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Polyurethane (PU) coatings are widely utilized in fields such as construction, electronics, transportation,
and aerospace due to their excellent mechanical properties, resistance to chemical corrosion, and tunable
molecular structure. However, their inherent flammability significantly restricts their application in
environments with high fire safety requirements. Moreover, single-functionality is no longer sufficient to
meet the demands of complex application environments. In recent years, researchers have developed
multifunctional flame-retardant PU coatings that combine flame retardancy with additional functionalities,

Received 28th July 2025, such as corrosion resistance, self-healing, and hydrophobicity, through the application of nanocomposites,

Accepted 28th August 2025 surface modification techniques, and synergistic flame-retardant systems. This paper systematically reviews
DOI: 10.1039/d5(f00215] the flame-retardant mechanisms and functional design strategies of advanced polyurethane coatings, with
the aim of providing valuable references for the design and development of next-generation high-
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1 Introduction

Polyurethane (PU) coatings, owing to their unique micro-
phase separation structure composed of soft and hard
segments, exhibit excellent performance tunability, enabling
their application across a wide range of industrial fields."™°
However, PU's inherent flammability remains a major
obstacle to its widespread application.”* ™

Researchers have made significant progress in enhancing
the flame-retardant properties of polyurethane coatings. For
example, Sun et al. developed an intrinsically flame-retardant
polyurethane coating and applied it to polyimide fabric. The
synergistic interaction among phosphorus, nitrogen, and
sulfur elements notably enhanced the flame-retardant
performance of the coating.”” Liu et al developed an
environmentally friendly flame-retardant polyurethane
coating by incorporating ammonium polyphosphate (APP),
montmorillonite (MMT), and (3-aminopropyl)triethoxysilane
(APTES)."® Luo et al. developed a polyurethane coating
exhibiting P/B/N synergistic flame retardancy, which achieved
a limiting oxygen index (LOI) of 29.8% and a UL-94 V-0
rating.”” The aforementioned studies serve as typical
examples of synergistic enhancements in polyurethane
coatings achieved through combined gas-phase and
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performance flame-retardant materials.

condensed-phase flame-retardant mechanisms. To address
the diverse demands of industrial applications, polyurethane
(PU) coatings are increasingly being engineered to integrate
multiple functionalities beyond flame retardancy.'®2° The
development of multifunctional flame-retardant materials
typically focuses on enhancing flame-retardant performance
as the core objective. Through the introduction of various
functional fillers or structural design strategies, additional
properties, such as electromagnetic shielding, self-healing,
and hydrophobicity, which can be imparted to the materials,
enabling their use in complex and demanding environments.
For example, incorporating conductive fillers such as carbon
nanotubes (CNTs), MXene, and graphene into flame-retardant
matrices—including polymers, aerogels, and composite
materials—can establish highly efficient electromagnetic wave
absorption and shielding networks>'* (Fig. 1). However, the
incorporation of multiple functionalities often compromises
the mechanical properties of polyurethane.

Although the research on polyurethane (PU) coatings has
made significant progress in terms of multifunctionality and
high performance, it still faces many challenges in practical
engineering applications. These problems mainly arise from
the conflicts between the inherent properties of the material,
process limitations, and the adaptability to complex
environments. This paper systematically reviews the latest
research progress of multifunctional flame-retardant PU
coatings, analyzes their application bottlenecks, and
discusses the future development trends.
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Fig. 1 Schematic diagram of multi-functional polyurethane coating.

Compared with existing similar reviews, this article not
only provides a detailed summary of the mechanisms of
traditional flame-retardant polyurethane (PU) coatings but
also systematically analyzes multifunctional design strategies
—such as self-healing, hydrophobicity, and electromagnetic
shielding—covering multiple dimensions from basic research
to practical applications. The performance degradation of PU
coatings in complex environments (e.g., high temperature,
high humidity, and corrosive conditions) is summarized, and
improvement strategies, including surface micro-nano
structure design, are proposed to better align with
engineering needs. Current research bottlenecks are clearly
identified, including conflicts between multifunctional
properties (e.g., balancing mechanical strength and self-
repair efficiency), environmental toxicity issues (e.g,
isocyanate volatilization), and challenges in large-scale
production, thereby providing a clear direction for future
research. In line with sustainable development, the
discussion also explores the potential of bio-based PU and
degradable materials, reflecting the current trend toward
environmental protection.

