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A Scalable, Durable, Fire-Safe All-Day Passive Radiative
Cooling Coating for Sustainable Buildings

Zhewen Ma, Yuanhao Feng, Alex Y. Song, Toan Dinh, Min Hong, John Bell, Boyou Hou,
Pingan Song,* and Wei Zheng*

Passive radiative cooling (PRC) coatings play a signi“cant role in reducing
energy consumption by cooling buildings. Unfortunately, due to the lack of an
integrated design, most existing PRC coatings are susceptible to UV aging
and rain, and fail to resist aperiodic “re attacks, restricting their practical
applications for buildings in the wildland-urban interface (WUI). To “ll this
research gap, an integrated composition design strategy is proposed to
develop a scalable, durable, and “re-safe PRC coating comprising of a
molecularly engineered “re-retardant copolymer adhesive, hollow glass
microspheres (HGMs), and boron oxide (B� O� ). Besides intrinsic “re
retardancy, the copolymer endows the coating with a strong adhesion to
diverse substrates. HGMs enable the coating to show good thermal insulation
and a high solar re”ectance (> ��%), and B � O� promotes the in situ formation
of a robust non-combustible ceramic char layer in “res. The coating achieves
an unparalleled “re resistance (UL-�� V-� rating, LOI: ��.� vol.%), a high
mid-infrared emissivity (> ��%) for e	cient heat dissipation, and exceptional
durability against UV-aging and rain. The performance integration makes
as-developed PRC coatings outperform most existing PRC counterparts. This
work o
ers an integrated design solution to developing “re-safe PRC coatings
toward safe and sustainable buildings.

�. Introduction

Global warming has become more serious than ever before in
recent years. Recent data from the Copernicus Climate Change
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Service (C�S) has indicated that July ��,
����, marked the warmest day on record
in recent history, with the global average
temperature reaching ��.�� °C. This un-
precedented heatwave, which swept across
vast regions of the Northern Hemisphere,
poses a serious threat to human survival
in hot regions and represents a stark man-
ifestation of global warming. Beyond di-
rectly causing fatalities … such as the ����
European heatwave that resulted in over
�� ��� deaths, [� ] such events also trigger
devastating secondary disasters, including
wild“res [� ] (Figure � A on the left). For in-
stance, in ���	, a series of wild“res ravaged
Los Angeles and Southern California, re-
sulting in at least �� fatalities, destruction of
more than �
 ��� buildings, and over 	� ���
acres of land.[� ] These catastrophe wild“res
caused huge economic losses estimated to
exceed $�	� billion.

The increasing frequency of extreme
weather has urgently called for energy-
e�cient cooling systems for buildings.
However, conventional cooling strategies,
primarily Heating, Ventilation, and Air

Conditioning (HVAC) systems, rely heavily on energy con-
sumption, exacerbating greenhouse gas emissions.[� ] For in-
stance, in ���� alone, air-conditioning systems accounted
for �.�% of global carbon emissions, consuming � ����
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Figure �. Schematic illustration of a “re-safe all-day passive radiative cooling coating. A) Threats posed by wild“re to forests and buildings (Left).
Schematic diagram for the mode of actions for the radiative cooling coating, PVHT/HGM/B� O
 , which can be applied to building rooftops and
exterior walls (Right). At high temperatures, a glassy molten layer is formed to “ll the gaps, creating a defect-free thermal insulation char layer.
B) PVHT/HGM/B� O
 slurry in an ethanol/water mixture with good ”owability. C) Fire-safe all-day passive radiative cooling coating by volatile sol-
vent curing. D-D� ) Schematic of the coating model formed with HGM as the framework via dynamic hydrogen bonding between PVHT and inorganic
particles. E) Advantages of PVHT/HGM/B� O
 coating.

terawatt-hours (TWh) of electricity, �% of global electricity use,
and � ��% of electricity consumed by buildings.[	 ] For this rea-
son, the application of passive radiative cooling (PRC) coat-
ings on building rooftops or external walls has emerged as a
promising and cost-e�ective alternative for cooling buildings.[� ]

These coatings usually re”ect over 
�% of solar radiation and
emit thermal energy as long-wave infrared radiation through
the atmospheric transparency window (
…��µm), enabling sub-
ambient cooling without energy consumption.[� ] However, ex-
ternal environmental factors, including rain, ultraviolet (UV) ra-
diation, and extreme dryness, make most existing PRC coat-
ings age rapidly, as they are susceptible to moisture, UV-induced
aging, and inadequate “re resistance, compromising their
durability.[�,
 ]

From a perspective of microstructure, PRC coatings can
be generally classi“ed into four categories: a) multilayered
structures,[
 ] b) metamaterials,[�a,�� ] c) randomly distributed
particle structures,[�b,�� ] and d) porous structures.[�b,�,
b…d,��i,�� ]

The “rst two strategies depend heavily on precise physi-
cal/chemical vapor deposition techniques and advanced micro-
/nano-fabrication technologies (e.g., electron-beam lithography,
electron-beam evaporation deposition, or nanoimprinting), sig-
ni“cantly hindering their large-scale applications owing to high
production costs and complexity.[�a,
a,b,��a,c,e,g,i,��a,�� ] In contrast,
the coatings featuring randomly distributed particles or porous
structures are more feasible for widespread use, as demonstrated
by many organic polymer-based systems, including polymer-
metal hybrid “lms, porous polymer coatings, and foams.[
a,��k,�� ]
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However, organic polymers are inherently prone to yellowing and
degradation when exposed to UV light, heat, and water over time,
severely impacting their durability.[��c,�	 ] Furthermore, the high
”ammability and toxic combustion products of widely used poly-
mers such as PMMA,[��f ] PDMS,[
e,��g ] PTFE,[��e,�� ] and PVDF-
HFP[
c ] present a signi“cant safety concern,[�� ] particularly in
high-temperature, arid conditions where these PRC polymers are
commonly deployed. Similarly, inorganic materials, such as sil-
ver and aluminum, encounter challenges in outdoor scenarios,
as they are susceptible to oxidation or acidi“cation, resulting in
diminished solar re”ectance.[�
 ] Although valence-stable micro-
and nanoscale metallic/metalloid oxides can avoid failure due to
oxidation, their application is often limited by the lack of reliable
binders. Traditional organic polymer binders still su�er from is-
sues such as ”ammability and UV-induced aging,[��g ] while in-
organic binders typically require high-temperature sintering.[��c ]

Recent innovations … such as phase-change smart windows
for daylight/privacy modulation,[�
 ] thermochromic aerogels en-
abling radiative cooling/solar heating switching,[�� ] bio-based
“re-retardant aerogels,[�� ] and colored radiative coatings[�� ] … rep-
resent signi“cant strides in addressing speci“c aspects of energy
e�ciency, “re safety, or aesthetics.[�� ] However, it has remained a
formidable challenge to achieve the multifunctional integration
of environmental stability and “re safety alongside adaptive per-
formance and aesthetic versatility in PRC coatings for their prac-
tical implementation on timber buildings in the wildland-urban
interface (WUI).

To address the environmental stability and “re safety issues,
we propose an integrated composition design strategy to de-
velop a robust white “re-safe PRC coating that integrates hol-
low glass microspheres (HGMs) and boron oxide (B� O� ) into
an aqueous solution of a molecularly engineered “re-retardant
copolymer (PVHT). The presence of HGMs endows the coat-
ing with superior thermal insulation and daylight re”ection
properties (Figure �A-C ), and PVHT serves as a “re-retardant
binder (Figure �D (right)).[�� ] By incorporating HGMs and
low-cost micro-scale B� O� particles (acting as a “re-retardant
synergist) into a slurry through high-speed mixing, the coat-
ing can be easily applied to substrates and cured via sol-
vent evaporation (Figure�B). To minimize the moisture sen-
sitivity, the coating surface is treated with low-surface-energy
PFDS (�H,�H,�H,�H-per”uorodecyltriethoxysilane) to impart
hydrophobicity. The multiscale cavity structure formed by the
polymer-bonded HGMs plays a critical role in reducing thermal
conduction for “re resistance and enhancing solar re”ectance,[�	 ]

achieving a solar-weighted re”ectance of �.
� (� � �.� to �.	 µm)
and a high infrared emissivity of 
�.�% within the atmospheric
transparency window (� � 
 to �� µm). We show a remarkable
��.� °C reduction relative to bare substrates, a daytime cooling
e�ect of �.� °C below ambient temperature, and a nighttime cool-
ing e�ect of 	 °C below ambient. Importantly, the coating ex-
hibits satisfactory environmental durability, retaining its optical
properties after ��� h of UV exposure and � h of water wash-
ing. Also, it demonstrates excellent “re resistance, achieving a
UL-
� V-� rating and a record-high limiting oxygen index (LOI)
of 

.	%. As demonstrated in Figure �E, this work establishes
a multidimensional advancement over previous PRC systems,
that is … achieving unprecedented “re resistance alongside sub-
stantially lower production costs, comparable cooling e�ciency

(>
�% solar re”ectance), and excellent environmental durabil-
ity. This study provides a scalable, cost-e�ective strategy for cre-
ating environmentally stable and “re-safe PRC coatings, o�ering
a new avenue to reduce energy consumption while enhancing
“re safety in residential and industrial buildings.

