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Abstract: Metal  sulfides  are  abundant  in  nature.  They  also  have  excellent  catalytic  qualities  and  tunable  electronic  structures.
These characteristics make them extremely attractive materials advanced oxidation processes (AOPs) in wastewater treatment. In
this review, the relationship between structure and property in monometallic and bimetallic sulfides is  examined in detail.  The
key point is to introduce their working mode - activating peroxymonosulfate (PMS), peroxydisulfate (PDS) and hydrogen perox-
ide  to  generate  reactive  oxygen  species.  The  key  methods  for  improving  catalytic  performance  were  elaborated  in  detail.  This
includes the rational design of bimetallic sulfides, introduction of sulfur vacancies, non-metal doping and in-situ regeneration tech-
niques. These methods can adjust the electronic configuration, expose active sites and accelerate the metal redox cycling effec-
tively. This greatly enhances the degradation efficiency and maintains the stability of the catalyst. This review also studies the envi-
ronmental factors that affect catalytic performance. It  points out future directions for developing metal sulfide-based catalysts.
These directions are for their practical use in water remediation.
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 1.  Introduction

Safe  and  clean  water  is  of  vital  importance  to  public  health
and  socio-economic  development.  However,  the  continuous
urbanization, the rising population pressure and the rapid eco-
nomic  development  pose  a  huge  threat  to  the  global  water
quality [1,2]. The traditional wastewater treatment system has
several limitations. They are confronted with problems such as
high  operating  costs,  inconsistent  and  often  poor  pollutant
removal  efficiency,  generation  of  secondary  pollutants,  diffi-
culty  in  treating toxic  sludge,  and complex equipment setup.
Because  of  these  drawbacks,  it  is  imperative  that  improved
wastewater  treatment  techniques  be  developed.  These  tech-
niques  need  to  be  efficient,  stable  and  economically  viable.
The advanced oxidation processes (AOPs) have received exten-
sive attention in wastewater treatment. Many organic contami-
nants  can be entirely  broken down by  them or  changed into
less  hazardous  and  more  biodegradable  compounds.  And

they  are  more  appealing  due  to  their  potent  oxidation  effi-
cacy and lack of secondary pollutants [3-5]. Although AOPs are
effective,  they  have  drawbacks  of  their  own.  These  problems
include  low  catalyst  stability,  large  oxidant  dosage  and  nar-
row operational pH range, all of which hinder their wide applica-
tion. Take the Fenton system as an example. Due to poor elec-
tron transfer, the rate at which Fe3+ is transformed into Fe2+ is
very slow. What’s more, the process often needs lots of chemi-
cals. These chemicals acidify the wastewater to pH 2–4 before
treatment,  and  the  water  must  be  neutralized  before  being
released. Iron sludge builds up too. This further hurts the Fen-
ton  system’s  efficiency  and  stability  [6].  Titanium  dioxide-
based  catalysts  also  have  drawbacks.  These  are  low  electrical
conductivity,  a  wide  bandgap,  fast  electron–hole  recombina-
tion, and low activity under visible light. All these greatly limit
how well they work in AOPs [7].

Vanadates are another key group of photocatalytic materi-
als  in  advanced  oxidation  catalysts.  Examples  include  BiVO4

and  Ag3VO4.  They  have  caught  much  research  attention  due
to  their  narrow  band  gaps,  strong  visible-light  response,  low
cost,  and  excellent  crystallinity.  However,  they  often
encounter issues.  Rapid electron-hole recombination and low
charge carrier mobility are common [8]. Metal sulfides, by con-
trast,  are  some  of  the  most  abundant  natural  materials.  They
have got a lot of research interest in recent years.This is due to
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their affordability and accessibility. Adding electronegative sul-
fur  helps  electrons  spread  out  across  the  catalyst  structure.
This  creates  efficient  electron-transfer  paths,  which  encour-
age metal cations to move toward S [9]. Metal sulfides Metal sul-
fides  also  have  their  unique  properties.  This  includes  a  wide
range  of  components  and  forms,  chemical  stability  in  oxidiz-
ing  environments,  low  redox  potential,  electron-rich  surfaces
and superior electrical conductivity. These features make them
ideal  choices for wide application.  Among these applications,
there is the Advanced Oxidation process (AOPs) (Fig. 1).

Many  studies  have  shown  that  monometallic  transition
metal  sulfides  can  be  well  used  as  catalysts.  For  instance,
MoS2, WS2, FeS2, CoS2 and ZnS all have excellent catalytic capa-
bilities.  However,  studies  on  bimetallic  sulfides  have  shown
that  they  are  more  effective.  They  decompose  organic  pollu-
tants more effectively than monometallic systems [10-12]. For
this reason, adding extra metals has become a good method.
These include redox-active metals (e.g., Fe, Co, Cu, Mn) and elec-
tron-rich metals (e.g., Mo, W, V) to produce bimetallic sulfides.
This  increases  the  service  life  and  efficiency  of  the  catalyst  in
wastewater treatment.

This  review  examines  metal  sulfides  in  detail.  It  covers
their structure, properties, and how they work in AOPs. It also
suggests ways to improve metal sulfide-based catalysts. These
ways include using bimetallic sulfides,  bimolecular non-metal
sulfides,  and  other  supporting  methods.  And  the  goal  is  to
boost  their  performance,  stability,  and  efficiency.  These  find-
ings  point  to  useful  ways  to  create  new  solutions  for  solving

water pollution.

 2.  Structural and Property Profiling of Metal
Sulfides

 2.1.  Crystal Structures of Metal Sulfides

Metal sulfides have a variety of crystal structures. Their shapes
are  mostly  determined  by  the  metal  and  sulfur  ions’ ionic
dimensions, charge states, and kind of bonding. And their chem-
ical reactivity is largely influenced by these structural character-
istics.  Pyrite  (FeS2),  for  example,  its  iron  ions  and  disulfide
groups are arranged in a certain way in the lattice. This makes
it very easy to break down when oxidized in air. In this section,
we  look  at  the  crystal  forms  of  some  monometallic  sulfides,
seeking  to  explain  the  basic  mechanisms  by  looking  at  their
structures [13].

 2.1.1.    CuS
Copper  sulfide  (CuS)  has  caught  a  lot  of  research  interest
because  it’s  cost-effective  and  has  an  easy-to-make  synthesis
process [14]. It usually forms a hexagonal crystal structure. This
structure  has  tightly  packed  Cu–S  and  S–S  layers  alternate.
And  weak  van  der  Waals  forces  hold  these  layers  together.
Cu–S bonds  have relatively  low energy,  making the  structure
easy to break down when heated. Higher temperatures make
atoms  vibrate  more.  This  causes  bonds  to  split,  leading  to
decomposition  or  oxidation  afterward.  CuS  has  a  BET  surface
area  up  to  11.9  m2/g,  which  is  much  higher  than  MnS  (3.6
m2/g), CoS (2.0 m2/g) and FeS (0.8 m2/g) [15]. Its surface has a
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Fig. 1. The employability of metal sulfides in multifaceted disciplines. Reproduced with permission [5]. Copyright 2024, Coordination Chemistry
Reviews.
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fine,  porous  texture,  providing lots  of  active  sites.  These sites
catalyze  the  decomposition  of  H2O2very  well,  generating·OH
radicals. The catalyst remains stable under reaction conditions.
It can also maintain good performance over a wide pH range.
In  combination with  other  catalysts,  such as  Fe2+,  can further
boost  the  efficiency  of  Fenton-like  processes  [16].  Another
method  is  to  construct  heterojunctions  with  substrates  such
as graphene or TiO2. This improves the separation of photogen-
erated charge carriers, thereby enhancing the catalytic perfor-
mance [17].

