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ABSTRACT: Flame-retardant coatings are crucial for safety.
However, flame-retardant materials are often hydrophilic,
causing them to easily dissolve in high-humidity environments,
thereby significantly limiting their durability. Thus, the integration
of water repellency and flame retardancy into a single coating is
ideal for developing durable and flame-retardant materials. In
this study, a robust skin-inspired double-layer coating was
fabricated by using spray coating. An intumescent flame-
retardant “dermis” layer, comprising ammonium polyphosphate
(APP), polydopamine (PDA), and 1-[3-(trimethoxysilyl)
propyllurea (UPTMS), provides the primary heat insulation and
flame retardancy functions. A superhydrophobic “epidermis’
layer, constructed using silicone nanofilaments (Si NFs),
poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP),

Sklh-]nspired flame-retardant
angd’ siiperhydrophobic coating

and triethoxy-1H,1H,2H,2H-heptadecafluorodecylsilane (PFDTS), protects flame-retardant materials in moist conditions.
Owing to its intumescent effect, the obtained coating demonstrated excellent flame retardancy, with the fire self-
extinguishing immediately after the removal of flame source. It achieves a limiting oxygen index (LOI) of 85.3%
and significantly decreases the peak heat release rate (PHRR) and the fire growth index (FGI) of 59.20 kW-m= and
0.789 kW-m=2-s™, respectively. The epidermal layer demonstrated outstanding superhydrophobicity and remarkable
mechanical stability, with the water contact angle remaining above 160° after 1000 bending cycles between 90° and 180°.

Together with the facile spray-coating process, the biomi
superhydrophobic coating provides a feasible and sustainable st

metic design of this intumescent flame-retardant and
rategy for constructing durable fireproofing materials.

KEYWORDS: coating, flame-retardant, superhydrophobic, spray coating, biomimetic

1 Introduction

Combustible materials such as plastics, textiles, and building
materials are highly flammable and easily ignited, triggering severe
fire hazards. Each year, fires and the hazardous substances released
during combustion result in more than tens of thousands of deaths
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and substantial property damage [1, 2]. Therefore, enhancing the
flame retardancy of combustible materials is crucial for broadening
their applications and safeguarding human lives [3, 4]. Flame-
retardant (FR) modification methods generally fall into two
categories: integrating flame-retardant additives into the bulk
combustible materials or constructing a flame-retardant coating on
the surface [5]. However, the former often alters the inherent
properties of the pristine materials and is limited by the maximum
doping quantity, resulting in insignificant flame retardancy [6]. In
comparison, surface coatings are more commonly used because
their processing methods and coating features can be tailored to
meet specific application requirements. Although they are still
acceptable, flame-retardant coatings are more hydrophilic and
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mechanically fragile; their performance declines when exposed to
moisture for prolonged periods [7]. Therefore, developing coatings
that combine flame retardancy and waterproofing properties is of
great significance for fundamental research and practical
applications.

In recent years, superhydrophobic materials have attracted
significant attention [8, 9]. Since the successful fabrication of bionic
lotus leaf structures, researchers have developed a variety of micro-
and nanofabrication techniques to prepare materials with
exceptional water repellency [10, 11]. The synergy between surface
roughness and low surface energy causes water droplets to rest in a
Cassie state on superhydrophobic surfaces, effectively preventing
the liquid from wetting the substrate and demonstrating waterproof
functionality [12]. Thus, superhydrophobic materials offer
significant potential for self-cleaning [13], anti-corrosion [14, 15],
anti-icing [16, 17], drag reduction [18, 19], and other applications,
thereby providing new opportunities to explore the cross-
dimensional integration of natural hydrophobic mechanisms and
flame-retardant properties.

