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Abstract Integrating photoresponsive components into superhydrophobic surfaces remains a challenge because functional species often dis-
rupt the hierarchical micro/nanostructures required for superhydrophobicity. In particular, intrinsically hydrophilic polyoxometalates (POMs) are
difficult to incorporate into low-surface-energy systems without compromising their structural integrity and wetting performance. Herein, a fluo-
ropolymer porous coating of phosphomolybdic acid (FPPC@PMA) was fabricated via a high-internal-phase emulsion (HIPE) templating strategy,
enabling the simultaneous immobilization of hydrophilic POMs and construction of a hierarchical porous fluoropolymer framework. The result-
ing FPPC@PMA coating exhibited excellent superhydrophobicity with a water contact angle of 152° and remarkable mechanical durability in
sandpaper abrasion and tape-peeling tests. Owing to the redox activity of PMA, the composite also displays a sensitive and reversible pho-
tochromic response upon ultraviolet irradiation, suggesting its potential applications in ultraviolet (UV) monitoring and information encryption.
Molecular dynamics simulations further elucidated the interfacial interactions between the polymer matrix and phosphomolybdic acid clusters,
providing theoretical insights into the structural stability of the composite system. This work offers an effective strategy for integrating hy-
drophilic photoresponsive species into superhydrophobic architectures while maintaining their structural integrity and functionality.
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INTRODUCTION

The development of bio-inspired intelligent interfacial materials
with integrated self-sensing and dynamic feedback capabilities
has emerged as a pivotal research direction for realizing func-
tional adaptability in complex environments."! Conventional su-
perhydrophobic surfaces exhibit excellent self-cleaning and an-
tifouling properties, they are primarily limited to passive protec-
tion and lack the ability to respond to external stimuli (e.g., light,
electricity, and heat) in real time or enable information ex-
change or encryption.!” Therefore, integrating light-responsive
functionalities, such as UV mask-assisted patterning, into super-
hydrophobic systems has become an important strategy for
constructing next-generation intelligent interfaces.”) However,
integrating photoresponsive species into superhydrophobic
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systems remains challenging because the incorporation of func-
tional components often compromises the hierarchical micro/
nanostructures required for superhydrophobicity, resulting in
reduced structural stability and functional performance.
Polyoxometalates (POMs) exhibit unique advantages as
photochromic materials, owing to their reversible photoin-
duced redox properties.] However, POMs are highly soluble
in polar media and often exhibit poor dispersion stability.
When directly introduced into polymer matrices, they tend to
aggregate, leach out, or exhibit insufficient interfacial com-
patibility, thereby reducing structural stability and photore-
sponse efficiency.s] Moreover, the incorporation of function-
al components into superhydrophobic systems may disrupt
the original hierarchical micro/nanostructures, resulting in re-
duced surface roughness and mechanical durability.[%! Conse-
quently, achieving the synergistic integration of stable POM
immobilization and robust superhydrophobic structures
within a single-material system remains challenging. The fun-
damental scientific challenge lies in resolving the inherent
trade-off and thermodynamic incompatibility between intrin-
sically hydrophilic functional clusters and low surface energy
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matrix networks. Conventional composite strategies such as
simple physical blending or spray coating often rely on weak
interfacial adhesion or uncontrolled random stacking. These
conventional methods frequently fail to maintain biomimetic
hierarchical roughness while ensuring stable functional load-
ing, leading to severe component leaching, pore clogging,
and functional failure under external mechanical stress.l’]

