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Abstract: The widespread contamination of  water  by persistent organic pollutants poses a serious threat  to both the environ-
ment and public health. Sulfate radical-based advanced oxidation processes (SR-AOPs) have attracted considerable interest due
to their strong oxidative power and operational adaptability. Central to these technologies is the catalytic activation of persulfate,
which drives the development of efficient and stable catalysts. Among various materials, layered double hydroxides (LDHs) stand
out as highly promising candidates, owing to their tunable layered structure, high surface area, and compositional flexibility. This
review systematically summarizes the use of LDH-based catalysts for persulfate activation in degrading diverse organic contami-
nants. It further clarifies the fundamental structure–activity relationships that determine catalytic performance, covering key strate-
gies such as electronic structure modulation via doping and defect engineering, interlayer confinement effects, and synergistic
interactions  among  multiple  metallic  elements.  Future  research  should  prioritize  the  rational  design  of  novel  LDH  composites
with improved stability and selectivity, a deeper mechanistic understanding under environmentally relevant conditions, and the
expansion of practical applications toward integrated treatment systems that combine effective pollutant removal with resource
recovery. Progress in these areas will be vital for advancing sustainable and efficient SR-AOPs.
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 1.  Introduction

Technological  progress,  while  driving  societal  development,
has  unfortunately  led  to  the  contamination  of  vital  water
resources [1]. Given the significant risks these pollutants pose
to  human  health  [2]，  the  development  of  advanced  waste-
water  treatment  technologies  is  essential  to  safeguard  clean
water and sanitation for current and future generations [3]. Tra-
ditional  advanced  oxidation  processes  (AOPs),  despite  being
highly  effective  in  water  treatment,  face  constraints  in
widespread application due to challenges such as limited activ-
ity and pH dependency.

The  persulfate-based  advanced  oxidation  process  (SR-
AOPs)  is  widely  recognized  as  a  highly  efficient  method  for
water treatment. It partially mitigates the reliance on acidic pH
conditions, yet still faces challenges of reactive oxygen species
(ROS) generation enhancement by catalysts and low oxidant uti-
lization  efficiency  [4].  Current  methods  for  activating  persul-

fate,  including  peroxymonosulfate  (PMS)  and  peroxydisulfate
(PDS), in wastewater treatment mainly fall into two categories:
(I)  Homogeneous  catalysis,  which  relies  on  dissolved  metal
ions  to  react  directly  with  persulfate,  offering  rapid  reaction
rates  and low cost,  but  often leaving residual  metal  ions  that
cause secondary pollution. It  has been reported that combin-
ing this approach with separation techniques such as nanofiltra-
tion could help address this issue [5]. (II) Heterogeneous cataly-
sis,  which  employs  solid  catalysts  like  metal  oxides  [6],  metal
hydroxides [7], carbon-based materials [8], single atom-doped
materials [9] dispersed in wastewater. This method supports cat-
alyst recovery and reuse, reduces metal leaching, and is more
environmentally  friendly,  making  it  the  current  mainstream
research direction. Based on a comprehensive review of the liter-
ature, the degradation mechanisms involved can be broadly cat-
egorized  into  radical-based  and  non-radical  pathways.  How-
ever, divergent findings across studies have sparked consider-
able debate regarding the occurrence and underlying mecha-
nisms  of  non-radical  reactions[10].  This  area  therefore  war-
rants further in-depth investigation.

Currently,  the  widely  studied  persulfate  activation  meth-
ods  in  the  research  community  encompass  a  variety  of
approaches,  including  dielectric  barrier  discharge  (DBD)
plasma [11-13], activated carbon (HGAC) [14], Fe3O4 nanoparti-
cles  [15],  natural  titanomagnetite  [16],  and  layered  double
hydroxides (LDHs) [17], among others. Current research trends
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are  mainly  oriented  toward  tuning  the  band  gap,  retarding
charge  recombination,  increasing  specific  surface  area,  and
enhancing the photoelectrochemical effect.

LDHs  have  captured  the  attention  of  researchers  due  to
their unique physicochemical properties[18]. They are increas-
ingly  recognized  as  promising  candidates  for  low-dimen-
sional  photocatalytic  applications[19],  offering  advantages
such as straightforward synthesis, low cost, and excellent com-
positional tunability [20]. They are composed of brucite-like lay-
ers  consisting  of  positively  charged  polymetallic  cations  and
interlayer compensating anions[21]. This two-dimensional struc-
ture  features  have  high  versatility,  allowing  tunable  chemical
compositions  [22].  Metal  ions  can  be  incorporated  to  modify
the  two-dimensional  structure  without  damaging  the  main
framework. In addition, LDHs can also be exfoliated into a mono-
layer  structure,  and  the  novel  nanosheets  with  two-dimen-
sional anisotropy exhibit significantly different properties from
their stacked counterparts [23]. Through rational design strate-
gies,  such  as  modulating  transition  metal  ions,  intercalating
metals  or  metal  oxides,  and  incorporating  polymer  materials,
LDH-based catalysts can be tailored to achieve enhanced mag-
netic properties, efficient charge separation, and improved cat-
alytic activity in AOPs. They have been successfully applied as
visible-light  photocatalysts,  Fenton-like  catalysts,  persulfate
(PS)  activators,  and  sonocatalysts.  Nevertheless,  despite  the
demonstrated  high  performance  in  various  catalytic  applica-
tions, certain fundamental and practical aspects remain to be
further explored.  As illustrated in Fig.  1a,  a  close relationship
between  LDHs  and  persulfate  activation  has  been  increas-
ingly recognized, with growing research interest in LDH-based
persulfate systems (Fig. 1b). However, LDHs produced by this
method tend to agglomerate and have a  limited specific  sur-
face  area.  Therefore,  targeted  structural  design  of  catalysts  is
essential  to  address  current  limitations  in  the  utilization  effi-
ciency of their active sites [22]. As shown in Fig. 1c, the struc-
ture-activity  relationship  and  application  are  complementary