Superhydrophobicity can be integrated with flame-retardant
materials in a specific manner [20-22]. The most versatile approach
involves blending hydrophobic materials with flame retardants,
where the hydrophobic components provide liquid repellency and
act as binders to enhance the adhesion of the flame retardants
[23-25]. Long et al. used a low-surface-energy polydimethy-
Isiloxane (PDMS) binder with a curing agent to adhere ZnSn(OH),
particles to a substrate. After solidification, a flame-retardant
superhydrophobic coating was obtained. It achieved a water contact
angle (CA) of 158° and a water sliding angle (SA) of 1°, with a
limiting oxygen index (LOI) value of 44% [24]. Liu et al. fabricated
the flame-retardant superhydrophobic cotton by immersing it in an
ammonium polyphosphate (APP)-based flame-retardant solution
followed by spraying it with an epoxy resin binder. The modified
cotton extinguished the flame within 20 s in a vertical combustion
experiment and exhibited a water CA of 162° [25]. However, many
hydrophobic components used as adhesives are inherently
combustible, thereby compromising the flame retardancy of
coatings [26]. Therefore, constructing robust, flame-retardant, and
waterproofed layered composite coatings is a practical alternative
approach. Taking advantage of the electrostatic interactions and
chemical bonding between molecules, Shi et al. engineered a flame-
retardant coating by combining phosphorylated poly(ethylenei-
mine) with hydrophobically modified ammonium polyphosphate
via a layer-by-layer self-assembly technique. The resulting coated
cotton fabrics exhibited excellent flame retardancy [27]. Jiang et al.
developed a composite flame-retardant superhydrophobic coating
via a combined coating and deposition approach, using aluminium
hydroxide, APP, PDMS, and candle soot as raw materials. The CA
reached 154° and withstood ignition for 14 s under continuous
flame exposure [28]. Similarly, Zhang et al. prepared a flame-
retardant superhydrophobic coating composed of APP, sodium
montmorillonite, and vinyltrimethoxysilane using the self-assembly
technique and sol-gel reaction. The coating demonstrated a
maximum heat release rate (HRR) of 19.37 W-g" [29]. Despite
these achievements, challenges persist in preparing flame-retardant
superhydrophobic materials, including high costs, complex
fabrication processes, reliance on specialized equipment (e.g., vapor
deposition, electrospinning, and layer-by-layer self-assembly), and
limited scalability [30, 31]. Therefore, developing robust, flame-
retardant, and superhydrophobic materials via a facile and low-cost
fabrication process is essential.
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Learning from nature is one of the most critical strategies for the
design and fabrication of functional materials. Owing to the
uniquely designed double-layer structure, human skin has a good
barrier protection function. The epidermis is a dense waterproof
barrier that can effectively prevent water loss and foreign liquid
invasion and protect the structural stability of the inner layer, and
the dermis is composed of rich fibers and cells, with good
mechanical strength, and it can perform physiological functions
such as thermal insulation [32]. The double-layered structure of
human skin provides a natural example of how layered structures
achieve functional integration, offering a new pathway to improve
the stability and performance of flame-retardant coatings under
complex environmental conditions by mimicking this natural
structure. Herein, we propose a skin-inspired intumescent flame-
retardant and superhydrophobic coating with excellent self-
extinguishing properties and robustness. The APP- and 1-[3-
(trimethoxysilyl)propylJurea (UPTMS)-dominated intumescent
flame-retardant layer mimics the dermal layer to provide heat
insulation and flame retardancy. Meanwhile, a superhydrophobic
layer composed of silicone nanofilaments, poly(vinylidene fluoride-
co-hexafluoropropylene) (PVDF-HFP), and triethoxy-1H,1H,
2H,2H-heptadecafluorodecylsilane (PFDTS) mimics the epidermis
layer protecting the flame-retardant materials from moisture. The
obtained coating demonstrated excellent flame retardancy, self-
extinguishing fire immediately after the flame source was removed,
and a limiting oxygen index (LOI) of 85.3% was achieved. The
epidermal layer exhibited outstanding water repellency across a
wide pH range (CA > 156° and SA < 14° at pH 1-13). Moreover,
the biomimetic coating exhibits remarkable mechanical stability
and durability, with the water contact angle remaining above 160°
after 1000 bending cycles between 90° and 180°, thereby endowing
the biomimetic coating durable flame retardancy in harsh
environments. The key innovation in our design lies in decoupling
the distinctive requirements of waterproofing and flame-retardancy
into two layers, while ensuring the stability and continuity of the
double-layered coatings. Together with the facile spray-coating
process, the biomimetic design of this intumescent flame-retardant
and superhydrophobic coating offers a feasible, cost-efficient, and
sustainable strategy for constructing durable fireproofing materials,
with potential applications in construction materials, pipe
insulation, energy storage, and interior plastics.

2 Results and discussion

2.1 Preparation of skin-inspired flame-retardant and
superhydrophobic coatings

Inspired by the bilayer architecture of human skin, which
comprises a dense epidermal surface and an inner dermal layer, we
fabricated an intumescent flame-retardant and superhydrophobic
coating (Fig. 1(a) and Fig. Sl in the Electronic Supplementary
Material (ESM)). The outer “epidermal” layer, PVDEF-HFP,
functions similarly to keratinocytes by stabilizing its components,
including silicone nanofilaments, to form a protective barrier that
prevents the infiltration of liquid or solid impurities. The inner
“dermal” layer is mainly formulated with APP and UPTMS. Similar
to the functional components in the dermis (e.g., collagen and
blood vessels), the continuous and stable coating formed by
UPTMS condensation provides structural support and thermal
insulation. Meanwhile, APP can prevent flame damage by
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Figure1 Preparation of skin-inspired flame-retardant and superhydrophobic coating. (a) Schematic illustration of skin-inspired flame-retardant superhydrophobic
coating fabrication by stepwise spraying. SEM images of (b) O-PET, (c) FR-PET, and ((d) and (e)) SFR-PET. (f) C, Si, F, P, and N elemental mapping of the cross-section

of the double-layered SFR-PET.

absorbing heat and releasing non-flammable gases during thermal
degradation. This bionic structure ensures both environmental
stability and functional durability.

Pristine polyethylene terephthalate (O-PET) has a flat and
smooth surface and demonstrates the hydrophilicity, with a water
CA of about 72° (Fig. 1(b) and Fig. S2(a) in the ESM).
Subsequently, a flame-retardant stock solution containing APP,
UPTMS, and polydopamine (PDA) was sprayed onto the O-PET to
obtain a flame-retardant layer (FR-PET). The amount of the stock
solution for spraying was set to 0.3 mL-cm™ to form a relatively
uniform film that thoroughly covered the O-PET substrate. As
shown in Fig. 1(c) and Fig. S2(b) in the ESM, the synergy between
UPTMS and PDA ensured that the micrometer-sized APP particles
were completely wrapped without forming isolated loose
aggregates. The strong electrostatic interaction between the
negatively charged APP particles and positively charged UPTMS
promoted cohesive dispersion [20, 33]. PDA formed by the self-
polymerization of dopamine (DA) improved the adhesion between
the components. The distributions of P and N elements in the FR
layer further confirmed the homogeneity and continuity (Fig. S3(a)
in the ESM). To protect the FR layer from water damage, a
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superhydrophobic layer was prepared by spraying a mixture of
silicone nanofilaments (Si NFs), PVDF-HFP, and PFDTS onto the
FR-PET. During the deposition of silicone nanofilaments, the
confinement effect caused by solvent evaporation leads to the
formation of porous and microscale protrusions. Although PVDEF-
HFP and PFDTS were interspersed between the Si NFs, they
functioned as cohesive agents, binding the constituent Si NFs
together and providing the necessary low surface energy. This
configuration trapped air beneath water droplets, yielding a Cassie
state with the CA reaching 165° (Figs. 1(d) and 1(e), and Fig. S2(c)
in the ESM). The scanning electron microscopy (SEM) images in
Fig. 1 confirm that the skin-inspired flame-retardant and
superhydrophobic coating (SFR-PET) was successfully fabricated
via spray coating.