2 Flame-retardant polyurethane
coating

The preparation of flame-retardant polyurethane (PU)
coatings is generally categorized into two main approaches:
additive-type systems and intrinsic-type systems. Additive-
type flame retardants, which are physically blended into the
PU matrix, typically offer superior flame-retardant
performance. However, their incorporation can negatively
affect the mechanical properties, compatibility, and long-
term stability of the coating.>®>” In contrast, intrinsic-type
flame retardants are chemically bonded to the polymer
backbone, providing improved durability and dispersion.>®3°
However, due to their limited flame-retardant effectiveness,
intrinsically flame-retardant systems have not yet fully
replaced additive-based flame-retardant approaches. The

RSC Appl. Interfaces

‘bQ Gas phase

Condensed phase

RX =P X-+11-

O T

HXHHO - ——p HO+X-

X +HR —p  HX4R-
X-+HO-+H-+HR ——p HX+HO+R

performance of polyurethanes synthesized from different
isocyanates was systematically summarized and compared
(Table 1). Through orthogonal experimental design,
formulations meeting specific performance requirements
were efficiently screened. This approach enables the rational
design of polyurethane materials tailored to diverse
application scenarios.

2.1 Additive flame-retardant polyurethane coating

The physical incorporation of flame retardants into the
matrix material offers advantages such as simple preparation,
low cost, and flexible compositional tuning, and currently
represents the predominant method for fabricating flame-
retardant materials. Additive flame retardants primarily
include metal hydroxides, brominated compounds,
phosphorus-based, nitrogen-based, and silicon-based flame
retardants, among others.*’* Additive flame retardants
primarily include metal hydroxides, brominated, phosphorus-
based, nitrogen-based, and silicon-based flame
retardants.’*® Among these, brominated flame retardants
have been gradually phased out due to their environmental
and health concerns. We systematically compared additive-
type and intrinsic-type flame retardants (Table 2).

During combustion, metal hydroxides absorb heat and
release water vapor, while simultaneously decomposing to
form metal oxides that deposit on the material surface. These
oxides promote char layer formation by acting as a thermal
barrier and enhancing surface insulation. When exposed to
heat, phosphorus-based flame retardants decompose to
generate strong dehydrating agents such as phosphoric acid
and polyphosphoric acid. These agents promote dehydration
and carbonization of the polymer surface, leading to the
formation of a dense char layer that serves as an effective
thermal and oxygen barrier. To address the trade-off between
flame retardancy and mechanical performance, researchers
have incorporated nanomaterials into polyurethane coatings,
thereby mitigating the adverse effects of flame-retardant

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5lf00215j

Open Access Article. Published on 29 August 2025. Downloaded on 11/3/2025 11:51:06 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Applied Interfaces

View Article Online

Review

Table 1 Comparison of the advantages and disadvantages of polyurethane coatings of different isocyanate types

Isocyanate Representative
type monomer Advantage Limitation
Aromatic ~ Toluene Low cost, mature industrial Easily yellowing (degradation of benzene
isocyanate diisocyanate (TDI)  production process rings after UV irradiation)
Di-phenylmethane  High reactivity, fast curing speed Poor weather resistance. Outdoor use requires the addition of
diisocyanate (MDI) High mechanical strength stabilizers. High toxicity (with strong volatile irritant properties)
(suitable for hard coatings)
Aliphatic =~ Hexamethylene Resistant to yellowing, suitable for High cost (complex synthesis process)
isocyanates diisocyanate (HDI) outdoor use (automobile, building
varnish)
Isophorone Excellent chemical resistance The reactivity is relatively low and requires a catalyst or high
diisocyanate (IPDI) (good hydrolysis stability) temperature for curing
Low toxicity (low volatility) Excessive flexibility (some high-hardness scenarios require
modification)
Aliphatic ~ HDI trimer High crosslinking density, wear Expensive in price
trimer resistant, solvent resistant
IPDI trimer Excellent weather resistance Brittleness may increase (requiring a toughening agent
(high-end automotive paint) to balance it)
Low viscosity, easy to process The conditions for solidification are very strict
(requiring precise temperature and humidity control)
Modified  Silicone-modified  Special functions (such as Raw materials are scarce and the cost is extremely high
isocyanate IPDI hydrophobicity and anti-fouling

