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Abstract   Achieving long-term anti-fogging performance while maintaining high visible-light transmittance is of critical importance for trans-

parent substrates. However, challenges remain in achieving satisfactory abrasion resistance and weatherability of anti-fogging coatings across

different substrates. In this work, an organic-inorganic hybrid anti-fogging coating was developed by integrating a highly adhesive hydrophilic

polymer resin with polyoxometalates (POMs). The hydroxyl groups along the polymer chains provide excellent adhesion, while the presence of

hydrophilic ionic groups facilitates the rapid formation of a continuous water film upon exposure to water vapor. Moreover, the multiple protons

carried by the POMs not only form interfacial bonding with the substrate to further enhance adhesion, but also form multiple hydrogen bonding

interactions with the polymer chains to strengthen the coating's cohesion and reduce its surface roughness. As a result, the coating exhibits out-

standing abrasion resistance, maintaining excellent anti-fogging performance even after 1200 abrasion cycles under a 500 g load. Furthermore,

the strong UV absorption of POMs prevents photoaging of the polymer resin in outdoor environments, imparting remarkable weather resistance.

After 240 h of accelerated UV aging (0.68 W/m2, 60 °C), the coating still delivers effective anti-fogging functionality. This study provides a general-

izable strategy for designing environmentally friendly, long-lasting anti-fogging coatings with promising applications in glass, optical devices,

and agricultural films.
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INTRODUCTION

Transparent  substrates  such  as  optical  lenses,  vehicle  wind-
shields,  and agricultural  greenhouse films possess unique opti-
cal  properties  that  endow  them  with  irreplaceable  application
value.[1−3] However, when the ambient temperature falls below
the dew point, water vapor in the air undergoes heterogeneous
nucleation and forms discrete microdroplets  with diameters  of
100–500 nm. Mie scattering from these microdroplets will  lead
to a sharp decrease in light transmittance, severely compromis-
ing  the  functionality  of  the  transparent  substrates.[4] Conse-
quently,  various  anti-fogging  strategies  have  been  developed,
including superhydrophobic and superhydrophilic coatings.[5−7]

Superhydrophobic  coatings  typically  require  low-surface-ener-
gy materials combined with specific surface roughness to form
Cassie  structures,  which  reduce  the  contact  area  between
droplets  and  the  substrate  and  enable  rapid  droplet  roll-off.
However,  this  approach suffers  from delayed anti-fogging per-
formance  under  low-humidity  conditions,  and  the  fragile
micro/nanostructures are easily damaged, leading to loss of an-
ti-fogging functionality.[8−10] In  contrast,  superhydrophilic  coat-
ings promote the formation of  a  continuous water  film on the
substrate  surface  through  high-density  polar  groups,  thereby
maintaining high transmittance.  This strategy not only enables
efficient  anti-fogging  under  low-humidity  conditions  but  also
offers advantages such as simple processing and ease of scale-
up.[11−13]

In  recent  years,  numerous  hydrophilic  anti-fogging  coat-
ings have been successfully developed based on various ma-
terials  and  strategies.  By  constructing  a  poly(vinylsulfonic
acid)-terminated  surface  on  polyelectrolyte  layers,  a  direc-
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tional  arrangement  of  hydrogen  bonding  networks  can  be
achieved,  enabling  self-cleaning  functionality  on  superhy-
drophilic surfaces.[14,15] To enhance the mechanical stability of
hydrophilic coatings, hybrid films were prepared by crosslink-
ing  carboxyl-containing  polyimide  with  poly(vinyl  alcohol)
through esterification/etherification reactions. The optimized
crosslinked structure not only provides high water resistance
and  adhesion  but  also  imparts  impact  resistance  and  abra-
sion  durability.[16,17] To  further  adapt  to  dynamic  environ-
ments such as temperature cycling, a host-guest supramolec-
ular (HGSM) crosslinking strategy was proposed. By synergis-
tically  combining  noncovalent  interactions  between β-cy-
clodextrin  and  adamantane  with  a  covalent  network,  the
coating can achieve rapid self-healing of cracks within 15 s.[18]

This  amphiphilic  strategy,  constructed via nanoscale  hy-
drophilic-hydrophobic  microdomain  compartmentalization,
exhibits  unique  advantages.[19−21] Nevertheless,  significant
limitations remain: these approaches often rely on multi-step
reactions  (e.g.,  layer-by-layer  assembly  or  photopolymerized
template synthesis), resulting in complex processes and high
costs.  Most  material  designs  focus  solely  on  extending  ser-
vice lifetime by enhancing the adhesion of the polymer resin,
while  overlooking  the  potential  of  incorporating  inorganic
components to improve coating cohesion and abrasion resis-
tance.  Moreover,  few  studies  have  addressed  the  enhance-
ment  of  UV-aging  resistance  through  organic-inorganic  hy-
bridization.

