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Abstract   Hydrogel-based self-floating catalytic materials have become a key interfacial platform in the field of solar-driven chemistry, effective-

ly  solving the  difficulties  of  traditional  powder  catalysts  in  the  aqueous  phase,  such as  easy  agglomeration,  sedimentation,  and limited mass

transfer. In this study, the design strategy, structural properties, and interfacial advantages of these materials were systematically described, and

the mechanisms of precursor mixing, in situ synthesis, and post-modification in regulating the distribution of active sites, gel structure formation,

and multifunctional integration were analyzed. Through the construction of stable three-phase interfaces, the materials form a reaction microen-

vironment with a generalized enhancement effect. The structural design significantly improves the light trapping efficiency and carrier separa-

tion performance in photocatalytic processes and simultaneously strengthens the mass transfer process and local reactant concentration in per-

oxide activation reactions, establishing a synergistic system in which the adsorption, enrichment, and catalytic processes are tightly coupled. Suc-

cessful applications in the fields of organic pollutant degradation, solar-driven chemical synthesis, and interfacial evaporation have demonstrat-

ed the wide applicability of this technology. By systematically combining the research progress in this field, this study aims to provide a theoreti-

cal basis for the development of efficient and stable interfacial catalytic platforms and promote the development of sustainable environmental

remediation and energy conversion technologies.
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INTRODUCTION

Solar-driven chemical processes are key to addressing the dual
challenges of environmental remediation and sustainable ener-
gy conversion.[1−5] Such processes rely on photo-stimulated re-
dox  reactions  for  pollutant  degradation  or  fuel  synthesis,  and
their  efficiencies  are  largely  limited  by  the  performance  of  the
heterogeneous catalysts. Heterogeneous catalysis plays a signif-
icant role in water pollution control, energy conversion, and en-
vironmental remediation, and its efficiency is highly dependent
on the effective interfacial contact between the catalyst and re-
actants and the mass transfer process.[6−10] Nano-scale catalysts
have high specific surface areas, but they easily agglomerate in
the liquid  phase,  which not  only  reduces  the availability  of  ac-
tive sites but also may lead to secondary pollution. At the same
time, the long-range diffusion of the reactants in the bulk solu-
tion  restricts  them  from  approaching  the  active  center,  which
leads to a decrease in mass-transfer efficiency, especially at low
pollutant  concentrations.  In  addition,  in  light-driven  systems,
such  as  photocatalysis  or  photothermal  catalysis,  the  catalyst

dispersed  in  the  water  body  greatly  weakens  the  efficiency  of
photon utilization owing to the light absorption and scattering
effect of water, thus restricting the overall energy conversion ef-
ficiency.

To overcome these limitations, interface-confined catalytic
techniques  have  emerged  as  a  revolutionary  strategy.[11−14]

Among  them,  catalysts  capable  of  spontaneously  floating  at
the  gas-water  interface  exhibit  unique  potential  because  of
their  ability  to  establish  a  stable  three-phase  reaction
zone.[15−19] Ideal  floating  platforms  need  to  be  lightweight,
porous,  mechanically  strong,  and  firmly  loaded  with  various
catalytically  active  components.  However,  existing  floating
materials  (e.g.,  polymer  foams,[20−23] carbon-based
materials,[24,25] wood  substrates,[26−28] and  aerogels[29,30])  still
have deficiencies  in  structural  controllability,  functional  inte-
gration, and long-term stability, which limit their practical ap-
plications in complex interfacial reaction systems.

Thanks  to  their  three-dimensional  cross-linked  networks
and  hierarchical  pore  structures  rich  in  surface  functional
groups,[6,31−34] hydrogels  can  provide  highly  dispersed  and
stable  anchoring  sites  for  metal  nanoparticles,  metal
oxides/sulfides,[35−38] single-atom  centers,[39−41] and  molecu-
lar  catalysts.[42−44] Meanwhile,  the density and surface wetta-
bility  of  hydrogels  can  be  precisely  regulated  by  freeze-dry-
ing,  foaming  strategy,  or  hydrophobic  modification  to
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achieve long-term self-floating performance. Benefiting from
these  structural  tunabilities,  the  past  five  years  have  wit-
nessed a rapid expansion of hydrogel-based self-floating cat-
alytic systems driven by advances in gel engineering, interfa-
cial design, and solar-driven reaction platforms, which has led
to a surge of high-quality studies and increasingly diversified
application  scenarios.[34,39,43−47] The  incorporation  of  pho-
tothermal  materials,  conductive  polymers,  or  functional
monomers  with  tunable  coordination  structures  can  further
enhance the light  absorption,  interfacial  reactivity,  and mass
transfer  capabilities  of  the  materials  to  achieve  integrated
and  efficient  multifunctional  performance.  In  particular,  the
three-phase  interface  constructed  using  the  floating  hydro-
gel  exerts  a  universal  reaction-enhancing  effect.  This  effect
not only maximizes the light-trapping efficiency for photocat-
alytic  and  photothermal  processes,  but  also  creates  a  highly
concentrated  microenvironment  for  peroxide-activated  ox-
idative  reactions,  such  as  the  Fenton  reaction  and  advanced
oxidation processes (AOPs), through the simultaneous enrich-
ment of catalysts, pollutants, and oxidants.

Although recent reviews have discussed floating photocat-
alysts, floatable hydrogels, or interfacial solar evaporation sys-
tems,  this  study  uniquely  focuses  on  hydrogel-based  self-
floating  catalysts  as  a  unifying  platform  for  interfacial  solar
energy-driven chemistry. Through careful analysis of material
construction  methods,  three-phase  interfacial  mechanisms,
and  multifunctional  catalytic  and  energy  conversion  behav-
iors,  this  review  seeks  to  elucidate  the  relationship  between
structure, interface, and function, highlighting the unique ca-
pabilities  of  these  systems  for  pollution  mitigation  and  sus-
tainable  energy  use  under  complex  environmental  condi-
tions.

In  particular,  this  paper  provides  a  comprehensive
overview  of  advances  in  structural  design,  floating  mecha-
nisms,  and interfacial  catalytic  properties,  focusing on repre-
sentative applications, such as organic pollutant degradation,
solar-powered energy and resource conversion, and integrat-

ed desalination (Fig. 1). By synthesizing and critically examin-
ing  existing  studies,  we  aim  to  provide  a  solid  theoretical
foundation  and  practical  guidance  for  the  optimization  and
implementation of  hydrogel-based self-floating catalytic  sys-
tems in real-world applications.

OVERVIEW OF HYDROGEL-BASED SELF-
FLOATING CATALYTIC MATERIALS

Hydrogel-based  self-floating  catalytic  materials  are  an  emerg-
ing  class  of  interfacial  catalytic  platforms  that  derive  their  per-
formance  advantages  from  their  precisely  tunable  multiscale
structures  and  significant  enhancement  of  interfacial  reaction
processes.[48,49] In-depth understanding of  the structure forma-
tion principle and key properties is of great significance for opti-
mizing  the  performance  and  expanding  the  practical  applica-
tions of these materials.

Structural Design Strategies and Floating
Mechanisms
The excellent performance of hydrogel-based self-floating cata-
lysts  stems  from  the  synergistic  integration  of  two  core  ele-
ments:  the  catalytic  functional  structure  design  of  the  gel  ma-
trix  and the engineering regulation of  the floating behavior.  In
material preparation, the two are often synchronized and mutu-
ally reinforced.

Catalytic activity mainly depends on the chemical composi-
tion  and  porous  structure  of  the  hydrogel.  The  matrix  is  a
three-dimensional  cross-linked  hydrophilic  polymer  network
that  can  be  modified  by  selecting  specific  monomers  (acry-
lamide,  sodium  alginate,  and  acrylic  acid),  cross-linking
agents  (N,N'-methylene  bis  acrylamide,  multivalent  metal
ions),  and  functional  groups  (―OH, ―COOH, ―NH2,
―CONH2),[50−54] which  can  precisely  regulate  the  chemical
composition  and  network  structure,  thus  providing  uniform
and  stable  anchor  sites  for  catalytically  active  components
through  liganding,  hydrogen  bonding,  or  electrostatic  inter-
actions  and  effectively  preventing  the  deactivation  of  ag-
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Fig. 1    Schematic illustration of the construction strategies and main applications of hydrogel-based self-floating catalytic materials.
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glomerates.[55]

Simultaneously,  the  construction  of  coherent  and  hierar-
chical  pore  structures  is  crucial  for  realizing  efficient  mass
transfer.  Macropores  (>100  nm)  promote  overall  fluid  flow,
mesopores  (2–100  nm)  provide  a  high  specific  surface  area,
and micropores (<2 nm) facilitate small-molecule enrichment.
Such multistage pores can be introduced during the gelation
process or its later stages by techniques such as ice templat-
ing  (freeze-drying),  sacrificial  templating  (salt  particles  or
polymer microspheres), or in situ foaming,[56−59] which can ef-
ficiently shorten the reactant diffusion paths and alleviate the
mass  transfer  limitations  that  are  common  in  conventional
systems.

