-5
catalyst  that  achieved  efficient  NOx and  acetone  removal  within
293–400 °C. The incorporation of Ag enhanced redox performance
and  Lewis  acidity,  broadening  the  active  temperature  window.
Chen  et  al.  [91]  constructed  a  V0.5Mn5Co5 bifunctional  catalyst,
where  V  doping  precisely  regulated  acid  and  redox  sites.  While
suppressing  over-oxidation  of  ethylene,  the  catalyst  achieved  over
95% NOx conversion and ≥ 80% N2 selectivity within 180–300 °C,
along  with  good  resistance  to  sulfur  and  water.  Zhang  et  al.  [92]
found  that  in  a  Co-doped  SmMn2O5 (Co-SM)  catalyst,  synergistic
interactions between Mn–Mn and Co–O–Mn–Mn sites  enhanced
redox performance  and surface  acidity.  Co doping  lowered  the  d-
band  center  of  Mn–Mn  sites,  inhibiting  nitrate  deposition  and
improving  N2 selectivity,  while  Co–O–Mn–Mn  sites  promoted
deep oxidation of  chlorobenzene (Fig.  4(d)).  The catalyst  achieved
high  NOx conversion  within  160–300  °C,  with  a T90 for
chlorobenzene at 270 °C, N2 selectivity > 80%, and near 100% CO2

selectivity,  demonstrating  excellent  synergistic  catalytic
performance.  Ye  et  al.  [67]  prepared  an  MnOx-CeO2 catalyst
supported  on  TiO2 nanotubes  (MnCe/TNT)  for  simultaneous
removal  of  NOx and  toluene  at  low  temperatures  (≤  300  °C).
Mechanistically, the redox transitions of Mn3+→Mn4+ and Ce4+→Ce3+

enhanced  Lewis  acidity  and  promoted  oxygen  vacancy  formation.
This  effect  significantly  reduced  the  toluene  conversion
temperature,  suppressed side reactions such as  NH3 oxidation and
N2O  formation,  and  ultimately  enabled  highly  efficient
simultaneous  removal  of  NOx and  toluene  while  improving  N2

selectivity  in  the  NH3-SCR  process.  Additionally,  the  catalyst
exhibited  excellent  hydrothermal  stability  and  resistance  to  SO2

poisoning.
In  summary,  strategies  such  as  structural  design,  morphology

control,  metal  doping,  and  composite  construction  can  effectively
enhance the catalytic performance and poisoning resistance of Mn-
based  catalysts  for  the  synergistic  removal  of  NOx and  VOCs,
thereby  laying  a  theoretical  foundation  and  offering  technical
pathways for their practical application in flue gas purification.

Zeolite  catalysts. Conventional  zeolite  catalysts  exhibit
significant  limitations  in  the  synergistic  removal  of  alkanes  and

NOx,  primarily  due  to  constraints  imposed  by  their  inherent
crystalline structures and surface properties on reactant adsorption
and catalytic  activity.  As  typical  crystalline  aluminosilicates,  zeolite
molecular  sieves  hold  important  applications  in  catalysis  and
adsorption processes owing to their abundant acid sites and regular
pore  structures  [93, 94].  By  incorporating  active  components  with
excellent  redox  properties  into  their  frameworks,  bifunctional
catalytic sites can be constructed, thereby synergistically promoting
the  efficient  elimination  of  VOCs  and  NO.  Chuang  et  al.  [95]
synthesized  Santa  Barbara  Amorphous-15  (SBA-15)  support  via  a
hydrothermal  method  and  loaded  transition  metals  (Cu,  Co,  Ni),
finding  that  Cu/SBA-15  achieved  70%  toluene  conversion  at
250 °C. Subsequent modification with Mn yielded an Mn-Cu/SBA-
15 catalyst  that  achieved complete  toluene  conversion at  the  same
temperature;  at  300  °C,  it  reached  70%  NO  removal  while
maintaining complete toluene conversion, demonstrating favorable
synergistic  catalytic  performance.  Jiang  et  al.  [96]  prepared  a
Cu/Beta@CeO2 core–shell  catalyst  via  a  self-assembly  method,
systematically  elucidating  the  roles  of  different  active  sites  in  the
synergistic  removal  of  NO  and  toluene.  The  study  revealed
competitive adsorption between NH3 and toluene on Brønsted acid
sites.  The  ultrathin  CeO2 layer  deposited  on  the  surface  not  only
increased  the  number  of  Brønsted  acid  sites  but  also  introduced
Ce4+ sites that promoted toluene oxidation. Furthermore, the strong
interfacial interaction at the Cu–Ce interface induced the formation
of  numerous Ce3+ and isolated Cu2+ sites,  synergistically  enhancing
NH3 activation,  NO  adsorption/oxidation,  and  their  subsequent
reaction with toluene (Fig. 4(e)).

Other  catalysts. Beyond  conventional  V-based,  Mn-based,  and
zeolite catalysts, several other catalytic systems play significant roles
in  the  synergistic  elimination  of  NOx and  VOCs.  Based  on  their
active components and primary mechanisms, these systems can be
categorized and their  synergistic  pathways  are  discussed in  greater
detail.

Photocatalytic systems utilize light energy to drive reactions. For
instance,  Wang  et  al.  [58]  demonstrated  that  NO  significantly
enhanced  the  photocatalytic  degradation  efficiency  of  aromatic
hydrocarbons  over  TiO2.  The  generated  NO2 replenishes  surface
active  oxygen,  sustaining  catalytic  activity  while  promoting  the
conversion  of  NO  into  harmless  nitrogen-containing  species.  The
synergy  primarily  stems  from  the  cross-utilization  of  reactive
intermediates:  photogenerated  charge  carriers  (e−/h+)  and  reactive
oxygen  species  (e.g., ·O2

−, ·OH)  couple  the  reduction  of  NOx with
the oxidation of VOCs. Li et al. [46] further revealed a mechanism
of  non-competitive  adsorption  and  coupled  reaction  on  In(OH)3,
where  pre-adsorbed  toluene  enhanced  NO  adsorption  (Fig.  4(f)),
and  protons/electrons  released  during  toluene  oxidation  reduced
NO to NH4

+,  thereby altering the reaction pathway,  reducing NO2

selectivity, and inhibiting O3 formation (Fig. 4(g)).
CeO2-based  catalysts  are  widely  studied  due  to  their  excellent

oxygen  storage  capacity  and  reversible  Ce3+/Ce4+ redox  properties.
Doping strategies can finely tune their physicochemical properties.
Gan et al. [59] optimized a Ce2Si1 catalyst (Ce:Si = 2:1), achieving >
90% conversion of both NOx and toluene at 300–375 °C with high
N2 selectivity (> 95%). Li et al. [97] and Wei et al. [98] systematically
studied  metal-doped  CeO2;  Cr  doping  enhanced  synergistic  NOx

reduction and chlorinated VOC oxidation while mitigating chlorine
poisoning, whereas Al3+ doping increased Lewis acidity and oxygen
vacancies, promoting NH3 activation and chlorobenzene oxidation.
In  contrast,  higher-valence  Ta5+ doping  exhibited  an  inhibitory
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effect.  Density  functional  theory  (DFT)  calculations  revealed  that
doping  modulates  reaction  energy  barriers  and  oxygen  vacancy
formation  [98].  The  core  synergy  lies  in  the  dynamic  cycle  of
oxygen  vacancies  coupled  with  acid-redox  site  cooperation,  which
concurrently  supplies  active  oxygen  for  VOCs  oxidation  and
provides sites for NOx adsorption/activation.

Dual-active-site/multifunctional  catalysts  employ  spatially
adjacent or functionally distinct sites to achieve synergistic catalysis.
A Cu-Ce bimetallic catalyst achieved > 95% removal of toluene and
NO  at  250  °C,  with  Cu  sites  governing  toluene  oxidation  and  Ce
sites facilitating NH3-SCR. This design synergistically inhibited SO2

adsorption  and  ammonium  sulfate  formation,  enhancing  sulfur
resistance  (Fig.  4(h))  [62].  Similarly,  a  CeO2-TiO2 mixed  oxide
catalyst  showed  excellent  NH3-SCR  activity  (N2 selectivity  >  96%)
and, in the presence of toluene, promoted a toluene-SCR pathway,
achieving  90%  toluene  conversion  with  nearly  complete  COx

selectivity  at  300  °C  [99].  Another  example  is  Nb-doped  CeO2,
where  optimal  Nb doping promoted lattice  oxygen migration and
Lewis acidity,  enabling > 90% conversion of both NO and toluene
between  215  and  400  °C  [100].  By  regulating  the  position  of  Fe
single atoms on a CoOOH substrate, Zhang et al. [101] constructed
two Fe-Co dual-site catalysts with stereoscopic (stereo-Fe-Co DSC)
and  planar  (planar-Fe-Co  DSC)  configurations.  The  planar
configuration  exhibited  superior  performance  in  the  alkaline
oxygen  evolution  reaction,  with  a  significantly  lower  overpotential
(190 mV at 10 mA·cm−2) than the stereoscopic analogue (210 mV).
The  planar  Fe-Co  dual  sites  were  found  to  facilitate  the  direct
coupling  of *O  intermediates  into *O–O* species,  thereby
circumventing  the  conventional  four-electron  transfer  pathway.
The spatial distance and orientation of the dual sites directly govern
the  adsorption,  activation,  and  coupling  of  intermediates,  offering
critical  structural  insights  for  the  rational  design  of  high-
performance dual-site catalysts. The synergy in these systems arises
from  spatial  proximity  and  functional  complementarity,  which
mitigates  competitive  adsorption  and  allows  intermediates
generated at one site to promote reactions at adjacent sites.