Fluorine-modified

HDI

properties)

Resistant to extreme environments
(high and low temperatures, corrosion)
Surface energy can be adjusted
(wetting property control)

Table 2 Comparison between intrinsic flame retardants and additive flame retardants

The process is complex (requiring customized synthesis)

Compatibility challenge (mixing with other components)

Comparison
dimension Intrinsic flame retardants Additive flame retardant
Definition Flame-retardant groups can be covalently incorporated into the The physical mixture is dispersed within the polymer
main or side chains of the polymer matrix without forming covalent bonds with the
polymer chains
Flame Mainly through chemical decomposition to form a carbon layer or It achieves flame retardancy through physical actions
retardant release blocking gases (such as phosphorus, nitrogen, silicon, etc.) (such as absorbing heat, diluting oxygen, forming a
mechanism protective layer, etc.)
Advantage It exhibits good durability, is resistant to migration or precipitation, It is simple to prepare, cost-effective, exhibits high
has minimal impact on mechanical properties, and is flame retardancy with a flexibly adjustable formulation,
environmentally friendly, with no release of small molecules and is compatible with existing processing techniques
Disadvantage It is complex to synthesize and costly, may exhibit relatively low It is prone to migration or leaching, which
flame-retardant efficiency, possesses a single function, and is compromises long-term performance; may diminish
difficult to multi-functionalize mechanical properties; and certain halogen-containing
flame retardants are environmentally unfriendly
Typical Polyurethane structures incorporating phosphorus, nitrogen, and Aluminum hydroxide (ATH), ammonium polyphosphate
example silicon elements (e.g., phosphorus-based polyurethanes and (APP), and bromine-based flame retardants (the latter
silicon-modified polyurethanes) being gradually phased out)
Applicable High-end applications (such as electronic packaging, aerospace), In the general industrial sectors (such as building
scene require long-term stability and environmental friendliness materials and textiles), there is a need for rapid
implementation of flame retardancy while maintaining
cost sensitivity
Future Improve flame retardancy efficiency; develop multi-functional Develop halogen-free and environmentally friendly
direction of intrinsic flame retardant systems flame retardants, nano-composite technology improves
development compatibility

fillers on mechanical properties.>® Liu et al. developed an

the peak

heat release rate (PHRR) and total smoke

environmentally friendly polyurethane coating via a one-step
synthesis  process wusing ammonium polyphosphate,
montmorillonite, and triethoxysilane as raw materials.
Compared with the unmodified sample, the coating exhibited
a 50.8% increase in the limiting oxygen index (LOI), while

© 2025 The Author(s). Published by the Royal Society of Chemistry

production (TSP) were reduced by 80.28% and 66.7%,
respectively.”® Duan et al. prepared a core-shell flame
retardant by coating a multilayer polyelectrolyte composed of
chitosan and silica onto polyphosphoric acid via electrostatic
interaction®® (Fig. 2). This preparation process avoids the use
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Fig. 2 Synthetic diagram of the shell-core flame retardants. Reproduced from ref. 32 with permission from [Elsevier], copyright.

of organic solvents, making it a relatively environmentally
friendly approach. It offers valuable insights for advancing
solvent-free strategies in flame-retardant materials research.

2.2 Intrinsic flame-retardant polyurethane coating

Intrinsically flame-retardant polyurethane (PU) coatings
achieve flame retardancy through molecular structure design,
such as the incorporation of flame-retardant functional
groups or heatresistant segments into the polymer
backbone.”" In contrast to traditional additive-type flame-
retardant PU coatings, which rely on the physical blending of
flame-retardant agents (e.g., halogenated or phosphorus-
based compounds), intrinsic systems offer several notable
advantages: superior mechanical properties, enhanced
durability, and the elimination of flame-retardant migration
over time. Puyadena designed an intrinsic flame-retardant
polyurethane coating.*> Phosphoric acid compounds were
grafted onto the molecular chains of polyurethane to prepare
an intrinsically flame-retardant polyurethane coating. The
results demonstrated that the introduction of phosphorus
had minimal impact on the polymerization process, while
significantly promoting the crosslinking of the polyurethane
network. This study provides a theoretical foundation for the
design and fabrication of polyurethane coatings with
enhanced mechanical performance.