�. Results and Discussion

�.�. Design and Fabrication

The development of PRC coatings capable of sustaining long-
term thermal management in outdoor environments while ad-
dressing potential “re hazards necessitates the attainment of
three key characteristics: high solar re”ectivity, resilient environ-
mental durability, and satisfactory “re resistance. In this con-
text, HGMs, a commercially available calcium sodium borosil-
icate glass, were selected as the primary functional material.
HGMs feature a hollow core and an ultra-thin shell morphol-
ogy, which can give ultralow thermal conductivity (�.���…�.��
BTU/in hr °F) and superior backscattering e�ciency.[�	 ] In ad-
dition, the exceptional thermal stability ensures its structural in-
tegrity under “re conditions, thereby o�ering excellent “re pro-
tection. To complement the HGM framework, a bespoke “re-
retardant copolymer binder, PVHT, was synthesized with tailored
properties, including water solubility (environmental friendli-
ness), inherent ”ame retardancy (“re safety), and strong adhe-
sion to diverse substrates (universality), addressing the limita-
tions associated with commercial organic binders. The molec-
ularly engineered PVHT has a high refractive index (Figure
S�, Supporting Information) arising from the enhanced polar-
izability induced by the electronic e�ects of P�O and P �OH
bonds, combined with the high electron density of TAP•s (�,�,�-
Triaminopyrimidine) aromatic azine rings. Additionally, the in-
clusion of �,�,�-Triaminopyrimidine (TAP) acts as molecular
crosslinks via electrostatic interactions, thereby signi“cantly im-
proving the toughness of PVHT and preventing cracking in PRC
coatings during coating-drying (FiguresS� and S�, Support-
ing Information). Furthermore, PVHT demonstrates negligible
extinction coe�cients in the visible and near-infrared regions
(Figure S�, Supporting Information), re”ecting its superior opti-
cal transparency and suitability for radiative cooling applications.

To ensure adhesion to di�erent substrates, a colonial
sandcastle-inspired adhesive approach[�� ] was employed to fabri-
cate an adhesive or binder via mixing positively charged chitosan
(CS) and negatively charged PVHT through strong electrostatic
interactions between them in an acidic aqueous solution. Subse-
quently, HGMs (��…�� µm) and B� O� particles (� �	 µm), serv-
ing as high-temperature ”uxing agents, were dispersed into the
matrix through high-shear mixing, yielding a stable white slurry
(Figure�B). At elevated temperatures above those at which PVHT
degrades and compromises the structural integrity of the coat-
ing, while the low melting point of B� O� particles melt as a ce-
ramic binder to seal the cracks due to the thermal degradation of
PVHT. The formation of stable PVHT/HGM/B � O� coating is fa-
cilitated by synergistic interactions, including hydrogen bonding
between the polymer and both HGM and B� O� , as well as electro-
static interactions between PVHT and B� O� (Figure �D; Figures
S� andS	, Supporting Information). The resulting slurry exhibits
excellent ”owability and adjustable viscosity, enabling versatile
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application methods such as spraying, brushing, or blade coating
on a range of substrates, including metals, glass, wood, and poly-
mers (FiguresS� and S�, Supporting Information). Upon dry-
ing, the coating retains its whiteness (Figure�C). Scanning elec-
tron microscopy (SEM) analysis revealed a cross-sectional thick-
ness of � ��� µm, with the structure characterized by densely
packed spherical HGMs, tightly embedded within the polymer
matrix occupying the interstitial spaces (FigureS
, Supporting
Information).

The as-developed PVHT/HGM/B� O� coating demonstrates
multifunctional properties over a wide range of temperatures,
which is tailored to align with the speci“c requirements of its
intended applications (Figure�A, right). i) In ambient condi-
tions, its low thermal conductivity of �.�
 W/m K enables ex-
ceptional thermal insulation, suitable for outdoor passive heat
management. Furthermore, the molecular composition of the
PVHT/HGM/B � O� coating, which includes infrared-active vibra-
tional modes from P�O�, Si �O, and C�O�C bonds, coupled
with the hydrophobic C�F bonds introduced by PFDS, con-
tributes to strong mid-infrared radiation within the atmospheric
transparency window (
…��µm) (FigureS
, Supporting Informa-
tion). ii) At elevated temperatures, HGMs play a crucial role in
impeding heat transfer, while the decomposition of PVHT facil-
itates the formation of an insulating porous organic framework
within the polymer matrix. Simultaneously, this decomposition
releases non-”ammable gases (CO� , N� , H� O, NH� , etc.), con-
tributing to inhibiting ”ame in the gas phase by diluting fuels and
oxygen concentrations. iii) At higher temperatures, B� O� melts
and fuses, facilitating the transformation of HGMs, which ini-
tially formed a porous inorganic framework, into a dense ceramic
layer under its ”uxing action. This transformation stabilizes the
structure and prevents the formation of cracks. The resulting
ceramic layer, primarily composed of thermally stable silicates
containing BPO� , exhibits extended “re resistance and sustained
thermal insulation. Notably, subsequent SEM analysis (detailed
later) con“rms that the ceramic layer features a fully densi“ed
surface while retaining larger internal voids, further enhancing
its protective longevity.

�.�. Surface Wettability Performance

To enable outdoor washing durability, tetraethyl orthosilicate
(TEOS) and PFDS are used to treat the coating surface. The
silane-treated coating demonstrates increased surface roughness
(Figure �A ; FigureS��, Supporting Information), which, accord-
ing to the Cassie-Baxter model,[�� ] can amplify the intrinsic wet-
tability of the material. Energy Dispersive X-Ray Spectroscopy
(EDX) elemental mapping (detection depth: �…�µm) con“rms
that the surface of HGMs was coated with a ”uorine-rich layer,
with a ”uorine content reaching ��.
 wt.%, whereas P and N
from PVHT are barely detectable after modi“cation (Figure�A,
right). Consequently, Fourier-transform infrared spectroscopy
(detection depth: �.	…	µm) was employed to further analyze the
chemical structural changes on the coating surface. The silane-
modi“ed sample shows two distinct peaks at ���� cm Š� and
�	� cm Š� , attributed to the C-F stretching vibrations of PFDS
hydrophobic chains (Figure�B). XPS analysis (probing depth
<�� nm) provides an insight into the near-surface chemical com-

position, revealing peaks for Si�p (���.� eV), P�p (���.� eV),
Si�s (�	�.	 eV), C�s (�
	.� eV), Ca�p (���.� eV), and O�s
(	��.
 eV), originating from PVHT and HGM. In addition, a
characteristic F�s peak is determined at �
	.� eV, with the ”u-
orine content reaching ��%. High-resolution C�s spectra fur-
ther reveals six distinct components: Si�C (�
�.	 eV), sp � C�C
(�
�.� eV), sp � C�C (�
	.� eV), C�O (�
�.� eV), C�O (�

.� eV),
and dominant peaks for C�F � (�
�.� eV) and C�F � (�
�.� eV)
(Figure �C,D). [�
 ] These results con“rm that the ”uorosiloxane
network formed during modi“cation is primarily concentrated
on the outermost surface, contributing to enhanced hydropho-
bicity.