The  incorporation  of  inorganic  components  such  as  ZnO,
TiO2, CWO, or SiO2 into polymer resin to prepare organic-inor-
ganic  hybrid  anti-fogging coatings  has  been proposed.[22−24]

These  coatings  combine  the  flexibility  of  organic  materials
with the stability of inorganic constituents.  However, the ab-
sence  of  hydrogen  bonding  sites,  large  particle  sizes,  and
poor  dispersibility  of  the  inorganic  components  hinder
molecular-level  organic-inorganic  hybridization,  limiting  sig-
nificant  improvements  in  coating  abrasion  resistance  and
weatherability.  In  contrast,  polyoxometalates  (POMs),  pos-
sessing abundant surface proton sites and oxygen-rich coor-
dination  structures,  exhibit  unique  advantages  in  interface
engineering  within  polymer  composite  systems.[25,26] The
nanoscale,  monodisperse  nature  of  POMs  in  aqueous  sys-
tems  not  only  allows  modulation  of  polymer  crosslinking
density to reduce residual stress but also enhances interfacial
adhesion  through  strong  proton-dipole  interactions.[27−29]

Moreover,  the  intramolecular  charge-transfer  transitions  of
POMs  enable  efficient  ultraviolet  (UV)  absorption,  mitigating
UV-induced aging of the polymer resin under sunlight. POMs
with unique structures can serve as inorganic functional com-
ponents and be incorporated at the molecular level into high-
ly  adhesive polymer resin.  This  provides a viable strategy for
developing  durable,  long-lasting  anti-fogging  hybrid  coat-
ings.

In this study, an amphiphilic organic-inorganic hybrid anti-
fogging  coating  was  designed  based  on  an  aqueous  acrylic
emulsion  and  POMs  to  create  hydrophilic  and  hydrophobic
domains.  Specifically,  a  hydrophilic  resin  rich in  ionic  groups
and  hydroxyl  functionalities  was  synthesized via emulsion
polymerization  and  subsequently  combined  with  POMs  to
prepare  an  aqueous  superhydrophilic  anti-fogging  coating.

By  adjusting  the  ratio  of  hydrophilic  to  hydrophobic
monomers,  the  coating  achieves  effective  anti-fogging  per-
formance while suppressing excessive water adsorption dur-
ing  fogging,  which  could  otherwise  cause  film  swelling  and
wrinkling.  The  ratio  of  POMs  to  the  polymer  resin  was  opti-
mized  to  tune  the  coating's  cohesion,  adhesion,  and  light
transmittance.  This  enabled  high  abrasion  resistance  and
weatherability on various substrates,  including glass,  agricul-
tural  films,  and  optical  devices.  Importantly,  this  simple
method produces an aqueous superhydrophilic  anti-fogging
coating that is environmentally friendly and easily scalable. It
shows significant potential for commercial applications.

EXPERIMENTAL

Materials
Sodium  styrene  sulfonate  (SSNa)  (≥90%,  Aladdin),  2-hydrox-
yethyl methacrylate (98%, HEMA, Macklin, inhibitor removed by
basic  alumina),  ethyl  acrylate  (99%,  EA,  Macklin,  inhibitor  re-
moved  by  basic  alumina),  methyl  methacrylate  (99.5%,  MMA,
Macklin, inhibitor removed by basic alumina), sodium oleate (≥
97%, NaOI, Aladdin), potassium persulfate (99.9%, KPS, Macklin),
OP-10  (Macklin),  sodium  dodecyl  sulfate  (99%,  SDS,  Macklin),
hydrated  silicotungstic  acid  (97%,  Aladdin),  and  basic  alumina
(100-200 mesh, Guoyao Reagents) were used as received unless
otherwise specified.

Synthesis of the Acrylic Emulsion and Coating
Solutions
To  achieve  a  polymer  resin  with  balanced  adhesion,  hy-
drophilicity,  and  mechanical  stability,  the  acrylic  emulsion  was
designed  through  the  copolymerization  of  five  functional
monomers.  The  SSNa  provides  strongly  hydrophilic  sulfonate
groups for rapid water absorption and anti-fogging. The HEMA
offers  hydroxyl  groups  that  enhance  both  the  coating's  hy-
drophilicity  and its  adhesion to substrates via hydrogen bond-
ing. EA and MMA serve as hydrophobic monomers to regulate
the glass transition temperature and flexibility of the resin. Their
hydrophobic  nature  also  counterbalances  the  excessive  water
absorption tendency of the hydrophilic monomers,  preventing
film  swelling.  Notably,  NaOI  not  only  acted  as  a  functional
monomer but also served as a reactive surfactant, which could
potentially participate in the copolymerization, further enhanc-
ing the anti-fogging durability of the resulting coating.