A skin-inspired double-layer coating was visible in the cross
section of the SFR-PET (Fig. S2(d) in the ESM). The bottom flame-
retardant layer is ~ 77.9 um thick, comprising APP particles well
embedded within the continuous UPTMS. It mimicked the dermis
and connected to the polymer substrate (Fig. S3(b) in the ESM).
The porous top layer, approximately 65.3 um thick, mimicked the
epidermis and maintained water droplets in the Cassie state,

Nano Research, 2026, 19, 94908394
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thereby providing waterproof functionality (Fig. S2(c) in the ESM).
This double-layered coating successfully integrated liquid repellency
and flame retardancy, providing a practical enhancement for
durable flame-retardant materials. Moreover, the elemental
mapping of C, Si, F, P, and N obtained via energy dispersive X-ray
spectroscopy (EDS) analysis of the cross-section of the SFR-PET
further verified the successful fabrication of the skin-inspired
coating (Fig. 1(f)).

The chemical components and functional groups of the PET
substrate before and after coating were characterized using Fourier
transform infrared (FTIR) spectroscopy and X-ray photoelectron
spectroscopy (XPS). The attenuated total reflection-FTIR (ATR-
FTIR) spectra of the pristine polyester (PET) film (Figs. 2(a) and
2(b)) showed characteristic peaks at 1713, 2968, and 3430 cm,
corresponding to the symmetrical stretching vibration of C=0,
C-H, and O-H, respectively [34]. After flame-retardant deposition,
the characteristic peak at 3319 cm™ corresponded to the N-H
stretching vibration in APP and UPTMS [35, 36]. The firm
absorption peaks at 872 and 1243 cm™ are attributed to the
asymmetric stretching vibration of P-O-P and the symmetric
stretching vibration of P=0 in APP, respectively [37], indicating the
successful introduction of inflammable APP. The peaks around
1015 and 1713 cm™ indicated the asymmetric stretching vibration

of Si-O-Si and the stretching vibration of the C=0O bonds,
respectively, confirming the hydrolysis and condensation of
UPTMS [20]. In addition, the absorption peak at 1437 cm™
originated from C-N in UPTMS and PDA [37], while the peak
between 1500 and 1600 cm™ corresponded to C=C in the aromatic
ring of PDA, proving the integration of APP, UPTMS, and PDA
into the FR-PET. For the SFR-PET, the peak at 1269 cm™ belonged
to the C-F bonds in PFDTS and PVDF-HFP [38], whereas the
peak near 1015 cm™ corresponded to the Si—-O-Si bond in the Si
NFs. The additional enhancement at 780 cm™ was attributed to the
stretching vibration of the Si-C bond in the PFDTS and Si NFs
[35]. Moreover, FR-PET and SFR-PET had weaker absorption
peaks in the range of 600-1400 cm™ than O-PET. This is because
the flame-retardant and superhydrophobic layers had specific
thicknesses that masked the substrate’s absorption peaks of the
substrate, showing only their own absorption peaks. The elemental
compositions of the coated samples were further evaluated by XPS
analysis (Fig. 2(c)). Compared to the O-PET, which mainly
contains C and O, FR-PET exhibited the characteristic peaks of
N 1s, Si 2p, and P 2p, accompanied by a decrease in the C 1s signal,
which was attributed to the deposition of APP, UPTMS, and PDA.
High-resolution spectra revealed energy peaks at 134.3, 285.7, and
399.4 eV, corresponding to P-O, C-N/C-Si, and -NH, bonds,
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Figure2 Composition characteristics of the PET substrate before and after spray coating. (a) and (b) ATR-FTIR spectra of O-PET, FR-PET, and SFR-PET. (c) XPS
spectra of O-PET, FR-PET, and SFR-PET. High-resolution XPS spectra for (d) C 1s, (e) O 1s, and (f) F 1s of SFR-PET. High-resolution XPS spectra for (g) C 1s, (h) N 1s,

and (i) P 2p of FR-PET.
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respectively (Figs. 2(g)-2(i)). Another feature peak of F 1s was
observed for the SFR-PET, accompanied by a further decrease in
the C 1s and O 1s signals, which was attributed to the coverage of
the Si NFs, PVDF-HFP, and PFDTS. The energy peaks at 284.8,
286.6, 532.5, 533.1, 689.1, and 688.4 €V corresponded to C-C, C-Si,
C-0, Si-O, F-C-F, and C-F bonds, respectively (Figs. 2(d)-2(f)).
These results validate the successful integration of flame-retardant
and superhydrophobic materials into the skin-inspired coatings to
achieve excellent flame retardancy and robustness.

2.2 Wettability and robustness of the biomimetic coating

The deposition of Si NFs and PVDF-HFP provided the coating
with the necessary roughness and low surface energy, thus
endowing it with superhydrophobicity, which is essential for
achieving long-term durability. Upon water immersion, the coating
exhibited the characteristic “silver mirror” effect, indicating the
presence of an air layer and Cassie wetting (Fig. S4(a) in the ESM).
The liquid repellency can be further optimized by introducing
PFDTS to reduce the surface tension. As shown in Fig. S4(b) in the
ESM, the apparent contact angle of SFR-PET increased with the
dosage of PFDTS. The highest contact angle of 165° was achieved at
a PFDTS dosage of 15 pL, indicating outstanding superhydro-
phobicity (Fig. S4(b) in the ESM). However, a further increase in
the amount of PFDTS decreased the apparent contact angle, owing
to the formation of a slippery-like surface. The optimized liquid
repellency ensured that the biomimetic coating exhibited low
adhesion and self-cleaning behaviors. Its low surface adhesion was
evident from the ease with which water droplets could be removed
under deformation. Even under compression, the deformed
droplets detached without tailing or splitting (Fig. 3(a)). This
property was further evidenced by the rolling off (Movie S1 in the
ESM) and dragging (Movie S2 in the ESM) of water droplets on
inclined (tilt angle around 4°) and horizontally placed SFR-PET,
respectively. The self-cleaning performance of the SFR-PET was

evaluated by contaminating the surface with sand (Fig. 3(b)). The
continuous deposition of water droplets thoroughly washed the
sand away, keeping the film clean and dry. This good self-cleaning
performance highlights the ability of biomimetic coating to resist
contamination in practical applications.