In  summary,  these  alternative  catalysts—through  light-driven
charge  separation,  tunable  redox-acid  properties,  or  designed  site
cooperation—provide  diverse  and  effective  pathways  for  the
synergistic  removal  of  NOx and  VOCs,  expanding  the  toolbox  for
multi-pollutant control.

 2.3.2    Structural optimization and modification

In  complex  industrial  flue  gas  environments,  catalysts  are
susceptible  to  irreversible  poisoning  by  alkali  metals,  heavy  metals
(e.g.,  As  and  Pb),  chlorine  species,  and  phosphorus,  beyond  the
effects  of  SO2 and  H2O.  Their  deactivation  mechanisms  differ
markedly  from  those  induced  by  mere  sulfur  or  water  poisoning.
Alkali  metals preferentially displace surface hydroxyl or Lewis acid
sites,  leading  to  a  marked  decline  in  surface  acidity.  This  impairs
NH3 adsorption  and  activation,  severely  suppressing  SCR  activity,
while their electronic effects alter the valence distribution and redox
properties  of  active  metals  (e.g.,  Cu)  [102, 103].  Lead  primarily
poisons catalysts  through competitive chemisorption at  active sites
and alters the surface electronic structure, reducing both acidity and
redox  capability  [104].  Its  presence  also  shifts  the  chlorobenzene
oxidation  pathway  from  CB  →  phenol  →  benzoquinone  →  CO2 to
CB  →  benzene  →  CO2,  lowering  oxidation  efficiency  and  CO2

selectivity.  Excessive  Pb  further  blocks  pores  and  reduces  the
specific  surface  area  [105].  Arsenic  exists  primarily  as  As2O3 and
As2O5.  As2O3 lowers  the  formation  energy  of  oxygen  vacancy  at

V–O–V  sites,  while  As2O5 attacks  V=O  sites  to  form  As–O–V
bonds.  Both  mechanisms  deactivate  active  sites  and  block  pores,
suppressing  denitrification  while  promoting  excessive  NO
oxidation  to  NO2,  which  inadvertently  enhances  chlorobenzene
conversion  [106−108].  Chlorine  species  (e.g.,  Cl− derived  from
CVOCs)  occupy  oxygen  vacancies,  forming  inert  metal
chlorides/oxychlorides.  They  also  anchor  surface  active  oxygen,
hindering  O2 adsorption  and  disrupting  the  redox  cycle.
Additionally,  Cl− can  combine  with  surface  NH4

+ to  form  NH4Cl,
which covers active sites. The accumulation of these species further
promotes  the  generation  of  polychlorinated  by-products,
exacerbating catalyst deactivation [109−111]. As an external poison
originating  from  sources  such  as  lubricating  oils,  phosphorus
induces typically irreversible deactivation of exhaust after-treatment
catalysts  through  a  combination  of  physical  and  chemical
mechanisms.  Physical  deactivation  results  from  the  pore  blockage
and surface area reduction caused by the deposition of phosphorus
species.  Chemical  deactivation  is  more  profound,  where
phosphorus  in  the  forms  of  metaphosphate  (PO3

–)  and  phosphate
(PO4

3–)  strongly  interacts  with  active  sites,  poisoning  key  hydroxyl
(OH) groups and forming thermally stable compounds like AlPO4

via reaction with the zeolite framework. The severity of deactivation
escalates  with  increasing  phosphorus  loading.  Notably,  during
multiple  adsorption–desorption  cycles,  a  portion  of  physically
blocking P2O5 transforms into chemically  interacting PO3

–,  leading
to progressive and irreversible  degradation of  the catalyst’s  storage
and  release  capacity  [112].  In  practice,  these  poisons  often  act
synergistically,  severely  compromising  the  long-term  stability  and
efficiency of catalysts in multi-pollutant control through combined
mechanisms  such  as  pore  blockage,  chemisorption,  electronic
modulation, and alteration of reaction pathways.

To  achieve  efficient  synergistic  catalytic  elimination  of
atmospheric  pollutants,  the  dynamic  evolution  mechanisms  of
active sites must be considered in conjunction with stability design.
Single-atom  catalysts  (SACs)  hold  potential  for  synergistic  air
purification,  yet  their  symmetric  active  sites  (e.g.,  M–N4)  often
exhibit  unbalanced  adsorption  toward  diverse  intermediates.
Symmetry-breaking  strategies  enable  the  construction  of
asymmetric centers (e.g.,  M–N3,  M–X–Nx), which induce localized
charge  redistribution  and  d-band  modulation  to  synergistically
enhance adsorption of key pollutants [113]. This approach provides
a  foundation  for  designing  multifunctional  bimetallic  sites  capable
of  driving  simultaneous  NOx reduction  and  VOCs  oxidation,
guiding  the  development  of  efficient  synergistic  catalytic  systems.
Research  shows  that  the  reversible  structural  transformations
among single atoms, clusters, and nanoparticles can not only create
functionally  complementary  dynamic  active  interfaces  but  also
enable in situ regeneration and long-term stabilization of active sites
through  modulation  of  the  atmosphere  and  support  [114].
Therefore, by precisely tailoring metal–support interactions and the
reaction microenvironment to steer active species toward favorable
configurations  and  suppress  deactivating  agglomeration,  it  is
possible  to  develop  next-generation  air  pollution  control  catalysts
that combine high activity with high stability.

V-based  catalysts  show  strong  stability  in  the  presence  of  H2O
and  SO2 [78],  but  their  weak  redox  capability  often  leads  to
incomplete  VOCs  oxidation  and  byproduct  accumulation  due  to
competitive NH3 adsorption [79]. SO2-derived sulfates inhibit C–C
cleavage,  deactivate  oxygen  species,  and  gradually  poison  the
catalyst  [89].  Mn-based  catalysts  offer  excellent  low-temperature
activity  but  suffer  from  low  high-temperature  N2 selectivity,  a
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narrow activity window, and susceptibility to sulfur poisoning [90].
Zeolite  catalysts,  with  their  structured  pores,  can  isolate  and
optimize  reactions  for  synergistic  removal  [96].  However,  their
complex  synthesis  and  insufficient  study  in  synergistic  systems
require  further  exploration.  Future  development  should  focus  on
carrier  selection,  synthesis  methods,  and  active  component
modification to enhance overall efficiency, durability, and poisoning
resistance.

(1)  Carrier  selection.  The  carrier  plays  a  critical  role  in
modulating  catalyst  performance,  profoundly  influencing  activity,
heat and mass transfer efficiency, and operational durability. In V-
Cu bimetallic  catalysts,  the  TiO2 carrier  enhances  performance  via
strong  metal–support  interactions:  Its  unique  lattice  structure
promotes  the  formation  of  abundant  acid  sites  (enhancing
toluene/NOx adsorption)  and  oxygen  vacancies  (improving  redox
capability),  outperforming  conventional  carriers  such  as  ZSM-5,
SiO2,  and  γ-Al2O3.  At  the  microscopic  level,  oxygen  vacancies
facilitate  electron  transfer  from  Cu  to  adsorbed  O2,  generating
highly  reactive  superoxide  radicals.  These  directly  accelerate  the
synergistic  pathway  of  toluene  mineralization  and  NOx reduction,
enabling  highly  efficient  pollutant  removal  [76].  Isolated  atom site
catalysts  (IASCs) demonstrate  superior electrocatalytic  activity  and
strong  poisoning  resistance  in  small-molecule  electrooxidation
reactions,  owing  to  their  atomically  dispersed  active  centers  and
tunable coordination structures. By constructing dual-atom sites or
support-synergistic  systems,  precise  control  over  the  reaction
pathways can be achieved, effectively suppressing the accumulation
of  harmful  intermediates  such  as  CO  and  thereby  significantly
enhancing catalyst durability [52].

(2)  Influence of  synthesis  methods.  Different  synthesis  methods
induce  substantial  variations  in  the  crystal  structure,  surface
morphology,  and  distribution  of  active  sites,  thereby  significantly
determining  catalytic  performance.  The  sol-gel  method  enables
controlled  hydrolysis–condensation  to  produce  catalysts  with  high
specific surface area and uniformly dispersed active sites, effectively
suppressing agglomeration [87].  In  contrast,  co-precipitation relies
on simultaneous precipitation to form precursors with well-defined
crystallinity  and  uniform  particle  size  [97].  Differences  in  crystal
defect  density,  surface  morphology,  and accessibility  of  active  sites
directly  govern  the  structure–activity  relationship,  necessitating
careful  selection  based  on  the  target  reaction’s  kinetic
characteristics.

(3)  Doping modification.  Doping with metal  or  non-metal  ions
represents a highly effective strategy for tailoring catalyst properties
by  modifying  the  electronic  and  crystal  structures  at  the
fundamental  level.  In  Mn-Ce  catalysts,  metal  ion  doping
reconstructs  the  electronic  configuration  through  lattice
substitution.  The  introduction of  heterovalent  ions  induces  charge
imbalance, promoting the formation of oxygen vacancies to restore
charge  neutrality,  thereby  creating  additional  active  sites.
Concurrently,  it  modulates  the  electron  density  of  active  sites,
optimizing  reactant  adsorption  energy  and  reaction  selectivity.
Precise control over the valence state and concentration of dopants
enables targeted design of the catalyst’s intrinsic activity [75, 90, 98].