The  key  to  achieving  spontaneous  and  stable  floating  lies
in  the  balance  between  the  density  and  surface  wettability.
Reducing  the  density  mainly  relies  on  the  introduction  of  a
large  number  of  pores  in  the  gel  matrix,  which  is  consistent
with the pore-making strategies described above (freeze-dry-
ing,  gas foaming,  salt  particles, etc.),  such that the density of
the material is lower than that of water to generate buoyancy.
In  addition  to  the  long-term  floating  of  the  gel  material
through a pore-making strategy, interface wettability regula-
tion  is  also  a  key  way  to  achieve  this  goal.  By  rationally  de-
signing  the  chemical  composition  and  microstructure  of  the
material  surface,  the interaction with the gas-liquid interface
can  be  accurately  regulated  to  achieve  stable  interfacial  an-
choring and floating state.[60−62] The intrinsic hydrophilicity of
gels  leads  to  water  absorption  and  sinking,  so  hydrophobic
modification  of  the  surface  or  the  whole  is  often  required,
such as the introduction of hydrophobic monomers, grafting
of  hydrophobic  chains,  or  deposition  of  hydrophobic  coat-
ings.  This  modification  leads  to  the  formation  of  a  stable
Cassie-Baxter state at the interface, which traps air in the sur-
face  roughness  structure,  thus  enhancing  the  resistance  to
perturbed drift. The establishment of an efficient three-phase
reaction  zone  relies  on  the  construction  of  a  lightweight
porous  skeleton  and  modulation  of  the  hydrophobic  inter-
face, both of which simultaneously guarantee that the materi-
al maintains a stable position at the gas-liquid boundary.[57,58]

Performance Advantages of Hydrogel-based Self-
floating Catalytic Materials
Hydrogel-based self-floating catalytic  materials  exhibit  obvious
advantages  over  powder  catalysts  and  common  floating  carri-

ers  by  utilizing  their  designable  network  structure,  graded
pores,  and  unique  interfacial  behavior.[47,63−68] These  advan-
tages stem from the synergistic effects of active site dispersion,
interfacial  enrichment,  mass  transfer  enhancement,  and  light
utilization enhancement,  which together promote a significant
improvement in interfacial catalytic efficiency.

Although traditional  powder catalysts have a high specific
surface area, they are prone to agglomeration, sedimentation,
and  dissolution  in  aqueous  environments,  leading  to  a  de-
crease in the accessibility of active sites and difficulties in re-
cycling.  In  contrast,  the  three-dimensional  crosslinked  net-
work  of  hydrogels  is  rich  in  hydrophilic  functional  groups
such as ―OH, ―COOH, ―CONH2, which can securely fix met-
al  ions,  nanoparticles,  and even single-atom centers through
ligand,  hydrogen  bonding,  or  electrostatic  interaction,  form-
ing  a  stable,  uniform,  and  adjustable  catalytic  microenviron-
ment,  effectively  inhibiting  the  migration,  aggregation,  and
dissolution of  active species.  It  can effectively inhibit  the mi-
gration,  aggregation,  and  dissolution  of  active  species,  thus
enhancing  structural  stability  and  long-lasting  catalytic  per-
formance.[69−73]

When designed as self-floating structures, hydrogels exhib-
it  enhanced  durability.  As  shown  in Fig.  2,  the  floating  state
enables the material to be located at the gas-liquid interface
instead  of  being  completely  submerged,  which  greatly  re-
duces  deactivation  phenomena  such  as  deposition,  ion  ero-
sion,  and  surface  blockage.  Interfacial  positioning  also  guar-
antees  that  the  active  centers  are  continuously  exposed  to
light, avoiding the aggregation of photoactive sites caused by
local  overheating.  As  a  result,  the  self-floating  hydrogel
showed better durability and operational stability than tradi-
tional  powder  or  bulk  catalysts  in  complex reaction environ-
ments.

Self-floating  hydrogels  can  localize  the  catalyst  at  the  air-
water interface to construct a stable and efficient three-phase
reaction zone.[46,57,58,74,75] As shown in Fig. 3, when the hydro-
gel  floats  on the water  surface and is  irradiated by light,  the
gas-phase  reactants  (O2)  can  be  directly  transported  to  the
active  sites  by  air,  while  the  water  pollutants  rapidly  diffuse
into  the  gel  network  and  are  selectively  enriched  in  the
porous  matrix.  The  through  graded  pores  shorten  the  diffu-
sion path and reduce the mass transfer resistance, so that the
reaction control is dominated by interfacial reactions instead
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Fig.  2    Schematic  illustration  of  the  distribution  states  of  (a)  powder  catalysts,  (b)  conventional  and  (c)  self-floating  hydrogel-based  catalytic
materials in water.
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of bulk phase diffusion. The strong adsorption capacity of the
hydrogel  leads  to  the  localized  enrichment  of  pollutants  in
the vicinity of the active site, thus significantly increasing the
concentration of reactants in the interfacial reaction zone and
maintaining efficient reaction activity even under trace pollu-
tant conditions.

Hydrogel-based  self-floating  catalytic  systems  can  en-
hance various catalytic reactions. In solar-driven processes, di-
rect exposure to incident light reduces scattering and absorp-
tion  losses,  whereas  the  enclosed  hydrogel  matrix  promotes
the  separation  of  photogenerated  carriers  and  improves  the
generation  of  reactive  oxygen  species  (ROS).  During  perox-
ide-activated oxidation,  hydrogels can simultaneously enrich
gas-phase  reactants,  oxidants,  and  pollutants,[76−79] serving
not only as a catalyst carrier but also as a multifunctional plat-
form that integrates material enrichment, interfacial catalysis,
and reaction enhancement.

CONSTRUCTION STRATEGIES

The construction of hydrogel-based self-floating catalytic mate-
rials needs to simultaneously satisfy three core objectives: (i) sta-
ble immobilization of catalytically active sites, (ii) formation of a
lightweight porous gel skeleton, and (iii) long-term stable float-
ing  at  the  gas-water  interface.[46,67,80] Three  representative
strategies (precursor mixing, in situ synthesis and post-modified
loading)  have been developed around these goals.  The funda-
mental difference between these approaches lies in the timing
and  mode  of  catalyst  introduction  relative  to  the  sequence  of
gel network formation, which directly affects catalyst dispersion,
interfacial bonding strength, and structural tunability. Therefore,
a  brief  review  of  the  above  three  construction  strategies  will
help lay the foundation for subsequent in-depth discussion.

Precursor Blending Approach for Integrating
Catalytic Activity and Self-floating Structures
Precursor  mixing  is  one  of  the  most  fundamental  and  widely
used  construction  strategies  for  building  hydrogel-based  self-
floating catalytic materials.  At its  core,  polymer precursors,  cat-
alytically active components or their precursors,  and functional
additives for structure modulation are homogeneously mixed in
a solvent before gelation. Subsequently, the embedding of the
catalyst,  formation  of  a  three-dimensional  network,  and  con-
struction  of  the  porous  floating  structure  are  synchronized
through  cross-linking  and  structure  modulation  steps.  This
method has been widely used for the preparation of floating hy-
drogel  catalysts  because of  its  clear  preparation pathway,  high
material compatibility, and ability to maintain high catalytic ac-
tivity and structural stability in a variety of systems.

In  a  typical  preparation  process,  water-soluble  or  well-dis-
persible polymers (e.g., poly(vinyl alcohol) (PVA), sodium algi-
nate (SA),  and cellulose derivatives)  are first  dissolved or dis-
persed in the aqueous phase to form a homogeneous precur-
sor  solution.[81] Subsequently,  catalytically  active  substances
(e.g.,  metal  oxides,  metal  (oxy)hydroxides,  single-atom  cata-
lysts,  and  semiconductor  nanomaterials)  or  functional
nanofillers  (e.g.,  carbon  materials,  graphene  derivatives,  and
MXenes)  are  introduced  into  the  system,  and  homogeneous
mixing  is  achieved  by  mechanical  stirring,  ultrasonic  disper-
sion, or static diffusion. Guo et al. directly dispersed CuO and
antimony-doped  tin  oxide  (ATO)  nanoparticles  in  a  5  wt%
aqueous PVA solution, and a homogeneous mixture was ob-
tained by magnetic stirring (Fig. 4a).[82] The good macroscop-
ic mobility of the gel precursor solution at this stage ensures
that  the  active  components  are  uniformly  distributed  in  the
system,  laying  the  foundation  for  the  subsequent  formation
of highly dispersed and firmly fixed catalytic sites.