To address these challenges, the high internal phase emul-
sion (HIPE) templating strategy provides an effective ap-
proach for constructing three-dimensional interconnected
porous structures and regulating the interfacial distribution
of functional components.[®! Distinct from traditional surface-
coating methods that form superficial, vulnerable layers, the
highly porous polymer network derived from HIPE creates a
continuous, monolithic, three-dimensional skeleton. This in-
terconnected network not only offers abundant interfacial
sites for chemically anchoring and sequestering functional
species within the matrix walls, but also helps maintain an in-
terconnected micro/nano hierarchical roughness that is fa-
vorable for stable, superhydrophobic surfaces.°! In conven-
tional coatings, functional roughness is typically confined to
the outermost surface and can be readily removed during
mechanical wear. In contrast, the self-similar porous skeleton
generated by the HIPE process preserves the hierarchical
roughness throughout the bulk material, allowing the newly
exposed surfaces to retain superhydrophobic characteristics
even after abrasion. Fluoropolymers are considered ideal ma-
terials for constructing superhydrophobic interfaces because
of their intrinsically low surface energies.['%"] Based on this
concept, incorporating POMs into HIPE-derived fluorinated
porous polymer networks could enable their stable immobi-
lization via interfacial interactions. The hierarchical porous
structure was preserved, imparting reversible photochromic
properties while maintaining excellent superhydrophobic
performance and achieving the synergistic integration of
wettability control and photoresponsive functionality.

In this study, a multifunctional fluoropolymer-supported
phosphomolybdic acid coating (FPPC@PMA) was fabricated
using the HIPE templating strategy. In this system, an oil
phase composed of polyurethane diacrylate (PUDA) and the
fluorinated monomer HFBA encapsulates an aqueous phos-
phomolybdic acid solution to form a stable water-in-oil (W/O)
emulsion. After polymerization, a biomimetic hierarchical
porous structure was obtained, in which PMA clusters were
uniformly immobilized within the fluorinated polymer matrix.
The resulting coating exhibited excellent superhydrophobici-
ty with a static water contact angle of 152° and remarkable
mechanical durability in sandpaper abrasion and tape-peel-
ing tests. Furthermore, redox-active PMA endowed the coat-
ing with a sensitive and reversible photochromic response
under UV irradiation, enabling its application in UV detection
and information encryption. To further understand the origin
of the structural stability, molecular dynamics (MD) simula-
tions were conducted to elucidate the interfacial interactions
between the polymer chains and PMA clusters, providing the-
oretical insights into the stability and uniformity of the com-
posite structure. This study offers a general strategy for devel-
oping intelligent, durable, and multifunctional surfaces that
are suitable for harsh environments.

EXPERIMENTAL

Materials

2,2,3,4,4,4-Hexafluorobutyl acrylate (HFBA 98%) was obtained
from Harbin Saiojia FluoroSilicon Chemical Co., LTD., (Harbin,
China). 2-Ethylhexyl acrylate (2-EHA) was obtained from Shang-
hai Aladdin Bio-Chem Technology Co., Ltd., (Shanghai, China).
Hypermer B246, a copolymer consisting of poly(hydroxy stearic
acid) and poly(ethylene glycol), was supplied by Croda, USA.
Poly(urethane diacrylate) PUDA (EBECRYL® 284) is an aliphatic
poly(urethane diacrylate) oligomer diluted with 1,6-hexanediol
diacrylate monomer, supplied by Cytec Company, Belgium.
Phosphomolybdic acid (PMA) and AIBN were obtained from
Aladdin. All chemicals were used without further purification.

Preparation of FPPC@PMA

First, accurately weigh 0.48 g of Hypermer B246, 1.1 g of HFBA,
3.6 g of EHA and 3.2 g of PUDA to form the oil phase. Then, add
0.1 g of AIBN as a thermal initiator. After ultrasonic treatment of
the mixed oil phase for 10 min to ensure thorough mixing, the
mixture was transferred to a 100 mL three-necked flask. Under
uniform stirring at 500 r/min, 23 mL of 0.08 mol/L phospho-
molybdic acid aqueous solution was gradually added to the oil
phase, eventually forming a stable W/O type high internal phase
emulsion. After polymerization at 60 °C for 12 h, the obtained
monolith was thoroughly washed with ethanol for several times
to remove the residual surfactant and unreacted species, fol-
lowed by vacuum drying at 60 °C for 12 h.