to each other. Further in-depth research is still required for the
currently  exfoliated  and  modified  LDHs.  This  review  focuses
on  modifying  LDHs  through  functional  design  to  develop
high-performance catalysts suitable for diverse application sce-
narios.

Considering  the  varied  operational  environments  of  SR-
AOPs, adjustments and optimizations are approached from mul-
tiple  dimensions  to  extend  their  applicability  and  across  a
broader pH range. This review mainly provides a detailed analy-
sis of the catalysis of layered double hydroxides. Furthermore,
the  mechanisms  of  persulfate  activation  by  LDHs  with  differ-
ent  structures  also  has  been  systematically  reviewed,  provid-
ing valuable insights for the design of future material systems.
Finally,  a  reasoned perspective on the future development of
catalysts is presented.

 2.  LDHs Engineering: Structural Determinants

The contemporary design of LDH-based catalysts has evolved
into  a  systematic  engineering  discipline.  It  integrates  multi-
level control, ranging from atomic-scale arrangements to macro-
scopic  shapes,  and  from  intrinsic  activity  to  surface/interface
properties. Its main goal is to achieve precise control over elec-
tronic  structures,  active-site  accessibility,  and  interfacial
charge  dynamics  through  synergistic  strategies.  In  this  way,
the design meets the demands of various applications such as
advanced oxidation, photocatalysis, and electrocatalysis.

Regarding electron transfer enhancement, heteroatom dop-
ing and single-atom anchoring are effective methods for pre-
cise modulation of active centers. For instance, Wang et al. intro-
duced Fe2+ to partially replace Ni2+ in NiFe-LDH, forming local-
ized Fe–O–Fe configurations (Fig. 2a). This atomic-level substitu-
tion  directly  changes  the  electron  density  and  coordination
environment around the metal centers,  significantly boosting
PDS activation [24]. Similarly, Li et al. anchored high-valence Ir
single atoms onto the surface of NiFe-LDH (Fig. 2b). The strong
metal–support  interactions  there  optimize  interfacial  charge
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transfer  and  markedly  improve  electrocatalytic  water  oxida-
tion  [25].  In  related  research,  Khan  et  al.  Looked  at  various
metal-doped  carbon  nitride  materials,  focusing  on  recent
advancements  in  doped  g-C3N4 and  its  applications  in  water
splitting, photocatalytic pollutant breakdown, bacterial disinfec-
tion,  and  CO2 reduction  [26].  These  findings  clearly  demon-
strate  that  atomic-scale  engineering  is  crucial  for  controlling
rate-determining steps and optimizing the adsorption energet-
ics of reactive intermediates.

Catalyst  defect  engineering,  particularly  when  applied  to
LDH structures, significantly enhances persulfate activation for
AOPs. By introducing atomic vacancies and lattice distortions,
defect  engineering allows precise regulation of  the material's
electronic  performance  and  surface  properties.  These  defect
sites can serve as electron-rich centers, promoting the decom-
position of persulfate to generate radical and non-radical reac-
tive  species.  Moreover,  defects  can  optimize  the  band  struc-
ture and electron transport, lower the reaction energy barrier,
and improve the adsorption and degradation efficiency of tar-
get  pollutants.  Flower-like  nickel-iron  layered  double  hydrox-
ide (NiFe-LDH) rich in oxygen vacancies (Fig. 2c) exhibits excel-
lent  performance  in  PMS  activation  [27].  Yang  et  al.  con-
structed  a  heterojunction  by  combining  nitrogen-defective
graphitic carbon nitride (g-C3N4) with LDHs (Fig. 2d),  forming
high-density active sites and multiple vacancies, further enhanc-
ing  the  generation  and  utilization  efficiency  of  reactive  oxy-

gen  species  [28].  LDH/g-C3N4 composites  offer  an  efficient,
solar-driven advanced oxidation process for pollutant degrada-
tion, leveraging their strong visible-light absorption and genera-
tion  of  highly  reactive  radical  species[29].  Mutahir  et  al.  pre-
pared a highly efficient oxygen-doped graphitic carbon nitride
(O-CN)  and  layered  double  hydroxide  (LDH)  nanocomposite
photocatalyst  and  utilized  it  for  the  degradation  of  organic
dyes in wastewater [30]. In addition to improving catalytic activ-
ity,  defect  engineering  also  helps  enhance  the  stability  and
reusability of catalysts, providing a reliable strategy for the treat-
ment of refractory organic pollutants in complex aqueous envi-
ronments.