The coating exhibits improved water resistance, highlighting
its suitability for outdoor applications. The untreated coating
displays a water contact angle (WCA) of� �
°, which is inade-
quate for rainy conditions. Upon PFDS treatment, the coating
surface turns superhydrophobic, giving a WCA as high as �	�°
(Figure �E,F). Additionally, dynamic non-wettability is observed,
where water droplets detach easily upon contact and fail to adhere
to the substrate (Figure�G). The improved hydrophobicity is at-
tributed to the micro/nano-scale surface roughness (FigureS��,
Supporting Information) and the extremely low surface energy
of the hydrophobic functional groups in PFDS molecules. Under
continuous water ”ow, the coating exhibits exceptional splash re-
sistance, with water droplets bouncing o� at an angle or sponta-
neously sliding o� the surface (Figure�H; Figure S�� and Video
S�, Supporting Information). This behaviour demonstrates resis-
tance to water stains, further validated by antifouling tests against
dry soil and particulate contaminants (VideoS�, Supporting In-
formation), the coating e�ciently repels adhered solids under
water ”ushing and allows liquid pollutants to slide o� without
residue. These observations highlight its excellent self-cleaning
and antifouling capabilities of the coating. Furthermore, the coat-
ing retains its super hydrophobicity not only with pure water but
also when exposed to various solutions, including acids, alkalis,
ferric chloride, and cupric acetate, showcasing its superior resis-
tance to corrosion and contamination (Figure�I).

�.�. Optical Properties

Both PVHT/HGM-NoPFDS and PVHT/HGM/B � O� -NoPFDS
coatings exhibit high solar re”ectance (>
�%) (FigureS��, Sup-
porting Information), primarily attributed to the pronounced
backscattering e�ect of HGMs.[�	 ] The solar re”ectance of the
coatings with various thicknesses was systematically analyzed
across the UV-Vis-NIR spectrum (Figure �A ). Speci“cally, the
PVHT/HGM/B � O� -NoPFDS coating is� �	� µm in thickness,
and the solar re”ectance reaches� �.�
. Upon the thickness in-
creasing to� ��� µm the solar re”ectance rises to� �.
�. For coat-
ings exceeding this value, both the thickness and substrate type
exhibit minimal impact on solar re”ectance. Hence, a ��� µm-
thick coating is selected for subsequent experiments. PFDS treat-
ment has a signi“cant impact on the solar re”ectance of the coat-
ing. Compared to PVHT/HGM/B � O� -NoPFDS, the introduction
of PFDS leads to an improvement in solar re”ectance (Figure�B),
likely due to the enhanced light scattering caused by the rougher
surface microstructures (FigureS��, Supporting Information).
The PVHT/HGM/B � O� coating (���� µm) exhibits a solar
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Figure �. Water resistance of PVHT/HGM/B� O
 coating. A) SEM image of the top surface of the PVHT/HGM/B� O
 coating. B) IR spectra of the top
surface of the PVHT/HGM/B� O
 coatings before and after the PFDS treatment. C,D) Wide-scan and high-resolution XPS spectra of PVHT/HGM/B� O

coating. E) WCA values of the PVHT/HGM/B� O
 and PVHT/HGM coatings before and after PFDS treatment. F) Water droplets on the PVHT/HGM/B� O

and PVHT/HGM coatings exhibit superhydrophobicity. G) The process of approaching, contacting, and separating between PVHT/HGM/B� O
 surface
and water droplet. H) The water jet is highly repelled on PVHT/HGM/B� O
 surface. I) Photographs of PVHT/HGM/B� O
 coatings that cannot be
in“ltrated by acids, alkalis, ferric chloride, or cupric acetate.

re”ectance of � �.
� and an emissivity of � �.
	 in the atmo-
spheric transparency window (
…�� µm) (Figure �B), which
means that it can e�ectively reduce solar heating while pro-
moting heat dissipation by emitting long-wave infrared (LWIR)
radiation.

�.�. Radiative Cooling Performance and Environmental Stability

The PRC performance of the PVHT/HGM/B� O� hybrid coating
was evaluated using a solar simulator of �
�� W m Š� that can
provide stable and controllable solar-like illumination. As illus-
trated in Figure �C, the experimental setup includes a tempera-
ture recorder and an infrared camera positioned under the sim-
ulator. The sample stage is constructed from thermally insulat-
ing high-density polystyrene (PS) foam to eliminate heat conduc-
tion e�ects. The PVHT/HGM/B � O� coating (���� µm) is applied
to steel, ceramic, and glass substrates, which are subsequently
exposed vertically to the solar simulator. Real-time temperature
monitoring with thermocouples attached to the underside of the
substrates demonstrates the thermal insulation capability of the
samples. Compared to uncoated substrates, the coated steel, ce-
ramic, and glass, respectively exhibit ��.	, ��.	 , and 
.� °C re-

ductions in temperature after �� min (Figure �D; Figure S��,
Supporting Information). This cooling performance is attributed
to the e�ective solar heat shielding and low thermal conductivity
(��.�
 W/m K) of the PVHT/HGM/B � O� coating. Field tests were
conducted during the day and night in mid-April in Shanghai,
China (���.��

°E, ��.�
�
°N, � m altitude) (Figure �E). During
the day (�� a.m.…� p.m.), under a relative humidity (RH) below
��%, the coated steel and glass samples achieve temperature re-
ductions of �.� and ��.
 °C compared to their uncoated counter-
parts, and reductions of �.� and �.	 °C relative to ambient temper-
atures (Figure�E, right). At night (
 p.m.…� a.m.), under higher
RH (��-
�%), the coated steel and glass samples are 	.
 and
	.	 °C cooler than the ambient temperature of �	.� °C (Figure �E,
left). These results indicate that the as-developed coating demon-
strates satisfactory radiative cooling performances during the day
and the night, even under high RH conditions.

The environmental stability of the PVHT/HGM/B� O� coating
is rigorously evaluated to assess its resistance to outdoor wa-
ter rinsing and UV radiation. The coating was allowed to un-
dergo continuous water ”ow for � h to simulate rainwater ero-
sion (Figure �F). Post-test optical microscopy images reveal no
discernible changes in surface morphology, and the dried coat-
ing retains its initial solar re”ection (Figure �G). To evaluate its

Adv. Funct. Mater.����, e�	�	� e����� (� of ��) © ���� The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

 
 

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure �. The optical and thermal properties of the PVHT/HGM/B� O
 coating, along with its excellent resistance to water and ultraviolet light. A) Ef-
fect of the thickness of PVHT/HGM/B� O
 -NoPFDS coating on its solar re”ectance. B) The measured solar re”ectance and infrared emissivity of the
PVHT/HGM/B� O
 coating with a thickness of���� µm in the range of �.
…�� µm. C,D) Schematic of a simulated solar heating test. And temper-
ature tracking of bare and PVHT/HGM/B� O
 covered substrates. E) Temperatures of multiple substrates covered by PVHT/HGM/B� O
 (���� µm)
were measured in direct sunlight and at nighttime in the same location. F,G) Diagram of the simulated rainwater experiment, showing the solar re-
”ectance and optical microscopy image of the PVHT/HGM/B� O
 coating after 
 h of washing. H) Solar re”ectance and optical microscopy images of
the PVHT/HGM/B� O
 coating after 

� h of UV aging.
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Figure �. Real practical application and energy consumption simulation of PVHT/HGM/B� O
 coating. A) Digital photograph of outdoor steel (left) and
PVHT/HGM/B� O
 -covered steel (right,���� µm thick) in Shanghai at noon in August, along with infrared thermography after �� min of exposure.
B) Experimental setup inside an opaque chamber, with thermocouples (TC-� and TC-�) placed inside the coated (��.
 mm thick) and uncoated log
cabins, and TC-
 and TC-� monitoring ambient temperatures at di�erent chamber locations. The solar simulator is positioned �� cm above TC-
 and the
cabin roof, while TC-�, TC-�, and TC-� are aligned at the same height, �� cm below the simulator. C) Temperature-time curves recorded by TC-� to TC-�
during the experiment. D) Global heat map on �� July ����. Representative hot cities on each continent. E,F) Cooling energy usage (kWh) and energy
savings for the reference building and the building covered by PVHT/HGM/B� O
 (���� µm thick). G,H) Carbon footprint (TCO� /year) of cooling energy
used in the reference building and the building covered by PVHT/HGM/B� O
 . I…K) Monthly distribution of cooling energy usage and energy savings in
reference and PVHT/HGM/B� O
 covered buildings in Xi•an, Brisbane, and Los Angeles. L) Average cost savings (U.S. dollar) for cooling the reference
building after applying PVHT/HGM/B� O
 coating.

resistance to UV-aging, the coating is subjected to continuous
UV irradiation (�� W, ��� nm) for ��� h (Figure �H). The results
demonstrate that the coating preserves its original optical proper-
ties and visual whiteness, underscoring its exceptional long-term
UV durability (Figure �H; Figure S��, Supporting Information).