Characterizations

Fourier infrared spectroscopy (FTIR) (Nicolet iS10, USA) was
measured within a 4000-500 cm™' scanning range. A scanning
electron microscope (SEM) (Gemini300, Germany) was used to
analyze the microscopic morphology of the surface and cross-
section of the FPPC@PMA. The samples for the cross-sectional
scanning electron microscope characterization were prepared
by careful snapping after immersion in liquid nitrogen for 30 s.
The content and distribution of elements on the surface of FP-
PC@PMA were characterized by energy-dispersive X-ray spec-
troscopy (EDS) with a secondary electron mode and an acceler-
ating voltage of 20 kV (X-MAX-50, UK). The morphology and
structure of FPPC@PMA were observed by transmission elec-
tron microscopy (TEM, FEI-Tecnai 12). The hydrophobicity of
FPPC@PMA was measured at room temperature using a fully
automated optical video contact-angle measuring device
OCA40 (Data Physics, Germany). X-ray photoelectron spec-
troscopy (XPS) was performed using a Thermo EscalLab 250Xi
(USA) with an Al Ka source (15 kV and 25 W) and a pass energy
of 100 eV to analyze the surface elements of FPPC@PMA. The
absorption spectra were recorded using a UV-Vis-NIR spec-
trophotometer (Shimadzu, UV-3600 Plus) from 200 nm to 400
nm with an integrating sphere. Absorbance (A) can be calculat-
edas A=1-R-T, where Rand T are the reflection and trans-
mission, respectively.

Molecular Dynamics Simulation

The interactions between phosphomolybdic acid (PMA) and the
polymer at their interfaces were examined using molecular dy-
namics (MD) simulations. The Forcite module in Materials
Studio was used to set up the polymer-PMA systems through
the Amorphous Cell module, the force field was the Universal
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Force field, the system used an NVT ensemble, and the charge
distribution method was QEQ assigned. The temperature was
set at 25 °C, and the total simulation duration was set to 200 ps,
with a time step of 1 fs. The interactions between PMA and the
polymer were analyzed over a period of 1-200 ps. In total, 200
interaction instances were computed.

RESULTS AND DISCUSSION

Characterization of FPPC@PMA

A high internal phase emulsion (HIPE) was constructed using a
fluoropolymer-containing oil phase and an aqueous phase con-
taining phosphomolybdic acid (FPPC@PMA) (Fig. 1). During
emulsification, PMA was enriched at the oil-water interface and
subsequently immobilized within the fluoropolymer matrix up-
on polymerization, forming a porous FPPC@PMA coating. The
hierarchical micro/nanostructure derived from the HIPE tem-
plate, together with low-surface-energy fluorinated segments,
imparts superhydrophobicity by maintaining the water droplets
in a Cassie state. Under UV irradiation, redox-active PMA under-
goes a photoinduced electronic transition (Mo®*/Mo’*conver-
sion), leading to an optical response that enables UV detection.
The bottom panel shows the chemical structures of the
polyurethane diacrylate, hexafluorobutyl acrylate, 2-ethylhexyl
acrylate, and phosphomolybdic acid used in the composite sys-
tem.

In this study, we successfully prepared fluoropolymer-sup-
ported polyoxometalate (POMs) superhydrophobic pho-
tochromic coating materials using a high internal phase
emulsion (HIPE) templating method. Figs. 2(a) and 2(b) show
scanning electron microscope (SEM) images of the samples,
clearly demonstrating the biomimetic lotus leaf-like micro-
nano hierarchical structure of the material. Fig. 2(a) shows
that the material surface exhibits a three-dimensional inter-
connected porous network structure, with pore diameters
mainly distributed in the range of 1-3 pm. This micron-level
rough structure is the key framework for achieving superhy-
drophobic properties. To quantitatively evaluate the unifor-
mity of the HIPE-derived porous structure, pore-size statistics
were obtained from the SEM images. As shown in Fig. S2 (in
the electronic supplementary information, ESI), the pores are
distributed within a relatively narrow size range, indicating
good structural homogeneity throughout the porous frame-
work. Such a uniform porous architecture is beneficial for
maintaining consistent surface roughness and contributes to
the excellent superhydrophobic performance of the coating.
The high-magnification SEM image (Fig. 2b) further reveals
that nanoscale clusters were uniformly distributed on the
pore walls of the porous skeleton. These nanostructures, to-
gether with the micron-level channels, form a micro-nano
composite rough morphology similar to the lotus leaf surface,
providing a structural basis for superhydrophobic perfor-
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Fig. 1 Schematic illustration of the fabrication process and multifunctional mechanism of the FPPC@PMA coating.
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0.309nm -