Beyond  conventional  catalyst  design,  drawing  inspiration  from
interdisciplinary  fields  such  as  energy  catalysis  offers  advanced
strategic guidance for synergistic VOCs–NOx catalytic systems. Liu
et  al.  [115]  proposed  a  grain-boundary  engineering  and  dual-
mechanism  synergy  strategy  for  the  acidic  oxygen  evolution
reaction  (OER),  providing  an  insightful  paradigm  for

simultaneously  boosting  both  catalytic  activity  and  stability.  By
introducing  Ni  and  B  co-doping  into  RuO2,  they  constructed
ultrathin  nanosheets  rich  in  grain  boundaries,  thereby  achieving
spatial  partitioning  and  synergistic  enhancement  between  the
adsorbate  evolution  mechanism  (AEM)  and  the  lattice  oxygen
mechanism  (LOM)  within  the  catalyst:  Grain-boundary  regions,
enriched  with  defects  and  tailored  electronic  structures,
preferentially  promote  the  LOM  pathway,  while  well-ordered
crystal  facets  dominate  the  AEM  pathway.  This “spatially
partitioned  synergistic  catalysis” design  not  only  reduces  reaction
barriers through parallel dual pathways but also separately enhances
interfacial  activity  and  lattice  stability  via  structural  regulation,
thereby  successfully  overcoming  the  classic  activity-stability  trade-
off in conventional catalysts.

 3    Synergistic abatement of VOCs and O3

 3.1    Synergistic abatement technologies
With  the  progressive  industrialization  in  China,  anthropogenic
VOCs emissions continue to rise, emerging as significant precursor
pollutants  affecting  regional  air  quality.  As  one  of  the  key
precursors  to  ozone  formation,  increasing  VOCs  levels  exacerbate
the  formation  and  accumulation  of  ground-level  ozone  pollution,
intensifying  the  challenges  in  ozone  control.  In  this  context,
establishing  a  coordinated  control  system  for  VOCs  and  O3,  and
advancing  multi-dimensional  efforts  in  mechanistic  research,
regulatory  strategies,  and  technological  innovation  have  become
imperative  to  steadily  advance  the  current  air  pollution mitigation
agenda (Table 3).

 3.1.1    Photocatalytic technology

Photocatalytic  technology  relies  on  the  photoexcitation  process  of
semiconductor  materials.  When  incident  photon  energy  (hν)
exceeds the band gap (Eg) of the photocatalyst, electrons are excited
from  the  valence  band  (VB)  to  the  conduction  band  (CB),
generating electron–hole pairs (e−/h+). The VB holes exhibit strong
oxidation capability, oxidizing adsorbed H2O or OH− to form highly
oxidative  hydroxyl  radicals  (·OH),  while  CB  electrons  reduce
adsorbed  O2 to  superoxide  radicals  (·O2

−).  These  reactive  oxygen
species  collectively  drive  the  oxidative  degradation  and
mineralization  of  VOCs,  as  illustrated  in Fig.  5(a) [116, 117].
Among  various  photocatalysts,  TiO2 is  widely  utilized  due  to  its
high  chemical  stability,  favorable  photocatalytic  activity,  and  low
cost. However, its relatively wide band gap (~ 3.2 eV) restricts light
absorption  mainly  to  the  ultraviolet  region  (only  4%–5%  of  solar
spectrum), limiting practical efficiency under solar irradiation [118].
To  address  this,  research  has  focused  on  modifying  TiO2 through
elemental  doping  and  heterojunction  construction  to  narrow  the
band  gap,  extend  light  absorption  into  the  visible  range,  and
enhance charge carrier separation. Kask et al. [119] designed a multi-
stage continuous-flow photocatalytic reactor to investigate the effect
of  O3 on  the  degradation  of  gaseous  acetone  and  toluene
(individually and in mixtures). O3 showed limited enhancement for
acetone  alone  but  promoted  degradation  of  high-concentration
toluene  (60  ppm)  and  its  mixtures,  while  mitigating  catalyst
deactivation  caused  by  accumulated  toluene  oxidation
intermediates.  Humidity  (6%–40%)  had  minimal  effect  on  single
VOCs  degradation,  whereas  high  humidity  slightly  suppressed
degradation in VOCs mixtures. Longer residence time significantly
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Table 3    Comparison of different VOCs and O3 synergistic control technologies

Technology Key mechanism Typical operating conditions Advantages Limitations

Photocatalysis
[116, 117, 120]

Generation of reactive oxygen
species via photoexcited e–/h+

pairs to oxidize VOCs and
decompose O3.

Low VOCs concentration
(< 100 ppm); sensitive to
humidity (inhibited at high RH);
requires UV/visible light
activation

Mild operating conditions,
low energy consumption, no
secondary pollution; potential
for solar-driven operation

Low quantum efficiency,
rapid carrier recombination,
catalyst deactivation, narrow
light-response range.

Catalytic ozonation
[44, 122, 123]

Decomposition of O3 on catalyst
surfaces to form active oxygen
species for VOCs oxidation; non-
radical pathways may also
operate.

Low to medium VOCs
concentration; humidity
tolerance depends on catalyst;
requires optimized O3/VOCs
ratio

Strong oxidizing capacity of
O3, fast reaction rate; catalysts
improve selectivity and
mineralization

Risk of by-products from
excess O3, catalyst poisoning
by O3, relatively high
operational cost.

VUV–catalytic coupling
[45, 124, 125]

Direct VOCs cleavage and in-situ
O3/·OH generation by VUV
photolysis, coupled with catalytic
ozonation for deep oxidation

Broad VOCs concentration
range; high humidity tolerance
(efficient up to ~ 65% RH);
operable at room temperature

Strong synergistic effect, high
mineralization efficiency,
robust performance under
humid and complex
conditions

System complexity, high
energy consumption, limited
VUV lamp lifetime, potential
for secondary O3 formation

 

Figure 5    (a)  Photocatalytic  mechanism.  Reproduced  with  permission  from  Ref.  [120],  ©  Sui  et  al.  2024.  (b)  Degradation  pathway  of  toluene  by  VUV  photolysis.
Reproduced with permission from Ref. [45], © Elsevier B.V. 2018.
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improved VOCs conversion.  O3 was  completely  decomposed over
TiO2, with higher decomposition rates under high humidity or high
VOCs  concentrations.  The  main  byproducts  were  CO2 and  H2O,
with  trace  formic  acid  detected  only  under  coexistence  of  high-
content  toluene  and  O3.  O3 promoted  CO  formation,  indicating  a
tendency  toward  partial  oxidation.  To  improve  photocatalytic
efficiency, Dong et al. [47] integrated photocatalysis with adsorption
by  synthesizing  a  series  of  bimetallic  metal-organic  frameworks
(MOFs),  PCN-250(Fe2M)  (M  =  Co,  Ni,  Mn),  via  a  solvothermal
method.  These  were  evaluated  for  dual-function  performance  in
catalytic  ozone  decomposition  and  VOCs  adsorption  at  room
temperature. PCN-250(Fe2Co) achieved 100% removal of 1 ppm O3

across 0–80% relative humidity (Fig. 6(a)) and maintained stability
for  100  h.  It  also  exhibited  high  adsorption  capacities  (89–
241 mg·g−1) for ten common VOCs, even under humid conditions.
Bimetallic MOFs showed superior catalytic activity to monometallic
PCN-250(Fe3), with Co(II) sites identified as key active centers. The
material  demonstrated  excellent  hydrothermal  stability  and  ozone
tolerance,  maintaining  structural  integrity  in  humid  air,  aqueous
environments, and under high O3 exposure (50 ppm, 100 h). DFT
calculations  indicated  lower  reaction  energy  barriers  and  higher
efficiency for ozone decomposition under dry conditions. Sui et al.
[120] constructed MgO/g-C3N4 composites by pyrolyzing melamine
to  form  g-C3N4,  followed  by  MgO  loading  via
impregnation–calcination.  Under  185  nm  UV  irradiation,  the
composite  simultaneously  degraded  VOCs  (e.g.,  toluene  and  ethyl

acetate)  and  utilized  generated  O3 to  produce  reactive  oxygen
species,  enabling  synergistic  removal  of  VOCs  and  O3.  The
formation  of  Mg–N  and  C–O  bonds  reduced  the  band  gap,
enhancing  light  absorption  and  charge  carrier  separation.  The
material achieved > 95% toluene degradation, 75% O3 removal, and
> 85% ethyl acetate degradation, with nearly zero O3 detected at the
outlet and good cycling stability.