�.�. Real Practical Application and Energy-Saving Potential

This work aims to present a cost-e�ective (� �.�� US dollar/m �

��� µm) and easily implementable approach to addressing the
escalating frequency and severity of global heat waves (TableS�,

Supporting Information). The as-prepared PVHT/HGM/B� O�

coating is suitable for mass production and easily applied
to building exteriors through spraying or scraping techniques
(Figure �A ). Moreover, the coating maintains a superior cooling
performance even when deployed on a large scale. This is evi-
denced by a large-size coated steel plate exhibiting a temperature
of 
.� °C lower than that of bare steel after �� min outdoors, un-
derscoring its substantial practical potential (Figure�A).

Beyond steel substrates, we also systematically evaluate the
cross-regional applicability of PVHT/HGM/B� O� coating for
thermal management of timber buildings through extreme heat
simulations. Using hermetically sealed pinewood cabin models
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(Figure �B) under simulated climate conditions (ambient 		 °C)
representative of South Asia, the Middle East, North Africa, and
parts of the Americas, experimental data reveal that uncoated
control specimens attain an interior equilibrium temperature of
�	 °C after � h of exposure, �� °C above the ambient temperature
(Figure �C). This thermal ampli“cation arises from dual insula-
tion e�ects, and the low thermal conductivity of wood coupled
with structural closure jointly impedes convective heat dissipa-
tion, leading to indoor heat accumulation. In contrast, the coated
log cabin stabilizes at �� °C, achieving �
.
 °C reduction versus
the uncoated cabin and 
.� °C below the ambient temperature
(Figure �C). This temperature reversal highlights the superiority
of the coating in complex thermodynamic environments: �) high
solar re”ectivity (>
�%) reduces radiative heat gain at the source,
mitigating thermal generation in sealed spaces; and �) low ther-
mal conductivity (�.�
 W/m K) establishes a secondary barrier
against residual heat conduction through building envelopes. As
a HVAC system-independent passive cooling strategy, this tech-
nology mitigates frequent 	� °C+ extremes in desert/continental
zones, thereby enabling substantial reductions in HVAC energy
demands through architectural envelope enhancements.

Also, EnergyPlus simulations are employed to assess the cool-
ing energy savings and carbon footprint reductions of buildings
with and without the coating under diverse climatic conditions
using a three-story small o�ce building model closely resem-
bling an actual o�ce facility (Figure S�	, Supporting Informa-
tion). The simulations encompass �	 cities distributed across six
climate zones, including Xi•an, Wuhan, Shanghai, Sydney, Perth,
Brisbane, Phoenix, Los Angeles, Madrid, Lisbon, Rome, Paris,
Riyadh, Delhi, and Cairo (Figure�D), while integrating the op-
tical and thermal insulation properties of the building coating.
Figure �E…Hreveals substantial reductions in cooling energy us-
age across all cities. In hot and arid climates, such as Delhi and
Riyadh, where annual emissions reach 
� TCO� and 		 TCO � ,
respectively, the coating leads to reductions of 
.	 TCO� and �.

TCO� per year. In contrast, cities with temperate climates, includ-
ing Sydney, Lisbon, and Paris, demonstrate peak energy savings
and emission reductions of ��.�%, ��.�%, and �	.�%, respec-
tively, emerging as the most energy-e�cient cities (Figure�F,H).
Monthly summaries of cooling energy consumption and savings
across all cities are presented in FigureS�� (Supporting Infor-
mation). The extent of emission reductions is found to vary ac-
cording to climatic conditions. For instance, Xi•an, located in a
continental monsoon climate zone, and characterized by mini-
mal cooling requirements during winter, achieves an annual re-
duction of ��.�% (Figure �I). Conversely, cities such as Brisbane
and Los Angeles, which experience consistent cooling demands
throughout the year, display peak e�ciencies during November-
May and June-October, respectively, attributable to hemispheric
di�erences (Figure �J,K). In addition to environmental bene-
“ts, economic savings are notable, with annual savings exceed-
ing $��� per building on average. In regions with higher energy
costs, such as Rome, the annual savings reach $���� per build-
ing (Figure �L). This strongly demonstrates the signi“cant eco-
nomic value of the coating, o�ering a practical and cost-e�ective
solution to reducing energy expenses. These “ndings highlight
the e�ectiveness of the coating in reducing energy consumption
in Mediterranean and Western European oceanic climates, which
are typically regions with high electricity costs, while also demon-

strating its broader applicability to humid subtropical, tropical,
and desert climates. This further underscores their potential con-
tribution to global energy sustainability.

�.
. Thermal and Fire Performances of PVHT/HGM/B� O�

Coating

To evaluate the thermal and “re performances of as-developed
coatings prior to practical applications, thermogravimetric anal-
ysis (TGA) was conducted under air conditions, as “re-retardant
coatings are primarily used in an oxidative air atmosphere
(Figure S�� and TableS�, Supporting Information). The pure
PVHT coating demonstrates a distinct three-step thermal degra-
dation, with the maximum mass loss temperatures (Tmax) oc-
curring at ��� and ��� °C, attributed to the oxidative decom-
position of thermally unstable components such as polyHEA
and TAP (FigureS�
, Supporting Information), followed by a
sharp decomposition at 
�� °C, yielding a char of ��.
%, indicat-
ing its insu�cient thermal stability and charring ability. Upon
the incorporation of B� O� , the degradation temperatures of the
PVHT/B � O� coating are delayed to ���, ���, and 
�
 °C, and the
char yield signi“cantly increases to ��.�%, surpassing the theo-
retical linear mixing rule prediction of ��.
% (Table S�, Support-
ing Information). This enhancement underscores the synergistic
e�ect between PVHT and B� O� in terms of thermal stability and
charring capability. Furthermore, the introduction of thermally
inert HGM results in a further substantial increase inTmax for
PVHT/HGM and PVHT/HGM/B � O� , reaching �
	 °C, with no
secondary mass loss above 
��°C. The “nal char yield is as high
as �
%, far exceeding its theoretical value (TableS�, Supporting
Information). Notably, a slight weight loss in B� O� -containing
samples between ���…��� °C is likely attributed to the dehydra-
tion of trace boric acid formed during the aqueous preparation
process.[�
 ]

To further evaluate the “re performance of the coatings, a mi-
croscale cone calorimeter (MCC) was used (FigureS�
, Support-
ing Information). The PVHT copolymer exhibits a peak heat re-
lease rate (PHRR) of ���.� W/g at ��
 °C and ��.� W/g at ��
 °C,
with a total heat release (THR) of �.�
 kJ/g and a heat release ca-
pacity (HRC) of ��
 J/g K (Table S�, Supporting Information).
These results are far superior to those of traditional polymer
adhesives and most PDRC matrix materials, including PVAc,
PMMA, PS, PVDF, and PTFE, whose HRC values are ���, ��
,

�
, ���, and 
�� J/g K, respectively. [�� ] Moreover, the synergis-
tic interactions between PVHT and B� O� lead to further reduc-
tions in PHRR, THR, and HRC to ��.	 W/g, �.	
 kJ/g, and �

J/g K, respectively, which means that the presence of B� O� ef-
fectively suppresses the initial heat release and delays the sec-
ondary heat release of PVHT. In contrast, the PVHT/HGM/B� O�

displays the lowest PHRR of ��.� W/g, a THR of �.�� kJ/g,
and an HRC of only �� J/g K, demonstrating its best “re per-
formance (Figure �A ; Table S�, Supporting Information). No-
tably, PVHT/HGM/B � O� outperforms PVHT/HGM, suggesting
a synergistic e�ect among the three components in terms of “re
performance.