Currently, intrinsically flame-retardant coatings still face
several key challenges in practical applications, primarily
related to limited functionality and insufficient durability
under complex environmental conditions. Many intrinsically
flame-retardant coatings exhibit only basic flame-retardant
functionality, lacking additional complementary properties
such as corrosion resistance, mechanical robustness, or self-
healing capability. For example, while certain polymer-based
flame-retardant coatings effectively suppress combustion at
elevated temperatures, they often suffer from a significant

RSC Appl. Interfaces

reduction in mechanical performance. This degradation can
lead to cracking and delamination of the coating, ultimately
compromising its long-term protective performance and
reliability in demanding environments.

Under harsh environmental conditions, such as high
temperature, high humidity, acid-base corrosion, or
ultraviolet (UV) radiation, the chemical stability of certain
flame-retardant coatings may be inadequate. This can result
in the decomposition or migration of flame-retardant
components, ultimately leading to a gradual loss of protective
performance. For example, phosphorus-containing flame
retardants are susceptible to hydrolysis in humid
environments, which significantly diminishes their flame-
retardant efficiency. Similarly, some nanocomposite coatings
may undergo photoaging under prolonged UV exposure,
thereby compromising their long-term durability and
functionality.

Balancing flame-retardant properties with other functional
requirements, such as electrical conductivity, hydrophobicity,
and wear resistance, remains a significant challenge in the
development of multifunctional coatings. For example, in
electronic devices, it is essential to simultaneously ensure
effective flame retardancy while maintaining optimal heat
dissipation and electromagnetic shielding performance.
These competing demands place stringent requirements on
material selection, structural design, and the integration of
multifunctional  components, necessitating advanced
formulation strategies and precise control over material
interfaces.

3 Multifunctional polyurethane
coatings

Polyurethane (PU), as a widely used polymer material, its
single performance optimization has been difficult to meet
the demands of complex environments. In recent years,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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multi-functional integrated modification has become a

research hotspot.*®**™**  Through molecular design or
composite strategies, PU materials are endowed with
synergistic functions such as flame retardancy, anti-

corrosion, hydrophobic and self-repairing. By introducing
dynamic covalent bonds (such as disulfide bonds, imine
bonds, Diels-Alder reactions) or supramolecular interactions
(such as hydrogen bonds, metal coordination bonds), the
material can achieve autonomous repair after being
damaged.’®™*® This self-healing ability not only extends the
service life of materials but also maintains the integrity of
the structure under extreme conditions such as fire. To
achieve properties such as water resistance, corrosion
resistance, and self-cleaning, micro-nano rough structures
can be constructed on the surface or inside flame-retardant
materials, or low surface energy substances (such as
fluorosilane and polydimethylsiloxane) can be

introduced.*™!

3.1 Self-healing coating

The integrity of the coating plays a critical role in
determining the overall structural performance and safety.
The development of self-healing coatings offers an effective
strategy to prevent catastrophic failures resulting from minor
damages or microcracks.’>>* The core functionality of self-
healing coatings lies in their capacity to partially or fully
restore their original structure and performance following
physical damage, such as scratches or cracks, via internal
repair mechanisms. This restoration can occur through
dynamic chemical bonds or physical interactions within the
material, enabling reversible bond breakage and reformation
under specific conditions. Alternatively, repair can be
achieved by releasing active components, such as monomers
or catalysts, from pre-embedded agents like microcapsules or
microvascular networks upon damage. Self-healing coatings
have garnered widespread attention across various fields,
particularly in aerospace and engineering applications, due
to their ability to autonomously repair damage, thereby
reducing maintenance costs and preventing failures caused
by coating degradation. In radiation shielding applications,
damage to protective coatings can result in the loss of
shielding integrity, posing irreversible risks to human health.
Therefore, the development of self-repairing radiation-
shielding coatings is an urgent priority for future research.