 2.1.2.    ZnS
Zinc sulfide (ZnS) is receiving increasing attention in research.
This increased attention is due to its remarkable thermal stabil-
ity. As the main part of zinc concentrate ore, it mainly exists as
sphalerite,  wurtzite,  and  matraite.  Sphalerite  has  a  face-cen-
tered cubic structure. Zinc and sulfur ions here are arranged in
a tetrahedral coordination, while wurtzite and its trigonal vari-
ant  correspond  to  hexagonal  and  rhombohedral  polytypes
respectively [18](Fig. 2(a-b)). The S and Zn vacancies in the ZnS
lattice  serve  as  active  sites.  They  adsorb  H2O2 and  organic
molecules,  helping  to  form  free  radicals  in  Fenton-like  sys-
tems.  ZnS  is  a  type  of  II-VI  semiconductor  with  a  wide
bandgap  and  is  regarded  as  a  promising  photocatalyst  for
water  purification.  Reasons  for  this  include  efficient  charge
transport, high electron mobility, non-toxicity, water insolubil-
ity,  and affordability [19-21].  When exposed to light,  ZnS pro-
duces electron-hole pairs. These pairings facilitate the decompo-
sition  of  H2O2 into  ·OH,  participating  in  Fenton-like  reactions
[22].

 2.1.3.    MoS2

Molybdenum disulfide (MoS2) is used more and more in persul-
fate-driven AOPs (PS-AOPs), because it has good traits like natu-
ral abundance, low cost, good biocompatibility, and easy exfoli-
ation into mono- or few-layer 2D forms [23-25]. Each layer has
a sandwich structure of S–Mo–S. Its thickness is about 0.62 nm,
and  the  gap  between  adjacent  layers  is  0.30  nm  [26].  Atoms
inside  each  layer  are  held  together  by  covalent  bonds,  while
adjacent  layers  stack  up  through  weak  van  der  Waals  forces.

The in-plane lattice parameter is a = 3.09 Å, and the length of
the Mo–S bond is 2.39 Å [27]. MoS2 mainly comes in three poly-
types. These are 1T (octahedral), 2H (hexagonal), and 3R (rhom-
bohedral)  [28]  (Fig.2(c-d).  The  1T  phase  has  trigonal  antipris-
matic coordination. Here, each Mo atom is surrounded by six S
atoms in an octahedral  shape [29].  The 2H polytype is  similar
to  graphite.  It  has  an  indirect  bandgap  of  1.29  eV  and  is  the
most stable form. The rhombohedral 3R phase is less studied.
But it shows potential in photonic and electrochemical applica-
tions [30-31]. Both 2H and 3R phases of MoS2 have trigonal pris-
matic coordination around Mo atoms. But they differ in stack-
ing order  and the  number  of “MoS2” layers  in  their  unit  cells.
The 2H-MoS2 phase has two layers per unit cell. These stack in
an AB-AB sequence. The 3R-MoS2 phase has three layers,  and
they are arranged in an ABC-ABC sequence [28]. As Zang et al.
noted, most research focuses on the metallic 1T and semicon-
ducting  2H  phases.  The  3R  phase  remains  underexplored
owing to the lack of reliable methods for its controlled synthe-
sis,  high-purity  production,  and  large-scale  fabrication.
Although  environmental  research  has  focused  on  1T  and  2H
types,  studies  on  the  3R  structure  remain  limited  [32].  In  2H-
MoS2, catalytic sites are mostly at the edges. They also exist at
S  vacancies  in  the  basal  planes.  These  vacancies  change  the
electronic environment and increase the negative charge den-
sity on Mo atoms.

 2.1.4.    WS2

Tungsten disulfide (WS2) has a layered structure, composed of
a  tungsten  layer  sandwiched  between  two  layers  of  sulfur.
These layers  are held together by weak van der  Waals  forces.
This  configuration  gives  WS2 an  extensive  specific  surface
area. It also provides lots of exposed edge sites, serving as reac-
tive  centers.  The  vacancies  of  sulfur  (S)  and  tungsten  (W)  in
WS2 act  as  catalytic  sites  by  absorbing  reactant  substances
and  promoting  the  generation  of  radicals.  He  et  al.  reported
findings  regarding  WS2.  As  a  cocatalyst,  it  promotes  the
Fe3+/Fe2+ cycle  through  redox  reactions.  These  reactions
involve exposed W4+ sites  and Fe3+.  ·OH and O2

•− radicals  are
the main drivers of this process [33].
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Fig. 2. The wurtzite crystal structure is (a), and the sphalerite crystal structure is (b). Reproduced with permission [19]. Copyright 2011, Progress in
Materials Science. (c) Atomic positions in the 2H phase with trigonal prismatic coordination, and (d) atomic positions in the 1T phase with octahe-
dral coordination. Reproduced with permission [26]. Copyright 2017, Environmental science & technology. (e) (f) Crystal structure of troilite (FeS)
viewed along different orientations. Reproduced with permission [34]. Copyright 2014, Nanoscale. (g) Crystalline structures of pyrite FeS2. Repro-
duced with permission [34].  Copyright 2014,  Nanoscale.  (h)  illustrates the crystal  structure of α-NiS,  and (i)  shows the crystal  structure of NiS2.
Reproduced with permission [54]. Copyright 2024, Nanoscale Advances. (j) Optimized crystal structure model for α- involving MnS, and (k) for γ-
MnS. Reproduced with permission [50]. Copyright 2024, Small.·OH is the main species that breaks down organic pollutants [53].
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 2.1.5.    FeS
Up  to  now,  eight  polymorphs  of  ferrous  sulfide  (FeS)  have
been found. They form crystals in cubic, monoclinic, orthorhom-
bic,  tetragonal,  and  hexagonal  systems.  These  structures  are
grouped into types like troilite, pyrrhotite-, mackinawite-type,
and  their  variants.  Most  FeS  polymorphs  have  a  troilite-type
structure  within  the  hexagonal  space  group  P62c.  Each  FeS6

unit  shares edges with nearby units  along the a-axis  or  c-axis
[34-35](Fig.  2(e-f)).  In  FeS/PMS  systems,  high-valent  iron
(Fe(IV))  is  the  main  active  substance  [15].  FeS  works  in  two
ways.  It  acts  as  both  an  adsorbent  and  a  catalytic  activator,
with  Fe(II)  and  S(-II)  working  together  to  donate  electrons —
this  is  key  for  pollutant  degradation  [36].  Hong  et  al.  shared
their  research  on  FeS.  It  effectively  activates  PMS  to  remove
organic  pollutants,  where  S(-II)  boosts  the  Fe3+/Fe2+ cycle.  It
does  this  by  shuttling  electrons  through  Fe–S  coordination
bonds,  thus  improving  the  regeneration  of  active  iron  sites
[37].

 2.1.6.    FeS2

Iron disulfide (FeS2) has got a lot of attention from researchers.
It’s cheap, easy to find in nature, and has plenty of Fe2+ active
sites—this is especially true for its use in environmental remedi-
ation [37].  It  mainly comes in two crystal  forms. One is pyrite,
with a cubic lattice (space group Pa3). Each Fe atom here is sur-
rounded  by  six  S  atoms  in  an  octahedral  arrangement  [38].
The other is marcasite. It has an orthorhombic structure (space
group  Pnnm)  [39]  (Fig.  2(g)).  In  Fenton  processes,  Fe2+ reacts
with  H2O2.  This  reaction  makes  hydroxyl  radicals,  and  these
have  a  high  oxidation  potential  (2.8  eV)  [40].  They  can  break
down  almost  all  organic  pollutants  into  CO2 and  H2O  [41].
Photo-Fenton  catalysis  further  addressed  the  issue  of  limited
cycling efficiency of Fe2+/Fe3+ [42-43].