After homogenization of the precursor, a three-dimension-
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Fig. 3    Schematic illustration of the catalytic mechanism of hydrogel-based self-floating catalytic materials at the gas-liquid-solid interface. When
floating on the water  surface and exposed to light,  the material  enables efficient O2 supply,  pollutant adsorption,  ROS generation,  and pollutant
degradation.
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al  gel  network  formation  is  usually  induced  by  physical  or
chemical  cross-linking.  Commonly  used  cross-linking  meth-
ods  include  chemical  cross-linking,  freeze-thaw  cross-linking
and  ionic  cross-linking.[83] It  is  worth  noting  that  the  cross-
linking process not only determines the mechanical strength
and  stability  of  the  gel  skeleton  but  also  directly  affects  the
immobilization pattern and spatial  distribution of catalytical-
ly active substances. In precursor hybrid systems, the catalyst
or  its  precursor  is  often  confined in  situ between  polymer
chain  segments  during  network  formation.  This  simultane-
ous formation mechanism effectively avoids the problems of
catalyst detachment, migration or uneven distribution, which
are common in post-modification or  impregnation methods,
and thus significantly improves the structural integrity and re-
cyclability of the catalytic system.

In  addition  to  the  easy  and  efficient  embedding  of  cata-
lysts,  the  precursor  mixing  method  offers  a  high  degree  of

flexibility  for  the  construction  of  porous  structures  and
lightweight materials.  With the help of sacrificial  template or
ice template strategies, pores on scales ranging from microm-
eters  to  hundreds  of  micrometers  can  be  fabricated  in  gel
networks. In the sacrificial template method, a prefabricated,
selectively removable template phase is homogeneously dis-
persed  in  the  gel  precursor,  after  which  the  template  is  re-
moved by dissolution, chemical etching, etc., to replicate pore
structures  with  specific  morphologies  and  sizes.  Guo et  al.
used a salt precipitation/artificial template strategy to induce
PVA chain rearrangement and pore formation and successful-
ly  prepared  a  highly  porous  hydrogel  with  a  microchannel
structure and excellent durability.[82] As shown in Fig. 4(b), the
PVA chains were initially uniformly dispersed through hydro-
gen  bonding  with  water  molecules,  and  upon  contact  with
salt  particles,  the  dissociative  ions  competed  with  the  poly-
mer  chains  for  hydration  molecules,  stripping  off  the  hydra-
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Fig. 4    (a) The preparation process following the salting-out/sacrificial template strategy; (b) The suggested mechanism of the salting-out/cross-
linking process; (a, b: reproduced with permission from Ref. [82]; Copyright (2024), Elsevier.) (c) Schematic diagram of the preparation process of CP-
Lac@HOF-101 (Reproduced with  permission from Ref.  [84];  Copyright  (2023),  Elsevier);  (d)  Schematic  illustrating the  fabrication process  of  PSMH
(Reproduced  with  permission  from  Ref.  [85];  Copyright  (2024),  American  Chemical  Society);  (e)  Preparation  of  ZF5-BSCH  composite  aerogel;  (f)
Compressive  stress-strain  curves  of  3ZF5-BS,  3ZF5-BSC,  and 3ZF5-BSCH,  inset  I:  ZF5-BSCH after  oscillating for  24  h,  inset  II:  after  8  photocatalytic
degradation cycles. (e, f: reproduced with permission from Ref. [86]; Copyright (2024), Springer Nature.)
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tion layer of the PVA chains. The exposed ―OH groups then
reconfigured the inter-chain hydrogen bonding, which led to
the solidification of the gel network and the simultaneous for-
mation of the porous structure. This strategy endows the hy-
drogel  with  robust  structural  integrity  and  highly  intercon-
nected internal pores, which facilitate rapid transport of reac-
tants and water.

Freeze-drying,  the  most  representative  ice  template  tech-
nology, is also widely used in precursor mixing systems. Dur-
ing  the  freezing  process,  ice  crystals  act  as  dynamic  tem-
plates,  crowding  the  polymer  chains  and  catalytic  compo-
nents  in  the  intergranular  region,  after  ice  sublimation,  a
highly interconnected penetration network is retained within
the gel. Yang et al. prepared CMC/PVA/ Lac@HOF-101 hydro-
gels with a two-dimensional periodic “square lattice network”
structure  by  combining  freeze-thaw  cycling  with  freeze-dry-
ing (Fig. 4c).[84] The Lac@HOF-101 hydrogel has a two-dimen-
sional  periodic “square  lattice” structure.  This  porous  struc-
ture significantly improves the internal transport of reactants
and gases,  while reducing the overall  density of the material
and realizing spontaneous floating.

To  solve  the  problems  of  random  pore  orientation  and
slow solvent migration that may occur in conventional freeze-
drying, directional freeze-casting technology was introduced.
This technique induces the growth of ice crystals along a spe-
cific  direction  by  establishing  a  unidirectional  temperature
gradient,  which  results  in  the  formation  of  highly  oriented
pores.  For  example,  Li et  al. injected  a  homogeneous
PVA/SA/MXene precursor solution into a polytetrafluoroethy-
lene mold, the bottom of the mold was placed in contact with
a liquid nitrogen-cooled copper plate to establish a unidirec-
tional  thermal  gradient,  and  a  PVA/SA/MXene  hydrogel
(PSMH) was obtained by freezing and ionic cross-linking (Fig.
4d). Scanning electron microscopy (SEM) images showed that
PSMH has a vertically aligned channel structure with regular-
ly  distributed  pores  on  the  channel  walls  connecting  neigh-
boring channels to form a network of oriented and fully inter-
penetrating pores.[85]

Based on the above structural  design,  the mechanical  sta-
bility of the gel skeleton can be further enhanced and its wet-
tability  can  be  regulated  by  secondary  cross-linking  or  sur-
face/interfacial hydrophobic modification, thus guaranteeing
the  long-term  self-floating  ability  of  the  material  under  con-
tinuous operation.  Zhang et  al. adopted this  strategy by first
mixing  the  catalyst  particles  with  gel  precursors  and  then
constructing a structure with a high specific surface area and
high  porosity  by  freeze-drying.  Subsequently,  a  2  wt%  CaCl2
ethanol  solution  was  sprayed  for  secondary  cross-linking  to
strengthen  the  skeleton,  and  hydrophobic  modification  was
performed to enhance the floating stability of  the water sur-
face.  Finally,  Fe-doped  ZnO/bacterial  cellulose-based  com-
posite  (ZF5-BSCH)  aerogels  were  successfully  prepared  (Fig.
4e). After the secondary cross-linking, the mechanical proper-
ties of the ZF5-BSCH aerogel were significantly enhanced (Fig.
4f);  it did not dissolve after 24 h under mechanical stirring at
200 r/min (inset  I)  and was  able  to  maintain  its  structural  in-
tegrity  after  eight  rounds  of  photocatalytic  reaction  (inset
II).[86] This  stepwise  functionalization  design  provides  a  scal-
able  preparation  pathway  for  the  development  of  self-leav-

ing catalytic materials with both high activity and high dura-
bility.

In situ Construction of Catalytic Active Sites and
Floating Architectures within Gel-confined
Environments
The in  situ synthesis  method is  a  pivotal  strategy for  the direct
generation, immobilization, or chemical bonding of catalytically
active components in hydrogel networks. Compared with other
methods,  this  route  exhibits  significant  structural  and  perfor-
mance  advantages  in  self-floating  hydrogel  catalytic  systems,
that  is,  it  uses  preformed  or  partially  crosslinked  hydrogel  as  a
three-dimensional domain-limited reactor and makes full use of
the gel's unique high porosity, continuous water channels, and
abundant  functional  groups  on the  polymer  chain,  thus  realiz-
ing efficient adsorption,  uniform distribution,  and controlled in
situ conversion of catalyst precursors in the matrix.[50−54]

In situ reduction method
As  one  of  the  most  widely  used  and  mechanistically  well-de-
fined strategies in in situ synthesis, the in situ reduction method
is  mainly used to construct  catalytically  active centers  of  metal
nanoparticles in gel networks. This method uses metal ions ad-
sorbed in the gel matrix as precursors, which are gradually con-
verted into  zero-valent  metal  nanoparticles  by  external  chemi-
cal reduction or physical reduction techniques under mild con-
ditions.[36,87,88] Despite  the  differences  in  the  specific  reduction
pathways,  the core objective is  to  achieve slow and controlled
nucleation and growth of metal species in the gel-limited space.