Fig. 2 Morphological and elemental characterization of the composite coating. (a, b) SEM images at different magnifications; (c) TEM image; (d)

HRTEM image; (e;-e,) EDS elemental mapping images of F, N, O, and Mo.

mance.l'l To evaluate the influence of PMA incorporation on
the hierarchical porous structure, a blank HIPE fluoropolymer
sample (FPPC) without PMA was prepared as a control. As
shown in Fig. S1 (in ESI), both FPPC and FPPC@PMA exhibit
typical interconnected porous morphologies derived from
the HIPE template, and no obvious pore collapse or structural
disruption is observed after PMA incorporation. The pore size
distribution analysis further revealed only minor variations in
the average pore diameter, suggesting that the introduction
of PMA does not significantly alter the HIPE-derived porous
framework. This indicates that the HIPE polymerization pro-
cess can effectively immobilize hydrophilic PMA within the
fluoropolymer network while preserving the hierarchical
micro/nano roughness essential for superhydrophobicity. Fig.
2(c) shows the typical two-dimensional lamellar morphology
of the fluoropolymer matrix with distinct wrinkles between
the layers. This structural characteristic facilitates an increase
in the specific surface area and provides ample sites for the
loading polyoxometalates (POMs). The high resolution trans-
mission electron microscope (HRTEM) image (Fig. 2d) reveals
clear lattice fringes with a spacing of d=0.309 nm, corre-
sponding to the (-3,1,2) plane, confirming the successful
loading and good crystallinity of the POMs on the fluoropoly-
mer surface. Furthermore, the uniformly distributed nano-
crystalline structure enhances the surface roughness of the
material.

To confirm the elemental composition and spatial distribu-
tion, energy-dispersive X-ray spectroscopy (EDS) mapping
was performed on the samples (Figs. 2e;,-2e,). Analysis
demonstrated that fluorine (F, derived from the fluoropoly-
mer), nitrogen (N), oxygen (O, originating from polyoxometa-
lates and polymer functional groups), and molybdenum (Mo,

the central metal in polyoxometalates) were uniformly dis-
tributed throughout the sample area without any evident ele-
mental aggregation. This homogeneity not only ensures the
full exposure of low-surface-energy C—F bonds on the coat-
ing surface but also facilitates the effective utilization of pho-
tochromically active sites in POMs, thereby providing a chem-
ical basis for the multifunctionality of the coating.

The elemental compositions of the coatings were first ex-
amined using XPS survey spectra (Fig. 3a). Both the FPPC and
FPPC@PMA samples exhibited characteristic C 1s, O 1s, and F
1s signals, confirming the successful construction of the fluo-
ropolymer framework. After loading the polyoxometalates, an
additional Mo 3d signal appeared in FPPC@PMA, verifying the
successful incorporation of the POM species into the porous
fluoropolymer matrix.

The high-resolution Mo 3d spectrum (Fig. 3b) can be de-
convoluted into multiple components corresponding to Mo*
and partially reduced Mo* species. The coexistence of these
valence states suggests electron transfer interactions be-
tween the fluoropolymer matrix and POM clusters, which are
beneficial for the photochromic activity. Compared to pris-
tine PMA, the broadened peaks in FPPC@PMA indicate strong
interfacial coupling and stable POM immobilization. The N 1s
spectra (Fig. 3c) reveal the presence of —NH—, protonated
—NH,*, and C—N species.['Z After POM loading, the peak po-
sitions shifted slightly, suggesting hydrogen bonding or elec-
trostatic interactions between the nitrogen-containing
groups and POM clusters. These interactions contribute to
the structural stability and uniform dispersion of the POMs
within the fluoropolymer network. The XRD patterns (Fig. 3d)
show that FPPC exhibits a broad amorphous halo, which is
typical of polymeric materials. After loading the POMs, sever-
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Fig. 3  Structural, optical, and interfacial characterization of FPPC@PMA and FPPC. (a) XPS survey spectra; (b) Mo 3d XPS spectra; (c) N 1s XPS