Cui et al introduced polydopamine-coated expanded
graphite as a functional filler into polyurethane and
combined it with multiple hydrogen bonds and disulfide
bonds to fabricate a flame-retardant, self-healing
polyurethane coating® (Fig. 3).

Sokjorhor et al. synthesized a disulfide bond-containing
monomer based on mercaptobenzothiazole and incorporated
it into the polyurethane molecular chain, imparting self-
healing capabilities to the material. The coating's anti-
corrosion performance was achieved through the release of
corrosion inhibitors in response to corrosive stimuli. This

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Preparation method of (a) PDA@EG and (b) PU-3, and (c) the
functional mechanism: i) t-bond system, ii) strong hydrogen bonds, iii)
weaker hydrogen bonds. Reproduced from ref. 55 with permission
from [Elsevier], copyright.

study provides valuable insights into the design of self-
healing polyurethane systems with intelligent, stimulus-
responsive anti-corrosion functionality’® (Fig. 4). Although
substantial progress has been achieved in the development
of self-healing coatings, challenges remain—most notably the
trade-off between mechanical robustness and self-healing
efficiency, as well as the inability of many current systems to
meet performance standards under harsh conditions.
Consequently, the future direction of coating research lies in
the design of multifunctional, high-performance self-healing
coatings that simultaneously deliver mechanical strength,
environmental resistance, and functional adaptability.

Polyurethane self-healing coatings have achieved active
repair of micro-damage through dynamic chemical bonds, such
as Diels-Alder reactions and disulfide bond exchange, thereby
significantly enhancing their durability. However, their
inherently high surface energy often leads to issues such as
interface adhesion contamination and water droplet penetration
in humid or corrosive environments. In recent years, to broaden
their functional applications, research has increasingly focused
on imparting hydrophobic properties to self-healing coatings
through the design of surface micro-nano structures and
modification with low-surface-energy substances.

3.2 Hydrophobic coating

Hydrophobic coatings are widely utilized in a range of
applications, including marine anti-fouling, aerospace, and
the waterproofing of electronic devices. Currently, the
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primary methods for preparing hydrophobic coatings include
chemical modification, physical blending, and surface
structure engineering, among others. Hydrophobic coatings
achieve functions such as waterproofing, self-cleaning, and
corrosion resistance through specific chemical compositions
and microstructural designs, resulting in a high water
contact angle (>90°) on the material surface and low
adhesion.””®" Vijayan et al. developed a hydrophobic and
corrosion-resistant coating by chemically modifying cashew
phenol with di-hydroxypropyl ether. The resulting coating is
colorless, transparent, and exhibits broad application
potential across various fields.®” Schara et al. synthesized
degradable polyurethanes with low surface polarity, low glass
transition temperature, and excellent mechanical properties
by utilizing non-polar polyols containing acetal groups. These
polyurethanes  demonstrated  high-yield, closed-loop
recyclability under mild acidic conditions. This study
provides a promising strategy for the design and fabrication

Fig. 5 Schematic diagram of hydrophobic coating. Reproduced from
ref. 55 with permission from [Elsevier], copyright.

RSC Appl. Interfaces

of recyclable multifunctional polyurethane materials®
(Fig. 5). Hydrophobic coatings have achieved significant
advancements in marine anti-fouling and the development of
hydrophobic materials for construction applications.
However, the operational environments for these coatings are
often complex, requiring not only sustained hydrophobicity
but also high durability and corrosion resistance. As a result,
the future development of this field is expected to focus on
high-performance, intelligent-responsive hydrophobic
coatings capable of adapting to dynamic environmental
conditions while maintaining long-term functionality.

Although  polyurethane-based hydrophobic coatings
significantly enhance anti-wetting properties and self-
cleaning ability through low-surface-energy chemical

modification or micro-nano structure design, meeting the
multi-dimensional environmental tolerance required in
modern electronics, aerospace, and other fields remains
challenging—particularly in addressing the growing issue of
electromagnetic pollution. Consequently, researchers have
explored electromagnetic shielding polyurethanes.