Lin et al. introduced a large number of bubbles by mechan-
ical  blending acrylamide (AM),  graphene oxide (GO) and Ag-
NO3.  Under γ-ray  irradiation,  polymerization of  the PAM net-
work  was  induced,  GO  was  partially  reduced,  and  Ag+ was
synchronized with in situ reduction, resulting in three-dimen-
sional porous ArG-Ag hydrogels (Fig. 5a).[89] γ-Ray irradiation,
as  a  means  of  physical  reduction  without  a  chemical  reduc-
tant,  has  the  advantages  of  homogeneous  reduction,  clean
reaction, and controllable particle size,  which are particularly
suited  to  the  construction  of  highly  dispersed  metal  nanos-
tructures. In contrast, the classical impregnation-chemical re-
duction pathway was  employed by Nayak et  al. As  shown in
Fig.  5(b),  chitosan-graphene  oxide  (CSGO)  gel  is  a  three-di-
mensional adsorption scaffold for Ag+, which enables the uni-
form  adsorption  of  Ag+ in  the  gel  network.  The  subsequent
introduction of NaBH4 as a strong reducing agent can rapidly
convert  the  adsorbed  Ag+ into  well-dispersed  Ag  nanoparti-
cles enclosed in the gel matrix, and a lightweight self-floating
gel  catalyst  with  fixed  metal  active  sites  was  obtained  by
freeze-drying.[90] It can be seen that through the three-dimen-
sional domain-limiting effect and functional group anchoring
effect of  hydrogels,  the in  situ reduction method realizes the
controllable  formation,  homogeneous  dispersion  and  stable
solidification  of  metal  nanoparticles,  which  becomes  an  im-
portant  basic  strategy  for  the  construction  of  self-floating
metal-based hydrogel catalysts.

In situ precipitation and transformation methods
The in  situ precipitation  method  relies  on  inducing  the  nucle-
ation  and  growth  of  metal  compounds  in  the  domain-limited
space  of  the  gel  to  construct  catalytically  active  components,
and  thus  is  particularly  suitable  for  combining  the  adsorption
properties of hydrogels with their catalytic functions.
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A representative pathway is to make the hydrogel serve as
both a reaction platform and a carrier and to initiate a precipi-
tation  reaction  directly  within  its  network  to  generate  a  cat-
alytically  active  phase.  For  example,  alginate  hydrogels  can
be enriched with  Fe+/Fe3+ ions via carboxylate  coordination,
followed by the in situ formation of Fe3S4 nanoparticles in the
presence  of  S2–,  which  is  then  endowed  with  a  self-floating
ability by freeze-drying (Fig. 5c).[91] In this process, the hydro-
gel not only provides an airtight reaction environment but al-
so  regulates  the  homogeneity  of  the  precipitation  process
and product size distribution through functional group coor-
dination.

Another  typical  strategy  highlights  the  functional  evolu-
tion resulting from in  situ transformation,  in  which self-float-
ing  hydrogels  for  heavy  metal  ion  adsorption  are  first  con-
structed  and  then  transformed in  situ for  heavy  metal  ion
reuse.  For instance, Zhao and Li  used mechanical  foaming in

situ polymerization  to  prepare  low-density  self-floating  car-
boxymethyl  cellulose/polyacrylamide  (PAM/CMC/DDM)  hy-
drogels (Fig. 5d), which were initially used as heavy metal ad-
sorbents.  After  the  adsorption  of  Zn2+,  alkali  treatment
prompted the in situ precipitation of Zn2+ in the gel network
and  its  conversion  to  ZnO  nanoparticles,  thus  realizing  the
transformation of the material  from adsorbent to photocata-
lyst.[92] This in  situ precipitation  strategy  not  only  enhances
the immobilization stability of the active components but al-
so provides an important idea for the multifunctional integra-
tion  and  efficient  resource  utilization  of  self-floating  hydro-
gels in water treatment.

In situ polymerization method
The in situ polymerization method refers to the direct participa-
tion of functional monomers, ligands, or metal complexes in gel
polymerization  or  cross-linking  reactions,  thus  embedding  the
catalytic  centers  into  the  gel  network  through  covalent  bond-
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Fig.  5    (a)  The  irradiation  preparation  process  of  ArG  and  ArG-Ag  (Reproduced  with  permission  from  Ref.  [89];  Copyright  (2023),  Elsevier);  (b)
Fabrication of hybrid CSGOAg hydrogel nanocomposites and their use as catalysts in MB degradation (Reproduced with permission from Ref. [90];
Copyright (2025), Elsevier); (c) Preparation of alginate aerogels loaded with sphalerite (Fe3S4) (Reproduced with permission from Ref. [91]; Copyright
(2022),  Elsevier);  (d)  Schematic  diagram  of  preparation  of  the  floatable  PAM/CMC5/DDM  hydrogel  (Reproduced  with  permission  from  Ref.  [92];
Copyright (2021), Elsevier); (e) Fabrication process of the HSFH-CuS; (f) SEM image and EDS mapping of the cross-sectional morphology of HSFH and
HSFH-CuS. (e, f: reproduced with permission from Ref. [93]; Copyright (2025), Elsevier.)
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ing or stable coordination. Compared with in situ reduction and
precipitation  methods,  this  strategy  is  more  advantageous  in
terms of structural stability and interfacial coupling strength.

As  shown  in Fig.  5(e),  Ding et  al. prepared  sodium
alginate/aramid  fiber  (SA/AF)  aerogels  with  oriented  pore
structures  by  freeze-drying,  followed  by  ionic  cross-linking
with SA using Cu2+ to form copper alginate hydrogels. In this
process,  Cu2+ acted  as  both  a  gel  crosslinker  and  a  catalytic
precursor,  achieving  a  high  degree  of  synergy  between  the
introduction  of  active  centers  and  the  evolution  of  the  gel
structure.  The  microstructural  features  of  hydrophobically
modified HSFH were revealed by SEM imaging (Fig. 5f), show-
ing  a  typical  reticulated  gel  framework.  EDS  elemental  pro-
files further indicated that the gel cross-section was enriched
with F and Si, confirming the success of the surface modifica-
tion.  In  contrast,  after in  situ growth,  a  large  number  of  CuS
nanoparticles  with  strong  Cu  and  S  signals  were  clearly  ob-
served on the HSFH-CuS surface, indicating the successful for-
mation  of  CuS  and  its  tight  interfacial  bonding  with  the  hy-
drogel backbone.[93] The resulting Janus-structured self-float-
ing  hydrogel  has  both  a  hydrophobic  inner  layer  and  a  hy-
drophilic  surface  layer,  which  not  only  achieves  stable  float-
ing and efficient interfacial heat transfer but also ensures the
solid fixation of  the CuS catalytic  phase through in  situ poly-
merization  and  transformation.  This  system  fully  demon-
strates the unique advantages of in situ polymerization in syn-
ergistically  regulating  structural  stability,  interfacial  function,
and catalytic performance.

Post-modification Strategies for Catalyst Loading in
Porous Self-floating Gel Matrices
The post-modification loading method refers to the strategy of
introducing  and  immobilizing  catalytically  active  components
through chemical or physical interactions after the formation of
a  gel  network.  This  method  is  suitable  for  pre-prepared
lightweight porous gels as carriers; subsequently, the abundant
active  functional  groups  in  the  gel  network  are  utilized  to  an-
chor  the  catalytic  components via covalent  bonding  or  strong
adsorption on the pore wall or skeleton surface.[68,94]

The  study  by  Shen et  al. served  as  a  representative  exam-
ple.  In  their  work,  silica  colloidal  crystal  beads  (SCCBs)  were
initially  assembled via microfluidics  as  sacrificial  templates,
and  then  an  acrylamide/acrylic  acid  (PACA)  pre-gel  solution
was  injected  into  their  ordered  interstitial  space,  and  PACA
hydrogel  anti-opalite  beads  (HIOBs)  with  three-dimensional
periodic structures were obtained by UV-initiated polymeriza-
tion.  After  removing  the  silica  template,  a  regular  macrop-
orous  array  was  formed  inside  the  hydrogel,  which  not  only
provided  a  high  specific  surface  area  with  uniform  channels
for  subsequent  catalyst  loading  but  also  significantly  re-
duced the density of the material and ensured stable floating.
Subsequently,  the  organic  photocatalyst  copper  phthalocya-
nine  (CuPc)  was  introduced  by  the  post-impregnation
method  and  firmly  anchored  to  the  gel  pore  wall  with  the
help  of  Cu-O  coordination  bonds  formed  between  the  Cu2+

and ―COOH  groups  in  the  PACA  network  (Fig.  6a).  Several
characterization  results  confirmed  that  CuPc  was  uniformly
distributed within the anti-opal  structure via chemical  bond-
ing  (Figs.  6b–6g).[95] Thanks  to  the  unique “slow  photon  ef-
fect” of  the  inverse  opal  structure  and  the  visible-light  re-
sponsiveness of CuPc, the composite hydrogel exhibited sig-
nificantly  enhanced  light  absorption  and  charge  separation
efficiency  in  the  photocatalytic  degradation  of  dyes,  which

fully  verified  the  advantages  of  the  post-catalyst  loading
strategy in interfacial photocatalytic systems.