Combining layer exfoliation and chemical doping offers a
synergistic  strategy  that  enhances  catalyst  performance  on
two  fronts:  physical  structure  and  electronic  structural.  When
bulk  LDHs  are  exfoliated  down  to  monolayer  or  few-layer
nanosheets,  the  specific  surface  area  increases  sharply  and
unsaturated  coordination  sites  become  exposed.  Simultane-
ously, introducing heteroatoms during this process creates addi-
tional  defects  and  modifies  the  local  electronic  states  of  the
active  centers.  For  instance,  Bao  et  al.  introduced  silicon  into
ultrathin  ZnAl-LDH  nanosheets  (Fig.  2e).  This  incorporation
not only promoted the formation of oxygen vacancies but also
effectively  suppressed  electron–hole  recombination.  This
leads  to  a  clear  improvement  in  photoelectrocatalytic  water
splitting  [31].  In  a  related  study,  Chi  et  al.  synthesized  mono-
layer  NiFe-LDH  nanosheets  without  using  organic  solvents.
These  nanosheets  contained  abundant  oxygen  and  metal
defects,  which  resulted  in  enhanced  oxygen  evolution  reac-
tion  (OER)  activity  [32].  These  studies  illustrate  the  combined
benefits of structural nano-engineering and chemical modifica-
tion in improving mass transfer, charge separation, and intrin-
sic catalytic activity.

Although  considerable  progress  has  been  made  in  engi-
neering LDH-based catalysts, there are still several critical limita-
tions. Precise control over atomic-scale modifications, such as
heteroatom doping, single-atom anchoring, or defect engineer-
ing  often  demands  complex  synthesis  conditions  and  suffers
from poor reproducibility. These issues hinder large-scale practi-
cal application. Another challenge lies in the incomplete under-
standing  of  how  multiple  modulation  factors  (e.g.,  doping,
vacancies,  and  morphology)  interact  with  one  another.  As  a
result, isolating their respective contributions to the overall cat-
alytic performance proves difficult. This complexity frequently
leads to catalyst design that is empirical rather than predictive.
Furthermore,  most  performance  evaluations  are  carries  out
under  idealized  laboratory  conditions.  Such  conditions  may
not accurately reflect catalyst behavior in realistic, dynamic envi-
ronments including variable pH, competing ions, or long-term
stability  requirements.  Future  design  strategies  should  there-
fore  focus  on  more  than  just  refining  the  modulation
approaches.  Equal  priority  needs  to  be  given  to  developing
operando characterization techniques and theoretical models
that can elucidate synergistic effects. Combining high-through-
put  computations  with  well-controlled  experimental  synthe-
sis  may  pave  the  way  for  more  rational  design  frameworks.
Such frameworks would enable targeted optimization of LDH-
based  catalysts  for  specific  applications,  while  also  bridging
the gap between fundamental research and industrial viability.
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 3.  LDHs applications in SR-AOPs Contaminant
Degradation

Owing to their distinctive layered structure, LDHs are widely rec-
ognized as highly promising catalysts for activating persulfate
in  the  degradation  of  organic  pollutants.  Their  appeal  is
attributed to their straightforward synthesis, high catalytic activ-
ity, and broad applicability to various contaminants, including
pharmaceuticals,  dyes,  and pesticides (Fig. 3)  [33].  Guided by
insights  into  the  structure–activity  relationships  of  LDHs,
researchers  have  employed  diverse  design  strategies  to
develop and optimize LDH-based composite materials for the
removal of organic pollutants from aqueous environments via
persulfate activation.

Based  on  the  comprehensive  research  conducted  above,
Table  1 summarizes  metal  leaching  levels  reported  for  vari-
ous  LDH-based  catalytic  systems,  with  values  typically  rang-
ing  from  <0.1  to  5  mg/L  depending  on  catalyst  composition,
reaction  conditions,  and  operational  duration.  These  findings
underscore the importance of assessing metal stability, as leach-
ing not only reduces catalytic activity but also poses potential
environmental  risks.  Strategies  to  minimize  leaching  include
optimizing metal ratios to form more stable phases, introduc-
ing protective coatings such as carbon layers or polymers, and
operating  under  mild  pH  conditions  to  suppress  dissolution.
Despite these mitigation efforts, most studies have been con-
ducted under  controlled laboratory  settings,  leaving a  critical
gap in understanding catalyst behavior in complex, real-world
wastewater matrices.