In addition to pure water, the as-prepared coating also effectively
repelled various liquid mixtures commonly encountered in daily
life. Tea, milk, coffee, cola, and milk tea droplets maintained a
spherical morphology without spreading (Fig. 3(c)), with contact
angles above 160° and sliding angles below 10° in aqueous solutions
(Fig. 3(d)). Emulsions, such as milk and coffee, showed sliding
angles below 15° (Fig. 3(d)). The coating also exhibited excellent
resistance across a broad pH range (1-13), with the highest contact
angles around 165° and sliding angles below 6°, ensuring its
suitability in harsh environments (Fig. 3(e)). The contact angle
increased to a peak and then gradually decreased within this pH
range. This is attributed to the fact that the high electronegativity of
the F atoms in PVDF-HFP can alter the surface charge of the
superhydrophobic layer. Therefore, an electric double layer formed
between the solid and liquid surfaces. Under acidic or alkaline
conditions, when the ion concentrations are high, the thickness of
the double layer decreases, and the screening effect increases,
thereby reducing the surface tension at the liquid-solid interface
and thus the contact angle [39, 40]. Additionally, the Si-OH groups
in the superhydrophobic layer can be protonated or deprotonated,
which contributes to the reduction in contact angle [41].

The biomimetic design ensured that the coating is mechanically
robust (Fig. S5 in the ESM). As shown in Fig. 3(f) and Fig. S6 in the
ESM, after 1000 bending cycles between 90° and 180° no
significant change in the surface microstructure was observed, and
the contact angle remained above 160° on both sides of the SFR-
PET. The biomimetic coating also exhibited durable repellence
against water flow in the bent state. This robustness stems from the
synergistic effects of the interactions within and between the

| f

Milk Coffee

Milk tea Water
(d)”" — - 50 (e)wu = 50 (f)170
160+ o 0 8 g 1601 o o-goF" LA A 160 +
e T4 S Quter side
150+ 150+ 150 + — Inner side
T 1401 T30 & 140t BP0 = o 140 /
S 130} 1o & S 130 oo & & 130] ()
1204 o 1204 1204 L ‘ s / =
3 T 5 {10 m‘@—@@@ @-m-@@'@ Lo \
1071 5 m 10+ Bg N 1104 \ }
1001 . . . " o flig mo st T 1; 100 ; : . . M
S P <e? we®  1e? 0 200 400 600 800 1000
P P GG GG U A\
¥ e o ¥ pH Cycles

Figure3 Liquid repellency and mechanical stability of SFR-PET. (a) Adhesion behaviour of a water droplet on SFR-PET. (b) Images of the self-cleaning process of SFR-
PET. (c) Images of 20 pL of tea, milk, coffee, cola, milk tea, and water (stained with methylene blue) droplets deposited on SFR-PET. (d) CA and SA of probe liquids on
SFR-PET. (e) CA and SA of droplets with different pH values. (f) CA of the SFR-PET after repeated bending cycles. The insets show that the SFR-PET is bent at angles
from 90° to 180°, and the coating maintains stable superhydrophobicity to flowing water after 1000 bending cycles.
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coating layers. In the flame-retardant layer, the strong electrostatic
interactions between the negatively charged APP particles and
positively charged UPTMS promote the formation of a continuous
and stable structure [20, 33]. Simultaneously, PDA, formed by the
self-polymerization of DA, enhances the adhesion between the
flame retardants and the PET substrate. For the superhydrophobic
layer, the PVDF-HFP and PFDTS interspersed between the Si NFs
serve as cohesive agents, binding the constituent Si NFs together
and thereby imparting the layer with flexibility and mechanical
robustness. The interfacial interactions between the two functional
layers also contribute to the structural integrity. The fluorine atoms
in the PVDF-HFP have relatively strong electronegativity and form
hydrogen bonds with the amino groups of UPTMS and APP in the
flame-retardant layer [42]. The PFDTS, located at the interface
between the two layers, can establish hydrophobic-hydrophobic
interactions with the PVDF-HFP through its perfluoroalkyl group.
Meanwhile, it forms covalent Si-O-Si bonds with the UPTMS in
the underlying layer via the hydrolysis and condensation of the two
silanes, thereby imparting a robust connection between the
functional layers. In addition, UPTMS forms covalent Si-O-C
bonds with the substrate and the hydrogen bonds between PDA
and the PET substrate. The synergistic effect of these multiscale
interactions ensures the robustness of the biomimetic coating,
making it highly promising for long-term practical applications.

2.3 Exceptional flame retardancy
A thermogravimetry-differential scanning calorimetry (TG-DSC)

analysis was conducted under nitrogen and air atmospheres to
evaluate the thermal decomposition behaviour of the PET
substrates before and after coating. We first modulated the ratio of
UPTMS to APP to guide the optimization of the flame-retardant
layer composition (Fig. S7 in the ESM). As shown in Figs. 4(a)-4(c)
and Table 1, the 5% weight loss temperature (T,) of O-PET was
386.0 °C, and the char residue at 800.0 °C was only 12.3%.
However, Ty, of FR-PET was 127.7 °C, and the char residue
increased to 38.7%, mainly due to the promotion effect of
phosphoric and polyphosphoric acids generated by APP during the
formation of the char layer and the inorganic SiO, generated by
UPTMS, which contributed to the increase in residue weight [43].
Furthermore, FR-PET exhibited a new and broader endothermic
peak at 333.0 °C in the DSC test. Ty, of SFR-PET was 202.3 °C, and
the char residue increased to 46.6 wt.%. The presence of silica
materials generated from the degradation of Si NFs and PFDTS in
the superhydrophobic layer further thickened the protective barrier
and enhanced the thermal resistance [23].