Another representative study was conducted by Zhou et al.
(Fig. 6h). The researchers first constructed a porous gel frame-
work  composed  of  cellulose  nanofibers  (CNF)  and  chitosan
(CS)  by  physical  cross-linking  and  obtained  a  low-density,
high-porosity  CNF/CS  aerogel  by  freeze-drying.  Subsequent-
ly,  it  was  immersed  in  a  precursor  solution  containing
Co2+/Fe2+ ions with 2-methylimidazole, which induced the in
situ nucleation and growth of Fe-doped ZIF-67 on the surface
of the gel fibers,  and the Fe-ZIF-67@CNF/CS composite aero-
gel  was obtained after  secondary freeze-drying.  As shown in
Fig.  6(i),  both  the  pristine  and  composite  aerogels  exhibited
ultralow densities, which can be held up by dandelions, visu-
ally  highlighting  their  lightweight  and  self-supporting  prop-
erties.  SEM  observations  further  revealed  that  the  Fe-ZIF-67
crystals  maintained  a  well-defined  rhombic  dodecahedral
morphology with an average particle size of approximately 1
μm,  whereas  the  CNF/CS  aerogels  possessed  a  three-dimen-
sional  interconnected  porous  network  that  originated  from
the template effect of ice crystal growth. Notably, the original
pore structure was well preserved in the composite aerogels,
whereas the pore walls and fiber surfaces were uniformly dec-
orated with Fe-ZIF-67 crystals, indicating that the MOF phase
was effectively  integrated without  structural  collapse.[96] The
abundant  hydroxyl  and  amino  groups  in  the  CNF/CS  matrix
promoted the adsorption of metal ions, and the introduction
of 2-methylimidazole further strengthened the surface metal
coordination,  which  achieved in  situ nucleation,  uniform
growth, and stable cementation of Fe-ZIF-67 crystals, and ef-
fectively  avoided  the in  situ nucleation  of  the  crystals.  Stabi-
lized solid loading was achieved to avoid free aggregation of
crystals in the solution. The post-modified loading method re-
alizes functional synergy between the porous carrier and cat-
alytically  active  components  through  a  step-by-step  con-
struction  strategy,  which  lays  a  solid  foundation  for  the
preparation of high-performance composites.

As shown in Table 1, a direct comparison of the three prin-
cipal construction strategies highlights their unique features,
thereby  providing  a  clear  framework  for  selecting  an  appro-
priate  approach based on specific  application demands.  The
precursor blending method,  which relies  on physical  entrap-
ment,  stands  out  for  its  simplicity  and  minimal  procedural
complexity, rendering it well-suited for rapid prototyping and
cost-sensitive scenarios.  However,  this comes at the expense
of a relatively uneven catalyst distribution and a limited bind-
ing strength. By contrast, in situ synthesis promotes more ho-
mogeneous  catalyst  dispersion  through  physical  adsorption
during  gel  formation,  striking  a  moderate  balance  between
binding strength and process intricacy. When applications re-
quire  maximal  durability  and  interfacial  stability,  the  post-
modification  strategy  can  ensure  both  superior  binding  and
excellent  dispersion  by  establishing  covalent  linkages  be-
tween  the  catalyst  and  hydrogel  matrix,  albeit  with  a  more
elaborate synthesis procedure. Taken together, this compara-
tive  evaluation  demonstrates  that  the  optimal  strategy  de-
pends  critically  on  priorities  such  as  process  efficiency,  cata-
lyst utilization, and long-term operational stability, thus offer-
ing a more nuanced delineation of the advantages and limita-
tions of each method.
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Fig. 6    (a) Schematic diagram of the preparation of CuPc-PACA HIOBs; (b) FTIR spectra, (c) XRD, (d–f) HRXPS spectra, and (g) UV-Vis DRS spectra of
the samples including CuPc, CuPc-PACA hydrogels, PACA HIOBs, and CuPc-PACA HIOBs. (a–g: reproduced with permission from Ref. [95]; Copyright
(2023), Royal Society of Chemistry.) (h) Schematic flow diagram of the synthesis of Fe-ZIF-67@CNF/CS; (i) Digital photos of CNF/CS aerogel and Fe-
ZIF-67@CNF/CS aerogel; SEM images of Fe-ZIF-67, CNF/CS aerogel and Fe-ZIF-67@CNF/CS aerogel. (h, i: reproduced with permission from Ref. [96];
Copyright (2025), Elsevier.)
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Summary of Strategies for Self-floating Gel Structures
Combining the three strategies of precursor mixing, in situ syn-
thesis,  and post-modified loading,  it  can be seen that  the con-
struction of floating gel catalytic materials relies not only on the
introduction method of  catalysts,  but more critically  on the ra-
tional design of lightweight self-floating gel structures. In exist-
ing  studies,  freeze-drying,  sacrificial  templates,  and  physical
foaming  have  been  widely  used  to  construct  low-density
porous  gel  skeletons,  which  constitute  the  core  engineering
tools  for  the stable floating of  materials  at  the water-gas inter-
face.

In  gel-based  self-floating  materials,  lightweight  structures
are usually realized using templating methods, foaming, and
compositional  adjustment strategies.  Among them, the tem-
plate method is the dominant technology owing to its excel-
lent structural controllability, covering the ice template, emul-
sion template,  and sacrificial  template methods.  Ice templat-
ing  (especially  directional  freeze  casting)  utilizes  ice  crystal
nucleation  and  growth  to  form  interconnected  macropores
or highly oriented channels in the gel  matrix  (Fig.  7a),  which
not only significantly reduces the density of the material but
also  contributes  to  the  efficient  transport  of  water  and reac-
tants.[97] As shown in Fig. 7(b), the emulsion template method
introduces a stably dispersed liquid phase as a soft template
during gel  formation,  which is “locked” into  the gel  network
by  polymerization  or  cross-linking.[98] Sacrificial  templating
methods,  such  as  the  use  of  salt  particles  (Fig.  7c)  can  pro-
duce  porous  frameworks  with  regular  morphology  and  tun-
able structure;[99] similarly, polymer microspheres or SiO2 col-
loidal  crystals  are  often  used  for  pore  creation  as  removable
phases.[96]

The foaming method introduces gases directly into the sys-
tem  through  physical  (mechanical  stirring, Fig.  7d)[100] or

chemical  (CO2 release  from  blowing  agents  during  gelation,
Fig.  7e)[101] to  form  pore  structures.  In  addition,  3D  printing
technology  can  be  used  to  directly  construct  gel  structures
with  preset  pore  channels  and  density  distributions  at  the
macroscopic  scale  by  precisely  controlling  the  printing  path
and  filling  pattern,  achieving  the  integration  of  lightweight-
ing and functional integration (Fig. 7f).[102]

Beyond  structural  engineering,  compositional  regulation
also  plays  a  critical  role  in  achieving  stable  self-floating  be-
havior.  The  introduction  of  hydrophobic  components  (Fig.
7g)  or  lightweight  fillers  (Fig.  7h)  can  effectively  reduce  the
apparent density  and wettability  of  the materials  to stabilize
them at  the water-gas interface,  while  maintaining sufficient
mechanical  strength  and  enhancing  functional
properties.[103,104]

APPLICATIONS

Hydrogel-based  self-floating  catalytic  materials  have  been
widely  applied  in  various  environmental  and  energy-related
fields  owing  to  their  tunable  three-dimensional  polymer  net-
works,  hierarchical  porous structures,  and stable  localization at
the  gas-liquid  interface.[76−79] Numerous  studies  have  con-
firmed that such interfacial configurations can improve light-en-
ergy  utilization,  effectively  alleviate  mass-transfer  limitations,
and  significantly  enhance  the  operational  stability  of  catalytic
systems  in  complex  multiphase  reaction  environments.[105−107]

To illustrate the practical manifestation of these advantages, the
following section selects some representative applications to re-
veal the intrinsic correlation between the material structure de-
sign  and  construction  strategies  and  the  final  catalytic  perfor-
mance.

 

Table 1    Comparison of representative construction strategies for hydrogel-based self-floating catalytic materials.
 

Construction
strategy Gel/catalyst Core interaction Floating

strategy Advantages Limitations Ref.