 3.1.2    Catalytic ozone-assisted technology

O3,  a strong oxidant with a redox potential of 2.07 V, can partially
oxidize  VOCs into  small  molecular  products  [121].  However,  sole
reliance  on  O3 often  results  in  incomplete  mineralization  and  by-
product  formation.  Coupling  O3 with  catalytic  oxidation
significantly  enhances  the  removal  efficiency  to  VOCs.  In  such
systems, O3 initially oxidizes insoluble NO into soluble NO2, which
is  further  converted  into  highly  water-soluble  nitric  anhydride
(N2O5),  enabling  synergistic  multi-pollutant  removal  through  tail-
end  wet  scrubbing.  For  chlorinated  VOCs  like  dichloromethane
(DCM),  the  O3-catalysis  synergy  effectively  promotes  degradation
while reducing chlorinated by-products. Catalysts play a key role in
enhancing reaction rate and efficiency.  The system performance is
influenced  by  factors  such  as  the  O3/VOCs  molar  ratio,  catalyst
properties, temperature, and humidity. Notably, catalyst acidity and
redox  properties  strongly  affect  reaction  pathways  and  product
distribution  [122].  Ikhlaq  et  al.  [44]  systematically  compared  γ-
Al2O3 and various ZSM-5 zeolites in catalytic ozonation of CVOCs.

 

Figure 6    (a) O3 removal efficiency over PCN-250 under different humidity levels. Reproduced with permission from Ref. [47], © Dong et al. 2022. (b) Prototype packed-
bed photocatalytic reactor.  Reproduced with permission from Ref.  [123],  © Elsevier B.V. 2024. (c) COx concentration of different samples in the VUV-OZCO system.
Reproduced  with  permission  from  Ref.  [45],  ©  Elsevier  B.V.  2018.  (d)  Effect  of  TBA  on  chloride  formation  during  individual  ozonation  and  ZSM-5  zeolite/alumina
ozonation of VOCs. Reproduced with permission from Ref. [44], © Elsevier B.V. 2016.
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ZSM-5 exhibited markedly higher activity, attributed to its stronger
VOCs  adsorption  capacity.  High-silica  ZSM-5,  with  enhanced
hydrophobicity,  showed  superior  performance  in  adsorbing
hydrophobic  VOCs  molecules  compared  to  low-silica  analogues
(e.g., Z25H and Z25Na). Both acidic (H-form) and basic (Na-form)
ZSM-5 demonstrated catalytic activity, with performance governed
by  the  Si/Al  ratio  and  reaction  pH.  Highest  activity  was  observed
under  acidic  conditions  (pH  =  3),  which  favor  molecular  ozone
stabilization and catalyst surface adsorption. To overcome inherent
limitations of  photocatalysis,  Altof  et  al.  [123]  integrated O3 into a
photocatalytic  process  using  a  21.3  L  prototype  packed-bed
photocatalytic (PCO) reactor (Fig. 6(b)) for simultaneous treatment
of  2-methoxyethanol  (2ME)  and  O3 at  room  temperature.  A
synergistic  effect  was  observed in the co-presence of  2ME and O3:
2ME  degradation  increased  from  5  ppm  to  9.5  ppm,  the  O3

degradation  reached  95%,  and  the  reaction  kinetics  shifted  from
pseudo-zero-order  to  second-order.  Major  by-products  included
formic  acid,  methyl  formate,  and  formaldehyde  (the  latter  only
formed when O3 was present). The PCO reactor is suitable for low
concentrations (< 10 ppm) and long residence time (77 s), and can
be  combined  with  pulsed  corona  discharge  (PCD)  technology  for
treating higher VOCs concentrations.

 3.1.3    Other synergistic technologies

Beyond  photocatalysis  and  ozone-assisted  technologies,  synergistic
techniques such as vacuum ultraviolet (VUV) photolysis (Fig. 5(b))
combined with catalytic ozonation, as well as thermal catalysis, have
also  been  applied  for  the  co-removal  of  VOCs  and  O3.  In  VUV
processes,  high-energy  photons  (100–200  nm)  directly  cleave
chemical  bonds  (e.g.,  C–C  and  C–H)  in  VOCs  molecules,
generating  radicals  and  small  molecular  products  [124, 125].  To
address  challenges  in  conventional  catalytic  ozonation,  such  as
catalyst  deactivation,  humidity  inhibition,  and secondary  pollution
at  room  temperature,  Payan  et  al.  [126]  proposed  an  integrated
system coupling a VUV reactor with a fixed-bed catalytic ozonation
reactor. Using 185 nm VUV as an ozone source, along with reactive
species  (e.g.,  O3 and ·OH)  and  an  Ag/CeO2-Al2O3 catalyst,  the
system  achieved  efficient  deep  oxidation  of  VOCs.  Compared  to
individual  systems,  the  coupled  setup  increased  the  conversion  of
acetone  and  ozone  from  ~  82%  and  86%  to  100%,  maintaining
complete  conversion  even  at  65%  relative  humidity.  Al2O3

promoted  acetone  adsorption  and  ozone  conversion,  while  CeO2

enhanced  CO  oxidation  toward  complete  mineralization.  With  a
CeO2:Al2O3 ratio  of  1:1,  the  Ag/CeO2-Al2O3 (AgCeA)  catalyst
achieved  full  acetone  conversion,  complete  ozone  decomposition,
and 99% mineralization selectivity at room temperature. The team
further  evaluated  α-MnO2-based  catalysts  in  the  coupled  system

[127].  Pure  α-MnO2,  α-MnO2/TiO2,  and  α-MnO2/γ-Al2O3 all
achieved  complete  conversion  of  acetone  and  ozone  in  the
integrated  setup,  far  outperforming  single  systems.  Although
humidity  inhibited  the  fixed-bed  catalyst  activity,  it  enhanced  the
VUV process, allowing the system to remain effective up to relative
humidity  (RH)  ≤  65%.  The  highest  CO2 yield  (431  ppm)  was
observed  in  the  coupled  system,  with  no  CO  or  harmful
intermediates  detected,  indicating  a  shift  toward  complete
oxidation.  Shu  et  al.  [45]  synthesized  a  series  of  Mn-xCe/ZSM-5
catalysts (Fig. 6(c)) via impregnation for a VUV-catalytic ozonation
system  to  synergistically  degrade  toluene  and  remove  byproduct
ozone. The optimal catalyst achieved 93% toluene degradation and
nearly 100% O3 removal, with a mineralization rate 1.2 times higher
(54%)  than  that  of  VUV  alone.  Ce  doping  formed  Mn–O–Ce
bonds,  enhancing  redox  properties,  increasing  the  Ce3+ ratio  and
oxygen vacancy  density,  thereby  promoting  ozone  adsorption and
activation.  Wang  et  al.  [128]  designed  a  core–shell  C@MnO
trifunctional  catalyst  for  simultaneous  removal  of  HCHO  and
ozone at room temperature. The carbon core adsorbs and enriches
HCHO,  while  the  MnO  shell  catalyzes  ozone  decomposition  and
oxidizes  HCHO,  effectively  preventing  etching  of  the  carbon
material in an ozone-rich environment. The catalyst achieved 100%
removal  of  HCHO  and  O3,  100%  CO2 selectivity,  and  long-term
stability,  offering  a  high-performance  material  for  indoor  air
purification and plasma/electrostatic exhaust treatment (Table 4).

 3.2    Synergistic mechanisms
The reaction mechanism between O3 and VOCs involves  multiple
reactive  intermediates  and  elementary  steps,  holding  significant
implications for both atmospheric chemistry and pollution control.
Due  to  its  unique  electronic  structure,  O3 readily  undergoes
addition reactions with unsaturated VOCs containing C=C or C≡C
bonds,  representing  a  primary  pathway  for  its  interaction  with
olefinic VOCs [125]. In VUV photolysis,  high-energy photons not
only  directly  dissociate  VOCs  molecules  but  also  generate  active
sites  on  catalyst  surfaces,  facilitating  subsequent  reactions.  In
catalytic  ozonation,  O3 decomposes  on  catalysts  (e.g.,  Mn-Ce/
ZSM-5),  yielding  highly  reactive  species  such  as ·OH  and  ·O2

-,
which  progressively  oxidize  VOCs  to  CO2 and  H2O.  Under
synergistic  VUV–catalytic  ozonation,  photolytically  generated
radical  fragments  are  more  readily  further  oxidized  by  catalytic
active species, establishing a mutually reinforcing reaction cycle that
significantly  enhances  VOCs  degradation  efficiency.  A  study  [44]
on catalytic ozonation of chlorinated VOCs over γ-Al2O3 and ZSM-
5  zeolites  showed  that  adding  the  radical  scavenger  tert-butanol
(TBA)  had  negligible  impact  on  VOCs  degradation  rate  and
chlorinated  byproduct  formation  in  ZSM-5  systems,  whereas  a

 

Table 4    VOCs-O3 synergistic performance summary

Catalyst [Ref.] Preparation method VOCs conversion
efficiency (%)

O3 conversion
efficiency (%) Selectivity (%) Reaction type

Ag-CeO2-Al2O3 [126] Impregnation method 100 100 99 VUV–ozonation

P25-TiO2 [119] — 100 100 ~ 100 Photocatalysis

C-Mn0.6-550 [128] Two-step method 100 100 100 Thermocatalysis

PCN-250(Fe2Co) [47] — > 93 100 — Photocatalysis Integrated
with adsorption

MgO/g-C3N4 [120] Impregnation-calcination method > 95 ~ 75 — Photocatalysis

Mn-xCe/ZSM-5 [45] Impregnation method 93 100 54 VUV–ozonation
α-MnO2/TiO2/γ-Al2O3 [127] Hydrothermal method 100 100 — VUV–ozonation
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slight suppression of chloride generation was observed in the Al2O3

system,  suggesting  limited  radical  involvement  in  its  less  efficient
pathway. This indicates that ZSM-5 primarily follows a non-radical
mechanism,  where  adsorbed  VOCs  react  directly  with  molecular
ozone  (Fig.  6(d)).  Higher  chloride  ion  concentrations  detected  in
ZSM-5  systems  confirm  effective  C–Cl  cleavage,  promoting  deep
oxidation  and  mineralization.  VOCs  degradation  in  all  systems
followed  pseudo-first-order  kinetics.  Additionally,  Ma  et  al.  [129]
combined  field  observations  with  a  box  model  and  found  that
chlorine  radicals  significantly  promoted  VOCs  oxidation,
increasing  the  net  ozone  production  rate  by  approximately
0.61  ppb·h–1 when  chlorine  chemistry  was  considered.  Chlorine
radicals  enhance  ozone  formation  by  promoting  HO2 and  RO2

generation, while also facilitating the formation of SOA precursors
(OOMs). OOM production was sensitive to VOCs/NOx ratios, with
chlorine chemistry playing a more pronounced role under polluted
conditions. This study provides the first systematic quantification of
chlorine  chemistry’s  contribution  to  VOCs  consumption  and
O3/SOA  formation,  offering  new  perspectives  for  synergistic
pollutant control.