To quantitatively assess the “re retardancy rating of the coat-
ings, LOI and vertical burning tests were undertaken (Figure	A).
The PVHT coating achieves a high LOI of ��.	% and a
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Figure �. Fire performance of PVHT/HGM/B� O
 coating. A) HR capacity values of PVHT/HGM/B� O
 and its control coatings, along with their LOI
values and UL-�� ratings. B) Butane ”ame ignition tests to evaluate the “re performance of the PVHT/HGM/B� O
 coating (���� µm thick). C) Schematic
of a homemade device used to determine the top surface temperature (TST) of the steel plates. D) TST of the steel plate, PVHT/HGM/B� O
 -coated
steel (���� to ��� µm thick), and TST di�erence between bare and coated steel as a function of heating time. E) HRR and F) TSR curves of the wood and
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satisfactory UL-
� V-� rating, indicating its excellent “re per-
formance. Impressively, the PVHT/HGM/B� O� exhibits a very
high LOI value of 

.	% owing to the combination of the “re-
retardant component (PVHT) and the non-combustible compo-
nents (HGM and B� O� ), further highlighting its potential as a
“re-retardant coating for building external surfaces.

The “re performance of the coatings was visually evalu-
ated using a butane torch ”ame attack on a 	�� µm-thick
PVHT/HGM/B � O� coating at a ”ame temperature exceeding
���� °C, far surpassing the ignition point of conventional poly-
mers and approaching the glass-softening-melting temperatures
(Figure 	B). Throughout the entire �� s ignition process, no ig-
nition is observed, and the coating retains its original shape,
displaying only blackened surfaces due to polymer charring
(Figure 	B, middle; Video S�, Supporting Information). Even af-
ter 	 min of ”ame attack, the coating remains intact without
cracking or fragmenting (Figure 	B, right). The front surface
(”ame-exposed side) turns white due to the formation of a resid-
ual ceramic layer at high temperature. Meanwhile, the back sur-
face exhibits slight bulging, resulting from gas evolution during
polymer decomposition, which creates internal porous cavities
conducive to thermal insulation. The blackened back surface con-
“rms the presence of residual carbonaceous layers (Figure	B,
right). In summary, the PVHT/HGM/B � O� coating exhibits high
thermal stability and desirable “re resistance, with its inert char-
acteristics ensuring superior structural integrity and thermal in-
sulation under extreme high-temperature conditions.

�.�. Fire Protection Applications to Various Substrates

We further assess the “re protection properties of the
PVHT/HGM/B � O� coating on a variety of other substrates,
including steel, wood, and polymer foams. Steel is often used
for critical load-bearing structures in modern construction
and buildings, and is also widely used as the exterior walls
and roofs of both residential and industrial buildings. While
non-combustible, steel exhibits paradoxical vulnerability to high
temperature during “res, as its mechanical strength deteriorates
rapidly above ��� °C, leading to rapid structural collapse.[��,�� ] To
investigate the thermal protection performance of the coating,
the bottom surface of the coated steel plate is exposed to a butane
”ame (>���� °C) for �� min, and the top surface temperatures
(TST) are recorded using thermocouples (Figure	C; Video
S�, Supporting Information). For bare steel, the TST rapidly
rises to ��� °C within ��� s, a temperature range in which
the structural strength is reduced by ��…	�%.[�� ] Conversely,
the PVHT/HGM-coated steel exhibits a slower temperature
escalation, reaching ��� °C after � min (Figure S��, Supporting
Information). Moreover, the ternary PVHT/HGM/B � O� coating
maintains a TST below ��� °C throughout the test, with a “nal
temperature of �	� °C. A maximum temperature di�erence
(�TST) of ��
 °C between the coated and bare steel is recorded
(Figure 	D). Although prolonged heating slightly compromises

thermal insulation due to HGM softening (>��� s), the coating
retains signi“cant protective e�cacy (Figure 	D). The results
demonstrate that the PVHT/HGM/B� O� coating o�ers e�ective
thermal protection for steel structures, primarily through its
porous thermal barrier e�ect, highlighting its potential for
enhancing “re safety in real-world applications.

In parallel, wood or timber represents one of the oldest build-
ing materials because of its multiple advantages, such as its low
density, high strength-to-weight ratio, eco-friendliness, and ex-
cellent thermal management properties.[�� ] These merits make
it a very sought-after building material for prefabricated build-
ings in addition to its ability to reduce building energy consump-
tion. However, its susceptibility to “re has remained a key issue
during its real-work applications.[�� ] To evaluate “re protection
e�cacy, we “rst perform cone calorimetry (CCT) testing, which
represents a robust assessment of material combustion behav-
ior under forced “re conditions by providing some key “re pa-
rameters, including the time to ignition (tign), HRR, smoke pro-
duction rate (SPR), mass loss, and CO production (COP). The
HRR curve reveals a typical two-stage combustion process for un-
treated wood with two HRR peaks of ��
 and ��� kW m Š� . In
comparison, the PVHT/HGM/B � O� -coated wood exhibits signif-
icantly reduced HRR peaks of ��� and ��
 kW m Š� , reductions
by ��% and ��%, respectively. Additionally, the time for the sec-
ond HRR peak is extended from ��� to ��� s (Figure 	E). Given
that fatalities in building “res are predominantly caused by in-
halation of smoke and toxic gases, the coated wood demonstrates
notable reductions in smoke and gas emissions. Speci“cally, the
total smoke release (TSR), peak CO yield, and peak CO� yield are
reduced by ��.�%, 
�%, and �	%, respectively (Figure 	E; Figure
S��C, Supporting Information). The improved “re retardancy is
attributed to the thermal insulation of PVHT/HGM/B � O� coat-
ing at elevated temperatures, which e�ectively prevents internal
thermal decomposition, as evidenced by a higher char residue
(Figure S��B, Supporting Information) and the formation of
a more compact char layer (FiguresS�� and S��, Supporting
Information).

As a typical example, in early ���	, a series of wild“res in the
Los Angeles area destroyed over �
 ��� buildings, with the exten-
sive use of wooden walls during construction being a signi“cant
contributing factor.[�	 ] To explore our coating as a potential so-
lution, we made a small-scale model of a log cabin constructed
from pine wood, a material commonly employed in North Amer-
ican architecture. The exterior of the cabin is subjected to a high-
intensity butane ”ame (����� °C), and the untreated structure
can be ignited almost instantaneously after 	 s of exposure (Video
S	, Supporting Information). Despite the removal of the ignition
source after �� s, the “re continues to propagate across the sur-
face of the cabin, indicating its high ”ammability and ”ame prop-
agation upon burning (Figure	G). In contrast, upon the exterior
coated with a ��� µm thick layer of PVHT/HGM/B � O� coating
(Figure 	H), the treated log cabin remains unignited even after
�� s of exposure to the same butane ”ame. Only slight charring
occurs in the areas directly exposed to the ”ame, whereas the

PVHT/HGM/B� O
 -coated wood (� �
� µm thick). G,H) Digital images of the burning behavior of the log cabin and PVHT/HGM/B� O
 -coated log cabin
(���� µm thick) under a butane ”ame for �� s. I) Comparative evolution of coated (��.
 mm thick) and uncoated log cabin models under simulated
forest wild“re scenarios.
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internal structure retains its original texture and integrity (Video
S	, Supporting Information), con“rming the superior “re pro-
tection of the coating. These results underscore the desirable ef-
“cacy of the coating in providing “re protection for timber, o�er-
ing a potential “re safety solution to wooden buildings.