Acrylic emulsions were prepared via emulsion polymeriza-
tion.  OP-10 (0.1 g),  potassium persulfate (KPS,  0.1 g),  sodium
dodecyl sulfate (SDS, 0.1 g), sodium styrene sulfonate (1.5 g),
and sodium oleate (0.5 g) were dissolved in 40 g of deionized
water and stirred at 1500 r/min for 30 min. Subsequently, 2.0
g  of  HEMA,  2.0  g  of  MMA,  and  3.5  g  of  EA  were  added.  The
mixture  was  polymerized  at  85  °C  for  3  h.  By  adjusting  the
sodium styrene sulfonate to EA ratio (Table S1 in the electron-
ic  supplementary  information,  ESI),  five  emulsions  (PAE-1  to
PAE-5)  were  obtained.  For  coating  solutions,  5  g  of  each
acrylic  emulsion  was  mixed  with  POMs  at  different  mass  ra-
tios (Table S2 in ESI) and stirred at 80 °C for 2 h.

Coating Fabrication
5 g of each mixture was diluted with 50 g of deionized water to
obtain the final coating solutions, denoted as PPOM-1, PPOM-2,

2 Yang, X. et al. / Chinese J. Polym. Sci.  

 
https://doi.org/10.1007/s10118-026-3690-x

 

https://doi.org/10.1007/s10118-026-3690-x
https://doi.org/10.1007/s10118-026-3690-x
https://doi.org/10.1007/s10118-026-3690-x
https://doi.org/10.1007/s10118-026-3690-x
https://doi.org/10.1007/s10118-026-3690-x
https://doi.org/10.1007/s10118-026-3690-x
https://doi.org/10.1007/s10118-026-3690-x


PPOM-3,  PPOM-4,  and  PPOM-5.  Glass  substrates  were  sequen-
tially ultrasonicated in deionized water and ethanol for 1 h each,
repeated  three  times,  and  dried  at  70  °C.  The  substrates  were
then  subjected  to  argon  plasma  treatment  (150  W,  5  min)  be-
fore coatings were applied by dip-coating and cured at 60 °C for
2 h, as shown in Fig. 1.

Characterization
Fourier  transform  infrared  spectroscopy  (FTIR)  spectra  were
recorded using a VERTEX 70 spectrometer. The acrylic emulsion
was  analyzed  by 1H-NMR  spectroscopy  (AVANCE  III  HD  600
MHz) using DMSO-d6 as  solvent to determine the proton peak
positions. Differential scanning calorimetry (DSC, TA DSC25) was
used  to  determine  glass  transition  temperatures.  Visible-light
transmittance  spectra  were  measured  with  a  UV-3600  Plus
spectrophotometer.  The  morphology  and  energy  dispersive
system  (EDS)  element  mappings  were  characterized  using  a
scanning  electron  microscope  (SEM,  Gemini300).  Static  water
contact  angle  (WCA)  was  measured  using  a  JC2000D2G  go-
niometer. Adhesion was evaluated by the cross-cut method and
observed  under  a  fluorescence  microscope  (Leica  DM2500).
Abrasion resistance was tested using a wear tester, and UV-ag-
ing performance was assessed in a Q-LAB/SPPAY chamber. The
surface  roughness  was  investigated  using  a  Bruker  Dimension
Icon  SPM  atomic  force  microscope  (AFM).  The  visible-light
transmittance (Tvis,  380–780 nm)  of  the  coating was  calculated
as described in Eq. (1)

Tvis =
∫ φvis(λ)T(λ)dλ
∫ φvis(λ)dλ (1)

where T(λ) represents the transmittance at wavelength λ, φvis(λ)
represents the light sensitivity of human eyes, and φNIR(λ) repre-
sents the solar irradiation intensity (AM 1.5).