Precursor
blending

PVA/CuO;ATO Physical entrapment;
Hydrogen bond

Sacrificial
template

Facile process;
Broad applicability

Poor stability;
Non-uniform distribution;
Potential interference with

gelation

[82]

CMC;PVA/Lac@HOF-101 Physical entrapment;
Coordination bond;

Hydrogen bond
Freeze drying [84]

PVA;SA/MXene Physical entrapment;
Hydrogen bond

Directional
freeze-casting [85]

SA;BC/Fe-ZnO Physical entrapment;
Coordination bond;

Hydrogen bond

Freeze drying;
Hydrophobic
modification

[86]

In situ
synthesis

PAM;rGo/Ag Physical confinement;
Coordination bond;

Hydrogen bond
Oven drying

High dispersion;
Strong stability;

Controllable loading

Multi-step process;
Optimization of conditions

needed

[89]

CS;GO/Ag Physical confinement;
Coordination bond;

Electrostatic interaction
Freeze drying [90]

SA/Fe3S4 Physical confinement;
Coordination bond; Freeze drying [91]

PAM;CMC;DDM/ZnO Physical confinement;
Coordination bond;

Electrostatic interaction

Mechanical
foaming [92]

SA;AF/CuS Physical confinement;
Coordination bond;

Electrostatic interaction
Freeze drying [93]

Post-
modification

PACA/CuPc Coordination bond;
Covalent Bond

Sacrificial
template Strong anchoring &

stability;
High flexibility

Most complex process

[95]

CNF;CS/Fe-ZIF-67 Coordination bond;
Covalent Bond;

Electrostatic interaction
Freeze drying [96]
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Catalytic Degradation of Organic Pollutants
Hydrogel-based  self-floating  catalytic  materials  have  become
efficient  AOP  platforms  for  the  degradation  of  organic  pollu-
tants due to their interfacial advantages. The continuous three-
dimensional network not only actively traps and enriches pollu-
tant  molecules  but  also  provides  a  domain-limited  environ-
ment  for  the  loading  of  catalytically  active
components.[46,57,58,74,75] In recent years, a large number of stud-
ies  have  shown  that  such  materials  exhibit  significant  advan-

tages in the removal of typical pollutants such as dyes, phenolic
compounds, antibiotics, and micro/nano plastics.

Dyes, which are typical recalcitrant organic pollutants in in-
dustrial wastewater, are difficult to decompose under natural
conditions because of their stable aromatic conjugated struc-
ture  and strong photostability.[108] Hydrogel-based self-float-
ing  catalytic  materials  exhibit  significant  advantages  in  opti-
mizing the interfacial environment. Amornpitoksuk et al. suc-
cessfully  constructed  a  floating  hydrogel  system  with  high
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Fig.  7    (a)  Schematic  illustration  of  the  fabrication  of  the  CCAP  hydrogel  by  the  combined  directional  freezing  assembly  (Reproduced  with
permission from Ref. [97]; Copyright (2022), Springer Nature); (b) Flow chart of the preparation of GPTNPs (Reproduced with permission from Ref.
[98]; Copyright (2023), Elsevier); (c) Schematic diagram of the process of fabricating sponge like hydrogel through a facile and scalable salt template
method (Reproduced with permission from Ref. [99]; Copyright (2022), Elsevier); (d) A flow chart of fabrication of the SA/PVA/HACC hydrogel foam
(Reproduced with permission from Ref. [100]; Copyright (2022), Elsevier); (e) Scheme of preparing multifunctional PSIGx hybrid hydrogel evaporator
(Reproduced with permission from Ref.  [101];  Copyright (2022),  Elsevier);  (f)  Schematic showing the three critical steps in the 3D printing process
including printing, UV curing, and ionic cross-linking (Reproduced with permission from Ref. [102]; Copyright (2020), American Chemical Society);
(g)  Schematic illustration of  electric-field grafting of  charged micelles onto the hydrogel  (Reproduced with permission from Ref.  [103];  Copyright
(2024),  Royal  Society  of  Chemistry);  (h)  Synthesis  schematic  of  lignocellulosic  biomass-based  double-layered  porous  hydrogel  LC@LCG  for  ISSG
(Reproduced with permission from Ref. [104]; Copyright (2022), John Wiley and Sons).
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porosity  and  excellent  structural  stability  by  modulating  the
cross-linking density of the PAM gels (Fig. 8a). The system sig-
nificantly  enhanced  the  local  enrichment  efficiency  of  dye
molecules  at  the  gas-liquid  interface,  which  dramatically  ac-
celerated  the  interfacial  catalytic  degradation  reaction  pro-
cess  (Fig.  8b)  and  maintained  low  metal  ion  dissolution  dur-
ing  the  operation  (Fig.  8c).[109] The  incorporation  of  active
components  such  as  TiO2,  CuO,  Fe3O4,  or  Bi-based  compos-
ites enabled the continuous generation of ROS under light or
peroxide  activation,  improving  light  utilization  and  alleviat-
ing mass transfer limitations,  thereby achieving efficient pol-
lutant removal.

Antibiotics are of  great concern because of  their  wide dis-
tribution in the aquatic environment, high chemical stability,
and potential ecological risks, while phenolic compounds are
another  major  challenge  in  the  field  of  water  treatment  be-
cause  of  their  high  toxicity  and  environmental  persis-
tence.[110] Such pollutants  place higher demands on the effi-
ciency and long-term stability of the treatment technologies.
Catalytic systems based on self-floating gels exhibit excellent
pollutant removal capabilities by effectively combining an ad-
sorption  enrichment  function  with  advanced  oxidation  pro-
cesses.  Taking  the  CuBi2O4/rGH  composite  system  as  an  ex-
ample, the graphene hydrogel achieved rapid adsorption and
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Fig. 8    (a) Photographs of the Fe-PAM hydrogels floating on the surface of the water; (b) RhB degradation by Fe-PAM hydrogels at different MBA
contents with H2O2; (c) RhB degradation by Fe-PAM hydrogels at different MBA contents (green bar) and Fe3+ ions at equal concentrations to Fe3+

leaching  (blue  bar)  and  concentrations  of  Fe3+ leaching  from  Fe-PAM  hydrogels  at  different  MBA  contents  (red  line);  (a–c:  reproduced  with
permission from Ref. [109]; Copyright (2024), Elsevier.) (d) Mechanism diagram of CuBi2O4/rGH adsorption and in situ photocatalytic Fenton catalytic
degradation  of  phenol.  Adsorption-catalytic  degradation  performance  of  the  CuBi2O4/rGH  composite  for  phenol  (e)  different  rGH  contents
(catalyst=20 mg, C0=20 mg/L,  pH=7, [H2O2]=10 mmol/L) and (f)  different phenol concentrations (catalyst=20 mg, pH=7, [H2O2]=10 mmol/L);  (d–f:
reproduced with permission from Ref. [111]; Copyright (2023), Elsevier.) (g) Illustration of the preparation of enzyme-loaded porous hydrogels; (h)
The concentration change of different products during a 6-hour degradation process conducted at 50 °C; (g, h: reproduced with permission from
Ref. [112]; Copyright (2025), Elsevier.)
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enrichment  of  phenolic  pollutants  through π-π interactions,
whereas  the  loaded  CuBi2O4 could  synergistically  activate
H2O2 under  light  to  continuously  generate  strong  oxidizing
radicals,  mainly  ·OH  (Fig.  8d).  The  confined  gel  matrix  pre-
vents  nanoparticle  agglomeration  and  maintains  full  expo-
sure  of  active  sites,  and  the  floating  structure  further  en-
hances interfacial mass transfer and light utilization. This syn-
ergy  allows  rapid  pollutant  adsorption  and  deep  mineraliza-
tion via photocatalytic-Fenton coupling, maintaining high re-
moval efficiency even at elevated initial concentrations (Figs.
8e and 8f).[111]

Micro/nano  plastics,  as  an  emerging  and  particularly  chal-
lenging class of pollutants, further expand the scope of appli-
cations  of  hydrogel-based  self-floating  catalytic  materials.[94]

Owing to their small size, hidden distribution, and high chem-
ical  stability,  it  is  difficult  to  effectively  remove  micro/nano
plastics using conventional physical or chemical methods. Al-
though  increasing  attention  has  been  devoted  to  catalytic
and enzymatic degradation strategies,  practical  implementa-
tion  remains  challenging  because  of  the  intrinsically  slow
degradation kinetics, limited long-term stability of catalysts or
enzymes,  and  inhibitory  effects  of  complex  water  matrices
containing  natural  organic  matter,  inorganic  ions,  and  sus-
pended solids.

Zhang et al. developed a low-density porous gel fabricated
by photocrosslinking and freeze-drying that could effectively
capture  PET  nano  plastics  through  its  internal  pores  and  si-
multaneously  stably  immobilize  hydrolytic  enzymes  within
the gel framework (Fig. 8g). Attributed to the confinement ef-
fect of the gel matrix, the contact frequency between the en-
zyme and the substrate was significantly increased, which ac-
celerated  PET  degradation  and  resulted  in  the  rapid  forma-
tion of degradation products, such as terephthalic acid (TPA),
mono(2-hydroxyethyl)  terephthalate  (MHET),  and  bis(2-hy-
droxyethyl) terephthalate (BHET) (Fig. 8h). The thermal stabili-
ty,  solvent  resistance,  and  recoverability  of  the  immobilized
enzyme were significantly improved compared with those of
the  free  enzyme  system.[112] More  broadly,  hydrogel-based
self-floating  catalytic  systems  offer  unique  structural  and  in-
terfacial  advantages  for  addressing  these  challenges.  The
three-dimensional  polymer  network  provides  a  confined  mi-
croenvironment that stabilizes catalytic or enzymatic species
and inhibits aggregation or leaching, while the floating struc-
ture ensures continuous access to light and oxygen at the air-
water  interface.  Simultaneously,  the  hydrogel  matrix  pro-
motes localized enrichment of  micro/nano plastics,  oxidants,
and reaction intermediates,  thus partially  offsetting the slow
intrinsic  reaction rates under dilute conditions.  Nevertheless,
the application of self-floating hydrogels for micro/nano plas-
tics degradation is still at an early stage, with most studies fo-
cusing on single-polymer types and laboratory-scale systems.
Therefore,  further  systematic  studies  are  needed  to  investi-
gate their performance under complex real-world water qual-
ity conditions and during long-term operations.