3.3 Electromagnetic shielding coating

With the rapid advancement of electronic technologies,
electromagnetic pollution has become an increasingly
critical concern. Electromagnetic shielding coatings are
functional materials specifically engineered to attenuate or
reflect  electromagnetic thereby  mitigating
electromagnetic interference. For example, when applied
to the outer casings of mobile phones or laptops, these
coatings help reduce signal leakage. In military applications,
they are used on the exterior surfaces of fighter jets to
minimize radar detectability, enhancing stealth
performance. Additionally, these coatings have potential

waves,
64-67

© 2025 The Author(s). Published by the Royal Society of Chemistry
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applications in wearable medical devices, where they can
protect  sensitive  electronics from  electromagnetic
interference. Zhang et al simultaneously incorporated
carbon nanotubes and Fe;O, magnetic particles into a
polyurethane matrix, resulting in a multifunctional coating
with excellent electromagnetic shielding performance and
an extremely hydrophobic surface. Remarkably, the
shielding effectiveness remained stable even after 6 hours
of immersion in acidic or alkaline environments, indicating
strong chemical durability. This study offers a promising
strategy for the design of acid- and alkali-resistant
multifunctional polyurethane coatings®® (Fig. 6).
Understanding the mechanisms of electromagnetic
shielding is fundamental to the rational design of high-
performance shielding materials. Electromagnetic shielding
functions by attenuating or blocking the propagation of
electromagnetic through mechanisms such as
reflection, absorption, and multiple internal reflections,
when electromagnetic (EM) waves strike the surface of a
shielding material, the impedance mismatch between the
material and free space causes part of the incident waves
to be reflected at the surface, while the remainder is
converted into heat through dielectric loss (¢”) or magnetic
loss (x").*7" The shielding effectiveness of metals,
conductive polymers, and composites varies with frequency
due to differences in conductivity, magnetic permeability,

waves

and microstructure. For instance, high-conductivity
materials (e.g,, copper, aluminum) primarily suppress
high-frequency electromagnetic interference (EMI) via

reflection loss, whereas magnetic materials (e.g., ferrites)
absorb low-frequency waves through magnetic loss
mechanisms.

Additionally, parameters such as material thickness,
multilayer structural design, and interface impedance
matching play critical roles in determining overall shielding
effectiveness  (SE). A  thorough understanding of
electromagnetic ~ wave  attenuation, combined  with
optimization of parameters such as dielectric constant and
magnetic permeability, is essential for developing lightweight,

broadband, high-strength shielding materials. These
materials are urgently needed for applications in 5G
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Fig. 6 Schematic diagram of the shielding mechanism. Reproduced
from ref. 60 with permission from [ACS], copyright.
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communication, aerospace, electronic healthcare systems,
and other advanced technological domains.

4 Future challenges

Although  multifunctional ~ polyurethane  (PU)  has
demonstrated significant potential in flexible electronics,
biomedical applications, and smart coatings, its continued
development faces several key challenges that must be
addressed.”””’* The first major challenge is achieving
performance balance. Multifunctional polyurethane (PU)
materials are required to simultaneously exhibit diverse
properties—such as mechanical strength, self-healing ability,
electrical conductivity, and biocompatibility—yet these
properties often conflict with one another.””> For example,
increasing the degree of cross-linking can significantly
improve mechanical strength, but may compromise the
material's self-repairability or biodegradability.”*”® Moving
forward, synergistic optimization of multifunctional
performance may be achieved through advanced molecular
design strategies, including the incorporation of dynamic
covalent bonds and nanocomposite systems.