RESULTS AND DISCUSSION

Structural Characterization of the Coatings
In  this  copolymer  system,  MMA  and  EA  are  used  to  balance
coating  flexibility,  while  HEMA  enhances  adhesion  and  hy-
drophilicity  through  its  hydroxyl  groups.  The  SSNa  monomer
acts  as  a  reactive  surfactant,  stabilizing  the  emulsion  and  im-
proving  wettability.  By  adjusting  the  SSNa/EA  ratio,  a  balance
between the fog resistance and water resistance of the coating
can  be  achieved.  To  investigate  the  changes  in  polymer  se-
quence  structure  with  varying  monomer  feed  ratios, 1H-NMR
spectra of different PAE resins were conducted in DMSO-d6 (Fig.
S1  in  ESI).  The  spectra  revealed  a  characteristic  peak  at  7.34
ppm,  corresponding  to  the  aromatic  protons  of  SSNa.  Its  inte-
grated  area  showed  a  strong  positive  correlation  with  the
monomer  feed  ratio.  This  confirmed  that  this  hydrophilic
monomer can be quantitatively incorporated into the polymer
chain. The broad peak at 4.77 ppm was unequivocally assigned
to  the  hydroxyl  proton  resonance  of  HEMA.  The  peak  at  4.04
ppm, attributed to the ethoxy methylene group (―O―CH2―)
of EA, decreased in intensity with a reduction in the EA feed ra-
tio. This directly reflected the controllable regulation of copoly-
mer composition. These spectral analyses confirm the presence
of  the  characteristic  functional  groups  of  each  monomer  and
their  concentration-dependent  variations.  However,  further
quantitative analysis of the proportions of structural units in the
polymer is hindered by residual signals from the emulsifier and
initiator.  Notably,  the  monomer  conversion  rate  was  deter-
mined  to  be  approximately  99.8%  by  gravimetric  analysis.
Therefore,  the  actual  monomer  ratio  in  the  polymer  backbone
can be considered nearly identical to the feed ratio.

FTIR spectra  were used to analyze the molecular  structure
of  the  hydrophilic  resin  and  its  hybridization  with  POMs.  As
shown  in Fig.  2(a),  the  pure  polymer  shows  characteristic
bands at 1288 cm–1 (S＝O stretching), 1546 cm–1 (aromatic vi-
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Fig. 1    Schematic illustration of PPOM coating preparation.
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bration),  and 1733 cm–1 (C＝O stretching),[30,31] attributed to
sodium  p-styrenesulfonate  and  hydroxyethyl  methacrylate
units. These results confirm the successful synthesis of the de-
signed  resin.  After  incorporating  POMs,  new  bands  at  1180
cm–1 (Si―O asymmetric stretching), 979 cm–1 (W＝O stretch-
ing),  and  921  cm–1 (W―O―W  stretching)  appear,[32,33] indi-
cating  the  homogeneous  hybridization  between  POMs  and
resin.  Notably,  the  enlarged  illustration  shown  in  Fig.  S2  (in
ESI)  clearly shows that the ―OH band has shifted from 3682
cm–1 to 3660 cm–1, and the C＝O peak has shifted from 1733
cm–1 to  1720  cm–1,  both  exhibiting  a  significant  redshift.
These shifts are attributed to multilevel hydrogen bonding in-
teractions between the bridging oxygen of POMs (W―O―W)
and  the  sulfonic  acid  (―SO3H),  hydroxyl  (―OH),  and  ester
(―COOR) groups in the copolymer. This strong molecular in-
teraction confirms the formation of a hydrogen-bonded net-
work,  which  provides  the  basis  for  enhanced  cohesion  and
contributes to the coating's abrasion resistance.

To  further  elucidate  the  interactions  between  POMs  and
the polymer units, DSC analyses were performed on the solid
PPOM components, as shown in Fig. 2(b). The pristine acrylic
resin exhibits a glass transition temperature (Tg) of 88.3 °C. In
contrast,  the Tg of  PPOM-4  coatings  increases  progressively
with the POMs content, reaching a maximum of 101.5 °C. This
pronounced Tg elevation can be attributed to two synergistic
effects: (1) hydrogen bonding between POMs and copolymer
chains restricts  segmental  mobility  and reduces the free vol-
ume; (2) the rigid inorganic nano-units of POMs act as physi-
cal crosslinking sites, suppressing the rotational relaxation of
the  polymer  backbone.[34] Moreover,  the  broadened  glass
transition region observed for  PPOMs suggests the presence

of dynamic hydrogen bond dissociation-reformation process-
es within the hybrid network.  However,  once the POMs con-
tent reaches 2.9 wt%, the Tg of PPOM-5 declines to 83.1 °C as
excessive  POMs  induce  phase  separation  and  loose  polymer
regions near aggregates.[35] These results highlight the signifi-
cant regulatory role of POMs in tailoring the thermodynamic
behavior of the coating and further confirm the effective hy-
bridization between the organic and inorganic components.