In the area of simple compositing and structural modifica-
tion,  Ma  et  al.  synthesized  a  Mg-Fe-LDH@biochar  composite
capable of effectively activating PMS for doxycycline degrada-
tion  in  aqueous  solutions  [39].  Mutahir  et  al.  used  cinnamic
acid-modified  mulberry  wood  waste  biochar  (CA-MWB)  to
remove methylene blue dye (MB) from aqueous solutions[40].
confirming the efficacy of biochar as a support for enhancing
catalytic  activity.  Similarly,  Li  et  al.  dispersed Mg/Al-LDH onto
activated carbon and further decorated it with Co3O4 nanoparti-
cles,  constructing  a  composite  catalyst  with  confined  spatial

architecture  that  significantly  improved  the  degradation  effi-
ciency of levofloxacin [41]. This approach highlights the bene-
fits of hierarchical structuring in optimizing active site distribu-
tion and utilization.

Beyond composite construction, defect engineering offers
another  effective  route  to  enhance  LDHs  performance.  For
example, Xu et al. synthesized NiCo-LDH enriched with single-
oxygen  vacancies,  which  exhibited  excellent  PMS  activation
and efficient ciprofloxacin degradation over a wide pH range,
highlighting the role of defects in improving both activity and
environmental adaptability [42]. In a related approach, Bian et
al.  fabricated  both  copper-containing  and  copper-free  CoAl-
LDH  nanosheets  via  urea  co-precipitation  for  PMS-activated
degradation of rhodamine B, showing that the controlled intro-
duction of metal components provides a direct method for tun-
ing catalytic behavior [43].  Mutahir et al.  synthesized a highly
efficient ZnO/g-C3N4 nanocomposite via a facile one-step calci-
nation of zinc glutamate MOF and melamine, and utilized it for
the  photocatalytic  degradation  of  the  organic  pollutant  rho-
damine B [44]. The introduction of varying metal components
offers a straightforward strategy for tuning the catalytic perfor-
mance of LDH-based systems.

In the pursuit of practical application and functional integra-
tion,  research  has  expanded  the  forms  and  applications  of
LDH-based materials. Liang et al. prepared a polyacrylonitrile/
cellulose  nanofiber@CoFe-LDH nanofiber  membrane through
electrospinning and in situ growth. This membrane combines
good mechanical strength, superhydrophilicity, and self-clean-
ing  catalytic  capability,  showing  promising  potential  in  inte-
grated  water  purification  systems  [45].  The  MIL-101(Fe)/NiFe-
LDH  composite  membrane  developed  by  Shehriyar  et  al.  via
interfacial  polymerization  exhibits  exceptional  performance,
achieving 91% methyl orange removal and 88% methyl green
removal at a high water flux (>100 L·m−2·h−1·bar−1). Such work
advances  LDH-based  catalysts  from  powdered  forms  toward
practical,  multifunctional  membrane  materials  that  combine
separation with catalysis. Qian et al. synthesized a self-support-
ing  and  recyclable  catalyst  by  growing  CoFe-LDH  on  nickel
foam  via  a  one-step  solvothermal  method,  which  effectively
degraded  monomethylhydrazine  in  propellant  wastewater
and offered a solution for catalyst recovery [46]. Furthermore,
Guo et al.  used NiFe-LDH to activate PMS for the degradation
of  organophosphorus  pesticides  while  simultaneously
enabling  phosphate  recovery,  demonstrating  an  integrated
treatment  strategy  that  transitions  from pollutant  removal  to
resource reclamation [47].  Collectively,  these studies illustrate
the  significant  potential  of  LDH-based  systems  in  synergistic
environmental remediation and resource recovery.

To  evaluate  the  potential  of  LDHs  for  practical  applica-
tions,  several  studies  have  demonstrated  the  performance  of
LDH-based catalysts in continuous flow reactors. For instance,

 

D
ru

g re
si

dues W
astew

ater

D
ye

Pesticide residues

LDHs

applications in

SR-AOPs

Fig. 3. LDHs applications in SR-AOPs.

 

Table 1.   Application List of Selected Layered Double

Materials Oxidant Pollutants Removal rate Cycle number Ref.

S/CoFeAl-LDH PMS Norfloxacin >95% (10 min) 4 cycles (84.3% retention) [34]
CuFe-LDHs PS Ofloxacin >90% (60 min) 5 cycles (66.8% retention) [35]
NiFe-LDHs PMS Doxycycline >90% (60 min) 3 cycles (82% retention) [36]

CuFe-LDH/NF PMS Sulfamethoxazole 98.07% 10 cycles (90.82% retention) [37]
BC@FeMg-LDH PDS 2,4-dichlorophenol >95% (60 min) 5 cycles (88% retention) [38]