 2.1.7.    NiS
Nickel sulfide (NiS) is recognized for its high stability and cost-
effectiveness. Its narrow band gap (1.92–2.41 eV) also makes it
an effective photocatalytic material [44]. NiS has two main crys-
tal structures.  These are hexagonal system (α-type) and trigo-
nal  system  (β-type),  and  temperature  determines  which  one
forms.  Its  catalytic  active  sites  include  surface  Ni2+/Ni3+ pairs
and S vacancies. These sites adsorb reactants and help create
radicals. The α-NiS phase has a hexagonal structure like niccol-
ite.  Ni  atoms  here  are  octahedrally  coordinated,  and  there’s
clear  metal–metal  bonding  (Ni–Ni  distance  ≈  2.68  Å).  Cubic
NiS2 is  another  common  form.  It  has  a  pyrite-type  structure
with separate S2 units  [45]  (Fig.  2(h-i)).  The β-NiS  phase has  a
rhombohedral unit cell. Sajjad Haider and his team studied NiS
and NiS–carbon nanotube (CNT) nanocomposites. They found
these  materials  have  a  large  surface  area.  This  large  surface
area  boosts  redox  reactions  and  enhances  electron  transfer.
Both effects help improve catalytic performance [46-47].

 2.1.8.    CoS
Cobalt  sulfide  (CoS)  stands  out  for  its  active  redox  behavior
[48-49]. It usually forms crystals in hexagonal or orthorhombic
systems.  Its  surface  has  active  sites.  These  include  Co2+/Co3+

couples and S vacancies, which help break down H2O2 or persul-
fates  into  highly  reactive  radicals.  In  CoS/PMS  systems,  the
main  reactive  species  are  Co(IV)  and 1O2 [15].  CoS  also  has  a
very high specific surface area. This helps to adsorb organic pol-
lutants,  increase  their  local  concentration  and  improve  the

degradation efficiency.

 2.1.9.    MnS
Manganese sulfide (MnS) has several crystal phases. The most
stable  one is  α-MnS.  It  has  a  rock  salt  structure,  with  tetrahe-
dral  coordination.  γ-MnS  is  different —it  has  a  wurtzite-type
structure. Its Mn–S bonds form an isosceles tetrahedral shape:
three short bonds and one long one. This shows the bonding
interactions  are  weaker  [50]  (Fig.  2(j-k)).  β-MnS  has  a  zinc
blende  structure,  and  this  form  is  metastable.  MnS’s  surface
active  sites  include  Mn2+/Mn3+ redox  pairs  and  sulfur  vacan-
cies,  catalyzing  the  decomposition  of  H2O2 or  persulfating  to
make reactive radicals [51]. Manganese can exist in three oxida-
tion  states:  Mn(II),  Mn(III),  Mn(IV).  The  conversion  between
these states helps turn O2 into O2

•−,  and then into ·OH [52]. In
oxidation processes [53].

This section provides a detailed introduction to metal sul-
fides. The relationship between their crystal structures and the
catalytic performance of the Fenton-like reactions was mainly
studied. The sulfides under discussion include CuS, ZnS, MoS2,
WS2,  FeS,  FeS2,  NiS,  CoS  and  MnS.  We  focus  on  the  inherent
structural  features  of  these  materials,  which  enhances  our
understanding of their fundamental characteristics. Our analy-
sis  pointed out  the key structural  features  that  drive  catalytic
activity: 1. Their electron band structure is adjustable. For exam-
ple,  NiS  has  the  narrow  bandgap.  This  endows  the  material
with a remarkable ability to absorb light and separate charges.
2.  Their  surfaces  have  a  large  number  of  active  sites.  These
include  metal  atoms  with  unsaturated  coordination  at  the
edges,  such  as  Mo  in  Mo2.  They  also  include  redox-active
metal pairs, such as Co2+/Co3+and Ni2+/Ni3+.  Sulfur and metal-
lic  vacancies  are  prevalent  as  well.  These  sites  help  activate
hydrogen  peroxide  or  persulfates  (PMS/PDS)  efficiently.  3.
Some  have  layered  shapes —MoS2 and  WS2 are  good  exam-
ples. Others like CuS have a high specific surface area. Both pro-
vide lots of reactive interfaces. 4. They contain reducible compo-
nents. FeS has S2− and Fe2+, for instance. These components pro-
mote smooth metal valence cycling—like the Fe3+/Fe2+ cycle.
This  cycling  keeps  radical  species  (·OH,  SO4

• −)  or  non-radical
active oxygen species (1O2, Fe(IV), Co(IV)) being produced.

Although  we’ve  made  good  progress  in  research,  there
are still challenges to overcome. For one thing, we still haven’t
fully  explored  metal  sulfides.  Take  certain  crystal  phases  as
examples. The 3R phase of MoS2 and the many polymorphs of
NiS—their potential  in environmental catalysis is  just starting
to  be  studied.  We  also  lack  systematic  comparative  studies.
These would look at their performance advantages and stabil-
ity in detail.

 2.2.  Electronic Structures of Metal Sulfides

The  electronic  structure  of  transition  metal  sulfides  (TMS)  is
formed  by  the  mixture  of  the  d  orbitals  of  transition  metals
and  the  p  orbitals  of  sulfur.  This  mixture  generates  covalent
bonds  within  the  material  layers.  Weak  van  der  Waals  forces
press these layers against each other. Because sulfur has a very
high electronegativity,  it  absorbs electron density from metal
atoms.  This  makes  the  bonds  have  both  ionic  and  covalent
traits. Therefore, the chemical bonds of metal sulfides are nei-
ther  pure  ionic  bonds  nor  pure  covalent  bonds.  It  lies  some-
where in between.  Metal  cations can have multiple oxidation
states  in  TMS.  This  ability  helps  electrons  move  through  the
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material—critical for activating oxidants and catalyzing redox-
based  pollutant  breakdown  [5].  These  attributes  make  TMS
highly suitable for use in AOPs.

Band  theory  utilizes  bands  to  help  explain  the  electronic
properties  of  metal  sulfides.  The  gap  between  the  valence
band and conduction band—we call this the band gap—repre-
sents the minimum energy needed to push an electron into a
conductive  state  [55-56].  Some  metal  sulfides  have  energy
bands  like  metals  do.  Their  conduction  bands  and  valence
bands  are  easily  accessible.  When  these  sulfides  are  stimu-
lated  sufficiently,  electrons  can  transition  from  the  valence
band to the conduction band. This lets electricity flow through
them. Conversely, other metal sulfides act as semiconductors.
They have a clear band gap between the two bands. External
energy—like heat or light particles—can push electrons across
this  gap.  This  creates  electron–hole  pairs,  which  makes  the
material conductive.

In  summary,  metal  sulfides  have  unique  traits.  These
include  good  electrical  conductivity,  a  relatively  low  redox
potential,  and  an  electron-rich  nature.  These  traits  are  key  to
boosting  their  effectiveness  in  AOPs.  This  is  especially  true
when  they  act  as  co-catalysts  to  regenerate  active  sites.  For
instance,  its  high  electrical  conductivity  enables  electrons  to
pass through the catalyst rapidly, which is a key factor driving
redox reactions in the AOPs process. This property lets metal sul-
fides take an active part in electron-exchange processes. What’
s more, metal sulfides have low redox potential and lots of elec-
trons. Together, these two things let them donate electrons eas-
ily.  This  electronic  empowerment  helps  to  reduce  metal  ions
and aids in regenerating active sites on the catalyst surface.