To further investigate the influence of the introduction and
content of POMs on the movement of hydrophilic resin chain
segments, XRD and TGA analysis were conducted on the sol-
id components of the PPOMs (Figs. 2c and 2d). Both the pure
PAE  and  the  PPOMs  with  different  POMs  loadings  exhibit
broad amorphous diffraction.  The results  indicate that  POMs
do not induce crystallization,  which is  essential  for  maintain-
ing  high  transparency.  A  noticeable  shift  of  the  diffraction
peak toward higher angles is observed. According to Bragg's
law, this peak shift reflects a reduced interchain spacing, sug-
gesting  stronger  intermolecular  interactions.[36] Such  homo-
geneous dispersion of  POMs within  the amorphous polymer
resin,  facilitated  by  multiple  hydrogen  bonding  interactions,
forms  a  hybridized  crosslinking  network.  This  structure  en-
ables  dynamic hydrogen bond dissipation for  toughness  en-
hancement while  avoiding light-scattering losses  that  would
arise from filler aggregation. No distinct diffraction peaks cor-
responding to POMs are detected,  likely  due to its  low load-
ing.  Collectively,  these  characterizations  confirm  successful
organic-inorganic  hybridization,  providing  a  structural  basis
for the observed improvements in coating performance.

Anti-fogging Properties of the Coatings
To  investigate  the  influence  of  polymer  chain  composition  on
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Fig. 2    Characterizations of PAE and PPOMs with different POMs loadings: (a) FTIR spectra; (b) DSC curves; (c) XRD patterns; (d) TGA curves.
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anti-fogging  performance,  coatings  with  varying  monomer  ra-
tios  (Table S1 in ESI)  were evaluated by placing each sample 2
cm above 80 °C hot  water  for  1  min (Fig.  S3 in  ESI).  The PAE-1
coating  exhibited  distinct  fog  formation,  attributed  to  its  low
fraction  of  highly  hydrophilic  sodium  p-styrenesulfonate.  The
dominance  of  EA  and  MMA  hydrophobic  segments  hindered
the coating's ability to rapidly absorb vapor and form a continu-
ous water film. As the proportion of sodium p-styrenesulfonate
increased,  the  anti-fogging  performance  improved.  When  its
content reached 10%, and the hydrophobic monomers were re-
duced to below 40%, the coatings maintained high transparen-
cy in 80 °C hot water. The underlying patterns remained clearly
visible,  indicating  that  all  four  coatings  exhibited  reliable  anti-
fogging  behavior.  However,  when  the  sodium  p-styrenesul-
fonate content exceeded 20% (PAE-4, PAE-5), excessive sulfonic
groups  continuously  absorbed  water  during  prolonged  anti-
fogging operation (5 min), causing swelling and stress accumu-
lation. The water film on the coating surface became too thick,
leading  to  refraction  and  scattering  of  visible  light.[19] The  un-
derlying  pattern  was  still  visible,  but  the  image  edges  showed
noticeable distortion (Fig. S4 in ESI). Additionally, the reduction
in HEMA monomers would weaken the interaction between the
coating and the substrate as the number of hydroxyl groups de-
creased. In contrast, coatings with slightly lower sodium p-styre-
nesulfonate content (PAE-2 and PAE-3) maintained clear and in-
tact images even after prolonged exposure to abundant water
vapor.  This  is  mainly  attributed  to  the  higher  content  of  hy-
drophobic ethyl acrylate, which prevented excessive thickening
of the water film.

Therefore,  rapid  water  film  formation  can  be  achieved
while limiting film thickness by balancing hydrophilic and hy-
drophobic  components,  enabling  long-lasting  anti-fogging
performance.  To  further  determine  the  optimal  sodium  p-
styrenesulfonate  content,  abrasion  tests  were  conducted  on
PAE-2  and  PAE-3  under  a  500  g  load.  The  results  show  that
PAE-2  exhibited  a  significant  loss  of  anti-fogging  perfor-
mance  after  250  abrasion  cycles.  In  contrast,  PAE-3  main-
tained excellent anti-fogging behavior after 550 cycles,  likely
due  to  the  stronger  polarity  of  sodium  p-styrenesulfonate
compared with hydrophobic ethyl acrylate (Fig. S5 in ESI). The
higher  content  of  sodium  p-styrenesulfonate  in  PAE-3  en-
hances  interfacial  interactions  with  the  substrate,  improving
abrasion resistance.