In the meantime, polymer components in the superhydrophobic
layer caused a sharper endothermic peak to shift to 307.5 °C [44].
These results showed that the polymer substrate was effectively
protected during high-temperature degradation under the
synergistic action of the flame-retardant and the superhydrophobic
coating (Fig. S8 in the ESM). Derivative thermogravimetry (DTG)
further demonstrated the flame-retardancy of the coating. As
shown in Fig. 4(b), SFR-PET exhibited a reduced maximum mass
loss rate of 0.23 wt.%-°C™, which was significantly lower than those
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Figure4 Fire retardancy. ((a) and (d)) TG, ((b) and (e)) DTG, and ((c) and (f)) DSC curves of O-PET, FR-PET, and SFR-PET in ((a)-(c)) N, and ((d)-(f)) air. (g) HRR,

(h) THR, and (i) SPR curves of O-PET, FR-PET, and SFR-PET.
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Table 1 Thermogravimetric analysis data of the coated and uncoated materials under nitrogen and air atmospheres

Gas Sample Ty, (°C) Timex (°C) Tymax (°C) R, (Wt.%-°C™) Residue at 800 °C (wt.%)
N, O-PET 386.0 434.8 — 1.88 12.3

FR-PET 127.7 372.3 — 0.94 38.7

SFR-PET 202.3 304.1 480.1 0.23 46.6
Air O-PET 341.4 427.7 544.1 1.27 4.6

FR-PET 97.2 370.6 582.2 1.11 32.6

SFR-PET 164.9 369.4 464.7 1.12 36.9

of FR-PET and O-PET by 0.94 wt.%°C" and 1.88 wt.%-°C",
respectively, demonstrating the improved thermal stability and
flame retardancy imparted by the biomimetic coating.

TG results for the air atmosphere are shown in Fig. 4(d) and
Table 1. Because of the presence of oxygen, the decomposition rates
of FR-PET and SFR-PET increased markedly; however, the
biomimetic coating still exhibited excellent protective effects on the
material. The results showed that Ty, of O-PET is 341.4 °C and the
char residue is only 4.6 wt.% at 800.0 °C. Compared to FR-PET and
SFR-PET, the coating demonstrated protective effects similar to
those observed under a nitrogen atmosphere. Based on the DTG
and DSC curves (Figs. 4(e) and 4(f)), R,,, of FR-PET and SFR-PET
increases due to the oxidative degradation of polymers contained in
the substrate and superhydrophobic layer [35]. However, it
remained 0.15 wt.%-°C™ lower than that of O-PET. Meanwhile, the
endothermic peak transformed into an exothermic peak of varying
intensity. However, the heat release of SFR-PET was lower than
those of O-PET and FR-PET, indicating that the biomimetic
coating inhibited thermal oxidative degradation. The combustion
behavior of SFR-PET was further evaluated using cone calorimetric
measurements, which are powerful for investigating flame-
retardant materials under realistic fire scenarios. Some essential
parameters, including the heat release rate (HRR), total heat release
(THR), smoke production rate (SPR), total smoke production
(TSP), CO production rate (COP), and CO, production rate
(CO,P), were recorded as functions of time. The critical combustion
data are summarized in Figs. 4(g)-4(i) and Table 2, and Fig. S9 in
the ESM.

O-PET exhibited high flammability and released a large amount
of heat, with a peak HRR (PHRR) of 145.83 kW-m™ and a THR
of 435 MJm™ The corresponding values of FR-PET were
7.11 kW-m™ and 1.01 MJ-m?, which were significantly reduced by
95.1% and 76.8%, respectively, indicating the excellent flame
retardancy of the flame-retardant coating. Although SFR-PET did
not exhibit the lowest PHRR, it still showed a 59.4% reduction
compared to O-PET, and its THR value reached 4.01 MJ-m™ at
500 s. We attribute the enhancement of the PHRR and THR of the
SFR-PET to the presence of the polymer (PVDF-HFP) in the
superhydrophobic layer, which contributed to additional heat
release upon decomposition. The coating also influenced the smoke
production. The release of CO and CO, from O-PET reached the
highest level at approximately 60 s, with release rates of 0.003 and
0.083 g-s7', respectively. In contrast, the highest release rates of CO
and CO, from FR-PET were reduced by 45.6% and 73.5%,
respectively. Similarly, the release rates of those gases decreased by
approximately 50.0% for SFR-PET (Figs. S9(b) and S9(c) in the
ESM). Notably, although FR-PET showed a higher TSP than O-
PET (Fig. S9(a) in the ESM), owing to the generation of non-
combustible agglomerates derived from the thermal decomposition
of the flame-retardant layer, SFR-PET exhibited the lowest TSP,
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Table2 Comparison of flame retardancy performances of O-PET, FR-PET,
and SFR-PET

O-PET FR-PET SFR-PET
PHRR (kW-m™) 145.83 7.11 59.20
TPHRR (s) 49 415 75
THR (MJ-m~) 4.35 1.01 4,01
PSPR (m?s™) 0.036 0.0087 0.014
TSP (m?) 0.54 0.81 0.48
TTI (s) 31 — 55
LOI (%) 21.44 81.45 85.30
FPI (sm>kW') 0.21 — 0.93
FGI (kW-m™s™) 2.976 0.017 0.789
TRP (s">kW-m) 194.9 — 259.6
PSEA* (m*kg™) 1040.5324 775.3466 806.0830

‘Peak specific extinction area (PSEA); a parameter to measure and monitor
the amount of smoke arising from combustion.

which was attributed to the suppression of smoke release from the
inner layer by the superhydrophobic layer. These results highlight
the synergistic contribution of the flame-retardant and
superhydrophobic layers, which caused the excellent flame
retardancy and self-extinguishing properties of the biomimetic
coating (Fig. S10 in the ESM).