In addition, a wild“re resistance evaluation test was also con-
ducted using a brazier containing a dry “rewood stack, with both
coated and uncoated log cabin models positioned on a steel mesh
above the ”ame source. The “rewood was ignited to simulate the
spread of wild“re to neighboring residential timber structures
(Figure 	I, Left). Three thermocouples were deployed: two inside
the cabin structures to monitor internal temperature variations
and one above the mesh to measure the rising ”ame temperature.
The results reveal distinct “re behaviors between the two mod-
els. The uncoated log cabin is ignited within � min, with ”ames
reaching the roof by � min (Video S�, Supporting Information)
and fully engul“ng the model building in � min (Figure 	I, Mid-
dle). The internal temperatures exceed 
�� °C in � min (Figure
S��, Supporting Information), leading to structural collapse, and
at �� min, the cabin is completely burned out. In contrast, the
coated log cabin demonstrates superior wild“re resistance, re-
maining unignited for the “rst � min despite being surrounded
by intense external ”ames (VideoS�, Supporting Information).
Even after �	 min of continuous “re exposure, during which both
the “re pit fuel and the adjacent uncoated log cabin are entirely
consumed, the coated log cabin well-maintains its structural in-
tegrity without collapse (Figure	I, right).

In addition to wood, polymeric foams are widely employed
as thermal insulation materials to enhance building energy
e�ciency. [�� ] These materials are inherently ”ammable because
of their organic composition (carbon and hydrogen) and high
surface areas.[�
a,��a,�� ] To assess the coating•s “re protection ca-
pabilities, we chose representative polymeric foam„EPS for
“re testing. First, the individual and binary coatings are com-
pared against the ternary PVHT/HGM/B� O� system on EPS. The
PHRR of PVHT-coated EPS is reduced to ���.� kW mŠ� , while
binary coatings PVHT/B� O� and PVHT/HGM yield PHRR val-
ues of ��.� and 	�.� kW m Š� , reductions of ��.
% and ��.�%,
respectively (TableS	, Supporting Information). The reduced
”ammability is because B� O� molten to “ll cracks in the char
layer, and the thermal insulation of HGM in the char (Figure
S��C, Supporting Information). Also, both binary systems ex-
hibit limitations under prolonged heating, such as organic char
degradation and HGM fragmentation. In contrast, the ternary
PVHT/HGM/B � O� coating achieves superior “re performance,
with the PHRR and PCOP further reduced to an unprecedented

.	 kW m Š� and �.
� mg s Š� , corresponding to a 

% and 

% re-
duction, respectively, relative to the pure EPS foam (FiguresS�	A
and S�	B, Supporting Information). Additionally, the char yield
reaches 
�.�%, signi“cantly higher than that of the control sam-
ple. This improvement can be attributed to the formation of a
robust, integral thermally insulating ceramic char layer (Figures
S�	C, S��, and S��, Supporting Information), which e�ectively
prevents the thermal degradation of the underlying substrate.

Also, the PVHT/HGM/B � O� coating can signi“cantly sup-
press the PHRR across the other tested polymeric foams, with
reductions of ��%, �
%, 
�%, and 	�% for PUF, PET, PP, and
PE, respectively (FigureS�	E, Supporting Information). Like-
wise, the coating exhibits a nearly self-extinguishing behavior on

the PP substrate, highlighting its exceptional “re resistance. To
quantify the “re risk reduction, two key “re parameters, the “re
performance index (FPI) and “re growth index (FGI), are calcu-
lated using the following equations:

FPI =
tign

PHRR
(�)

FGI =
PHRR
tPHRR

(�)

Higher FPI values and lower FGI values generally signify
improved “re retardancy and reduced “re hazards. The coated
foams demonstrate substantial enhancements in these metrics,
particularly for EPS, PP, and PE, which occupy more favorable
positions on the FPI-FGI biplot (FigureS�
, Supporting Informa-
tion). Furthermore, the coating e�ectively mitigates smoke and
toxic gas emissions (FigureS�	F and TableS	, Supporting In-
formation). The mechanism involves the formation of an intact,
thermally stable char layer that inhibits substrate degradation, as
evidenced by the increased char yields and SEM images showing
a preserved HGM skeleton morphology after testing (FigureS�
,
Supporting Information).

In brief, the synergistic combination of PVHT, HGM, and
B� O� e�ectively enhances “re resistance across diverse sub-
strates, including wood, polymeric foams, and steel. The ternary
coating not only exhibits superior heat release suppression and
smoke mitigation but also provides robust thermal insulation,
making it a promising solution for “re protection in modern con-
struction.

�.�. Flame Retardancy Comparison

To comprehensively evaluate the “re performance of the devel-
oped PVHT/HGM/B � O� coating, we made a comparative anal-
ysis of treated wood and polymer foams against previously es-
tablished “re-retardant coatings. The assessment focuses on “ve
key performance indicators: reductions in heat release (PHRR
and THR), suppression of smoke release (PSPR, TSP, and
TSR), enhancement of LOI value, extension oftign, and im-
provements in char residue after combustion (FigureS�� and
TableS�, Supporting Information). Even for speci“c substrates,
the “re-retardant e�ciency of previous coatings is found to be
unsatisfactory. For instance, alginate/clay aerogel[�
 ] or phytic
acid/guanosine (PA/GS)[�
 ] coatings on PU substrates reduce
the PHRR by only ��.
% and ��.	%, respectively, while achiev-
ing a satisfactory performance often requires a coating thickness
of ��� µm, as observed in Poly(VS-co-HEA).[�� ] In contrast, the
PVHT/HGM/B � O� coating achieves a 	�.�% reduction in THR
with a thickness of ��� µm. Similarly, ceramic hybrid coatings
of comparable thickness (� ��� µm) reduce the heat release by
only ��%. [�� ] Moreover, our coating e�ectively addresses the long-
standing issue of simultaneous reduction in heat and smoke re-
lease. For example, our coating achieves a 

% reduction in heat
release and smoke production indices for EPS, a challenge evi-
dent in PA/GS coatings on PET substrates (	�.�% heat release re-
duction but only 	.�% smoke suppression)[�
 ] and poly(HEMAP-
co-GMA) (HPG) coatings on PU substrates (	�.�% heat release
reduction with exacerbated smoke release).[�� ] Furthermore, the
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extension oftign, a critical parameter for “re safety due to its im-
plications for evacuation time, is improved substantially. While
the coating•s performance on EPS and wood is less pronounced,
an unprecedented extendedtign of ��� s and �
� s are achieved
on PE and PP substrates, respectively. Additionally, the LOI value
of the PVHT/HGM/B � O� coating is as high as 

.	%, signi“-
cantly surpassing all previously reported coatings, because of its
high content of inert components. Furthermore, the char residue
of the PVHT/HGM/B � O� -treated substrates consistently outper-
forms comparable coatings under equivalent application levels,
underscoring its superior “re protection.

Collectively, the developed PVHT/HGM/B� O� coating demon-
strates an ability to signi“cantly enhance the comprehensive per-
formance of combustible substrates, including elevated LOI, ex-
tended ignition time, synchronized reductions in heat and smoke
release, and improved post-combustion structural integrity. The
excellent “re protection capability makes the coating hold sub-
stantial promise for addressing stringent safety requirements in
industrial applications while bridging critical gaps in the “re
safety considerations of PRC coatings.

�.�. Cerami“cation Mechanism of the Coatings

The ”ame-retardant mechanism of the PVHT/HGM/B� O� coat-
ing involves a dynamic structural evolution under thermal expo-
sure, transitioning from a porous insulation layer to a cohesive
ceramic barrier (see NotesS� and S� for details, Supporting In-
formation). Initially, the organic polymer matrix decomposes, re-
leasing non-”ammable gases such as H� O, NH� , N� , and CO�

(Figure S��, Supporting Information) and forming a carbonized
porous structure. As temperatures rise, B� O� softens and adheres
to the HGM surface, facilitating the transition toward a more
compact structure (FigureS��B � ,C� , Supporting Information).
At elevated temperatures, B� O� reacts with inorganic HGM con-
stituents through eutectic interactions, forming a dense ceramic
layer enriched with stable compounds such as BPO� and silicates
(Figures S�� and S�	, Supporting Information). Concurrently,
secondary decomposition of residual polymer components gen-
erates internal porosity, while molten B� O� promotes surface
densi“cation (FigureS��D,D � , Supporting Information). This re-
sults in a hierarchical structure characterized by a compact outer
layer and a porous interior (FigureS��D � ,D� , Supporting Infor-
mation), resembling volcanic rock morphology. Thermal analy-
ses con“rm sequential phase transitions, including B� O� melt-
ing and silicate network formation, which enhance thermal sta-
bility (Figures S�� and S�	, Supporting Information). [�
,�� ] The
coating•s thermal insulation e�ciency is attributed to its evolving
porosity and ceramic matrix, e�ectively impeding heat transfer
across varying temperature regimes (FigureS��, Table S�, and
Note S�, Supporting Information). This mechanism ensures ro-
bust “re resistance by combining gas-phase inhibition, barrier
formation, and structural adaptability to thermal stress.