spectra; (d) XRD patterns; (e) FTIR spectra; (f) UV-Vis absorption spectra; (g) Molecular dynamics simulation snapshots; (h) Time-dependent

interaction energy.

al weak diffraction features consistent with phosphomolyb-
dic acid references appeared, confirming the presence of
crystalline POM domains while maintaining the overall amor-
phous polymer framework. This indicates that the POM struc-
ture was preserved during the HIPE polymerization.

The FTIR spectra (Fig. 3e) further confirm the chemical
structure of the coatings. The bands at around 1200 cm-" cor-
respond to the C—F stretching vibrations of the fluoropoly-
mer backbone, while the characteristic Mo—O and
Mo—O—Mo vibrations appear after POM incorporation.[314]
Notably, slight shifts in these peaks suggest strong interfacial
interactions between the fluoropolymer matrix and POM
clusters, which may enhance the coating stability and func-
tionality UV-Vis absorption spectra (Fig. 3f) revealed that

FPPC@PMA exhibited significantly enhanced light absorption
compared to FPPC. The absorption intensity increased from
15.9% to 68.3% in the UV region, demonstrating the strong
photoresponse of the POM species. This enhanced light-
harvesting capability provides an optical basis for the pho-
tochromic behavior of the coating. Molecular dynamics simu-
lations were performed to understand the interfacial interac-
tions between the fluoropolymer chains and phosphomolyb-
dic acid clusters (Fig. 3g). Over a simulation time of 200 ps,
the POM molecules gradually approached and anchored on-
to the polymer surface, indicating spontaneous adsorption
driven by intermolecular interactions. Fig. 3(h) shows a rapid
increase, followed by stabilization, suggesting the formation
of a thermodynamically favorable binding state. The strong

https://doi.org/10.1007/510118-026-3790-7
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interaction energy indicates robust interfacial coupling be-
tween the fluoropolymer and POM clusters, which explains
the stability and uniform dispersion of the POMs within the
coating.l'”]

Surface Wetting Property of FPPC@PMA

The wettability of the coating was first evaluated using static
and dynamic water contact angle measurements.'®"'8 Ag
shown in Fig. 4(a), a water droplet maintains a nearly spherical
shape on the coating surface with a contact angle of 152°, indi-
cating the typical superhydrophobic nature of the material. In
addition to the high water contact angle, the FPPC@PMA coat-
ing exhibited a low sliding angle of 7.41°, indicating minimal in-
teraction between the water droplets and surface. A compres-

sion-release test was conducted to further examine the wet-
ting stability (Fig. 4b). When the droplet was pressed with the
probe, it retained its spherical shape without spreading. After
removing the probe, the droplet rapidly recovered and de-
tached from the surface, suggesting an extremely low
adhesion.'”

The dynamic behavior of the droplets was further investi-
gated using a high-speed camera (Fig. 4c). Upon impact, the
droplet rapidly rebounded from the surface with minimal
spreading or pinning, demonstrating excellent water repel-
lency and low energy dissipation, which are characteristic fea-
tures of superhydrophobic surfaces.