The fire performance index (FPI) and fire growth index (FGI)
are two widely used parameters to evaluate the flame retardancy of
a material [45, 46]. Generally, the higher the FPI and the lower the
FGI, the higher the flame retardancy of the material. As
demonstrated in Eq. (1), FPI was derived from the proportion of
ignition time (f,,) to PHRR, while FGI (Eq. (2)) was derived from
the proportion PHRR to the time to PHRR (f;s), respectively [4].
O-PET exhibited a low FPI of 0.21 sm>kW™ and a high FGI of
2976 kW-m™s", suggesting its high flammability (Table 2). In
comparison, the biomimetic SFR-PET showed a significantly higher
FPI of 093 sm*kW™ and a lower FGI of 0.789 kW-m™s,
indicating excellent flame retardancy. The thermal response
parameter (TRP) reflects ignition time delay when a material is
exposed to an external thermal flux. A higher TRP reflects a
longer ignition time. According to Eq. (3), the TRP of O-PET is
1949 s"™kW-m? given that the polymer substrate is highly
flammable; thus, the 35 kW-m™ is much higher than the critical
heat flux value. In comparison, the TRP of the SFR-PET is
259.6 s>kW-m™, confirming that the coating is more difficult to
ignite.

FPI = t,,,/PHRR (1)

ign
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FGI = PHRR /fy )
TRP = qex V tign (3)

Vertical flame combustion tests were conducted on O-PET, FR-
PET, and SFR-PET, using a butane gas burner to ignite the samples
(Figs. 5(a)-5(c) and Movies S3-S5 in the ESM). The O-PET ignited
instantly upon contact with the pilot flame, and the flame spread
quickly along the sample, becoming bright and vigorous (Movie S3
in the ESM). The pristine PET burned out within 3 s and was
accompanied by a large amount of black smoke.

In contrast, no obvious flame was observed when the FR-PET
was in contact with the pilot flame. After 10 s of ignition, it had
only a 2.5 cm charred black surface, accompanied by black smoke,
and the flame self-extinguished immediately upon removal of the
pilot flame (Movie S4 in the ESM). The SFR-PET exhibited the
combustion behavior similar to that of FR-PET, but it had a shorter

scorched black area (2.0 cm), indicating better flame retardancy
(Movie S5 in the ESM). The LOI tests were also conducted to assess
the flame retardancy of the as-prepared coating. As shown in Fig.
S11 in the ESM, O-PET exhibited an LOI of only 21.44%. FR-PET
and SFR-PET reached LOIs of 81.45% and 85.3%, respectively,
which are nearly four times that of the uncoated substrate,
indicating that FR-PET and SFR-PET exhibit strong flame
retardancy.

In addition to the flame retardancy, the biomimetic coating
exhibited excellent thermal insulation (Fig. 5(d) and Fig. S12 in
the ESM). Upon heating, a silica-rich layer was formed on
SFR-PET, effectively reducing heat transfer. In the temperature
range of 70-170 °C, SFR-PET and FR-PET lowered surface
temperatures by an average of 40.59% and 30.30%, respectively,
compared to O-PET (Fig. 5(e)). In addition, the surface heating test
was conducted by depositing O-PET, FR-PET, and SFR-PET on a
hot plate at 100 °C (Fig. 5(f)). Notably, the O-PET used here has a
thickness of ~ 500 um, which is significantly thicker than FR-PET
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Figure5 Flame combustion tests and thermal conductivity. Optical images obtained in vertical flame combustion test of (i) O-PET, (i) FR-PET, and (iii) SFR-PET at the
status of (a) the original, (b) during the ignition, and (c) after the igniter removed. (d) Infrared imaging and (e) variation of the surface temperature of O-PET, FR-PET,
and SFR-PET after 10 s of heating on a hot plate. (f) Variation curve of the surface temperature of O-PET (500 pum), FR-PET, and SFR-PET after being deposited on a hot
plate at 100 °C. Optical images of (g) the flammable cardboard, (h) nonwoven PP fabric, (i) cotton textile, (j) polyurethane sponge, (k) plywood, and (1) PS foam without
(1) and with (2) superhydrophobic flame-retardant coating after ignition, the scale bars represent 2 ((g)-(i)) and 1 cm ((j)-(1)), respectively.
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or SFR-PET, thereby eliminating the impact of thickness on
thermal insulation performance. The SFR-PET temperature
increased more slowly than that of O-PET. Its surface temperature
was 6.7 °C lower than that of O-PET at 330 s (Fig. 5(f)), indicating
that the flame-retardant superhydrophobic coating had strong
thermal insulation.

The fabrication approach presented here is primarily based on
spray coating, which offers the flexibility to fabricate superhy-
drophobic flame-retardant coatings on various flammable
substances. As shown in Fig. S13 in the ESM, the biomimetic
coating exhibits strong adhesion, particularly on hydrophilic
and/or high-surface-roughness materials such as O-PET, plywood,
and cotton textiles. Uncoated materials, such as flammable
cardboard, nonwoven PP fabric, cotton textile, polyurethane
sponge, plywood, and PS foam, were severely damaged upon
ignition (Figs. 5(g1)-5(11)). In contrast, the same materials coated
with the skin-inspired flame-retardant and superhydrophobic
coating retained their original morphologies (Figs. S14 and S15 in
the ESM). Even for the highly flammable substrates such as
nonwoven PP fabric, polyurethane sponge, and PS foam, the
coating effectively prevented perforation and significant burn
damage (Figs. 5(g2)-5(12)). These results confirmed that the flame-
retardant superhydrophobic coating can be broadly applied to
enhance the safety and durability of a wide range of materials in
practical settings.