To investigate the effect of POMs on coating performance,
the  visible-light  transmittance  (400–800  nm)  and  anti-fog-
ging tests were conducted on a series of PPOM coatings with
varying POMs content. As shown in Fig. 3(a), PPOM-1, PPOM-
2,  PPOM-3,  and  PPOM-4  coatings  all  exhibited  a  transmit-
tance of  >88%. However,  the transmittance of  PPOM-5 coat-
ing  decreased  slightly  to  84%  when  the  POMs  content  in-
creased to 2.9 wt%. This reduction was likely due to light scat-
tering  arising  from  the  refractive-index  mismatch  between
POMs  and  the  acrylic  polymer  resin.  Subsequently,  all  coat-
ings exhibited ultra-low WCA and excellent anti-fogging per-
formance,  as  shown  in Fig.  3(d).  This  performance  is  mainly
attributed to the strong hydrophilic ionic groups of sodium p-
styrenesulfonate  and  the  abundant  hydroxyl  groups  on  the
POMs  surface,  which  rapidly  absorb  water  vapor  and  form  a
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Fig. 3    (a) Visible-light transmittance of bare glass and PPOM coatings; (b) Visible-light transmittance of bare glass and PPOM coatings after anti-
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uniform water film on the glass surface. In addition, the trans-
mittance of bare glass and the PPOM coatings was evaluated
over  hot  water  at  80°C  (Fig.  3b).  The  transmittance  of  bare
glass  dropped  to  60%,  whereas  that  of  the  PPOM  coatings
slightly increased (about 90%), further demonstrating the ex-
cellent anti-fogging and anti-reflective property of the PPOM
coatings. However, the coating lost its anti-fogging capability
when the POMs content increased to 3.2 wt% (Fig. S6 in ESI).
Excessive  POMs  formed  a  dense  hydrogen  bond  network
with  polymer  chains,  reducing  the  free  volume  in  the  poly-
mer  network.  As  a  result,  water  vapor  could  not  diffuse  into
the limited polymer chain pores, leading to visible fog forma-
tion on the coating surface.[23] Satisfyingly, the kilogram-scale
PPOM coating dispersion exhibits excellent adhesion and an-
ti-fogging performance on various substrates, including poly-
olefin (PO), polystyrene (PS), and polycarbonate (PC) (Figs. S7
and S8 in ESI).

To  evaluate  the  anti-fogging  performance  of  the  coatings
under more severe conditions,  an anti-frosting test  was con-
ducted.  Samples  were  stored  at –15  °C  for  30 min  and  then
transferred  to  room  temperature  to  observe  frost  formation.
As  shown  in Fig.  3(e),  bare  glass  quickly  developed  visible
frost,  causing  the  transmittance  to  drop  sharply  to  3%  (Fig.
3c).  In  contrast,  glass  coated  with  PPOMs  maintained  high
transparency.  The  transmittance  was  even  1%–2%  higher
than  that  of  unfrosted  bare  glass,  likely  because  the  water
film formed on the surface reduced the refractive index differ-
ence between air  and glass,  providing a  slight  anti-reflective
effect.  The frost-free behavior  of  PPOM coatings is  likely due
to  the  presence  of  non-freezing  bound  water  within  the
POMs, which prevents ice formation.[37] These results demon-
strate that PPOM coatings exhibit excellent anti-fogging and
anti-frosting performance, indicating broad potential applica-
tion prospects.

Durability Performance of the Coatings
In  addition  to  the  anti-fogging  performance,  the  adhesion  be-
tween the coating and the substrate  plays  a  critical  role  in  de-
termining the long-term durability of the system. Conventional
hydrophilic  coatings  often  suffer  from interfacial  failure  due to
weak bonding with the substrate,  leading to wrinkling and ex-
foliation. To evaluate the adhesion between PPOM coatings and
substrate, cross-cut adhesion tests were conducted for coatings
with different POMs contents, as shown in Fig. S9 (in ESI). A se-
ries of parallel  cuts with 1 mm spacing was made on the coat-
ing  surface  using  a  multi-blade  cutter  to  form  a  regular  grid.
Subsequently,  a  3M  adhesive  tape  was  then  pressed  onto  the
grid under a uniform load of 500 g and rapidly peeled off.  The
results  show that  the peeling area of  PPOM-1 and PPOM-2 ac-
counted  for  approximately  5-10%  of  the  total  grid  area,  while
PPOM-3  exhibited  less  than  5%  peeling.  PPOM-4  and  PPOM-5
showed no noticeable detachment, indicating superlative adhe-
sion. Clearly, the adhesion strength of the coating increases with
increasing  POMs  content.  The  abundant  protons  and  oxygen-
rich  surface  of  POMs,  combined  with  the  abundant  hydroxyl
groups  derived  from  HEMA  in  the  polymer  resin,  collectively
form a robust interfacial  network with the plasma-treated sub-
strate,  thereby  significantly  improving  the  overall  bonding
strength.