To evaluate the chemical durability of FPPC@PMA, the

Fig. 4 Superhydrophobic performance and durability tests of the coating. (a) Static water contact angle and sliding angle test; (b) Water droplet
compression-release process; (c) High speed camera images capturing the droplet impact and rebound; (d) Wetting behavior test after salt
contamination; (e) Wetting performance test after tape peeling; (f) Wetting performance test after sandpaper abrasion.

https://doi.org/10.1007/510118-026-3790-7


https://doi.org/10.1007/s10118-026-3790-7
https://doi.org/10.1007/s10118-026-3790-7
https://doi.org/10.1007/s10118-026-3790-7
https://doi.org/10.1007/s10118-026-3790-7
https://doi.org/10.1007/s10118-026-3790-7
https://doi.org/10.1007/s10118-026-3790-7
https://doi.org/10.1007/s10118-026-3790-7

Yang, P. Z. et al./ Chinese J. Polym. Sci. 7

coating was immersed in acidic and alkaline solutions of vary-
ing pH values. As shown in Fig. S6 (in ESI), the water contact
angle of the coating remained consistently above 150°. The
excellent chemical stability is attributed to the robust fluo-
ropolymer backbone and the integrated porous structure
formed via the HIPE template strategy, which effectively
maintains the hierarchical roughness and low surface energy
under corrosive conditions.

The practical durability, contamination resistance, adhe-
sion stability, and mechanical robustness were examined
through salt deposition, tape peeling, and sandpaper abra-
sion tests (Figs. 4d—4f). Even after the salt particles were de-
posited on the surface, the droplets remained spherical and
easily rolled off (Fig. 4d), indicating a strong anti-fouling capa-
bility. After repeated tape adhesion-peeling cycles, the coat-
ing still exhibited a high contact angle (Fig. 4e), which con-
firms the strong interfacial adhesion between the coating and
the substrate. Moreover, the coating maintained its hy-
drophobicity after sandpaper abrasion (Fig. 4f), demonstrat-
ing its excellent mechanical durability.[2%7 As shown in Figs. S3
and S4 (in ESI), the FPPC@PMA coating maintains excellent
superhydrophobicity throughout the abrasion process. Inter-
estingly, a slight increase in the WCA was observed during
the initial abrasion cycles. This phenomenon was attributed
to the monolithic porous architecture generated by the HIPE
templating strategy. Abrasion exposes fresh fluoropolymer
skeletons and additional micro/nano hierarchical structures
from the interior, thereby enhancing air trapping and stabiliz-
ing the Cassie-Baxter wetting state. Consequently, hydropho-
bicity remained stable or slightly improved after moderate
abrasion. SEM observations were performed after the durabil-
ity tests to further evaluate the structural stability of the coat-
ing. As shown in Fig. S5 (in ESI), the lotus leaf-inspired hierar-
chical micro/nanostructures are largely retained after the salt
deposition, tape-peeling, and abrasion treatments.

Overall, the HIPE-derived fluoropolymer-supported POM
coating not only exhibited typical superhydrophobic charac-
teristics, but also possessed strong anti-contamination ability,
adhesion stability, and mechanical robustness, highlighting
its potential for practical applications in harsh environ-
ments.l2% These robust properties are essential for ensuring
the long-term reliability and functional integrity of advanced
coatings, particularly when subjected to the synergistic
stresses of physical abrasion and chemical contamination in
real-world scenarios.

Photochromic Properties and Applications of
FPPC@PMA

As shown in Fig. 5(a), the FPPC@PMA system was constructed
from a fluorinated polymer network and polyoxometalate clus-
ters (centered on Mo) via hydrogen bonding and coordination
interactions.”" This architecture not only provides a confined
and stable microenvironment, but also facilitates the efficient
transfer of photoinduced electrons between the organic chains
and inorganic clusters. Upon ultraviolet (UV) irradiation, the
Mo(VI) species are preferentially reduced at coordinatively un-
saturated sites to generate Mo(V), accompanied by local elec-
tron density redistribution and subtle conformational adjust-
ments. These changes lead to enhanced absorption in the visi-
ble region and a pronounced color variation. In the presence of
oxygen, Mo(V) was reoxidized to Mo(VI), enabling full recovery

of the system. This reversible “photo-reduction-oxidation re-
generation” cycle endows the material with dynamically tun-
able optical properties. CIE (International Commission on lllumi-
nation) chromaticity analysis (Fig. 5b) quantitatively corroborat-
ed these observations. A significant shift in color coordinates
was observed before and after irradiation, with the overall color
evolving from a high-luminance region toward lower bright-
ness and longer wavelengths. This indicates enhanced visible-
light absorption and increased color purity. Such pronounced
chromatic transition reflects the tunability of electronic transi-
tions within the system and provides a reliable basis for visual
information encoding.