 3.  Advanced Oxidation Mechanisms in Transition
Metal Sulfide-Based Systems

AOPs is a very promising approach to dealing with environmen-
tal  issues.  They  can  reduce  the  chemical  oxygen  demand
(COD) and remove emerging pollutants. TMS have a large num-
ber of sulfur sites and redox sites.  They also have built-in cat-
alytic  activity  and  adjustable  electronic  structures.  So  they’re
seen as effective catalysts in AOPs [15]. A key part of these pro-
cesses is making reactive oxygen species (ROS) efficiently from
catalysts,  oxidants,  and  the  reaction  medium  [57].  ROS  forms
in two main ways: radical and nonradical pathways. For the radi-

cal  pathway,  the  catalyst  activates  the  oxidant,  such  as  H2O2,
persulfates  (PMS  and  PDS),  and  ozone  (O3).  This  will  produce
free  radicals  such  as  SO4

• −,  ·OH,  and  O2
• −[58].  TMS  facilitates

accelerated oxidation by utilizing its distinctive electrical config-
uration, surface active sites, and metal-sulfur synergy. The core
of  this  process  is  to  generate  highly  oxidized  radicals.  This
occurs through changes in the valence of transition metals, sur-
face  defects  (e.g.  sulfur  vacancies),  and  the  activation  of  oxi-
dants, all of which can effectively decompose pollutants. Non-
radical  oxidation  occurs  on  the  surface  of  the  catalyst.  It
mainly goes through three routes:  electron transfer (ETP), 1O2

oxidation,  and  high-valent  metal-mediated  oxidation
[3,59,60].

 3.1.  Mechanism of Redox-Active Metal Sulfides

 3.1.1.    CuS
CuS is a naturally occurring sulfide mineral. It has metallic con-
ductivity  and  a  unique  layered  structure  [61].  Sulfur  species
(S2,  Sn2)  donate  electrons  to  rejuvenate  metal  sites.  The  cat-
alytic  activity  of  CuS  stems  from  the  redox  copper  pairs  (Cu
(I)/Cu(II))  and  these  sulfur  compounds  (such  as  S2−,  Sn2−).
These sulfur  components  play a  crucial  role  in  facilitating the
movement of  electrons,  which is  essential  for  the Cu(I)/Cu (II)
redox cycle. This boosts PMS activation and pollutant degrada-
tion [62-64]. In the CuS/PS system, most reactions are heteroge-
neous.  They  take  place  on  the  catalyst’s  surface.  PS  sticks  to
CuS and gets activated to generate ROS, mainly SO4•- and ·OH.
Meanwhile,  PS  oxidized  the  ionic  bonds  in  CuS.  This  forms
Cu2+ and S2−. Then S2− gets oxidized into various intermediate-
valence sulfur species. These aren’t final products. They’re bet-
ter at reducing than S2−. These species act as efficient catalytic
shuttles.  They  quickly  turn  Cu(II)  back  into  Cu(I),  which  is  key
for  keeping  the  Cu(I)/Cu(II)  cycle  going.  Although  homoge-
neous activation is limited, dissolved Cu2+ can still activate PS
in solution.  This  generates  SO4

•− and ·OH [65]  (Table1).  When
copper  catalysts  activate  PMS,  the  Cu(II)/Cu(I)  cycle  helps
make  ·OH,  while  the  Cu(III)/Cu(II)  cycle  produces  SO4

• − [66]
(Fig. 3(a)).

 3.1.2.    FeS
FeS has strong reducing capacity and a thiophilic nature. This
makes  it  highly  reactive  with  various  compounds  [67-68].  In
the FeS/PAA system, Fe(II)  and S2− are the primary initial  con-

 

Table 1.   Metal sulfide systems and their corresponding mechanisms.

System
Major Reactive
Oxygen Species

Mechanism

CuS/PS SO4
•−, ·OH S²− is further oxidized to intermediate sulfur species, which promotes the Cu(I)/Cu(II) cycle. The

Cu(II)/Cu(I) cycle facilitates the formation of ·OH, while the Cu(III)/Cu(II) cycle gives rise to SO4
•− [65-66].

FeS/PAA ·OH During activation, Fe(II) is oxidized to Fe(III), generating •OH. Sulfur substances enhance the regeneration
of Fe(II), thereby accelerating PAA activation and radical production [69].

NiS/PMS ¹O2, SO4
•−,·OH Ni2+ activates PMS to generate SO4

•−. Surface sulfur vacancies expose more Ni2+ active sites, enhancing
PMS activation, while surface sulfur facilitates the regeneration of Ni2+ [73-75].

MnS/H2O2 ·OH
The efficient cycling between Mn(II)/Mn(III)/Mn(IV) provides sufficient O2

•−, thereby generating
additional ·OH to enhance the degradation of organic pollutants [53].

MoS2/PS ·OH
Mo(IV) is oxidized to Mo(V) and Mo(VI), with Mo(V) likely being the primary factor in the selective

activation of PMS for SO4
•− generation. Additionally, low-valent molybdenum reacts with O2 to produce

O2
•−, which is further converted to ¹O2 [91].

FeS2/PS SO₄•−,·OH
FeS2 releases Fe(III) through oxidation by PS, which activates PS to generate SO4

•−. SO4
•− effectively

degrades target organic pollutants. The oxidation process promotes the Fe2+/Fe3+ cycle and enhances
SO4

•− production, while ·OH may be generated from SO4
•− [88-89].
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stituents. The surface Fe (II) oxidizes to Fe (III). This process gen-
erates ·OH and alkoxy radicals (R-O·). At the same time, the sul-
fur component oxidizes into elemental sulfur (S0), S8, and poly-
sulfide ions (Sn2−) [69-70] (Table1). These sulfur species help con-
trol how radicals form. Aqueous H2S speeds up PAA activation
and radical production by turning Fe(III) back into Fe(II). Sulfur
species  quickly  use  up  R-O·,  but  ·OH  is  still  the  main  radical
that breaks down pollutants (Fig. 3(b)). The catalytic activity of
FeS  arises  from  the  synergistic  interaction  between  its  vari-
able-valent iron centers (Fe(II)/Fe(III)) and sulfur species. The sul-
fur  components  enable  the  essential  conversion  of  Fe(III)  to
Fe(II),  thus improving the activation of PAA and consequently
advancing contaminant degradation.

 3.1.3.    NiS
Nickel-based  catalysts  work  well  to  activate  PMS.  They  break
down  many  different  organic  pollutants  [71].  Luo  et  al.
designed NiS with sulfur vacancies. They found key active sites
for  PMS  activation:  Ni2+,  reduced  sulfur  species,  and  sulfur
vacancies [72]. Sulfur vacancies expose more Ni2+ sites, which
improves  PMS  activation,  while  surface  sulfur  helps  regener-
ate Ni2+.  Activating PMS produces SO4

•−,  which can react with
H2O or OH− to form ·OH. Both radicals stay attached to the cata-
lyst  surface. 1O2 forms  in  two  ways:  either  from  O2

• − combin-
ing, or from O2

•− reacting with H2O or ·OH[73-74]. Additionally,
PMS  can  be  directly  oxidized  at  sulfur  vacancies  to  make 1O2

[75]  (Table1).  And the catalyst  acts  as  a  mediator  for  electron
transfer here [71].

 3.1.4.    CoS
Cobalt  sulfide  (CoS)  has  active  sites  on  its  surface.  These
include Co2+/Co3+ redox pairs and sulfur vacancies, which effec-
tively help break down H2O2 or persulfates. This breakdown cre-
ates highly reactive radical species, and these radicals go on to
degrade  pollutants.  CoS  has  strong  redox  activity.  This  is
because Co(II) can activate substances well, and sulfur species
can give away electrons [76].  In the CoS/S(IV) system, organic
pollutants  are  removed  in  two  ways.  One  is  homogeneous

(using  dissolved  Co2+),  the  other  is  heterogeneous  (using  Co
on the surface) [77]. In the CoS2/PMS system, several ROS help
with catalysis. These are 1O2,  ·OH, and SO4

•−—and SO4
•− plays

the  biggest  role  [78].  Initially,  Co2+sites  on  the  surface  react
with PMS. This forms SO4

•− and Co3+. Then the radicals oxidize
pollutants,  and  PMS  turns  Co3+ back  into  Co2+,  which  com-
pletes the catalytic cycle [79] (Fig. 3(c)).