Mechanical  abrasion  after  surface  contamination  is  one  of

the main causes of anti-fogging failure, making coating abra-
sion resistance critical for service life. To evaluate the effect of
POMs incorporation on abrasion resistance, abrasion tests un-
der a 500 g load were performed on PAE-3 and PPOM-4 coat-
ings, and PPOM-4 was selected for comparison with PAE (Fig.
4a).  The  WCA  of  PAE-3  increased  to  14.98°  after  600  cycles,
and  most  areas  lost  anti-fogging  performance  in  the  80  °C
hot-fog  test.  Furthermore,  the  WCA  of  PAE-3  increased  to
30.06°  after  1200  cycles.  In  contrast,  PPOM-4  maintained  a
WCA  increase  from  6.7°  to  only  12.9°  after  1200  cycles,  with
no  significant  change  in  anti-fogging  performance  (Fig.  4b).
These results  demonstrate that  POMs incorporation marked-
ly improves the abrasion resistance of the coatings. Addition-
ally, compared with anti-fogging coatings reported in the lit-
erature,  the PPOM-4 coating exhibits superior abrasion resis-
tance (Table S3 in ESI).

To  investigate  the  origin  of  improved  abrasion  resistance,
SEM characterization was performed on PAE and PPOM coat-
ings  (Fig.  4c).  The  pure  polymer  coating  exhibits  a  distinctly
granular surface. After incorporating POMs, the PPOM organ-
ic-inorganic hybrid coating exhibits a dense and smooth mor-
phology.  FTIR  analysis  confirmed  hydrogen  bonding  be-
tween  POMs  and  the  polymer  resin.  It  is  inferred  that  POMs
form a multi-level hydrogen bond network with sulfonic acid
and  hydroxyl  groups  in  the  polymer  chains via a  bridging
oxygen structure. This network effectively enhances the inter-
facial  interaction  between  POMs  and  acrylic  polymer  chains,
optimizing  the  coating's  surface  microstructure.[38] This  im-
provement  is  attributed  to  the  formation  of  multiple  hydro-
gen  bonding  interactions  between  POMs  and  the  polymer
chains, as confirmed by FTIR analysis. It is inferred that POMs
form a multi-level hydrogen bond network with sulfonic acid
and hydroxyl groups in the polymer chains via their bridging
oxygen structure. This network effectively fills micro-voids be-
tween acrylic segments, thereby optimizing the coating's sur-
face microstructure.

To further assess the surface characteristics of the coatings,
AFM was employed to measure the roughness of  PPOM and
PAE coatings (Fig. 4d). The average roughness (Rq) decreased
from  5.60  nm  for  the  PAE  coating  to  4.09  nm  for  the  PPOM
coating.  The  surface  morphology  and  roughness  of  PPOM-4
(Fig.  S10  in  ESI)  coating  were  examined  after  1200  abrasion
cycles, with the roughness of the coating being quantified as
5.38 nm, indicating a minimal increment of 1.29 nm. This sur-
face smoothening can significantly reduce the friction coeffi-
cient  and  alleviate  interfacial  stress  concentration,  thereby
prolonging  coating  lifetime.  In  addition,  SEM-EDS  mapping
(Fig. 4e) shows that C, O, S, W, and Si are homogeneously dis-
tributed  across  the  coating  surface.  The  characteristic  ele-
ments of POMs (W and Si) do not show aggregation, indicat-
ing  excellent  compatibility  between  POMs  and  the  acrylic
emulsion with no phase separation. Cross-sectional SEM anal-
ysis  of  the  coating (Fig.  S10  in  ESI)  revealed a  uniform thick-
ness  of  1.615  μm. Elemental  mapping confirmed a  homoge-
neous distribution of  POMs throughout the coating,  with no
evidence  of  surface  agglomeration.  The  absence  of  phase
separation prevents light scattering, providing the basis for si-
multaneously  achieving  high  transparency  and  durability.
The  uniform  hybrid  structure  enhances  cohesion  and  me-
chanical stability through hydrogen bond crosslinking. In ad-
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dition, the oxygen-rich surface of POMs can form bonds with
the  corona-treated  glass  substrate,  which  further  improves
adhesion and abrasion resistance.