24 Flame-retardant mechanism

The flame-retardant behavior of the SFR-PET was preliminarily
predicted and studied through structural and chemical analyses
after combustion. SEM images from different regions (upper,
middle, and lower positions as demonstrated by the dashed boxes)
of SFR-PET after vertical combustion (Fig. 6(a)) revealed spatial
differences in the microstructure. The middle region retained a
relatively dense superhydrophobic layer compared with the porous
upper region (Figs. 6(bl), 6(b2), 6(cl), and 6(c2)). By contrast, a
porous but continuous carbonaceous layer developed in the lower
region (Figs. 6(d1) and 6(d2)), indicating that a protective char
barrier was formed during combustion. These observations suggest
that the flame retardancy of SFR-PET stems from its inner
intumescent effect, in which the coating expands and chars upon
heating. The resulting char layer acted as a physical barrier to heat
and oxygen, whereas the release of flame-retardant gases
contributed to the self-extinguishing of the flame.

To further understand the thermal degradation process, a
thermogravimetric (TG)-FTIR analysis was conducted to
investigate the gaseous products released during pyrolysis. The
three-dimensional (3D) TG-FTIR patterns (Figs. 6(e) and 6(f)) and
corresponding FTIR spectra (Figs. 6(g) and 6(h)) were obtained for
both the flame-retardant and superhydrophobic layers at different
temperatures. For the flame-retardant layer, no significant pyrolysis
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Figure7 Scheme of the flame-retardant mechanism of the skin-inspired coating.

products were detected below 148 °C. At this temperature, the first
adsorption peak was observed around 2300 cm™, corresponding to
CO, production [47, 48]. Additional peaks emerged simultaneously
at 194 °C, indicating the release of NH,, with characteristic peaks at
628, 930, 964, 1626, and 3300 cm™ (Figs. S16(a) and S16(b) in the
ESM) [49, 50]. Hydrocarbon-related bands near 3000 cm™ also
appeared [23], alongside a broad band at 3500 cm™ attributable to
water generated by dehydration reaction between the acid
generated by the decomposition of APP and the hydroxyl group in
the coating [23, 35]. In addition, trace amounts of phosphoric acid,
polyphosphoric acid, and PO- radicals were also be produced upon
heating APP, as suggested by the fingerprint peaks near 930 and
964 cm™ (Fig. 6(g)) [23]. In the superhydrophobic layer, thermal
degradation at around 472 °C yielded Si-O-Si (911 cm™) and
C-H (897 cm™) species, indicating the breakdown of silicone
nanofilaments [23, 51]. The cleavage of low-energy C-C bonds in
PVDF-HEFP leads to the formation of fluorocarbon fragments, as
evidenced by characteristic peaks for C=C (977 cm™), CF (1078 and
1130 cm™), CF, (774 and 1277 cm™), and CF, (1385 cm™)
fluorocarbon compounds resulting from the cleavage of low-energy
C-C bonds (Fig. 6(h), and Fig. S16(c) and S16(d) in the ESM)
[52-56].

Based on the above test results, a possible flame-retardancy
mechanism was proposed (Fig. 7). The superhydrophobic layer
releases thermally stable silicon- and fluorine-containing
compounds that form a physical barrier to heat and oxygen.
Simultaneously, the flame-retardant layer emits large quantities of
NH,, H,0, and CO, during decomposition. These gases dilute the
combustible volatiles and reduce the ambient oxygen
concentration, creating an effective gas-phase barrier. The porous
char structure formed during this process also slows the diffusion of
the combustion products, effectively reducing smoke release.
Furthermore, phosphoric and polyphosphoric acids formed during
APP decomposition catalyze the carbonization of the underlying
polymer and substrate, producing a robust char layer. This
carbonaceous residue synergizes with the silica layer generated by
the superhydrophobic components to form a thermally stable,
fireproof, and heat-insulating barrier. The catalytic carbonization
process also produces H,O, reinforcing the gas-phase flame-
retardant action. Additionally, PO- and related free radicals
generated by the further decomposition of phosphoric acid capture
reactive species such as O-, H-, and other reactive free radicals,
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interrupting free-radical chain reactions that sustain combustion.
Overall, SFR-PET achieves flame retardancy through a combination
of gas-phase dilution, solid-phase barrier formation, and free-
radical quenching. This multi-level defense significantly slows the
spread of flames and smoke release, resulting in impressive flame
retardancy.

3 Conclusions

Inspired by the layered structure of human skin, we developed an
intumescent flame-retardant and superhydrophobic coating using a
facile and scalable spray-coating method. The design incorporated
an outer superhydrophobic layer and an inner flame-retardant
layer, which together delivered both water repellency and flame
retardancy, resulting in a coating with excellent self-extinguishing
and robust properties. The epidermal layer exhibited outstanding
superhydrophobicity, with a static water CA of 165°, and retained
its liquid repellency even after 1000 cycles of repeated bending
between 90° and 180°. This mechanical durability highlights the
potential of this coating for long-term use in flexible applications.
Upon exposure to flame, the inner flame-retardant layer rapidly
formed an intumescent char, while simultaneously releasing non-
combustible gases. This combination effectively blocked heat and
oxygen, causing the fire to self-extinguish immediately after the
flame source is removed. The biomimetic coating achieved an LOI
of 85.3% and significantly reduced the PHRR and FGI by 59.4%
and 73.5%, respectively, compared to the pristine polymer substrate.
Overall, this biomimetic, spray-applied intumescent flame-
retardant and superhydrophobic coating is a promising strategy for
fabricating robust and multifunctional flame-retardant materials. Its
facile fabrication, combined with high thermal stability and
mechanical robustness, offers substantial potential for scalable
applications in safety-critical environments.