�. Conclusion

This study presents a scalable, durable, and “re-safe all-day
passive radiative cooling coating comprising of a “re-retardant

copolymer binder PVHT with cerami“able HGM and B� O� via an
integrated design. The coating exhibits exceptional optical perfor-
mance, achieving a solar re”ectance of� 
�% and mid-infrared
emissivity of 
	%, thereby facilitating e�cient diurnal temper-
ature regulation. Under outdoor conditions, the coating demon-
strates remarkable stability, maintaining its performance even af-
ter extended UV exposure and water rinsing, indicating its suit-
ability for practical outdoor application in harsh environmental
settings. Furthermore, the coating presents considerable energy-
saving bene“ts, signi“cantly reducing the cooling energy de-
mands across diverse climatic regions, and o�ers a cost-e�ective
strategy for carbon emission mitigation. Moreover, its thermal
insulation and “re resistance properties are equally critical, as
the coating forms a dense ceramic-carbon layer at elevated tem-
peratures, achieving a UL-
� V-� rating and an unprecedented
LOI value of 

.	%. The coating is applicable to a wide range of
substrates, including steel, glass, wood, and various combustible
polymers, and delivers a satisfactory “re performance in large-
scale applications. By integrating radiative cooling and “re safety,
this study o�ers a potential solution to creating sustainable PRC
coating technologies, and the “nal coating holds great potential
for practical applications in buildings near and in the WUI by
reducing energy consumption and combating wild“res.

�. Experimental Section
Materials: Vinylphosphonic acid (VPA,>��%), �-hydroxyethyl acry-

late (HEA, ��%), and Boron oxide (��%, 
�� mesh) were pur-
chased from Shanghai Macklin Biochemical Co., Ltd., China. �,�-
azobis(�-methylpropionamidine) dihydrochloride (AIBA, ��%) and Chi-
tosan (CS, degree of deacetylation� ��%, viscosity ���…��� mPa.s)
were obtained from Anhui Senrise Technologies Co., Ltd, China. �,�,�-
Triaminopyrimidine (TAP, �	%) was supplied by Bide Pharmatech Co.,
Ltd, China. Commercial hollow glass microspheres (HGM, iM��K, true
density: �.�� g cm Š
 ) were supplied by the Minnesota Mining and Man-
ufacturing Company (USA). Sodium hydroxide (���%) and ammonium
hydroxide (��.�…
�.�% NH 
 basis) were obtained from Aladdin Chem-
istry Co. Ltd., China. �H,�H,�H,�H-Per”uorodecyltriethoxysilane (PFDS,
�	%+), tetraethoxysilane (TEOS, ��%), glacial acetic acid (��%), ethanol
(��.�%), and propyl alcohol (��.�%) were purchased from Shanghai Titan
Scienti“c Co. Ltd., China. Expandable polystyrene (EPS) foam was sup-
plied by Shenzhen Lehao Building Materials Co., Ltd., China. Polyethylene
terephthalate (PET) foam was supplied by Jiangsu Yueke New Material Co.,
Ltd, China. Polyethylene (PE) foam was supplied by Shanxi Miaoyao Build-
ing Materials Co., Ltd., China. Wood (China “r) was supplied by Xiangfa
Timber Processing Factory, China. Steel (Q�
�) was provided by Xinghua
Zhongzhiyuan Stainless Steel Products Co., Ltd., China. Polypropylene
(PP) foam was supplied by Kunshan Shunhong Packaging Material Fac-
tory, China. Rigid PU foam was purchased from Wuxi Kezhao Polyurethane
Material Co. Ltd., China. All chemicals were used as received without fur-
ther puri“cation.

Synthesis of PVHT:HEA (� g, �
 mmol), VPA (��%, �.� g, �
 mmol),
and AIBA (�.�	� g) were added to a mixed solvent of deionized water
(�
.� g) and ethanol (��.� g) in a ��� mL sealed round-bottom ”ask. The
mixture was stirred and purged with Ar for 
� min. The solution was then
heated to �� °C and stirred under an argon atmosphere for �� h to fa-
cilitate free radical polymerization. Subsequently, TAP (�.�� g, �� mmol)
was gradually added, and the temperature increased to 	�°C. The reaction
mixture was stirred for an additional � h to obtain the “nal PVHT solution.

Fabrication and Characterization of the PVHT/HGM/B� O� coating:
Chitosan (�.�	
� g) was dissolved in a � wt.% acetic acid solution (�.� g)
under stirring for 
� min until fully dissolved. Subsequently, a �� wt.%
PVHT solution (
.� g) was added dropwise with continuous stirring,
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followed by the gradual addition of acetic acid until a clear and transpar-
ent PVHT/CS solution was obtained. B� O
 (�.
�� g) and HGM (�.	�� g)
were slowly added to the solution while maintaining high-speed stirring for
�…
 h to form a homogeneous and stable PVHT/HGM/B� O
 slurry. This
process can be proportionally scaled up by maintaining the same mate-
rial ratio. The PVHT/HGM/B� O
 slurry can be applied to substrates using
various techniques such as blade coating, spraying, or roll coating. Using
blade coating as an example, the slurry was cast onto a thoroughly dried
substrate using a blade “lm applicator and dried at ��°C for � min. This
process was repeated until the desired coating thickness was achieved, fol-
lowed by drying at �� °C for 
� min to ensure the complete drying of the
PVHT/HGM/B� O
 -NoPFDS coating. The HGM-to-B� O
 ratio was exper-
imentally optimized based on ”ame-retardant performance. Since B� O

primarily functions as a ”uxing agent rather than a main framework com-
ponent, its content was limited to below �� wt.% in inorganic systems.
To determine the optimal composition, PVHT/HGM/B� O
 coatings with
identical total “ller mass but varying HGM:B� O
 ratios (��:�� to ���:�)
were systematically screened. Microscale combustion calorimetry (MCC)
results (FigureS
	, Supporting Information) revealed that the ��:�� ratio
achieved the best “re resistance, characterized by the lowest total heat re-
lease (THR) of 
.
 kJ/g and a markedly reduced heat release rate (HRR)
over ���…��� °C.

Hydrophobic Treatment: TEOS (�.� mL) was dissolved in a mixed sol-
vent of �� mL isopropanol and �� mL water. Under stirring, �.� mL of
ammonium hydroxide was added, and after �� min, the coated substrate
was immersed in the silane solution (pH= ��). After �� min, the substrate
was removed and dried at �� °C for 
� min. Subsequently, the substrate
was immersed in a PFDS solution (�.� g PFDS, �.�	 g acetic acid, �
.� g
isopropanol, �.� g water; pH = 
.
) for �� h. Finally, the substrate was
removed and thoroughly dried at ��°C to ensure complete curing of the
PVHT/HGM/B� O
 coating. PFDS treatment forms an ultrathin, molecu-
lar�level low�surface�energy layer and a micro-/nano�rough structure via
chemical bonding; because this modi“cation occurs at the nanoscale, no
macroscopic change in coating thickness was observed.

The chemical structures and compositions were characterized by
Fourier transform infrared (FT-IR) spectroscopy (Bruker, INVENIO FT-IR
Spectrometer), with a wavenumber ranging from ��� to ���� cm Š� . X-ray
photoelectron spectroscopy (XPS) was performed on a Thermo Fisher ES-
CALAB ���Xi instrument using Al K� (����.� eV) radiation. Scanning elec-
tron microscopy (SEM) and energy dispersive X-ray spectrometry (EDS)
measurements were performed using a “eld-emission scanning electron
microscope (HITACHI SU����) at an accelerating voltage of � kV. Prior
to the test, the surfaces of the specimens were coated with a thin layer
of gold. X-ray di�raction (XRD) experiments were carried out on an X-ray
di�ractometer (Bruker, D� Phaser) with Cu k� radiation. The data were
recorded in the �� values of ��…	�° at a scan speed of �.�°/min with a
sampling pitch of �.��°.