Time-dependent photoresponse experiments (Fig. 5¢) fur-
ther elucidate the kinetics of the process. Under UV irradia-
tion at 365 nm (80 mW-cm-2), the material exhibited gradual
deepening of color as the exposure time increased from 0 s to
180 s, indicating a cumulative photoreduction process. Upon
subsequent exposure to oxygen, the color progressively re-
covers, demonstrating that the oxidation process is time de-
pendent and controllable. This reversible “writing (UV)—era-
sing (0,)” behavior exhibits excellent cycling stability and re-
producibility, confirming that the material maintains struc-
tural integrity without significant irreversible degradation
during repeated redox cycles.

A mask-assisted patterning strategy was demonstrated by
leveraging this reversible photoresponsive property (Fig. 5d).
By combining UV irradiation with a hollow mask, high-resolu-
tion patterns, such as QR codes, can be precisely generated
on the material surface and subsequently read via scanning.
These patterns can be erased by oxygen treatment, enabling
rewritable information storage. Compared with conventional
printing or chemical etching techniques, this non-contact and
reprogrammable approach offers several advantages, includ-
ing operational simplicity, reversibility, and enhanced safety.

In practical applications (Fig. 5e), the FPPC@PMA material
was integrated into a flexible substrate for wearable use. The
material exhibited distinct color changes under natural sun-
light and could spontaneously recover in ambient air, demon-
strating real-time responsiveness to UV exposure. These re-
sults highlight the potential for UV detection, smart protec-
tion, and wearable sensing devices.

Fig. 6(a) illustrates the cycling stability of the FPPC@PMA
system during repeated “UV writing—O, erasing” processes.
The color counting values exhibit highly reversible periodic
switching between the high (about 100%) and low (about
0%) states over 20 cycles, with negligible attenuation or base-
line drift. Both the peak and valley values remained essential-
ly constant throughout the cycling test, indicating the excel-
lent fatigue resistance and reversibility of the Mo(VI)/Mo(V)
redox process. The corresponding optical images further con-
firm the rapid and consistent transition between the dark and
light states. Notably, no obvious response delay or degrada-
tion was observed, suggesting that the material maintained
its structural integrity without significant irreversible side re-
actions during repeated photoinduced redox cycles. RGB im-
age analysis was employed to quantitatively characterize the
photochromic response. The RGB values extracted from the
photographs acquired under identical conditions were used
to calculate RGB-based color intensity. The variation in this
parameter during UV irradiation and subsequent recovery re-
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Fig. 5 Photochromic mechanism and applications of FPPC@PMA coating. (a) Schematic of photochromic mechanism; (b) CIE chromaticity
diagram and sample photographs before and after UV irradiation; (c) Time-dependent photochromic and recovery process under UV irradiation; (d)
Demonstration of image storage application; (e) UV detection application under sunlight..

flects the reversible photochromic behavior of the
FPPC@PMA coating. Fig. 6(b) compares the color counting
performance of FPPC@PMA with that of previously reported
photochromic materials. The FPPC@PMA system achieved a
high color counting value of approximately 97%, outperform-
ing typical photochromic wool fabric (72%), cotton fabric
(72%), coated cotton fabric (83%), and photochromic paper
(76%), and surpassing most nanofiber membrane systems
(about 90%).[22-261 This superior performance indicates en-

hanced color contrast, improved recognition accuracy, and a
higher signal-to-noise ratio. This performance enhancement
can be attributed to several factors: (i) the organic-inorganic
hybrid structure facilitates efficient electron transfer, leading
to a stronger photoresponse; (i) the fluorinated polymer net-
work provides a hydrophobic and confined microenviron-
ment that suppresses side reactions and improves reversibili-
ty; (iii) the uniform distribution of Mo-based active sites en-
sures consistent and reproducible optical responses.
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Fig.6 Cycling stability and color counting performance of FPPC@PMA. (a) Reversible color switching under repeated UV writing-0O, erasing cycles
with corresponding optical images; (b) Comparison of color counting performance with previously reported photochromic materials.