 4    Synergistic  abatement  of  multi-component
VOCs

 4.1    Synergistic abatement technologies
VOCs  exhibit  considerable  diversity  in  chemical  structure  and
originate  from  a  wide  range  of  sources,  leading  to  the  common
occurrence  of  complex  multi-component  VOCs  mixtures  in
ambient  environments.  To address  such mixed VOCs pollution,  a
variety of control technologies have been developed. These include
widely  applied  methods  such  as  photocatalysis,  thermal  catalysis,
and photothermal synergistic catalysis,  as well  as other approaches
like adsorption separation using selective adsorbents and biological
treatment  based  on  microbial  degradation.  Given  the  significant
differences among these technologies in terms of applicable VOCs
types  (e.g.,  polar/non-polar,  readily/recalcitrant  degradable),
effective  concentration  ranges  (high/low),  removal  efficiency,
operational cost, and environmental adaptability, targeted selection
and optimization are essential in practical applications. This ensures
efficient  removal  of  atmospheric  VOCs,  mitigates  their  potential
risks  to  air  quality  and  human  health,  and  supports  regional  air
pollution control and green ecological development.

Adsorption  technology  utilizes  porous  materials  to  capture
VOCs  from  waste  streams  via  physical  or  chemical  interactions,
achieving  efficient  purification.  Its  performance  primarily  depends
on the pore structure and surface properties of adsorbents—such as
activated  carbon,  activated  carbon  fibers,  zeolite  molecular  sieves,
and  MOFs—which  immobilize  VOCs  molecules  on  their  surfaces
[130].  Activated  carbon,  characterized  by  its  high  specific  surface
area and developed pore structure, enables rapid VOCs adsorption
and surface enrichment. It is suitable for multi-component, low- to
medium-concentration  VOCs  systems  at  room  temperature,
particularly when N2 is used as the carrier gas [131, 132]. Activated
carbon  fibers  (ACFs)  offer  larger  specific  surface  areas  and  pore
volumes  than  granular  activated  carbon,  making  them  more
effective under low-concentration,  high-flow-rate conditions [133].
Zeolite  molecular  sieves  feature  tunable  surface  areas  and  channel
structures, and exhibit advantages over activated carbon in terms of
hydrophobicity  and  non-flammability.  However,  their  synthesis

involves  multiple  steps—including  crystallization,  ammonium
exchange,  washing,  hydrothermal  treatment,  and
calcination—resulting  in  a  complex,  time-consuming  process
accompanied by waste emissions. Furthermore, certain zeolites rely
on  costly  raw  materials  (e.g.,  tetraethyl  orthosilicate,
tetraethylammonium  hydroxide,  and  cetyltrimethylammonium
bromide), leading to high production costs. Thus, developing low-
cost,  streamlined,  and  environmentally  friendly  synthesis  routes
represents a key future research direction for zeolites [134].  MOFs
exhibit  exceptional  performance  in  adsorbing  multicomponent
VOCs  due  to  their  high  specific  surface  area,  tunable  pore
structures,  and  modifiable  surface  chemistry.  The  microstructural
characteristics  of  MOFs  are  closely  linked  to  their  nucleation  and
growth  mechanisms.  Using in  situ liquid-phase  and  cryogenic
transmission electron microscopy, Liu et al. [135] revealed that the
nucleation  of  zeolitic  imidazolate  framework-8  (ZIF-8)  followed  a
three-step  mechanism:  liquid–liquid  phase  separation  of  the
precursor  solution  into  solvent-rich  and  solvent-lean  regions;
condensation  of  the  solvent-rich  regions  into  amorphous
aggregates;  subsequent  crystallization  of  these  aggregates  into
crystalline  MOFs.  This  nonclassical  nucleation  pathway
demonstrates that MOFs can develop rich mesostructures through
phase  separation  and  condensation  during  early  formation  stages,
thus  influencing  their  final  pore  distribution,  crystal  morphology,
and  surface  active  sites.  Understanding  MOF  nucleation
mechanisms  aids  in  the  rational  design  of  MOFs  with  tailored
porosity and surface properties, thereby optimizing their adsorption
selectivity and capacity for complex VOCs mixtures and providing
theoretical  guidance  for  developing  high-performance  adsorbents.
Modifying  the  organic  linkers  within  MOFs  frameworks  can
further  enhance  their  hydrophobicity  and  adsorption  selectivity
[136, 137].  Studies  indicate  that  hierarchical  porosity  developed  at
high temperatures facilitates the diffusion of aromatic VOCs, while
non-covalent  interactions  between  methyl  groups  and  carbonized
MOFs  derivatives  strengthen  adsorption  affinity.  For  aromatic
compounds,  the  degree  of  hierarchical  porosity  is  a  critical  factor
governing  adsorption  performance.  In  contrast,  for  small  oxygen-
free  VOCs,  adsorption  is  predominantly  physical  and  exhibits
weaker affinity (Fig. 7(a)) [138].

Electrocatalytic  systems  integrating  anodic  oxidation  of  VOCs
with  cathodic  CO2 reduction  represent  an  emerging  strategy  for
simultaneous  pollutant  removal  and  chemical  valorization.  Zhang
et  al.  [139]  reported  a  Bi1,n-pBi2O3−x catalyst  that  achieved  efficient
CO2-to-formate conversion, coupled with methanol oxidation over
a  CuOx/ZnCo(OH)4 anode.  In  a  flow-cell  electrolyzer,  this  system
attained  a  formate  production  rate  of  4980  μmol·h−1·cm−2 at
200  mA·cm−2,  with  Faradaic  efficiencies  exceeding  90%  at  both
electrodes.  This  approach  not  only  degrades  methanol—a
representative  VOCs,  but  also  converts  CO2 into  value-added
formate,  illustrating  a  dual-functional  pathway  for  synergistic
pollution  control  and  carbon  utilization.  Electrocatalytic  H2O2

production  via  atomically  dispersed  catalysts  allows  green in-situ
oxidant  supply.  Coupled  with  the  Electro-Fenton  process  through
precisely  engineered  active  sites,  it  drives  synergistic  oxidation,
delivering  an  innovative  atomic-to-process  solution  for  the
cooperative deep treatment of atmospheric pollutants [140].

Biological treatment technology utilizes microbial metabolism to
degrade VOCs,  converting them into harmless  inorganic  products
(e.g., CO2 and H2O) and cellular constituents [142]. In this process,
pollutants from the waste gas first dissolve or adsorb into the liquid
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phase and diffuse across the gas film into the liquid film. They then
penetrate  the  biofilm  driven  by  concentration  gradients  or
microbial  uptake,  ultimately  being  captured  and  utilized  by
microorganisms  as  substrates  for  growth  and  metabolism.
Currently,  mainstream  biological  technologies  include
bioscrubbing,  biofiltration,  and  biotrickling  filtration  [143].  These
methods are suitable for treating low-concentration, biodegradable
VOCs, commonly applied in wastewater treatment plants, landfills,
and  food  processing  industries.  Advantages  include  low  operating
costs,  minimal  energy  consumption,  no  need  for  chemical
additives,  and  absence  of  secondary  pollution.  Compared  to
physicochemical methods, biological systems offer stable long-term
operation  and  lower  maintenance  requirements.  However,
biological treatment exhibits limited efficacy for high-concentration
or  recalcitrant  organics,  with  relatively  low  microbial  degradation
rates and long reaction cycles. Treatment performance is also highly
dependent  on  environmental  parameters  such  as  temperature,
humidity,  and  pH,  requiring  precise  operational  control  and  thus
introducing  practical  complexities  [144].  Recent  advances  in
genetically  engineered  strains,  innovative  reactor  designs  such  as
modular  bio-trickling  filters,  and  hybrid  multi-technology  systems
have  significantly  enhanced  VOCs  degradation  efficiency  and
expanded  application  potential,  providing  key  technological
support for green VOCs treatment [145].