 3.1.5.    MnS
Liao  et  al.  [53]  showed  that  MnS  dissolution  in  acidic  condi-
tions.  This  releases  sulfides,  which  activate  molecular  oxygen
on MnS surfaces. They use a two-electron transfer pathway to
make  H2O2 [80].  Sulfides  also  act  like  a  Fenton-like  reagent.
They activate H2O2 to produce ·OH. This ·OH oxidizes Mn(II) to
Mn(III), which further turns into Mn(IV) and reacts with H2O2 to
form  O2

• −.  At  the  same  time,  Mn(II)  and  O2
• − can  also  form

Mn(III). O2
•− and Mn(II)/Mn(III)/Mn(IV) cycle efficiently. This pro-

vides  O2
• − for  Fenton  reactions,  making  more  ·OH  to  boost

degradation  [53]  (Table1).  Wang  et  al.  put  forward  an  idea
about  the  Mn(II)/sulfite  system.  Sulfite  oxidizes  by  itself  to
form SO3

•−.  O2 then oxidize SO3
•−s to SO5

•−,  which drives Mn’s
redox cycling [81-84].  SO5

•− and SO4
•− oxidize Mn(II)  to Mn(III)

and Mn(IV), while Mn(III) speeds up sulfite consumption, creat-
ing more SO5

•− and SO4
•− [85] (Fig. 3(d)).

 3.1.6.    FeS2

There  are  catalytic  sites  on  the  crystal  surface  of  FeS2.  These
include variable-valence iron centers  (Fe(II)/Fe(III))  and reduc-
ing  sulfur  species,  such  as  S2− and  S2

2−.  Surface  Fe  (II)  and  Fe
(III) ions are the main active centers for activation by direct oxi-
dants.  They  transfer  electrons  with  H2O2 or  persulfates
(PMS/PDS)  to  start  radical  chain  reactions.At  the  same  time,
reducing sulfur species work as key promoters and electron stor-
age units.  They work well  to  convert  Fe(III)  back to  Fe(II).  The
suggested  Fenton-like  oxidation  mechanism  has  several  key
steps.  These are iron dissolving from the mineral  surface,  ·OH
forming via Fenton reactions, and the resulting free radicals oxi-
dizing and breaking down organic pollutants. O2oxidizes FeS2
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and  makes  it  dissolve,  releasing  Fe(II).  This  Fe(II)  takes  part  in
Fenton  chemistry.  In  addition,  H2O2 can  oxidize  FeS2 to  form
Fe(III)[86].  FeS2 and  Fe3+ interact  in  two  ways.They  promote
Fe3+ reduction  to  Fe2+ in  solution.  They  also  speed  up  Fe2+

release  from  the  FeS2 lattice.  This  means  FeS2 enhances  the
Fe2+/Fe3+ cycling, which is needed for continuous ·OH produc-
tion and efficient organic pollutant degradation [87].

When  FeS2 activates  PS  oxidation,  there’s  another  path-
way besides O2

•−-mediated oxidative dissolution. FeS2 may be
directly oxidized by PS to release Fe(III). Both PMS and PDS can
be  activated  to  generate  SO4

• −.  Persulfates  directly  oxidizing
FeS2 also  leads  to  SO4

• − formation  [88].  This  radical  attacks
organic  pollutants,  resulting  in  efficient  breakdown.  During
the  whole  process,  Fe3+ reacts  with  FeS2.  This  further  helps
reduce  Fe3+ to  Fe2+ and  releases  more  Fe2+ from  the  solid
phase. This keeps the iron redox cycle going, allowing steady
SO4

•− generation. Researchers also believe that ·OH may be indi-
rectly  formed  from  SO4

• − in  the  FeS2/PS  system  [89]  (Table1).
Both  radicals  help  break  down  pollutants.  Moreover,  sulfur
species  play  a  key  role  in  FeS2-driven  oxidation.  The  system
has  sulfur  in  various  valence  states.  These  include  monosul-
fides (S2−),  dissulfides (S2

2−),  polysulfides (Sn2−),  elemental sul-
fur  (S0),  and  sulfates  (SO4

2−).  Among  them,  sulfur  types  with
lower  valence  states  are  particularly  conducive  to  promoting
the cycle of Fe2+/Fe3+ [87,90] (Figure 3(f)).

 3.2.  Mechanism of Electron-Rich Metal Sulfides

 3.2.1.    MoS2

MoS2 has  active  sites.  These  are  mainly  edge  sites  of  its  lay-
ered structure and sulfur  vacancies  on the basal  planes.  They
help  activate  oxidants  to  make  reactive  oxygen  species  (e.g.,
·OH, 1O2). This activation lets pollutants in water break down effi-
ciently.  Layered  MoS2 works  in  persulfate-based  AOPs.  It’s
good  at  geting  oxidants  like  PMS  and  PDS  working  directly,
using electron and energy transfer mechanisms[25,59]. Mo (IV)
gives  electrons  to  oxidants.  This  process  turns  Mo(IV)  into
Mo(V) and then Mo(VI).  Mo(V) is especially good at one job: it
selectively  breaks  the  peroxo  bond  (–O–O–)  in  PMS  to  form
SO4

• − [91]  (Table1).  Additionally,  Mo(IV)  reacts  with  dissolved
O2.  This  produces  O2

• −,  which  can  turn  into 1O2 by  reacting
with ·OH or H2O2. Early studies often used 2H-MoS2. But recent
research  shows  the  1T  phase  has  better  traits —it’s  metallic,
transfers charge well, and adsorbs PMS more strongly [92-93].
The  1T  phase  mainly  activates  PMS  to  make  SO4

• −,  ·OH,  and
1O2.  Vacancy defects, on the other hand, activate PDS to form
·OH, 1O2, and O2

•− [25]. In the Fenton-like system, MoS2 serves
as a cocatalyst. It accelerated the reduction of Fe3+ to Fe2+, pro-
moted  the  decomposition  of  H2O2,  and  increased  the  output
of  ·OH.  This  is  mainly  attributed  to  the  exposed  Mo  (IV)  sites
[94]. The Fe–MoS2 catalyst with a higher 1T has more accessi-
ble  active  sites.  They  also  transfer  electrons  better,  which
speeds up reaction kinetics [95-96] (Fig. 3(e)).

 3.2.2.    WS2

WS2 is a new type of transition metal dichalcogenide. It can be
processed to get W(IV) active sites, showing great potential for
water  treatment  [97].  In  the  Fe3+/H2O2 system,  WS2 acts  as  a
cocatalyst. It promotes Fe3+ reduction and H2O2 activation, gen-
erating ·OH and O2

•− [98-99]. Unsaturated S atoms on the sur-
face bind with protons to form H2S. This creates sulfur vacan-
cies,  which  expose  W4+ sites.  W4+ reduces  Fe3+ to  Fe2+.  Then

Fe2+ activates H2O2 to produce ·OH [33].

 3.3.  Environmental Impact

 3.3.1.    pH
The  pH  value  of  the  solution  is  a  key  parameter  for  waste-
water treatment by AOPs. It greatly affects the decomposition
of  oxidants,  controls  the  surface  charge  of  TMS-based  cata-
lysts, and alters the physical and chemical properties of the tar-
get substrate [100-102]. Overall, pH influences degradation effi-
ciency  through  multiple  factors.  These  factors  often  work
together. Their interactions create complex connections. Such
factors  include  the  redox  potential  of  radical  and  non-radical
species [103], the chemical form of persulfate [104], how much
organic contaminants are protonated [105], and the availabil-
ity of active sites plus overall  catalytic performance [106].  But
many  current  studies  don’t  separate  variables  that  might
cause  confusion.  This  makes  it  hard  to  link  observed  effects
specifically to pH, or to figure out how much each factor con-
tributes on its own [107].