Solar-driven Energy and Resource Conversion
Hydrogel-based self-floating catalytic materials show significant
potential  for  solar-powered  energy  conversion  and  chemical
synthesis,  covering  a  variety  of  applications  such  as  hydrogen

preparation,  chemical  fuel  synthesis,  and  high-value  oxidant
generation.[29] In  practical  reaction  systems,  achieving  efficient
light energy capture, fast carrier separation, and smooth multi-
phase  substance  transport  remain  the  core  challenges  in  en-
hancing  photocatalytic  efficiency.  By  virtue  of  its  lightweight
and  porous  nature,  the  self-floating  gel  can  stably  stay  at  the
gas-liquid  interface  and  form  a  unique  three-phase  reaction
zone, minimizing the absorption and scattering loss of light by
the water in the bulk phase and significantly shortening the dif-
fusion distance from the reactants to the active sites, thus realiz-
ing efficient energy conversion.[46,74]

In  the  photocatalytic  hydrogen  production  process,  these
materials  provide  an  ideal  interfacial  platform  for  water  de-
composition.  The three-dimensional  network can firmly  load
highly  dispersed photocatalysts,  effectively  preventing parti-
cle  agglomeration and sedimentation,  whereas the through-
pore  structure  and  hydrophilic  skeleton  can  enrich  water
molecules  at  the  interface  to  ensure  a  continuous  supply  of
reactants.[14,17] Taking a Pt/Ti  oxide photocatalyst  embedded
in  a  durable  elastomer-hydrogel  composite  system  (HPU-
PPG) as an example,  the material  can float  stably on the wa-
ter  surface,  realizing  highly  efficient  light  transmission,
smooth hydrogen escape, and long-term stable operation of
the  catalyst  (Fig.  9a).  The  floating  ability  of  the  material  was
further  enhanced  by  introducing  a  hydrophobic  silica  aero-
gel  layer,  which  prevented  the  material  from  being  sub-
merged in water. Benefiting from the above structural and in-
terfacial properties, the system maintained a stable hydrogen
precipitation rate of  approximately 150 mmol/(h·m2)  for  sev-
en  consecutive  days  (Fig.  9b),  indicating  that  the  hydrogel-
based  self-floating  catalytic  materials  are  expected  to  be  a
low-cost, high-efficiency, and high-stability platform for pho-
tocatalytic hydrogen production. [113]

In  traditional  aqueous  photocatalytic  systems,  the  mass
transfer  process  of  gaseous  reactants  often  becomes  a  key
bottleneck  for  efficiency  enhancement  due  to  their  limited
solubility and long diffusion path. In contrast, hydrogel-based
self-floating catalytic materials significantly accelerate the re-
action rate and improve the product selectivity by stabilizing
at  the  gas-liquid  interface,  which  enables  the  gas  molecules
to  directly  contact  and  enrich  the  catalytically  active  sites.  A
typical  study  is  the  hydrophilic  floating  hydrogel  membrane
system (Fe(III)@CAN) constructed by He et al.,  which success-
fully  establishes  a  stable  three-phase  interface  (Fig.  9c).
Methane molecules rapidly diffuse and undergo initial activa-
tion  on  the  gel  surface,  while  the  hydrophilic  channels  run-
ning through the gel interior promote in situ generation and
local  accumulation  of  hydrogen  peroxide.  Under  light,  the
system initiated the photo-Fenton reaction under mild condi-
tions to achieve the highly selective oxidation of methane to
ethanol  in  an  atmospheric  pressure  environment.  The  do-
main-limited microenvironment provided by the gel can pre-
cisely  regulate  the  concentration  of  free  radicals  and  effec-
tively inhibit over-oxidation and side reactions that are prone
to  occur  in  the  conventional  system,  thus  significantly  en-
hancing  the  selectivity  and  efficiency  of  the  target  products
(Figs. 9d and 9e).[114] The hydrogel-based self-floating catalyt-
ic  system  not  only  opens  up  a  new  way  for  the  high-value
conversion of  methane,  but  also  provides  a  design idea that

  Gao, J. X. and Lei, W. W. / Chinese J. Polym. Sci. 2026, 44, 1695–1715 1707

 
https://doi.org/10.1007/s10118-026-3578-9

 

https://doi.org/10.1007/s10118-026-3578-9
https://doi.org/10.1007/s10118-026-3578-9
https://doi.org/10.1007/s10118-026-3578-9
https://doi.org/10.1007/s10118-026-3578-9
https://doi.org/10.1007/s10118-026-3578-9
https://doi.org/10.1007/s10118-026-3578-9
https://doi.org/10.1007/s10118-026-3578-9


can be used for  gas-liquid  interface  reaction processes,  such
as CO2 photocatalytic reduction and O2 activation.

In addition,  a hydrogel-based self-floating catalytic system
is  crucial  for  the in  situ generation  of  H2O2 and  its  coupling
with advanced oxidation processes. H2O2,  as a green oxidant
and energy carrier,  can be efficiently  synthesized via the key
photocatalytic  pathway  of  the  two-electron  oxygen  reduc-
tion  reaction.  When  the  photocatalyst  is  cemented  in  a  self-
leafing gel, it can effectively catalyze the oxygen reduction re-
action at the gas-liquid interface to achieve continuous gen-
eration  of  H2O2.  The  porous  network  further  facilitates  oxy-
gen diffusion and electron transfer to maintain a highly local-
ized concentration of H2O2 in the limited microenvironment.
For  example,  in  the  BFR/PAA  system,  the  heterojunction
structure enhanced the photogenerated electron transfer ef-

ficiency, enabling the H2O2 generation rate of the BFR-2/PAA
composite catalyst to reach 30.05 mmol/(g·h) in light (Figs. 9f
and  9g).  Interestingly,  the  generated  H2O2 can  be  instantly
utilized in  situ,  and  the  metal  active  sites  in  the  gel  skeleton
synergistically interact with it to trigger the photo-Fenton re-
action,  which  continuously  generates  highly  reactive  ·OH.
These radicals can efficiently degrade antibiotics and pharma-
ceutical  pollutants  in  a  gel-enclosed  environment  for  rapid
mineralization.[115] Hydrogel-based  self-floating  catalytic  ma-
terials  enhance  mass  transfer  and  local  enrichment  effects,
while enabling efficient in situ H2O2 synthesis and immediate
utilization, thereby offering an effective and stable approach
for  rapid  pollutant  degradation  and  solar-driven  chemical
transformations.
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Fig. 9    (a) Schematic of the nanocomposites and their advantages for photocatalytic HER; (b) Longterm time course of H2 production in seawater;
(a, b: reproduced with permission from Ref. [113]; Copyright (2023), Springer Nature.) (c) Hydrophilic floating hydrogel for photocatalytic methane
oxidation at the three-phase interface; (d) Reaction time of CH3OH and C2H5OH evolution in Fe(III)@ACN system; (e) CH3OH conversion catalyzed by
Fe(III)@ACN and Fe(II)@ACN with 0.26 mmol/L CH3OH in H2O under Ar atmosphere (reaction time: 0.5 h); (c–e: reproduced with permission from Ref.
[114]; Copyright (2024), American Chemical Society.) (f) Possible synergistic degradation mechanism of BFR/PAA in photo-self-Fenton systems; (g)
The H2O2 yield of samples after 30 min with Xe lamp irradiation (λ＞420 nm). (f, g: reproduced with permission from Ref. [115]; Copyright (2025), The
Royal Society of Chemistry.)
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Synergistic Catalysis for Interfacial Evaporation
Hydrogel-based self-floating catalytic materials exhibit multiple
synergistic functions in solar-driven desalination, combining in-
terfacial  photothermal  evaporation,  photocatalytic  reactions,
and coupled energy utilization to realize the integrated opera-
tion  of  pollutant  removal  and  high-efficiency  freshwater  pro-
duction.[28,45] The  porous  framework  enables  rapid  capillary
transport  of  water  through  interconnected  hydrophilic  chan-
nels to ensure sufficient water supply to the evaporation inter-
face,  while  the  inherently  low  thermal  conductivity  of  the  hy-
drogel helps concentrate the absorbed solar energy on the sur-
face, thus enhancing the evaporation flux and light-vapor con-
version efficiency. The self-floating structure minimizes the heat
loss of water in the bulk phase, which not only improves the en-
ergy  efficiency  but  also  guarantees  the  stability  of  the  system

operation.[7] The  continuous  high  temperature  at  the  interface
also inhibits local salt analysis and crystallization, effectively pre-
venting  pore  clogging  and  maintaining  a  stable  and  continu-
ous  freshwater  output,  even  when  dealing  with  high-salinity
seawater or brine.[104]