Environmental Chemistry and Safety   doi: 10.26599/ECS.2026.9600025

(4 of 10) Environmental Chemistry and Safety 2026, 2: 9600025
 



Pei  et  al.  developed  a  non-contact  electron  transfer  process
(NCETP)  for  antibiotic  degradation  in  an  LDH/PMS  system,
which effectively avoids side reactions and maintains high selec-
tivity,  achieving  stable  levofloxacin  (LVX)  removal  during  24-
hour  continuous  operation  [47].  In  another  approach,  Seyed
Ali  Hosseini  et  al.  synthesized  a  novel  LDH  catalyst  using
metal–organic frameworks (MILs) as precursors, enabling syner-
gistic  adsorption  and  photocatalytic  degradation  of
meropenem (MER) in pharmaceutical wastewater [48]. Addition-
ally, R.S. Nascimento et al. first proposed the use of layered dou-
ble oxides (LDOs) derived from mining waste for the rapid and
efficient removal of 4R dye from aqueous solutions [49]. These
cases  collectively  illustrate  the  broad  applicability  of  LDH-
based materials across diverse fields, highlighting their signifi-
cant potential and the value of continued research.

Beyond  catalytic  performance,  using  LDH-based  materi-
als in water treatment is beneficial to the environment, fully in
line  with  green  and  sustainable  remediation  principles.  The
high  mineralization  efficiency  of  these  catalysts  often  turn
organic  pollutants  completely  into  harmless  by-products  like
CO2 and H2O [50]. As a result, the ecological toxicity of treated
wastewater  drops  significantly.  Furthermore,  LDHs  are  inher-
ently stable and reusable. That helps minimize secondary pollu-
tion  from  metal  leaching,  solving  a  key  problem  in  practical
applications.  Recent  advances  have  further  shown  that  LDHs
play a useful role in resource recovery.  For example,  they can
reclaim phosphate from wastewater or capture valuable met-
als from waste streams. In this way, a former disposal problem
becomes an opportunity for a circular economy. LDH-based cat-
alytic  systems  combine  high  degradation  performance,  low
environmental  footprint,  and  resource  recovery  capability.
These features collectively enable such systems to contribute
to the United Nations Sustainable Development Goals (SDGs),
particularly those related to clean water and responsible con-
sumption.

 4.  LDHs Structure-Activity Relationship in
Catalysis

The functional properties of LDHs stem from their unique struc-
tural characteristics. As illustrated in Fig. 4, the combination of
polymetallic  valence  interconversion,  layered  architecture,

and structural tunability enables their broad application in catal-
ysis.

 4.1.  Nano layered structure

LDHs  are  generally  represented  by  the  formula
[M2+

1−xM3+
x(OH)2]x+(An−)x/n·mH2O, where a portion of the diva-

lent metal cation sites in the brucite-like octahedral layers is iso-
morphously substituted by trivalent cations, resulting in posi-
tively charged sheets. The parameter x, typically between 0.20
and  0.33,  denotes  the  molar  ratio  of  M3+ to  total  metal  ions,
while  An− represents  charge-balancing  anions  located  in  the
interlayer  region  [52].  The  general  structural  arrangement  is
illustrated in Fig. 5.

Nanolayered structure exhibits high structural tunability, a
large specific surface area, and abundant active sites. For exam-
ple,  Li  et  al.  synthesized  NiFe-LDH  modified  biochar  (NiFe-
LDH/BC) and applied it to tetracycline degradation via PMS acti-
vation. The enhanced catalytic performance was attributed to
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Fig.  4. (a)Possible  reaction  mechanism  for  the  degradation  of  TC  by
defective NiFe-LDH[51]. Copyright 2022, Elsevier. (b) The possible mech-
anism for the DOX degradation in the Mg-Fe-LDH@biochar/PMS sys-
tem[39]. Copyright 2021, Elsevier. (c) Possible reaction mechanism for
the degradation of Orange II by Fe2+-NiFe-LDH/PDS system[24]. Copy-
right 2022, Elsevier. (d) Mechanism diagram of NiFe-LDH/PMS degrada-
tion of glyphosate and simultaneous recovery of phosphate[47]. Copy-
right 2025, Elsevier.
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the increased oxygen vacancies introduced by biochar, which
facilitated  the  redox  cycling  of  Ni(III)/Ni(II)  and  Fe(III)/Fe(II),
altered the singlet oxygen generation pathway, and improved
catalyst  stability  [53].  Mutahir  et  al.  prepared boron-doped g-
C3N4 (BCN), MXene, and CuO via soft chemistry techniques to
fabricate a novel dual Z-scheme CuO/MXene/BCN heterojunc-
tion for the photocatalytic degradation of malachite green pol-
lutant.  This  dual  Z-scheme  mechanism  promotes  improved
charge  separation,  minimized  electron-hole  recombination,
and enhanced light absorption and redox capacity [54].  Simi-
larly,  Wu  et  al.  applied  this  principle  to  prepare  CoNiFe-LDH
materials  for  efficient  photodegradation  of  microplastics
(MPs).  The  improved  removal  efficiency  of  MPs  using  opti-
mized  CoNiFe(VZn-Al)-LDHs  can  be  attributed  to  several  fac-
tors:  (Ⅰ)  extended  solar  absorption  and  effective  electron-
hole separation due to reduced d-orbital occupation on metal
sites; (Ⅱ) high-valence metal sites acting as electron-trapping
centers that promote electron transfer during PMS activation;
and  (Ⅲ)  a  reduced  energy  barrier  for  O–O  bond  cleavage  in
PMS [55]. In summary, the nanolayered architecture provides a
highly  adaptable  platform  for  catalytic  design  and  mechanis-
tic study.