 3.3.2.    Temperature
Temperature  plays  a  fundamental  role  in  PS-based  AOPs.  It
has  a  significant  impact  on  how  pollutants  decompose  over
time.  In  systems where free radicals  are  the main driving fac-
tor,  higher temperatures within a specific range (e.g.,  40-60°C
or  40-80°C[108])  help  to  break  the  peroxygen (O-O)  bonds  in
persulfates.  This  will  lead  to  more  aggressive  production,
thereby enhancing the efficiency of pollutant removal. But tem-
peratures  that  are  too high can cause radicals  to  cancel  each
other out—this happens because there are too many radicals.
They might also trigger reactions between radicals and persul-
fate,  shifting degradation toward non-radical  pathways [109].
Temperature  also  changes  how  well  catalysts  work,  whether
the mechanism is  radical  or  non-radical  [110-111].  So far,  few
studies have looked at temperature effects in non-radical sys-
tems in a systematic way [112]. Part of the reason is that heat-
ing  activates  PS  thermally  at  the  same  time,  creating  radicals
that make it hard to interpret the mechanism clearly [107].

 3.3.3.    Coexisting substances
SO4

2−,  NO3
− and  Cl− all  exist  in  the  system  we  studied.  These

ions have almost  no influence on the reaction process.  CO3
2−

and PO4
3− were different—they greatly slowed down tetracy-

cline  (TC)  removal.  This  is  probably  because  they  bind  with
metal sites on the catalyst surface, blocking the active centers
[15,113-114].

But coexisting ions don’t always have the same impact. It
depends on the specific reaction system. Take the CuS/PS sys-
tem for atrazine (ATZ) degradation as an example. Researchers
tested how Cl−, HCO3

−, and HPO4
2− affect this process [65]. Cl−

slightly  accelerated  the  degradation  rate  of  ATZ.  Because  Cl−

reacts with SO4
•− to form active chlorine species (RCS), such as

Cl·, Cl2•− and Cl2. These RCS have a very strong redox capacity.
They  break  down  ATZ  in  a  way  similar  to  SO4

• − [115].  What’s
more, RCS help radical chain reactions keep going. This will pro-
duce  more  SO4

• −,  thereby  enhancing  the  degradation  effi-
ciency [116]. The addition of HCO3

− also slightly promoted the
degradation of ATZ. This anion reacts with SO4

•− to form a bicar-
bonate radical (HCO3·). These free radicals act as accelerators -
they help PS decompose into SO4

•−, accelerating the degrada-
tion  of  ATZ.  But  if  HCO3

− concentration  goes  over  a  certain
level, ATZ removal drops sharply. That’s because HCO3

− starts
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competing with ATZ for both ·OH and SO4
•− [117]. In the end,

this  has a net  negative effect  on degradation.  HPO4
2−,  on the

other  hand,  always  slowed down ATZ degradation.  There  are
two main reasons for this: 1. HPO4

2− reacts with SO4
•− and ·OH

to form HPO4
•−. These radicals aren’t strong enough to oxidize

organic  pollutants  [118].  2.  HPO4
2− sticks  tightly  to  solid  sur-

faces. It adsorbs onto the catalyst, reducing the number of avail-
able active sites [119].

 3.3.4.    Natural Organic Matter
Natural Organic Matter (NOM) is a complex mix. It’s made of dif-
ferent  organic  compounds,  with  varying  molecular  sizes  and
properties. AOPs generate the powerful oxidant ·OH. This ·OH
can react with NOM [120]. So NOM acts as a ·OH scavenger—it
uses up the radical. This lowers the degradation efficiency of tar-
get pollutants. Feng et al. ran a study to show this. They used
humic acid (HA, 0–40 mg·L−1) to stand for NOM, testing how it
affects  ketoprofen  (KET)  degradation.  Results  showed  HA
slowed  down  KET  degradation.  The  more  HA  there  was,  the
stronger  the  inhibitory  effect.  Several  mechanisms  explain
this: 1. NOM can soak up radicals. It may even turn radical inter-
mediates back into the original compounds. This messes with
radical-based oxidation [103]; 2. HA has functional groups like
carboxyl  and  hydroxyl.  These  groups  easily  react  with  SO4

• −

and ·OH [121-122]; 3. HA reacts strongly with these oxidants. It
uses  them  up,  which  reduces  the  system’s  overall  oxidative
capacity [123].

Water matrix complexity also affects how well the system
works. Feng et al.  [123] pointed out something. KET degrada-
tion was least efficient in a seawater matrix as well. This is proba-
bly  because  seawater  has  high  Cl− levels.  Cl− soaks  up  SO4

• −

and ·OH, which cuts down KET degradation efficiency.

 4.  Regulation Strategies for Catalytic
Performance Enhancement in Transition Metal
Sulfides

 4.1.  Bimetallic sulfides

In  recent  years,  transition  metal  sulfides  have  gotten  a  lot  of
attention.  They’re  affordable,  easy  to  design  and  make,  and
have strong catalytic activity [124-127]. Sulfur (S) is electronega-
tive.  Adding  it  to  the  catalyst  makes  electrons  spread  out
more.  This  creates  efficient  paths  for  electron  transfer  and
helps cations move toward sulfur. Lots of studies show single-
metal transition metal sulfides work well as catalysts. But their

performance  often  hits  limits.  Issues  include  too  few  active
sites  [128-129],  slow  metal  valence  cycling,  and  sometimes
metal  ion  leaching  or  poor  structural  stability.  To  solve  these
problems, researchers produced bimetallic sulfides. Their main
idea  is  to  use  the  way  two  different  metal  elements  work
together.  In  contrast,  bimetallic  sulfides  are  better  in  several
ways. They transfer electrons faster, have stronger electrochemi-
cal  activity,  and  have  more  active  centers.  These  characteris-
tics stem from numerous redox reactions, band distortion and
the  formation  of  vertical  heterostructures - all  of  which  nar-
row the band gap [130]. So designing bimetallic sulfides or sul-
fide-based  hybrid  structures  is  a  promising  direction.  This
design uses the electronic interaction between two metals to
boost catalytic function [9].

 4.1.1.    Co and M (M = Mn, Ni, Cu, Zn)
Conventional  surface  doping  often  causes  catalyst  leaching
and poor stability [131].  Homogeneous bimetallic sulfides are
different —their  formation  lets  us  adjust  electronic  structures
precisely.  They  also  create  ideal  metal–metal  synergy,  which
greatly  boosts  catalytic  performance  [132].  Porous  or  hollow
structures are really useful here. They have large surface areas
and  low  density,  which  help  expose  more  active  sites  [133-
134]. So combining homogeneous bimetallic sulfides with hol-
low  structures  has  become  more  and  more  popular.  Metal-
organic frameworks (MOFs) are a key type of crystalline porous
material.  They  have  various  chemical  compositions  and  work
well  in  many  applications  [135].  MOFs  is  composed  of  metal
nodes  connected  by  organic  molecules.These  form  a  crys-
talline porous coordination network [136-138],  maintain their
structural stability through intermolecular forces, such as hydro-
gen bonds and π–π stacking [139-140]. They have a large sur-
face  area  and  adjustable  chemical  properties,  making  MOFs
excellent  precursor  materials  [141].  The  organic  skeleton  can
accommodate  different  metal  ions.  This  enables  the  bimetal-
lic system to be uniformly mixed at the molecular level [142].