 4.2    Synergistic mechanisms
The  composition  and  interactions  of  VOCs  significantly  influence
their  synergistic  control  efficiency.  The  adsorption–reaction
behavior of VOCs is governed by molecular structure, polarity, and
the  resulting  surface  interactions.  Simple  non-polar  molecules
interact  weakly  with  catalysts,  while  those  containing  polar
functional groups preferentially occupy active sites through stronger
interactions,  leading  to  competitive  adsorption  and  inhibiting  the
conversion  of  other  components  [134].  During  the  catalytic

degradation of multi-component VOCs, complex interactions often
arise  among  different  constituents,  which  can  be  either  mutually
promotional  or  inhibitory.  The  specific  effects  depend  on  factors
such as VOCs types,  composition,  and catalyst  properties.  Bi  et  al.
[49]  demonstrated  that  in  the  co-degradation  of  toluene  and
acetone,  acetone  competitively  adsorbed  and  inhibited  both  the
adsorption and oxidation of toluene, particularly impeding its ring-
opening  to  maleic  anhydride  (Fig.  7(b)).  Conversely,  toluene
suppresses  the  polymerization  of  acetone  to  isophorone,  thereby
freeing active sites and enhancing acetone oxidation. Liu et al. [50]
further  revealed  that  in  toluene/acetone  mixtures,  oxygenated
intermediates (e.g., enol functional groups) generated from acetone
oxidation  acted  as  Lewis  bases,  promoting  toluene  oxidation  and
significantly  reducing  its  apparent  activation  energy  and T90

(Figs. 7(c) and 7(d)). In a photocatalytic study on the degradation of
formaldehyde  and  toluene  mixtures,  Li  et  al.  [141]  observed  that
introducing formaldehyde markedly enhanced toluene degradation
(Fig.  7(e)),  particularly  facilitating  aromatic  ring  cleavage  by
significantly  lowering  the  Gibbs  free  energy  of  ring  opening.  This
process promoted the formation of key intermediates such as Enol
Functional  Group,  enhancing  aromatic  ring  adsorption  and
activation (Fig. 7(f)). He et al. [48] reported a synergistic promotion
in the co-oxidation of acetone, ethyl acetate, and toluene over a Mn-
based  catalyst,  where  the  mixture  exhibited  significantly  higher
oxidation  efficiency  than  individual  components,  with  notably
improved toluene conversion. The study first revealed that acetone
and ethyl acetate generated o-/m-cresol during toluene combustion,
altering  the  rate-determining  step  of  ring  opening  and  thereby
enhancing  low-temperature  toluene  conversion  (Figs.  8(a) and
8(b)).  Tian  et  al.  [146]  investigated  competitive  adsorption  and
synergistic  reactions  of  sulfur-containing  VOCs  (CH3SH  and
C2H5SH) over a La/ZSM-5 catalyst: C2H5SH adsorbed more readily
at  low  temperatures,  while  CH3SH  dominated  at  elevated
temperatures.  The  addition  of  CH3SH  considerably  reduced  the

 

Figure 7    (a)  Adsorption  mechanism.  Reproduced  with  permission  from  Ref.  [138],  ©  American  Chemical  Society  2023.  (b)  Extracted  toluene  signal  from  the
degradation of toluene and acetone mixture over Pd/ZrO2 catalyst. Reproduced with permission from Ref. [49], © American Chemical Society 2024. (c) In situ DRIFTS
spectra  of  toluene/acetone  mixture  adsorption  on  CuC@NaY-3.  (d) In  situ DRIFTS  spectra  of  catalytic  oxidation  for  toluene/acetone  mixture  over  CuC@NaY-3.
Reproduced with  permission from Ref.  [50],  © Elsevier  B.V.  2024.  (e)  Photocatalytic  efficiency evaluation of  the  mixture  over  SnO2.  (f)  Changes  in  Gibbs  free  energy
before and after formaldehyde addition. Reproduced with permission from Ref. [141], © American Chemical Society 2020.
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600 h stability originally observed for C2H5SH in single-component
systems  (Fig.  8(c)).  Gao  et  al.  [147]  noted  that  trichloroethylene
(TCE) had limited impact on o-xylene degradation, with its partial
catalyst deactivation being reversible, while the presence of aromatic
hydrocarbons  significantly  suppressed  the  adsorption  strength  of
TCE,  resulting  in  excellent  catalytic  stability  during  mixed  VOCs
oxidation.  Feng  et  al.  [148]  further  found  that  at  lower
temperatures, toluene inhibited the oxidation of isohexane, with the
inhibition  intensifying  as  toluene  concentration  increased;  this
inhibitory  effect  gradually  diminished  at  higher  temperatures
(Fig. 8(d)).

 4.3    Catalysts  for  multi-component  VOCs  synergistic
abatement
Unlike the treatment of  binary systems like VOCs-NOx or  VOCs-
O3, the synergistic control of multicomponent VOCs faces the core
challenge of interwoven reaction networks: Molecules with different
polarities,  reactivities,  and  adsorption  strengths  compete  for  active
sites  and  interfere  with  each  other’s  reaction  pathways  on  the
catalyst  surface.  This  necessitates  a  shift  in  catalyst  design—from
merely  optimizing  activity  toward  one  or  two  pollutants—to
constructing  active  interfaces  that  can  selectively  activate,
sequentially  convert,  or  spatially  separate  multiple  reactants.
Accordingly,  the  evaluation  criteria  extend  beyond  single-
component  conversion  efficiency  to  include  overall  conversion  of
all  components,  the  ignition  temperature  (T90)  of  key  refractory
species,  and  selectivity  toward  suppressing  toxic  intermediates,
especially those formed via cross-reactions.

 4.3.1    Noble metal catalysts

Noble metal catalysts (e.g., Pt, Pd, and Ru) demonstrate advantages

in  treating  complex  mixtures  containing  refractory  components
(such  as  aromatics  and  chlorinated  VOCs)  due  to  their  high
activity.  However,  in  multicomponent  environments,  their  design
requires  special  attention to  mitigating  activity  suppression caused
by competitive adsorption and resisting synergistic poisoning from
multiple  impurities  (e.g.,  Cl,  and  S).  Pt-based  catalysts  exhibit
exceptional  activity  for  the  low-temperature  oxidation  of  aromatic
hydrocarbons,  effectively  converting  them  into  harmless  products.
Tian et  al.  [146] investigated La-modified ZSM-5 (13% La loading
via  impregnation)  for  synergistic  reactions  and  deactivation
mechanisms  during  the  catalytic  degradation  of  dimethyl  sulfide
(CH3SH)  and  ethyl  mercaptan  (C2H5SH)  mixtures.  La/ZSM-5
demonstrated  good  stability  and  water  resistance  under  low
concentrations  and  high  steam  conditions,  indicating  practical
application potential.  For systems containing both chlorinated and
non-chlorinated  VOCs,  preventing  the  poisoning  of  noble  metal
active sites by chlorine species is crucial. Dai et al. [147] designed Pt-
based  catalysts  using  a  site  isolation  strategy,  supporting  Pt,  Pt3Sn,
and  Pt3Sn(E)  nanoparticles  on  commercial  CeO2.  The
Pt3Sn(E)/CeO2 bimetallic  catalyst  exhibited  excellent  chlorine
resistance in the co-oxidation of o-xylene and TCE (Fig. 9(a)). The
introduction of Sn not only modulates the electronic structure of Pt
but also, through adjacent Sn–O acidic sites, promotes C–Cl bond
cleavage and HCl  release,  thereby protecting the  oxidation activity
of  Pt  sites.  This  targeted  construction  of  dechlorination  centers
constitutes  a  unique  strategy  specific  to  the  deactivation  modes  in
multicomponent chlorine-containing systems. Further, Wang et al.
[149]  loaded  Pt  particles  with  different  morphologies  onto  CeO2

and  evaluated  their  performance  for  toluene  and  chlorobenzene
oxidation under pure oxygen and ozone. The superior performance
of  Pt/CeO2 was  attributed  to  the  strong  metal–support  interaction
between  Pt  and  CeO2,  thereby  increasing  oxygen  vacancy

 

Figure 8    Proposed catalytic mechanism for complete oxidation via (a) synergistic reactions in the VOCs mixture and (b) the toluene oxidation pathway over the MnO2

catalyst.  Reproduced with permission from Ref.  [48],  © American Chemical Society 2022. (c) Stability profiles (green plots) and concentration of CH3SCH3 (red plots)
formed from decomposition of CH3SH (green spheres) and C2H5SH (green pentagrams) in the dual-component system. Reproduced with permission from Ref. [146], ©
American Chemical Society 2022. (d) Degradation rate of isohexane under different reaction conditions. Reproduced with permission from Ref.  [148],  © Elsevier B.V.
2023.
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concentration,  promoting  ozone  decomposition,  and  facilitating
reactive oxygen species generation (Fig. 9(b)).