Li et al. fabricated a fully bio-based porous hydrogel evapo-
rator with a core-shell architecture using SA as the matrix and
pulp fibers  (PF)  as  reinforcement.  Subsequent in  situ genera-
tion of CuS nanoparticles on the surface layer of SA by immer-
sion in a Na2S solution dramatically enhanced the photother-
mal  conversion  capability.  With  the  surface-constructed
trapezoidal  microstructure  (Fig.  10a)  and  Marangoni  effect-
guided interfacial salt migration (Fig. 10b), the evaporator ex-
hibited  excellent  salt  resistance  during  long-term  operation,
maintaining a stable evaporation rate of 2.42 kg/(m2·h).[116]

 

a

c

f g h

ed

b

 
Fig.  10    (a)  Evaporation  rate  of  SP-P  in  10  wt%  saltwater  for  12  h  under  1.0  sun,  with  insets  showing  photographs  of  SP-P  before  and  after
evaporation;  (b)  Schematic  diagram  of  the  Marangoni  effect  induced  on  the  surface  of  SP-P;  (a,  b:  reproduced  with  permission  from  Ref.  [116];
Copyright  (2025),  Elsevier.)  (c)  Schematic  diagram  of  synergistic  photothermal  and  photocatalytic  degradation  mechanism  of  TiO2@C/PAM/SA
hydrogels; (d) Evaporation rates of the PAM/SA, TiO2/PAM/SA, TiO2@PDA/PAM/SA, and TiO2@C/PAM/SA hydrogel under one sun irradiation during
the  evaporation  process;  (e)  Photodegradation  performances  of  bifunctional  TiO2@C/PAM/SA  hydrogel  solar  evaporator;  (c–e:  reproduced  with
permission from Ref. [117]; Copyright (2025), Elsevier.) (f) Scheme of the setup used for steam and thermoelectricity cogeneration; (g) Evaporation
rates  of  various  evaporators  under  solar  light  on  or  off  mod;  (h) VOC of  the  assembled  device  under  light  on  and  off  modes  (lower  surface
temperature: 20 °C). (f–h: reproduced with permission from Ref. [118]; Copyright (2023), John Wiley and Sons.)
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The  hydrogel-based  self-floating  catalytic  system  achieves
synergy  between  desalination  and  pollutant  degradation  by
coupling  the  photothermal  evaporation  and  photocatalytic
processes.  For  example,  in  the  TiO2@C/PAM/SA  floating  gel
catalytic  system,  the  incorporated  carbon  layer  significantly
enhances  visible  light  absorption while  facilitating the effec-
tive  separation  and  migration  of  photogenerated  carriers  in
TiO2,  thereby  achieving  efficient  pollutant  degradation  cou-
pled with interfacial evaporation (Fig. 10c). The experimental
results showed that under 1 solar irradiation, the hydrogel ex-
hibited a linear mass loss within 60 min, corresponding to an
evaporation  rate  of  2.97  kg/(m2·h)  (Fig.  10d),  and  the  degra-
dation efficiency of  methylene blue (MB) reached 84.37% af-
ter  180  min  of  sustained  light  exposure  (Fig.  10e),  demon-
strating  excellent  pollutant  removal  performance.[117] This
synergistic model, which significantly enhances the overall ef-
ficiency  of  the  advanced  oxidation  process,  provides  a
promising technological pathway for the desalination of sea-
water containing organic pollutants.

Furthermore, self-floating gels can be integrated with pho-
toelectrochemical processes for integrated energy utilization.
By  constructing  conductive  networks  or  semiconductor  het-
erojunctions  in  the  matrix,  it  is  possible  to  synergize  pho-
tothermal  evaporation  with  photovoltaic  conversion.  Such
design ideas have been validated in a biomimetic all-weather
solar evaporator: inspired by the temperature control mecha-
nism of  antifreeze proteins  in  beetles,  the researchers  devel-
oped a “sandwich” structured evaporator (MCSX), with MnO2-
modified cotton fabric (MC) on the top and the bottom layers
for  high  efficiency  of  photo-thermal  absorption  and  conver-
sion,  and  an  intermediate  layer  of  phase  change  microcap-
sule/poly(vinyl alcohol) (PCL/PVA) hydrogel was used for ther-
mal energy storage and regulation (Fig. 10f). Under light con-
ditions, the evaporation rate reaches 2.67 kg/(m2·h); in the ab-
sence  of  light,  the  latent  heat  released  from  the  PCL  layer
maintains an evaporation rate of 0.43 kg/(m2·h) (Fig. 10g). Af-
ter  integrating  the  thermoelectric  (TE)  module,  the  system
can  provide  a  stable  power  output  of  about  0.42  W/m2,  and
the power generation can continue for about 30 min after the
light stops (Fig. 10h), which fully demonstrates the superiori-
ty of the multi-modal coupling of photo-thermal-energy stor-
age-power generation.[118]

CONCLUSIONS AND FUTURE PERSPECTIVES

Hydrogel-based  self-floating  catalytic  materials  are  an  emerg-
ing  and  fast-growing  innovation  platform  in  the  field  of  solar-
driven chemistry, especially in the past five years, and have pro-
vided a unique bridge between fundamental catalytic research
and practical environmental and energy-related applications. By
combining lightweight porous structures with stable interfacial
localization,  these  systems  effectively  address  the  long-stand-
ing  limitations  of  conventional  dispersed  catalysts,  including
their  low  mass  transfer  efficiency,  active  site  aggregation,  and
suboptimal  solar  energy  utilization.  This  review  systematically
summarizes  three  representative  construction  strategies  (pre-
cursor  blending, in  situ synthesis,  and  post-modification)  and
highlights  their  roles  in  enabling  orderly  integration  of  photo-
catalysis,  Fenton-type  reactions,  and  photothermal  conversion
within self-floating hydrogel matrices.

A  distinctive  feature  of  these  materials  is  the  formation of
gas-liquid-solid interfaces that combine pollutant adsorption
and  enrichment  with  interfacial  catalytic  reactions,  resulting
in  synergistic  performance  enhancement.  This  interfacial  re-
action  mode  has  been  shown  to  significantly  facilitates  ad-
vanced  oxidative  degradation  and  solar-driven  energy  con-
version. As a result, hydrogel-based self-floating catalytic sys-
tems have been successfully explored for a wide range of ap-
plications, including the removal of recalcitrant pollutants, so-
lar-driven  hydrogen  production,  value-added  chemical  syn-
thesis,  and multifunctional  solar-powered seawater  desalina-
tion.

Despite these advances, several critical scientific and tech-
nological  bottlenecks  continue  to  limit  large-scale  and  long-
term applications. From a material  design perspective, main-
taining  structural  integrity,  catalytic  accessibility,  and  chemi-
cal  stability  under  harsh  or  fluctuating environmental  condi-
tions  remains  a  challenge,  especially  for  highly  porous  and
lightweight  gel  structures.  At  the  interfacial  reaction  level,
there is still  a lack of quantitative understanding of the mass
transfer,  reactant  generation,  and  kinetic  processes  within
closed  hydrogel  networks  and  at  floating  interfaces,  which
hampers  rational  structural  performance  optimization.  From
an  engineering  and  implementation  perspective,  systematic
validation  beyond  laboratory-scale  demonstrations  is  re-
quired to achieve scalable fabrication, reproducibility, fouling
resistance, and sustained performance in complex, real-world
water matrices.

Addressing these challenges requires coordinated progress
in multiple directions. Future work should focus on the devel-
opment  of  stimulus-responsive  and  adaptive  hydrogel  sys-
tems  with  tunable  catalytic  behavior,  deeper  integration  of
photocatalysis,  Fenton  chemistry,  photothermal  conversion,
and adsorption in a unified material platform, and a combina-
tion of in situ characterization techniques and multiscale sim-
ulations  to  elucidate  the  relationship  between  the  material
structure, active site configuration, and interfacial reaction ki-
netics.  Equally  important  is  the  evaluation  of  the  practical
performance  through  pilot-scale  testing  in  realistic  aqueous
environments. In parallel, the use of biodegradable or waste-
derived  raw  materials  and  recycling-oriented  design  strate-
gies  are  essential  to  improve  the  overall  sustainability  of
these systems.

In  conclusion,  by  precisely  tuning  the  microstructural  and
interfacial  properties,  hydrogel  self-floating  catalysts  are  ex-
pected  to  evolve  from  passive  catalyst  carriers  to  pro-
grammable and multifunctional interfacial chemical reactors,
thereby  opening  new  avenues  for  sustainable  water  treat-
ment and solar energy conversion technologies.
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