 4.2.  Multi metal synergy

The  synergistic  interaction  among  multiple  metals  in  LDHs
enhances  persulfate  activation  through  coordinated  mecha-
nisms.  Variations  in  metal  electronegativity  generate  distinct
local charge densities at active sites, which promote the adsorp-
tion and polarization of  the O–O bond in PMS [56].  Addition-
ally,  the  flexible  and  interconvertible  valence  states  of  differ-
ent  metal  ions  facilitate  multi-path  electron  transfer  and  sus-
tain  continuous  redox  cycles,  thereby  driving  PMS  activation
[57].  Furthermore,  multi-metal  configurations  effectively  miti-
gate the pH sensitivity typically associated with single-metal cat-
alysts,  broadening  the  operational  pH  range  while  reducing
undesirable metal ion leaching.

For instance, Ma et al. synthesized transition-metal-doped
Li/Al-LDHs  via  a  one-pot  method.  Transition  metal  doping
enhances  the  stability  of  Al–O  octahedra,  reduces  the  lattice
constant,  suppresses  Al  dissolution,  and  strengthens  lithium
adsorption capacity [58].  Similarly,  Shuai’s group developed a
BiVO4/Ag/CoMnZn-LDH  composite  photoanode.  Here,  Ag
nanoparticles  improve  light  absorption  via  localized  surface
plasmon  resonance  and  promote  charge  separation  through
hot-electron injection and hole transport,  while the CoMnZn-
LDH overlayer forms a p–n heterojunction to enhance charge
separation and provides  multivalent  redox sites  to  accelerate
oxygen evolution kinetics [59]. Overall, polymetallic synergy sig-
nificantly  enhances  catalytic  performance.  Future  studies
should further emphasize the development of green, cost-effec-
tive catalyst systems.

 4.3.  Inter layer confinement

The  confined  interlayer  spaces  within  LDHs  significantly
enhance  PMS  adsorption  and  interfacial  electron  transfer.
Specifically,  this  nanoconfinement  environment  can  restruc-
ture the hydrogen-bond network of water molecules, thereby
influencing proton transfer pathways [60]. Moreover, such con-
fined spaces help suppress PMS self-decomposition and miti-
gate radical quenching, extending the catalyst’s operational life-
time [61]. The layered architecture also “anchors” metal active

sites  within  the  crystalline  framework,  serving  as  an  efficient
nanoreactor that reduces metal leaching [62]. Additionally, the
layered  sheets  can “shield” the  transient  complex  formed
between PMS and metal sites,  lowering the activation energy
for  PMS  decomposition  and  improving  the  cyclic  stability  of
the catalyst.

Consistent  with  this  understanding,  the  rational  modula-
tion of the interlayer chemical environment and interfacial elec-
tronic structure has emerged as a fundamental strategy for opti-
mizing  the  catalytic  properties  of  layered  double  hydroxides.
Hu et al. synthesized NiFe-LDH materials intercalated with dis-
tinct  molecular  species,  namely tetrakis(4-carboxyphenyl)por-
phyrin  (TCPP),  1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic  acid  (DOTA),  and  carbonate —yielding  hybrids
denoted as NiFe-TCPP, NiFe-DOTA, and NiFe-CO3, respectively
[63]. These materials were subsequently evaluated as electrocat-
alysts  for  water  oxidation  under  industrially  relevant  alkaline
conditions.  Among the  three,  NiFe-TCPP demonstrated supe-
rior catalytic performance, achieving the lowest overpotential
and exhibiting the highest reproducibility across repeated elec-
trochemical  cycling.  Mechanistic  investigations  integrating
both  theoretical  calculations  and  experimental  characteriza-
tion revealed that the enhanced performance originates from
the strong coordination interactions between the conjugated
carboxylic ligand TCPP and the iron species situated within the
LDH layers. This specific coordination environment effectively
suppresses  iron  dissolution  by  substantially  increasing  the
energy barrier for metal leaching while simultaneously promot-
ing  the  material's  intrinsic  self-healing  capacity.  Collectively,
these synergistic effects contribute to markedly improved cat-
alytic  stability  and  sustained  electrocatalytic  activity  under
demanding  operational  conditions.  Furthermore,  the  charge
redistribution  induced  by  this  strong  coordination  optimized
the  d-band  center  to −2.81  eV  and  reduced  the  reaction
energy barrier to 1.47 eV, ultimately enhancing catalytic activ-
ity[63].  In  another  study,  Hu  et  al.  elucidated  the  mechanism
by which single-atom sites (SAs) on nitrogen-doped graphitic
carbon-encapsulated  nanoparticles  enhance  PMS  activation.
They found that constructing a nanoparticle–single-atom cata-
lyst (NP-SAC) by leveraging the electronic modulation effect of
nanoparticles on SAs resulted in highly efficient catalytic perfor-
mance.  The  Co  NPs-SAs@N-C/PMS  system  showed  outstand-
ing  activity  in  degrading  various  organic  pollutants,  along
with  excellent  stability  and  minimal  Co2+ leaching  over  20
cycles.  The  system  also  exhibited  broad  pH  adaptability,
strong salt tolerance, and effectiveness in long-term real waste-
water  treatment,  demonstrating its  practical  potential  [64].  In
summary, the activation of persulfate by LDHs involves a multi-
faceted  and  intricate  mechanism.  The  structural  design  of
LDHs  is  intrinsically  linked  to  their  activation  pathways,  and
due  to  their  inherent  structural  complexity,  these  mecha-
nisms are seldom singular, often requiring comprehensive multi-
dimensional  analysis. Table  2 examines  the  catalytic  mecha-
nisms of LDH-based materials from three interrelated perspec-
tives: nanostructured layered configuration, polymetallic syner-
gistic effects, polymetallic synergistic effects, and interlayer con-
finement  effects,  with  illustrative  examples  demonstrating
how  distinct  structural  features  lead  to  varied  catalytic  out-
comes.
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 5.  Environmental and Energy Footprint Analysis
of LDH-Based SR-AOPs