Additionally, Wu et al. [150] reported that the Ru/MoOx/HZSM-
5 catalyst demonstrated excellent performance for the oxidation of
chlorobenzene  and  ethyl  acetate  (EA)  under  both  dry  and  humid
conditions,  with  notably  enhanced  activity  under  humidity
(Fig. 9(c)). The catalyst increased the number of structural hydroxyl
groups  and  balanced  surface  acidity,  significantly  improving
catalytic  stability.  Water  vapor  introduction  promoted  H2O
activation,  forming  bridging  hydroxyl  groups  that  provided  a
proton-rich  environment  conducive  to  hydrolytic  oxidation.  This
accelerated  C–Cl  bond  cleavage  and  EA  hydrolysis,  effectively
suppressing  the  formation  of  chlorinated  byproducts.  Feng  et  al.
[155]  synthesized  a  single-atom  platinum  catalyst  supported  on
manganese  oxide  (Pt1/MnOx)  via  a  molten  salt  method  and
evaluated its  performance in the catalytic oxidation of toluene and
isohexane-typical  emissions  from  furniture  coating  industries.
While  Pt1/MnOx showed  poor  stability  in  toluene  oxidation  but

higher stability in isohexane oxidation, its toluene oxidation stability
significantly  improved  following  H2 pretreatment.  The  treated
catalyst  exhibited  weaker  Mn–O  bonds,  lower  Pt–O  coordination
numbers,  enhanced  lattice  oxygen  mobility,  and  appropriate
toluene adsorption capacity. However, its application is constrained
by high cost and susceptibility to chlorine poisoning. He et al. [151]
introduced  mesopores  into  silicalite-1  to  prepare  Pt@S-1-meso,
which  demonstrated  excellent  activity  in  o-xylene  oxidation
(Fig.  9(d)).  This  diffusion-enhancing  effect  persisted  even  in  the
presence  of  smaller  propane  molecules.  The  silanol  nests  in  the
catalyst  effectively  enriched  o-xylene  near  Pt  nanoparticles  and
participated  in  the  reaction  pathway,  promoting  catalytic
degradation.  To  fundamentally  avoid  detrimental  competition
between  VOCs  of  different  properties  on  a  single  active  site,  the
concepts  of  tandem  catalysis  or  functional  zoning  are  widely
employed.  Li  et  al.  [152]  designed  a  novel  tandem  catalyst,
PtSn/CeO2-Mn/ZSM-5,  for  multi-VOCs  oxidation.  The  catalyst
comprises  two  independent  components:  PtSn/CeO2 for  oxidizing

 

Figure 9    (a)  o-Xylene  conversion  over  the  samples  as  a  function  of  temperature  in  the  absence  (solid  curves)  and  presence  (dashed  curves)  of  100  ppm  TCE.
Reproduced  with  permission  from  Ref.  [147],  ©  American  Chemical  Society  2022.  (b)  Proposed  mechanism  for  toluene  and  chlorobenzene  oxidation  over  the  Pt
NRs/CeO2 sample. Reproduced with permission from Ref. [149], © American Chemical Society 2023. (c) Chlorobenzene conversion over the samples in mixed VOCs
oxidation.  Reproduced  with  permission  from Ref.  [150],  ©  American  Chemical  Society  2025.  (d)  Catalytic  activity  of  Pt@S-1-meso  and  related  catalysts  for  complete
oxidation  of  the  binary  mixture.  Reproduced  with  permission  from  Ref.  [151],  ©  Elsevier  B.V.  2024.  (e)  Qualitative  analysis  of  gaseous  byproducts  generated  by  the
obtained samples at the temperature corresponding to 90% TCE conversion. Reproduced with permission from Ref. [152], © Elsevier B.V. 2023. (f) Qualitative analysis of
gaseous  byproducts  generated  by  different  samples  in  the  presence  of  5  vol%  steam  water.  Reproduced  with  permission  from  Ref.  [153],  ©  Elsevier  B.V.  2023.  (g)
Durability, CO2 selectivity, and concentration of 17 toxic dioxins in the exhaust gas during m-chlorobenzene oxidation over the Ru/SnCe catalyst at 300 °C. (h) H2O and
HCl resistance during m-chlorobenzene oxidation over Ru/SnCe. Reproduced with permission from Ref. [154], © American Chemical Society 2022.
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toluene  to  CO2 and  H2O,  and  Mn/ZSM-5  for  deep  oxidation  of
TCE. The tandem system achieved high efficiency with T90 values of
296 °C for toluene and 384 °C for TCE, while generating minimal
toxic  byproducts  such  as  chlorobenzene  and  4-chlorotoluene
(Fig.  9(e)).  It  also exhibited excellent  chlorine and water tolerance.
Gao  et  al.  [153]  investigated  ternary  PtSnM/CeO2 catalysts  (M  =
Mn,  W,  Nb)  for  toluene  and  chlorobenzene  oxidation.  These
catalysts demonstrated superior activity and chlorination resistance
through  closely  coupled  multi-active  sites,  effectively  suppressing
the formation of toxic chlorinated byproducts (Fig. 9(f)). Long et al.
[154] developed a Ru-modified SnO2/CeO2 composite oxide catalyst
for  multi-VOCs  oxidation.  By  controlling  Ru  selective  adsorption
on SnO2 and CeO2,  they  rationally  tailored the  catalyst’s  oxidation
and  dechlorination  centers:  Ru  on  SnO2 enhanced  dechlorination
capability,  while  Ru  on  CeO2 served  as  the  oxidation  center,
activating H2O to supply protons for HCl formation (Fig. 9(g)). The
resulting  Ru/SnO2/CeO2 catalyst  exhibited  stable  performance  at
300  °C for  various  VOCs,  including  chlorinated  and  conventional
compounds  (Fig.  9(h)).  This  spatial  segregation  of  functions
effectively  mitigates  cross-interference  between  reactants  and
intermediates on a single active phase and represents an advanced
design  strategy  that  directly  addresses  the  complexity  of
multicomponent reaction networks.

 4.3.2    Transition metal oxide catalysts

Transition metal oxide catalysts (e.g.,  MnO2,  CeO2,  and Co3O4) are
relatively low-cost, yet their application in multicomponent systems
must  address  the  challenge  that  a  single  redox  property  is  often
inadequate  to  match diverse  VOCs molecules.  Therefore,  research
focuses on fine-tuning the surface acidity,  oxygen vacancy density,
and lattice oxygen mobility of the catalyst through strategies such as
doping  and  compositing,  aiming  to  create  a “multifunctional”
surface capable of simultaneously accommodating multiple reaction
pathways.  Modification  of  MnOx-based  catalysts  aims  to  expand
their oxidative universality. Pan et al. [48] investigated the catalytic
oxidation  of  typical  industrial  VOCs  mixtures  (acetone,  ethyl
acetate,  and  toluene)  over  manganese-based  catalysts  (MnO2,
Mn2O3,  LaMnO3,  and Mn3O4). It revealed for the first time a novel
cross-promotion  mechanism  within  the  multicomponent  system:
in  the  co-oxidation  of  acetone,  ethyl  acetate,  and  toluene,  the
presence  of  acetone  and  ethyl  acetate  alters  the  ring-opening
pathway  of  toluene,  significantly  lowers  the  apparent  activation
energy  for  its  conversion  by  generating  o-/m-cresol  intermediates.
This  suggests  that  multicomponent  catalysis  may  extend  beyond
mere  competition  to  achieve  positive  synergy.  Gao  et  al.  [156]
developed  Ce-doped  α-MnO2 (MnCe)  catalysts,  and  Ce
incorporation regulated oxygen vacancies and acid sites. The MnCe-
7%  catalyst  exhibited  outstanding  multi-VOCs  oxidation
performance,  excellent  low-temperature  activity,  and  long-term
stability, maintaining high efficiency even under humid conditions.
Ce  doping  significantly  increased  oxygen  vacancy  concentration
and  acid  site  density,  facilitating  VOCs  adsorption  and  oxidation.
The  superior  oxygen  storage  capacity  of  CeO2-based  catalysts
buffers fluctuations in dynamic feed compositions. Introduction of
aliovalent  dopants  enables  precise  tuning  of  Lewis  acidity  and  the
kinetics  of  active  oxygen species,  thereby  directing  the  preferential
adsorption and activation order of different VOCs. Ultimately, such
regulation optimizes the reaction pathway for the most recalcitrant
components  in  the  mixture,  enhancing  the  overall  mineralization
depth.  Xie  et  al.  [157]  achieved  efficient  degradation  of  aromatic

VOCs  mixtures  (chlorobenzene,  styrene,  and  toluene)  in  a  MoS2-
enhanced  Fe3+/peroxymonosulfate  (PMS)  reaction  system.  The
MoS2-Fe3+/PMS system deeply oxidized mixed AVOCs to CO2 and
H2O.  Differences  in  molecular  structure,  adsorption  behavior,  and
ring-opening  pathways  on  MoS2(001)  surfaces  led  to  varying
degradation  efficiencies.  Reactive  oxygen  species  generated  from
PMS and O2 activation exhibited synergistic effects, with molecular
oxygen significantly shortening degradation pathways and reducing
toxic  intermediates.  This  study  provides  an  efficient  strategy  for
simultaneous  removal  of  multiple  gaseous  AVOCs,  advancing  the
practical  application  of  wet  scrubbing-assisted  advanced  oxidation
processes (WSAOPs) for hazardous waste gas treatment.