4 Experimental and method

4.1 Materials

APP (n = 1000), dopamine hydrochloride (DA-HCL, 98%), Tris
(hydroxymethyl) aminomethane (Tris, biotech grade 99.9%),
UPTMS (94%), and methyl trichlorosilane (TCMS, 99%) were
supplied by Macklin. Toluene (= 99.5%), tetrahydrofuran
(= 99.5%), and hydrochloric acid (HCl, AR 36%-38%) were
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provided by Kermel. PVDF-HFP (M, = 130,000) and rhodamine B
(RhB, 95%) were purchased from Sigma-Aldrich. Absolute ethanol
(AR) was provided by Tianjin Fuyu Fine Chemical Co., Ltd. PEDTS
was received from TCIL PET films (100 and 500 pm thick) were
ordered from Shenzhen Chifu Industry & Trade Co., Ltd., and cut
into pieces for use as substrates. Si NFs were synthesized using a
solution-based approach [57]. Deionized (DI) water with a
resistivity of 18.25 MQ-cm was produced using the Zhiang Clever-
QI5UT water purification system. Different liquids used to
characterize superhydrophobic properties (tea, milk, coffee, cola,
and milk tea) were purchased from a local supermarket. The butane
torch (Iroda PT-220) used for the vertical flame combustion test
was provided by Pro-Iroda Industries, Inc.

4.2 Preparation of stock solutions

DA-HCL (0.04 g) and APP (1.75 g) were added to a Tris-HCI
(20 mL) buffered aqueous solution, and the mixture was vortexed
until a homogeneous dispersion was formed. Subsequently,
UPTMS (2.5 g) was added to the dispersion. After treating the
above mixture in an ultrasonic bath for 25 min, a dark-gray stock
solution was obtained. For the fabrication of superhydrophobic
coating, a homogeneous stock solution was formed by mixing a Si
NF dispersion (6 mL, 0.0225 gmL” in THF) and PVDF-HFP
solution (3 mL, 0.03 gmL" in THF) first, then PEDTS (15 uL) was
added and the mixture was vortexed until a homogeneous phase
was achieved.

4.3 Fabrication of skin-inspired flame-retardant superhy-
drophobic coatings

A flame-retardant and superhydrophobic coating was fabricated on
a commercial polyester film by spray coating. O-PET films were
first cleaned with toluene, acetone, and absolute ethanol under
ultrasonic conditions and then dried under a nitrogen flow. A flame-
retardant layer was first fabricated on the substrate by spraying the
flame-retardant stock solution using a spray gun (nozzle diameter,
0.3 mm) at a vertical distance of ~ 25 cm with a spraying pressure
of 60 psi. The sprayed stock solution was sprayed at 0.3 mL-cm™ to
obtain a uniform flame-retardant coating. Afterward, the coating
was heated to completely evaporate the solvents, resulting in FR-
PET. The superhydrophobic layer was prepared similarly, with the
spraying distance regulated to ~ 15 cm and the amount of sprayed
solution set to 0.4 mL-cm™ After this two-step spray-coating
process, a film with flame retardancy and superhydrophobicity was
obtained (SFR-PET). A skin-inspired intumescent flame-retardant
superhydrophobic coating was fabricated on different substrates in
the manner described above.

4.4 Characterization

The surface structure and elemental distribution of the films were
characterized using SEM (NOVA NanoSEM 450, USA) equipped
with EDS. The samples were sputter-coated with a 10 nm layer of
Pt using a sputter coater (Q150T, UK) prior to avoiding charging.
Static and sliding angles of 3 pL water droplets on the films were
measured using a goniometer, Dataphysics OCA50 (Data Physics
Instruments GmbH, Germany). The characteristics of the coated
and uncoated films were analyzed using a Fourier transform
infrared spectrometer under ATR (NICOLET iS50, USA). The
elemental species and chemical bonding in the films were analyzed
using XPS (Escalab Xi+, UK). Thermal insulation tests were
conducted using an infrared thermal imager (FLIR ONE PRO,
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Teledyne FLIR, USA). Thermogravimetric and DSC analyses were
performed using a simultaneous thermal analyzer (Q600, TA, USA)
from 30 to 800 °C. The samples were analyzed under a nitrogen
atmosphere with a heating rate of 10 °C-min™. Adhesion strength
was measured by laito High Technology LT-M. TG-FTIR
spectrometry was measured on a thermogravimetric instrument
coupled with a Fourier transform infrared spectroscope (Netzsch
STA449F5-Nicolet IS 20, manufacturer NETZSCH, Thermo Fisher,
Germany). The TG-FTIR analysis was conducted in the
temperature range of 40-800 °C under a nitrogen atmosphere, with
heating rates and flow rates set to 10 °Cmin™ and 50 mL-min,
respectively.

Electronic Supplementary Material: Supplementary material (low
adhesion, self-cleaning, mechanical stability, flame retardancy,
thermal insulation performance, adhesion strength tests, and
optimization of the ratio of UPTMS to APP in the flame-retardant
layer; SEM images of O-PET, FR-PET, SFR-PET, original and
coated raw materials after combustion, and the cross-section of the
SFR-PET; the EDS analyses of the FR-PET and SFR-PET; optical
images of silver mirror phenomenon of SFR-PET in water, the
water CA of SFR-PET with different PFDTS contents, and FR-PET
after combustion with different ratios of UPTMS and APP; the
smoke production, and CO and CO, release of the O-PET, FR-
PET, and SFR-PET; the TG, DTG, and heat flow of the coating
with different ratios of UPTMS to APP; the LOI tests of the O-PET,
FR-PET, and SFR-PET; schematic diagram of the thermal
insulation test device; flammable substances with and without
superhydrophobic flame-retardant coating after combustion;
absorbance of representative pyrolysis volatiles from flame-
retardant layer and superhydrophobic layer, as well as their
TG/DTG curves (PDF). Videos demonstrate the low adhesion
behavior of the superhydrophobic flame-retardant coating, as well
as vertical flame combustion tests on O-PET, FR-PET, and SFR-
PET (mp4)) is available in the online version of this article at
https://doi.org/10.26599/NR.2026.94908394.

Data availability

All data needed to support the conclusions in the paper are
presented in the manuscript and the Electronic Supplementary
Material. Additional data related to this paper may be requested
from the corresponding author upon request.
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