Prolonged  exposure  of  anti-fogging  coatings  to  complex
environments,  including ultraviolet  (UV)  radiation,  can cause
bond  scission  or  molecular  rearrangement  within  the  poly-
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mer  resin,  which  may  lead  to  interfacial  delamination  from
the substrate. Such aging processes can eventually cause the
loss of anti-fogging functionality or a decline in optical trans-
mittance.  Therefore,  UV-accelerated  aging  tests  were  con-
ducted  to  evaluate  the  stability  and  structural  durability  of
the  coatings,  ensuring  the  long-term  anti-fogging  perfor-
mance  under  realistic  service  conditions.  The  variation  in
WCA for the PAE coating and PPOM coatings was monitored
under conditions of 60 °C and an irradiance of 0.68 W/m2,  as
shown in Fig. 5(a). The pure polymer coating exhibited a rapid
loss  of  anti-fogging  behavior  after  5  days  of  UV  exposure,
with its contact angle increasing to 16.5° due to extensive UV-
induced  degradation  of  the  polymer  chains.  In  contrast,  al-
though  the  contact  angle  of  the  PPOM  coatings  slightly  in-
creased to 13.2° after 10 days of exposure, desirable anti-fog-
ging  performance  was  still  maintained  (Fig.  5b).  By  compar-
ing  the  visible-light  transmittance  of  the  PAE-3  and  PPOM-4
coatings  after  different  durations  of  UV-accelerated  aging,  it
can be seen that the PPOM coating exhibits a superior anti-re-
flective effect compared with PAE-3. The results suggest that
the incorporation of POMs effectively enhances the weather-
ing  resistance  of  the  coating  (Fig.  5c).  The  enhanced  UV-ag-
ing  resistance  mainly  stems  from  the  abundant  Si―O  and
W―O bonds in the POMs structure.[39] These bonds effective-
ly absorb UV light (Fig. 5d), which reduces UV damage to the
polymer  resin  and  improves  the  overall  stability  of  the  coat-
ing.[40,41]

Moreover, the hydrophilic components in conventional an-
ti-fogging coatings tend to dissolve in various solvents, lead-
ing to the loss of anti-fogging performance. To assess solvent
resistance, the PPOM coatings were tested in both water and

organic  solvents.  As  shown in Fig.  6(a),  the contact  angle re-
mained at about 10° even after 48 h of immersion in distilled
water  at  25  °C,  indicating  that  the  coating  retained  high  hy-
drophilicity and stable anti-fogging performance (Fig.  6b).  In
addition, the PPOM coatings exhibited excellent resistance to
organic solvents. After 240 h of immersion in both polar and
nonpolar  solvents,  the  coatings  still  maintained  outstanding
anti-fogging  properties  (Fig.  6c).  This  robustness  can  be  at-
tributed to the abundant proton sites  and oxygen-rich coor-
dination structure on the POMs surface, which enables strong
bonding  with  the  substrate.  Along  with  interfacial  hydrogen
bonding  between  POMs  and  the  acrylic  polymer  chains,  a
dense and stable network is formed, making it difficult for sol-
vents  to  penetrate  and  thus  ensuring  superior  solvent  resis-
tance.

CONCLUSIONS

In this work, an organic-inorganic anti-fogging coating was de-
veloped  by  integrating  POMs  with  a  designed  aqueous  poly-
mer resin. POMs provide abundant proton sites and oxygen-rich
coordination.  Optimizing the ratio  of  hydrophilic  to  hydropho-
bic  monomers  and POMs content  yielded coatings  with  excel-
lent  anti-fogging/anti-frosting  performance,  addressing  the
poor abrasion resistance and limited environmental durability in
conventional  coatings.  Strong  interfacial  interactions  among
coatings  with  various  substrates,  including  glass,  PS,  PO  films,
and  PC,  resulted  in  desirable  adhesion.  Importantly,  the  incor-
poration of POMs significantly reduced the surface roughness of
the  coating  and  enhanced  cohesion  based  on  multiple  hydro-
gen bonding interactions between POMs and the polymer resin,
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resulting  in  excellent  abrasion  resistance.  The  coatings  main-
tained anti-fogging performance after 1200 abrasion cycles un-
der 500 g. Accelerated UV aging at 0.68 W/m2 and 60 °C for 240
h showed that POMs incorporation effectively protects the poly-
mer  resin  from  photodegradation  under  sunlight.  The  organic
solvent-free synthesis and facile scalability indicate broad prac-
tical and commercial potential for this coating.
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