 4.3.3    Other types of catalysts

To  address  the  differences  in  physicochemical  properties  among
multicomponent  VOCs,  developing support  materials  with  shape-
selective  or  combined  adsorption–catalysis  functionality  is  a  key
research direction. Liu et al. [50] fabricated a CuC@NaY composite
catalyst  via  zeolite-induced  defect  engineering.  By  integrating  the
high specific surface area of porous carbon with the shape-selective
adsorption  properties  of  the  zeolite,  this  material  enables  the
preconcentration and sieving of  molecules  with different  polarities
(e.g.,  toluene  and acetone).  This  mitigates  their  direct  competition
for  active  sites  and  results  in  high  CO2 selectivity  during  the
oxidation of mixtures, illustrating the design concept of synergistic
adsorption-enrichment  and  catalytic  conversion  for
multicomponent  control.  Dong et  al.  [141]  synthesized SnO2 via  a
hydrothermal method and evaluated its  performance in degrading
formaldehyde  and  toluene  individually  and  in  mixtures.  The
degradation efficiency for the mixture significantly surpassed that of
single components,  reaching 80% for HCHO and 83% for toluene
at  a  40:40  ppm  mixing  ratio.  The  SnO2 photocatalyst  maintained
stable  performance  over  8  h  of  continuous  illumination  and
exhibited  only  minor  efficiency  loss  after  30  d  of  air  exposure,
demonstrating good stability. Furthermore, An et al. [158] derived a
ZnCoOx catalyst  from  the  pyrolysis  of  a  bimetallic  ZnCo-MOF
precursor.  This  catalyst  inherits  the  uniformly  distributed  active
sites  and  hierarchical  porous  structure  of  the  precursor,
demonstrating excellent and stable elimination performance toward
typical  VOCs  mixtures  (e.g.,  benzene,  toluene,  and  cyclohexane).
This  highlights  precursor  engineering  as  an  effective  route  for
constructing catalysts capable of adapting to complex compositions.
High-entropy  oxides  (HEOs),  as  an  emerging  class  of  multi-
component solid solutions, show considerable potential in complex
catalytic  systems  due  to  their  configurational  entropy,  tunable
electronic  structures,  and  stability.  Recent  studies  have  further
enhanced  their  performance  through  morphological  engineering.
Lei et al. [159] employed a coordination-etching templating method
to successfully synthesize a library of spinel-structured HEO hollow
nanocubes  ranging  from  ternary  to  octonary  compositions.  This
approach achieves a uniformly distributed hollow architecture with
multiple  elements  at  low  temperatures  by  balancing  co-
precipitation  and  etching  kinetics.  The  resulting  quinary
NiCoFeCdCr-O  hollow  nanocubes  exhibit  a  high  reaction  rate
(1.79  min−1)  and  good  cycling  stability  (>  10  cycles)  in  model
reactions.  Theoretical  calculations  reveal  that  the  superior
performance originates from lattice distortion, a continuous density
of states, and an optimized d-band center induced by multi-element
incorporation,  which  promotes  the  adsorption  and  conversion  of
reaction  intermediates.  The  strategies  demonstrated  in  this
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work—multi-component  synergy,  enhanced  mass  transport  via
hollow  structures,  and  precise  electronic  modulation—provide
valuable  insights  for  designing  highly  efficient  catalysts  for  multi-
component  VOCs  oxidation.  Future  extension  to  atmospheric
pollution control may be realized through compositional screening
and surface modification.

 4.4    Catalyst‘s synergistic mechanisms
In  the  treatment  of  multi-component  VOCs,  the  synergistic
mechanisms  of  catalysts  are  complex  and  multifaceted,  primarily
manifested  through  interactions  between  different  active
components as well as between active sites and reactant molecules,
collectively  facilitating  efficient  VOCs  removal.  Electronic  transfer
and lattice  oxygen migration  between different  active  components
play  crucial  roles  in  enhancing  overall  catalytic  performance.  In
bimetallic catalyst systems, the presence of one metal can promote
the dispersion of the other, thereby increasing the number of active
sites.  For  instance,  in  Pt-Sn bimetallic  catalysts,  the  addition of  Sn
refines Pt particle size and improves its  dispersion on the support,
enlarging  the  active  surface  area  and  enhancing  VOCs  adsorption
and  activation  capacity  [147, 152, 153].  Electronic  effects  also
represent a common synergistic mechanism. The mutual influence
of  electron  clouds  between  different  metals  alters  the  electronic
structure of active components, thereby modulating the adsorption
and  activation  of  reactants.  Electron  transfer  from  one  metal  to
another  modifies  electron  density,  which  in  turn  adjusts  the
adsorption  strength  and  reactivity  at  the  active  sites.  Synergy
between active sites and reactant molecules also plays a key role in
multi-VOCs  control.  Cooperative  effects  between  acid  sites  and
redox  sites  are  particularly  important  for  chlorinated  VOCs
degradation. Acid sites promote C–Cl bond cleavage in chlorinated
VOCs, enabling chlorine removal as HCl, while redox sites further
oxidize  the  resulting  organic  intermediates  into  harmless  products
such  as  CO2 and  H2O  [160].  In  the  Ru/MoOx/HZSM-5  catalyst
system,  the  acid  sites  provided  by  HZSM-5  effectively  adsorb  and
activate chlorobenzene molecules,  promoting C–Cl bond cleavage,
while  Ru  and  MoOx offer  redox  activity  that  rapidly  oxidizes
intermediates, achieving efficient chlorobenzene degradation [150].
Competitive  and  cooperative  adsorption  among  different  active
sites also occurs in multi-VOCs systems. Different VOCs molecules
compete  for  active  sites  on  the  catalyst  surface,  where  strongly
adsorbed species  may preferentially  occupy sites  and influence the
adsorption  and  reaction  of  others.  In  certain  cases,  however,  such
competitive  adsorption  can  induce  synergistic  effects—adsorption
of one VOCs may modify the electronic or geometric  structure of
active sites,  facilitating the adsorption and reaction of  other VOCs
[131].  Synergistic  interactions  also  exist  between  the  catalyst
support and active components. The support not only disperses the
active phase but can also influence its  electronic state and catalytic
performance  through  mutual  interaction.  In  CeO2-supported
catalysts, the excellent oxygen storage and release capacity of CeO2

supplies or stores oxygen species during reaction, cooperating with
active  components  to  promote  multi-VOCs  oxidation.  Moreover,
strong metal–support interactions between CeO2 and active species
can  stabilize  the  active  phase  structure,  preventing  sintering  and
agglomeration, thereby improving catalyst stability [149, 154, 156].

 5    Conclusions and prospects
Over  the  past  decade,  the  control  of  mixed  air  pollutants  has

evolved  from  targeting  single  pollutants  toward  an  integrated,
mechanism-driven  research  paradigm,  with  catalytic  technology
emerging  as  a  central  pillar  in  this  transition.  This  review
systematically  demonstrates  that  the  rational  design  of  catalyst
surface  active  sites,  electronic  structures,  and  reaction  interfaces
enables the synergistic conversion and deep purification of multiple
pollutants  such as  VOCs,  NOx,  and O3.  However,  a  persistent  and
central  challenge  remains:  the  insufficient  long-term  stability  of
catalysts under actual complex operating conditions, which severely
hinders the translation of synergistic catalysis from the laboratory to
engineering applications.

Catalyst  deactivation is  not  caused by  a  single  factor  but  results
from  the  coupling  of  multiple  mechanisms  at  physical,  chemical,
and  engineering  levels.  In  practical  flue  gas  or  atmospheric
environments,  processes  such  as  competitive  adsorption  of  water
vapor,  poisoning  by  sulfur/chlorine  compounds,  particulate
blockage,  thermal  sintering,  and  accumulation  of  reaction
intermediates can all lead to active site masking, structural collapse,
or  selectivity  drift.  Particularly  for  synergistic  systems  designed  to
simultaneously  treat  multiple  pollutants,  the  reaction  network  is
more  complex,  and  unpredictable  interactions  among  different
pollutants  or  between  pollutants  and  catalysts  may  accelerate
deactivation.  Therefore,  future  research  must  place  stability
enhancement  on  an  equal  or  even  higher  strategic  priority  than
activity optimization.

Looking  forward,  to  enable  the  large-scale  application  of
synergistic  catalytic  technology,  in-depth  exploration  should  focus
on  the  following  directions.  First,  the  rational  design  of  catalysts
should  shift  from “pursuing  high  initial  activity” to “constructing
intrinsically  robust  structures”,  emphasizing  the  development  of
novel  materials  with  enhanced  anti-poisoning  and  anti-sintering
capabilities through interfacial engineering, defect anchoring, core-
shell  structures,  and  other  strategies.  Second,  it  is  essential  to
establish stability evaluation protocols that closely mimic real-world
conditions,  assessing  catalyst  performance  under  harsh  scenarios
such as  dynamic composition,  humidity  variations,  and long-term
operation,  while  employing in  situ characterization  techniques  to
decipher deactivation kinetics and microscopic mechanisms in real
time. Third, active exploration of intelligent integration of catalytic
technology  with  adsorption,  plasma,  photocatalysis,  and  other
processes  should  be  pursued  to  construct  integrated  systems  with
self-adaptive  or  self-regenerative  functions,  thereby  alleviating
pressure on single catalytic pathways and extending overall  service
life. Finally, promoting cross-scale research integration-from atomic-
level  mechanistic  insights  to  particle-scale  engineering  fabrication
and  reactor-scale  system  integration-will  ultimately,  through
lifecycle  analysis  and  AI-assisted  optimization,  pave  a  sustainable
development  path  from  fundamental  research  to  industrial  scale-
up.  Only  by  overcoming  the  stability  bottleneck  can  synergistic
catalytic  technology  truly  contribute  to  future  efficient  and  low-
carbon air pollution control systems.
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