A second critical challenge lies in environmental
sustainability. Traditional polyurethane synthesis is heavily
dependent on petroleum-based raw materials (e.g,
isocyanates), and often involves toxic reagents such as
phosgene, raising serious environmental and health
concerns.”’ During the spraying or curing of polyurethane
coatings, free isocyanates (e.g., TDI, HDI) and solvents (e.g.,
xylene) can volatilize, causing acute respiratory irritation and,
in some cases, occupational asthma. With long-term use,
plasticizers may migrate from the coating and be absorbed
through the skin, potentially disrupting the endocrine
system. Exposure to ultraviolet radiation or mechanical wear
can degrade the coating, releasing micron-sized plastic
particles and residual isocyanates. Prolonged inhalation of
these substances may result in chronic pneumonia or
pulmonary fibrosis. Bio-based polyurethane (BPU) is an
environmentally friendly polyurethane material produced by
replacing traditional petroleum-derived raw materials with
renewable resources such as vegetable oils, lignin, and
carbohydrate derivatives. Common substitutes include epoxy
vegetable oils (e.g., epoxy soybean oil, castor oil), betalain,
lignin, and sugar derivatives. Zarmehr et al. analyzed the
current gaps in bio-based polyurethane research and
evaluated its environmental and performance impacts.®
Although significant progress has been made in the
development of bio-based polyurethanes, including those
derived from plant oils, as well as green synthesis approaches
such as non-isocyanate polyurethanes (NIPUs), challenges
remain, these alternatives are often hindered by high
production costs and complex synthesis processes, limiting
their scalability. Therefore, the development of low-cost,
renewable, and environmentally benign raw material systems
is an urgent priority for advancing sustainable polyurethane
technologies.
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Fig. 7 Multifunctional polyurethane coating design and application
challenges.

Polyurethane coatings are typically employed in complex
and demanding environments, including high-temperature,
high-humidity, and acidic or alkaline conditions. Under
prolonged service conditions, these coatings are susceptible
to performance degradation. For example, self-healing
coatings may exhibit insufficient durability in marine
corrosive environments, while conductive polyurethane
coatings used in electronic components may experience
functional failure due to repeated mechanical deformation
that disrupts the integrity of the conductive network. These
limitations underscore the need for enhanced stability and
long-term performance in multifunctional polyurethane
systems (Fig. 7).

The recycling and degradation of polyurethane (PU)
remain major challenges in the field. Conventional
polyurethane (PU) is inherently difficult to degrade, and the
incorporation of functional additives such as carbon
nanotubes and metal particles further complicates recycling
because of their persistence and incompatibility with
degradation pathways. Although advances have been made in
the development of degradable polyurethane systems,
including the introduction of cleavable ester and acetal
bonds, several issues persist, such as controlling degradation
rates, achieving high-purity recycling, and retaining or
regenerating functional properties. To address these
limitations, the design and implementation of closed-loop
recycling systems is emerging as a promising future direction
for sustainable PU materials.

The preparation of multifunctional polyurethane (PU)
materials often relies on precise chemical modification
techniques, such as click chemistry reactions and in situ
polymerization, which tend to involve complex synthetic
procedures and low production yields. The core challenge to
industrialization lies in scaling up these laboratory-level
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innovations to enable large-scale production, while
simultaneously minimizing energy consumption and
reducing raw material costs. Overcoming this obstacle is
essential for the practical and sustainable deployment of
high-performance multifunctional PU materials in real-world
applications.

Conclusions

Multifunctional flame-retardant polyurethane (PU) coatings
represent a significant leap forward in materials science,
addressing both the pressing need for fire safety and the
growing demand for integrated performance in diverse
application environments. By leveraging nanocomposites,
synergistic flame-retardant systems, and surface modification
techniques, recent advances have enabled PU coatings to
exhibit not only enhanced flame resistance but also additional
functionalities such as self-healing, hydrophobicity, and
corrosion resistance. These developments mark a shift from
single-purpose materials to complex, adaptable systems.

The transition of these advanced coatings from laboratory-
scale innovation to large-scale, real-world deployment hinges
on overcoming key challenges. Interdisciplinary strategies,
which encompass Al-assisted material design, novel dynamic
covalent chemistries, and sustainable manufacturing, will be
central to this process. Equally important is the development
of standardized testing and safety evaluation protocols
tailored to specific applications like wearable electronics,
aerospace structures, and biomedical devices. With
continued research and cross-sector collaboration, flame-
retardant PU coatings are poised to become cornerstone
materials in next-generation smart and safe environments.
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