WCA Test: The WCA was measured using a LAUDA Surface Analyzer
(LSA ���). A � µL water droplet was placed on the surface to measure
the static WCA. Each WCA value represents the average of three measure-
ments obtained at di�erent positions on the surface.

Optical Spectrum Characterization: The solar re”ectance (�.
…�.� µm)
of the coatings was measured using a UV…Vis…NIR Spectrophotometer
(Hitachi U-����; Agilent Cary 	���) in the range of �.
…�.� µm with an in-
tegrating sphere. An FTIR spectrometer (Thermo Nicolet �	��) equipped
with a di�use gold integrating sphere was used to measure the emissivi-
ties of the PVHT/HGM and PVHT/HGM/B� O
 coatings in the MIR range
(�.�…�� µm).

The average solar re”ectivity is de“ned as:

Rsolar =
� �.�� m

�.
� m Isolar(� ) � Rsolar(� ) d�

� �.�� m
�.
� m Isolar(� ) d�

(
)

RVis =
� �.	�� m

�.
	� m Isolar(� ) � Rsolar(� ) d�

� �.	�� m
�.
	� m Isolar(� ) d�

(�)

where� is the wavelength, Isolar(�) is the spectral solar radiation intensity
of the air mass �.�, and Rsolar(�) is the spectral re”ectance in the solar
region.

The de“nition of average atmospheric window emissivity (�) is given
by:

� =
� �
� m

�� m IB (� ) � � (� ) d�

� �
� m
�� m IB (� ) d�

(�)

where�(�) is the spectral thermal emissivity of the surface and IB(�) is the
spectral blackbody emissive power in the �…�
µm range as a weighting
factor, as follows:

IB (�) =
�hc �

�
� � [exp(hc� � �� BT)Š�]

, h = �.���×�� Š
� J s is the universal Planck

constant,� B= �.
�� × �� Š�
 J/K is the Boltzmann constant, and� � = �.���
× �� � m/s is the speed of light in vacuum.

Energy Saving Assessment: Building energy simulations were con-
ducted using EnergyPlus to assess the energy performance and determine
the e�ectiveness of this cooling technology under various climatic con-
ditions. For this purpose, a small three-story o
ce building, closely re-
sembling real-world o
ce facilities, was selected as the base model. Two
building con“gurations were simulated: a reference building with standard
gypsum as the external “nish, and another with PVHT/HGM/B� O
 ap-
plied to the roof and external walls. The building modeling source was the
DOE baseline model. The energy models incorporated the e�ects of cli-
mate, heat transfer through building enclosures, and the thermal and op-
tical properties of the coatings. Both direct ”uxes and in”uxes re”ected
from the surroundings and ground were included to evaluate radiative
heat exchange with the ambient environment. The energy consumption
of the simulated buildings was calculated by iteratively solving the gov-
erning equations over a one-year period. Energy costs were estimated us-
ing electricity prices from March ����, as provided by GlobalPetrolPrices
(www.GlobalPetrolPrices.com). Average cost savings for cooling were cal-
culated by multiplying the simulated reduction in cooling energy usage
by the regional electricity prices from GlobalPetrolPrices. CO� emissions
were determined using the emission factors supplied by the International
Renewable Energy Agency. The indoor heating, ventilation, and air con-
ditioning (HVAC) system was set with a cooling point of ��°C, operating
from January � to December 
�, with automatic adjustments for all cooling
and heating capacities.

To extend the results globally, “fteen cities representing six climate
zones across continents were selected, including Xi•an (temperate con-
tinental climate), Wuhan (subtropical climate), Shanghai (subtropical
climate), Sydney (subtropical climate), Perth (Mediterranean climate),
Brisbane (subtropical climate), Phoenix (desert climate), Los Ange-
les (Mediterranean climate), Madrid (Mediterranean climate), Lisbon
(Mediterranean climate), Rome (subtropical climate), Paris (temperate
oceanic climate), Riyadh (desert climate), Delhi (tropical monsoon cli-
mate), and Cairo (desert climate). The weather data for these cities were
obtained from the EnergyPlus weather database.

Adhesive Strength and Tensile Test Measurements: The shear adhesion
strength was evaluated using a SANS universal testing machine (CMT
����) according to ASTM F����. The coatings were placed between two
substrates (Steel, Glass, Wood, PET, PS, PU, PP, and PE) with an over-
lapping area of �� × �� mm � and a stretching rate of � mm/min. Ten-
sile measurements were carried out on a SANS universal testing machine
(CMT ����) (with a sensor having a capacity of ��� N) using an extension
rate of � mm/min, and the as-prepared tensile specimens of the PVH and
PVHT “lms were �� mm long, � mm wide, and ��� ( ±��) µm thick with a
gauge length of �� mm.

Stability Tests: To evaluate the stability of PVHT/HGM/B� O
 coat-
ings under prolonged direct sunlight exposure, UV aging tests were con-
ducted using a �� W UV lamp with a wavelength of 
�
 nm positioned
� cm from the samples. To simulate a rainwater environment, the coat-
ings were subjected to a constant water ”ow (��� mL/h) for 
 h. Mor-
phological changes at di�erent exposure durations were examined using
digital imaging and microscopy (FigureS�
, Supporting Information).
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The optical properties of the coatings were assessed using a UV…Vis…
NIR spectrophotometer (Hitachi U-����) across the wavelength range
of �.
…�.� µm.

Fire Testing: Microscale combustibility tests were performed using
a microscale combustion calorimetry system (MCC�, Govmark, USA).
�� mg of the coating samples were heated from ��� to ��� °C at a rate of
� K/s under air. UL-�� vertical burning tests were conducted according to
ASTM D 
��� standards using a ����H-V BURNING TESTER with sample
dimensions of �
� × �
 × �� mm 
 . The limiting oxygen index (LOI) was
determined following ISO ����-�:����, using a JF-
 oxygen index tester
(Jiangning, China) with sample dimensions of ���× �� × 
 mm 
 . Cone
calorimetry tests (CCT) were performed using FTT equipment (UK) in ac-
cordance with ASTM E�
�� and ISO ���� standards. Foam materials, in-
cluding PU, PET, EPS, PE, and PP, along with wood samples (���× ���
× 
� mm 
 ), were tested under a heat ”ux of 
� kW mŠ� . Thermal protec-
tion performance was assessed by exposing one side of Q�
� steel plates
(��� × ��� × �.� mm 
 ) coated with a coating to a butane-air mixture ”ame.
The temperature on the top side of the steel (unprotected) was monitored
in real-time using a thermocouple.

Thermal Analysis:Thermogravimetric analysis (TGA) was conducted
using a TG ���F� thermogravimetric analyzer (Netzsch, Germany). Sam-
ples weighing �…�� mg were heated from room temperature to ��� and
���� °C under N� or air atmosphere at a heating rate of ��°C/min. Si-
multaneous thermal analysis (STA) was performed using a NETZSCH
STA���� analyzer in N � atmosphere. Samples placed in Al� O
 crucibles
were heated from �� to ���� °C at a rate of �� °C/min. TG-IR analysis
was carried out using a TGA Q���� IR thermogravimetric analyzer cou-
pled with a Nicolet �	�� Fourier transform infrared spectrometer. Approx-
imately �.� mg of each sample was heated from 
� to ���� °C in an air
atmosphere at a heating rate of ��°C/min.

Thermal conductivity measurements were performed in accordance
with GB/T ����	. EPS foam and coated EPS foam samples (�× � × 
 cm 
 ;
coating thickness���� µm) were measured on a KDRX�II transient
hot�wire thermal conductivity analyzer (FigureS
�, Supporting Informa-
tion). The intrinsic thermal di�usivity of the coatings was determined us-
ing a NETZSCH LFA ��	 HyperFlash thermal conductivity tester on disk
samples (Ø ��.	 mm, thickness � mm). Coating disks were pre�treated at
various temperatures, note that PVHT and PVHT/B� O
 coatings could not
be measured after high�temperature treatment due to loss of structural
integrity. All measurements were carried out without applied pressure to
avoid the collapse of the coating•s porous structure.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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