While LDH-based catalysts have shown excellent performance
in  persulfate  activation,  a  comprehensive  assessment  of  their
environmental and energy footprint is essential for evaluating
their  practical  sustainability  and alignment  with  green chem-
istry principles.

 5.1.  Synthesis Energy and Resource Consumption

The  synthesis  of  LDH  materials  usually  depends  on  high-
energy-consumption  methods,  such  as  co-precipitation,
hydrothermal treatment, or calcination. Each of these steps sig-
nificantly increases the overall environmental footprint. Follow-
ing the analytic framework proposed by Khan et al. for energy
analysis  in  AOPs  [67],  recent  studies  have  begun  quantifying
the  energy  consumption  of  different  LDH  fabrication  routes.
For  example,  conventional  hydrothermal  synthesis  usually
requires  prolonged  heating  at  120-200°C  for  12  to  48  hours.
Such process demands a large energy input. In contrast, emerg-
ing green synthesis methods, such as mechanochemical meth-
ods  and  room-temperature  coprecipitation,  offer  potential
ways  to  reduce  the  energy  footprint  while  maintaining  cat-
alytic  performance.  Future  research  should  focus  on  system-
atic  energy  audits  that  compare  different  synthesis  methods
to  determine  the  optimal  balance  between  catalytic  activity
and energy efficiency.

 5.2.  Metal Leaching and Secondary Pollution Risks

Metal leaching from LDH catalysts during operation is another
critical environmental concern. Although LDHs generally show
high  structural  stability  due  to  their  layered  architecture  and
strong metal-oxygen bonds, the release of metal ions—espe-
cially cobalt, copper, nickel, or iron—can cause secondary pollu-
tion  and  pose  ecotoxicological  risks.  As  Garner  et  al.  pointed
out  in  their  assessment  of  nanomaterial  environmental
risks[68], even low concentrations of leached metals may accu-
mulate  in  aquatic  ecosystems  and  affect  sensitive  organisms.
Table 1 summarizes metal leaching levels reported for various
LDH-based systems, with values typically ranging from <0.1 to
5  mg/L  depending  on  catalyst  composition,  reaction  condi-
tions,  and  operational  duration.  Several  strategies  help  mini-
mize leaching, including optimizing metal ratios, applying pro-
tective coatings, and operating under mild pH conditions. Nev-
ertheless,  long-term  stability  studies  under  realistic  waste-
water matrices are urgently needed to fully understand the envi-
ronmental implications of metal release.

 5.3.  Lifecycle Assessment Perspectives

A  holistic  lifecycle  assessment  (LCA)  of  LDH-based  SR-AOPs
remains  largely  unexplored.  Such  analyses  should  systemati-
cally evaluate environmental trade-offs across the entire cata-
lyst lifecycle: raw material extraction, synthesis, transportation,
operational use, and end-of-life disposal. Some preliminary con-
siderations  suggest  that  while  LDH  catalysts  are  advanta-
geous  in  reusability  and  high  degradation  efficiency,  the
energy and chemical inputs required for their synthesis may off-
set  some  environmental  benefits.  Furthermore,  the  potential
for catalyst regeneration and metal recovery at the end of the
catalyst’s life could significantly improve overall sustainability.
Future studies should adopt standardized LCA methodologies
to  enable  meaningful  comparisons  between  LDH-based  sys-
tems and alternative treatment technologies.  It’s  essential  for
guiding  the  development  of  greener,  more  sustainable
approaches that balance treatment efficiency with environmen-
tal stewardship.