For  example,  researchers  made  bimetallic  MOF  precur-
sors by self-assembling Co(NO3)2, M(NO3)2 (where M = Mn, Ni,
Cu,  Zn),  and  2-methylimidazole.  M(II)  and  Co(II)  have  similar
ionic  radii  and  electronic  structures.  So  M(II)  ions  take  the
place of Co(II) sites in the framework, instead of just staying on
the  surface.  Then  they  used  thioacetamide  for  sulfidation
under hydrothermal conditions. This made hollow bimetallic sul-
fide  polyhedra.  Calcining  them  in  a  N2 atmosphere  further
improved their crystallinity [143] (Fig. 4(a)) (Table2). In another

 

1.0

PMS
Co3S4

PMS+Co3S4

PMS+Cu0.3Co2.7S4

PMS+Zn0.3Co2.7S4

PMS+Ni0.3Co2.7S4

PMS+Nn0.3Co2.7S4

0.8

0.6

C
/C

0

0.4

0.2

0

1.0

0.8

0.6

C
/C

0

0.4

0.2

0

1.0

0.8

0.6

C
/C

0

0.4

0.2

0
0 5 10 15

Time (min)

(a) (b)

Time (min)

(c)

Time (min)

20 25 30 −60 0 10 20 30 40 50 60 0 5 10 15 20 25 30

dark visible light+PMS

MoS2

Fe-MoS2(0.01)
Fe-MoS2(0.03)
Fe-MoS2(0.07)
Fe-MoS2(0.10)
Fe-MoS2(0.13)

PAA
CuFeS2

CuFeS2/H2O2

CuFeS2/PAA

Fig.  4. (a)  Degradation  of  SMT  in  the  presence  of  different  metal  substituents.  Reaction  conditions:  [SMT]  =  55 mg  L−1,  [PMS]  =  0.3  g  L−1,
catalyst = 80 mg L−1 and pH = 6.5. Reproduced with permission [143]. Copyright 2020, Chemical Engineering Journal. (b)Kinetics of TCH removal
by Fe-MoS2 composites with different molar ratios under light/PMS systems. Reproduced with permission [151]. Copyright 2022, Chemical Engi-
neering Journal. (c) MTZ removal in diverse processe. Reaction conditions: [PAA] = 460 μM, [CuFeS2] = 4 g L−1, [H2O2] = 1278 μM, [MTZ] = 10 mg
L−1, [pH] = 3. Reproduced with permission [154]. Copyright 2023, Separation and Purification Technology.

Environmental Chemistry and Safety   doi: 10.26599/ECS.2025.9600046

(8 of 16) Environmental Chemistry and Safety 2025, 1: 9600046
 



study, Li et al.  made a core–shell structured cobalt–nickel sul-
fide (NiCo2S4/Co9S8/NiS, called NCS) using a two-step hydrother-
mal method. When used as a peroxymonosulfate (PMS) activa-
tor  at  pH  3.9,  it  removed  82.2%  of  pollutants  in  35  minutes.
This  was  much  better  than  monometallic  sulfides.  The  linked
redox  cycles  of  Co3+/Co2+ and  Ni3+/Ni2+ were  the  key  to  this
improved PMS activation [144].

 4.1.2.    Fe and Mo
Bimetallic Mo/Fe sulfides have plenty of active sites. They also
show  great  potential  for  catalytic  activation.  These  systems
can be made using bimetallic MOF precursors [145-146]. Take
Mo/Fe–MOFs as an example. They form 3D structures with alter-
nating MoO4

2−–Fe layers and 4,4′-bipyridine linkers [147]. Com-
posites  with  closely  interacting  components  expose  more
active sites. This makes their functionality stronger [146,148].

Previous studies point out something. Adding Fe into the
MoS2 lattice activates the basal planes—these are usually inac-
tive. It also increases edge site exposure [149-150]. This greatly
improves PMS activation. Li et al.  made Fe-doped MoS2 using
a  one-pot  hydrothermal  method.  Its  better  performance
comes  from  two  things:  (1)  Structural  changes  let  electrons
move faster.  (2)  Fe–S–Mo bridges  help  electrons  transfer  effi-
ciently.  This  allows  Mo(IV)/Mo(VI)  and  Fe(III)/Fe(II)  to  cycle
redox  reactions  to  keep  PMS  decomposing  [151]  (Fig.  4(b))
(Table2).

 4.1.3.    Mo and M (M=Co, Ni)
Xie  et  al.  made  a  heterostructured  cobalt–molybdenum  sul-
fide. It’s supported on graphene oxide (O-CoMoS/GO) and has
hierarchical nanosheets. This catalyst activates PMS really well.
It removed nearly all 4-chlorophenol in just 10 minutes. Mecha-
nism research showed the main reactive species are 1O2, SO4

•−,
and  ·OH.  Its  high  activity  comes  from  the  synergy  between
bimetallic  sulfides  and  the  GO  support.  GO  enriches  electron
density  on  metal  centers,  moves  the  Co  d-band  closer  to  the
Fermi level,  and helps electrons transfer through Co/Mo–O–C
interfaces [152].

Wang et al. did similar work. They made a nickel–molybde-
num  sulfide  hybrid  (L-NiMoS2)  with  lots  of  active  sites.  This
material  has  haloperoxidase-like  activity.  When  H2O2 is
present, it catalyzes the oxidation of Br− to HOBr/OBr−. Its cat-
alytic  rate  constant  was  135.7  times  higher  than  that  of  pure
MoS2 [153].

 4.1.4.    Cu and Fe
Yang et al. utilized natural chalcopyrite (CuFeS2) to activate per-
acetic acid (PAA) for metronidazole (MTZ) removal.  The study
confirmed that ·OH served as the primary degradative species,

with  surface  Cu(I)  and Fe(II)  identified as  key  active  sites.  Sul-
fur  atoms  facilitated  proton  trapping,  leading  to  sulfur
vacancy  formation  and  increased  exposure  of  active  sites,
thereby  promoting  regeneration  through  reduced  sulfur
species [154] (Fig. 4(c)) (Table2).

 4.2.  Doped Non - metallic Elements

Doping with non-metallic elements provides an effective strat-
egy for tuning the electronic and surface properties of metal sul-
fides  [155].  Although  cations  typically  serve  as  active  sites  in
transition  metal  sulfides,  adjacent  anions  significantly  influ-
ence their electronic states [156]. Non-metal dopants can alter
electronic structures via substitution or interstitial doping, mod-
ulating interactions between active centers and reactants/inter-
mediates,  and  thereby  regulating  catalytic  activity  [157].  The
large electronegativity difference between non-metals and met-
als  facilitates  electron  transfer  and  orbital  hybridization  [158-
159], reducing the band gap and promoting electron mobility.
Additionally, lone-pair electrons on non-metal atoms can facili-
tate intermediate formation, enabling oxidation through non-
radical pathways [160]. Incorporating non-metal elements into
sulfide lattices has thus opened new avenues for designing tun-
able catalysts [155].

Recent research has shown that  incorporating non-metal
dopants  into  metal  sulfides  significantly  improves  their  func-
tional properties in diverse fields such as electrocatalysis (e.g.,
HER,  OER,  ORR),  lithium/sodium/potassium-ion  batteries,  and
photocatalysis.  As  an  example,  Wang  and  colleagues  devel-
oped a heterojunction photocatalyst through a hydrothermal
route,  combining  bismuth  sulfide  (Bi2S3)  with  non-metal
doped graphitic carbon nitride (g-C3N4), designated as xCN-BS
(x = O, S, or P). Using OCN-BS for the treatment of a 15 mg·L−1

bisphenol  A  (BPA)  solution,  a  96%  removal  rate  was  attained
within  4  hours.  The  introduction  of  non-metal  elements  con-
tributed to bandgap narrowing and electronic band structure
optimization,  which  collectively  enhanced  both  photocat-
alytic degradation efficiency and structural stability [161].

In  another  investigation,  Ye  et  al.  prepared  nitrogen-
doped  iron  disulfide  nanoparticles  (N-FeS2)  for  application  as
an electrocatalyst in the HER. Nitrogen, with its high electroneg-
ativity, effectively modified the electronic states and band con-
figuration of FeS2.  The resulting Fe–N interactions diminished
electron  density  around  sulfur  atoms  and  weakened  Fe–S
bonds. Relative to pristine FeS2, nitrogen doping elevated the
surface electron density of N-FeS2, which promoted the desorp-
tion  of  adsorbed  hydrogen  species  (H*)  and  consequently
enhanced  H2 production  [162].  Similarly,  Kou  et  al.  reported

 

Table 2.   Enhanced pollutant degradation by modified metal sulfide catalysts

Pollutant Oxidizing agent Catalysts Degradation rate (%) Improved catalysts Time (min) Degradation rate (%)

SMT PMS Co3S4 <5

Mn0.3Co2.7S4 15 100 [143]
Zn0.3Co2.7S4 30 85
Ni0.3Co2.7S4 25 95
Cu0.3Co2.7S4 25 95

BPA PMS Mn0.3Co2.7S4 4 100
RhB PMS Mn0.3Co2.7S4 10 100
TCH PMS MoS2 39 Fe-MoS2 15 100 [151]
PCA PS MoS2 25.1 MoS2-D/Fe3+ 30 100

MTZ
H2O2 CuFeS2 30

59.07 [154]
PAA 83.92
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that  nitrogen-doped  nickel  sulfide  (N-Ni3S2)  exhibited
enhanced hydrogen adsorption capability [158].