To further evaluate the performance of the FPPC@PMA
coating, a systematic comparison with representative POM-
based photochromic materials and superhydrophobic pho-
tochromic coatings reported in the recent literature was con-
ducted (Table S1 in ESI).

Although a variety of photochromic systems have been de-
veloped, most studies have focused primarily on enhancing
the photochromic response without simultaneously consider-
ing the surface wettability and mechanical durability. In con-
trast, the FPPC@PMA coating combines reversible pho-
tochromic functionality with superhydrophobicity and ro-
bust mechanical stability through an HIPE-derived intercon-
nected porous architecture.

More importantly, the HIPE strategy enables the incorpora-
tion of hydrophilic POMs while preserving the hierarchical mi-
cro/nanostructure required for superhydrophobicity, which
remains a significant challenge in multifunctional surface de-
sign.

Overall, the FPPC@PMA material demonstrated outstand-
ing cycling durability and superior color discrimination capa-
bility compared to existing systems, highlighting its strong
potential for applications in reliable information storage,
rewritable optical devices, and photoresponsive sensing tech-
nologies.

CONCLUSIONS

In this study, a fluoropolymer-supported polyoxometalate com-
posite coating (FPPC@PMA) was successfully fabricated using a
high internal phase emulsion (HIPE) templating strategy. In this
system, an oil phase consisting of poly(urethane diacrylate)
(PUDA) and the fluorinated monomer HFBA encapsulates an
aqueous phosphomolybdic acid (PMA) solution to form a stable
water-in-oil (W/O) emulsion. After polymerization, a biomimetic
hierarchical porous structure with three-dimensional intercon-
nected pores was formed. The PMA clusters were uniformly im-
mobilized within the fluorinated polymer matrix, enabling the
coating to maintain micro/nano hierarchical roughness while
introducing reversible photochromic functionality. Owing to the
hierarchical porous structure derived from the HIPE template
and intrinsically low surface energy of the fluoropolymer, the
obtained coating exhibited excellent superhydrophobicity with
a static water contact angle of 152°. Moreover, the coating

demonstrated good mechanical durability during sandpaper
abrasion and tape-peeling tests, indicating its robust structural
stability. In addition, redox-active PMA endowed the coating
with a sensitive and reversible photochromic response under ul-
traviolet (UV) irradiation, enabling potential applications in UV
detection and information encryption. Molecular dynamics
(MD) simulations further revealed the interfacial interactions be-
tween the polymer chains and PMA clusters, providing theoreti-
cal insights into the structural stability and uniform dispersion of
the composite system. Overall, this study presents a synergistic
strategy that combines HIPE structural engineering with func-
tional component integration, offering a promising approach
for the development of durable multifunctional surfaces with
superhydrophobic and photoresponsive properties for applica-
tions in intelligent protection and harsh environments.
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Graphical Abstract

Constructing Superhydrophobic High-internal-phase Emulsion Fluoro-coatings from Hydrophilic
Polyoxometalates for Durable Photochromic Functionality

Pei-Ze Yang, Xiao-Shuang Li, Bo-Yu Lei, Yi-Lin Tang, Bing Geng, Guang-Hui Cui, and Mei Yan
University of Jinan; China National Petroleum Corporation
A high-internal-phase emulsion-templated fluoropolymer framework enables the stable immobilization of hydrophilic

phosphomolybdic acid while preserving hierarchical roughness, yielding a monolithic coating with durable superhy-
drophobicity and reversible photochromic performance for UV sensing and information encryption.
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