 5.4.  Toward Sustainable LDH Design

Integrating  environmental  footprint  considerations  into  cata-
lyst design represents a paradigm shift from performance-only
optimization  toward  holistic  sustainability.  Luo’s  team  con-
structed  a  novel  2D/2D  Z-scheme  heterojunction  photocata-
lyst CuFe-LDH/BiOBr (4-CFB), which exhibits excellent stability,
minimal  metal  leaching  (Cu2+ <  1.1  mg/L),  and  broad-spec-
trum  efficacy  against  various  antibiotics  over  multiple  reuse
cycles[69]. Meanwhile, Wang’s team also synthesized oxygen-
vacancy-rich ZnAl-LDO via co-precipitation, followed by calcina-
tion at different temperatures. Finally, tests showed that ZnAl-
LDO calcined at 500°C (ZA-500°C) exhibited the highest photo-
catalytic performance for CLZ degradation through peroxydisul-
fate  (PDS)  activation.  Quenching  experiments  confirmed  that
•OH and SO4

−• were the main reactive oxygen species responsi-
ble  for  CLZ  degradation  [70].  In  recent  studies,  Ye’s  team
designed  a  Ni-Zn  layered  double  hydroxide  (NiZn-LDH)  cata-
lyst  that  forms  a  self-buffering  neutral  microenvironment
through the amphipathicity  of  Zn(OH)2 groups.  They demon-
strated a closed-loop PS-P-AOPs strategy integrating selective
pollutant  removal,  polymer  product  valorization,  and catalyst
reuse, providing a low-emission strategy for sustainable waste-
water treatment [71]. Future research should focus on achiev-
ing this goal.

Key  priorities  for  future  research  include:  (i)  developing
energy-efficient, solvent-free synthesis routes; (ii)  engineering
LDH structures with enhanced stability to minimize metal leach-

 

Table 2.   Structure-Activity Relationship of Layered Double Hydroxides

Materials Structure Characteristics Performance Ref.

Graphitic carbon nitride
(NRCN-2) Nano layered

structure

Tunable structure, High
active sites, Large specific

surface area

Methyl orange: k =2.968 × 10 −2 min−1

Trans-resveratrol: k =2.490 × 10 −2 min−1 [65]

NiFe-LDH Tetracycline: ~80% removal (30 mg·L−1) [51]
CoNiFe-LDH Diverse MPs: Effective removal achieved [55]
Li/Al-LDHs

Multi metal
synergy

High electron transfer
activity

90-minute saturated adsorption, stable after 10 cycles [58]

BiVO4/Ag/CoMnZn-LDH
Improved BiVO4/Ag/CoMnZn photoanode: 3.2 mA/cm2

photocurrent density, 4.15 times pristine BiVO4
[59]

LaNiAl-LDH High photocatalytic
activity

La doping reduces band gap to 2.57 eV, 84.85%
tetracycline degradation in 90 min [66]

NiFe-LDH Inter layer
confinement

Inhibiting PMS self-
decomposition and radical

quenching

Improved self-healing to inhibit Fe leaching [63]

NP-SAC Enhance long-term stability [64]
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ing; (iii) conducting comprehensive LCA studies to identify envi-
ronmental  hotspots;  and  (iv)  exploring  circular  economy
approaches  that  enable  catalyst  recovery,  regeneration,  and
valuable resource reclamation from spent materials. By address-
ing  these  aspects,  LDH-based  SR-AOPs  can  fulfill  their  poten-
tial as truly sustainable technologies for water purification, con-
tributing  to  the  United  Nations  Sustainable  Development
Goals  while  minimizing  unintended  environmental  conse-
quences.

 6.  Conclusion and outlook

LDHs demonstrate versatile functionality in SR-AOPs, with appli-
cations  spanning  water  treatment,  electrocatalysis,  and  other
fields, highlighting their potential as highly effective catalysts.
However,  further  research  is  still  required  regarding  the  tar-
geted regulation of the activated persulfate molecular configu-
ration and the precise control over the generation of reactive
species.  Future  research  and  development  should  prioritize
the following directions:

(Ⅰ) A novel LDH-based catalyst was designed to enhance
its persulfate activation performance through strategies includ-
ing  metal  doping  and  intercalation  modification,  thereby
achieving  regulated  generation  of  reactive  species.  Future
research  endeavors  should  focus  on  the  synergistic  integra-
tion of these complementary strategies, as their rational combi-
nation holds promise for the development of next-generation
LDH-based catalysts with superior performance.

(Ⅱ)  Expanding  the  application  scenarios  of  catalysts
should  align  with  the  principles  of  green  chemistry,  with
efforts  focused  on  optimizing  solid-liquid  separation  effi-
ciency to improve process sustainability. Concurrently, enhanc-
ing environmental benefits and extending catalyst service life
are essential for advancing practical implementation and maxi-
mizing long-term ecological value.

(Ⅲ)  Further  elucidating  the  underlying  mechanisms  to
establish a robust theoretical foundation, thereby guiding the
rational design and optimization of next-generation catalysts.
At present, studies on the mechanism of action are still insuffi-
cient,  and more efforts should be devoted to this direction in
the future.
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