In  essence,  non-metal  doping  presents  several  benefits
such  as  cost-effectiveness,  elevated  stability,  uniform  dopant
distribution, and reduced particle aggregation. Its impact on cat-
alytic  systems  can  be  classified  into  four  principal  aspects:  1.
Doping with non-metals  customizes the electronic configura-
tion  of  catalysts  through  modifications  in  electronic  states,
band alignment, and adsorption behavior [163-164]; 2. It aug-
ments catalytic kinetics by elevating the number of active sites
and  strengthening  the  intrinsic  activity  of  catalytic  centers
[165-166]; 3. Enhanced charge transport capability accelerates
electron  transfer  in  electrocatalytic  reactions,  amplifying  the
intrinsic  catalytic  performance  [167-168];  4.  Cooperative
effects  between  dopant  species  and  the  host  catalyst  fine-
tune the electronic environment of active sites and raise their
density, resulting in a marked increase in electrocatalytic activ-
ity [169-170].

 4.3.  Introduction of Sulfur Vacancies

Introducing  sulfur  vacancies  is  a  key  defect  engineering
method for improving catalytic performance. Intentionally mak-
ing sulfur-deficient  sites  changes physicochemical  properties.
It  increases  deformation  energy,  exposes  active  sites,  and
alters  atomic  coordination.  The  spread  of  electrons  around
these vacancies makes nearby metal atoms more reactive. This
helps  adsorbates  break  down  and  activates  PMS —affecting
both  radical  and  non-radical  pathways  in  AOPs  [5,171].  For
example,  Kuang et  al.  created sulfur  defects  in  MoS2 through
thermal annealing. This greatly enhanced Fe3+/PMS activation.
The catalyst  with  plenty  of  defects  removed pollutants  much
better. This is because its surface charge was optimized and it
adsorbed more Fe3+ [172] (Fig.5).

Stabilizing sulfur vacancies is really important. Main strate-
gies are as follows: 1. Elemental Doping. Jiang et al. did defect
engineering  on  MoS2 by  adding  sulfur  vacancies  first.  Then
they doped In into the inner lattice of Vs-MoS2. This method sta-
bilized  the  catalyst  well.  It  lowered  the  catalyst’s  surface
energy  and  made  sulfur  redox  reactions  faster  [173].  2.  Het-
erostructure  Construction.  Zhao  et  al.  attached  Vs-MoS2

nanosheets  to  conductive  defective  graphene.  This  stabilized
sulfur  vacancies  at  a  strong  two-dimensional  (2D-2D)  inter-
face. This setup made electrical contact between MoS2 and the
conductive substrate  excellent.  It  also  helped reactants  reach

active sites easily [174].

 4.4.  In Situ Regeneration of Catalytic Activity

Many metal sulfides work well for repeated use, but slow mass
loss  and  active  site  consumption  often  hold  back  their  long-
term  application  [5].  For  instance,  MoS2 loses  its  active  sites
quickly [25]. Useful ways to regenerate them include high-tem-
perature  pyrolysis  in  inert  atmospheres —this  turns  oxidized
Mo(VI)  back  to  Mo(IV)  [175].  UV  light,  and  H2O2 treatment,
which  peels  off  layers  to  uncover  new  active  sites,  also  work
[176-178].  Other  methods  include  adding  elements,  combin-
ing  with  co-catalysts,  or  making  heterojunctions  to  direct
charge  transfer  [179].  For  example,  Qu  et  al.  made  an
FeOCl/MoS2 membrane for non-stop PMS activation [180]. Car-
bon  supports  have  real  advantages  too;  their  large  surface
area  lets  us  build  3D  MoS2@carbon  structures.  Zhu  et  al.
designed a 3D MoS2 sponge.  It  kept 97.87% degradation effi-
ciency  for  antibiotic  wastewater  during  16  days  of  non-stop
use [181].

 5.  Conclusion and outlook

Based  on  single-metal  sulfides,  bimetallic  sulfides  have  great
potential in AOPs. They are particularly effective in environmen-
tal restoration and wastewater treatment. They have a synergis-
tic effect and a unique electronic structure, so they fully utilize
the interaction between the two metals. This enables them to
effectively  activate  oxidants  such as  persulfate  and hydrogen
peroxide. The activation produces highly reactive free radicals
(e.g., SO4

•− and ·OH), which break down organic pollutants effec-
tively.  Bimetallic  sulfides  are  also  tunable  and  diverse.  These
characteristics  endow  it  with  good  catalytic  activity,  stability
and recyclability.  We also  suggest  using non-metallic  sulfides
in  a  smart  way.  This  helps  adjust  catalytic  activity  effectively.
Adding sulfur vacancies and in-situ regeneration methods too
can greatly expand what metal sulfides can do in AOPs. But cur-
rent research still  faces some challenges. These issues include
the  complexity  of  material  synthesis  methods,  incomplete
understanding  of  reaction  mechanisms,  and  problems  with
large-scale application in actual wastewater treatment. In con-
clusion,  the  research  on  bimetallic  sulfides  in  deep  oxidation
holds broad prospects. Cooperation in different fields and the
proposal of new technological concepts can enable these mate-
rials to provide new methods for controlling environmental pol-
lution and supporting sustainable development.
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To address these challenges and promote the transforma-
tion  of  basic  research  into  practical  applications,  we  suggest
that future research focus be placed on the following promis-
ing directions:

1.  Extensive  Application  of  Non-metallic  Doping  in
Advanced Oxidation Processes: Non-metallic doping is widely
used in photocatalysis and electrocatalysis. But its potential in
advanced  oxidation  still  needs  further  study.  This  method
changes the electron density of metal centers (e.g., Fe, Co, Cu).
It makes it easier to activate oxidants (e.g., PMS, PDS, H2O2) to
produce  more  reactive  oxygen  species.  What’s  more,  doping
often  creates  defects  and  unsaturated  sites.  These  naturally
act as effective adsorption or catalytic centers.

2.  Synergistic  Multi-Strategy  Design:  Research  should
move  away  from  just  mixing  single  modification  methods.
Instead, it needs to truly figure out how different components
work  together.  This  better  understanding  helps  build “supe-
rior catalytic architectures”. These structures have strong inher-
ent activity and stability.

3.  Guidance  for  Density  Functional  Theory  (DFT)  calcula-
tions: DFT calculations provide a comprehensive image of the
electronic  and  structural  properties  of  metal  sulfides  at  the
atomic level. This theory is conducive to the ingenious design
of new materials. These materials will have better catalytic activ-
ity, stability and electrical conductivity.

4.  A  Paradigm  Shift  towards  Data-Driven  Discovery:  It  is
important  to  stop  relying  on  guesses  and  repetitive  testing.
On the contrary, we should adopt a method based on under-
standing  how  things  work.  This  means  building  large,  fast-
access  databases.  These  databases  link “synthesis-structure-
property” relationships.  We  also  need  to  combine  machine
learning  (ML)  and  artificial  intelligence  (AI).  These  tools  can
improve metal sulfides’ structural and composition traits, pre-
dict catalytic performance, and ultimately speed up the discov-
ery of next-generation metal sulfide catalysts.
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