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Passive daytime radiative cooling (PDRC) provides a zero-energy approach to reducing surface

temperatures by reflecting solar radiation and emitting thermal energy through the mid-infrared

atmospheric window. However, many high-performance PDRC materials require rigid or brittle

substrates, limiting their application on flexible or curved surfaces. Here, we report a bilayer PDRC

coating integrated onto a commercial fiberglass cast, a fast-curing, mechanically robust substrate

commonly used for orthopedic support. The coating consists of a polyvinyl alcohol (PVA) adhesion layer

and a polymethyl methacrylate (PMMA) top layer, both embedded with calcium pyrophosphate (CPP)

ceramic particles derived from animal bone waste. CPP enables broadband solar reflectance and strong

mid-infrared emittance while also contributing to sustainability and biocompatibility. The coating

achieves over 90% solar reflectance and delivers up to 15 °C sub-ambient cooling under direct sunlight.

It maintains stability under environmental stress, showing water resistance (contact angle ∼85°), UV

durability, abrasion tolerance, and thermal stability exceeding 650 °C. Mechanical tests confirm

enhanced flexibility without compromising structural strength. This work demonstrates a scalable, field-

deployable PDRC platform suitable for wearable cooling, orthopedic comfort, and mobile thermal

regulation.
1. Introduction

The rapid expansion of urbanization and the intensication of
global warming have driven a critical need for sustainable,
passive cooling strategies that can mitigate rising surface
temperatures without relying on electricity or active
ventilation.1–4 Among these, passive daytime radiative cooling
(PDRC) has emerged as a particularly promising approach,
leveraging the Earth's natural heat balance to reject solar radi-
ation and emit thermal energy through the atmospheric trans-
parency window (8–13 mm).5–8 By achieving both high solar
reectance and strong mid-infrared emittance, PDRC materials
can maintain sub-ambient temperatures even under direct
sunlight, making them ideal for energy-saving building enve-
lopes, thermal shielding of infrastructure, and mobile off-grid
systems.9–11

Despite substantial advances in laboratory-scale PDRC
materials, ranging from hierarchical polymers to porous
ceramics, translating these technologies into practical outdoor
use remains challenging.12–14 Many reported systems require
rigid substrates, multi-step fabrication, or delicate nano-
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structuring, which limit their exibility, scalability, or
mechanical integrity under real-world conditions.15,16 Moreover,
most coatings degrade rapidly in harsh environments due to UV
exposure, water inltration, or mechanical wear.17,18 These
limitations underscore the pressing demand for PDRC systems
that are not only optically efficient but also physically robust,
weather-resistant, and compatible with non-planar or deform-
able surfaces.

In this work, we present a structurally adaptive, multifunc-
tional PDRC system constructed on a commercial berglass
cast, a material originally designed for orthopedic and indus-
trial reinforcement, but here innovatively repurposed as a ex-
ible and eld-deployable substrate. The berglass cast
comprises a woven berglass matrix pre-impregnated with
a hydrated ester resin, enabling rapid curing under both air and
moisture exposure. Such features allow conformal integration
into irregular surfaces while providing a strong structural
backbone for the cooling layers. Compared to conventional
rigid or at PDRC substrates, the use of berglass casts enables
seamless deployment in curved, mobile, or wearable settings.

Beyond structural compatibility, the integration of PDRC
into berglass casts opens up new opportunities in healthcare
applications. Fiberglass casts are commonly used in orthope-
dics to immobilize injured limbs; however, prolonged use in hot
climates or high-humidity environments can lead to thermal
discomfort, sweating, or skin irritation. Incorporating radiative
This journal is © The Royal Society of Chemistry 2025
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cooling functionality directly into the cast material provides
passive temperature regulation at the skin–device interface,
potentially enhancing patient comfort, preventing heat-induced
inammation, and reducing the risk of dermatological
complications during extended wear. This direction represents
a previously unexplored intersection between biomedical
support devices and thermal photonic engineering.

Moreover, the biocompatible, lightweight, scalable, and
water-curable nature of the proposed system make it a strong
candidate for broader thermal management applications in
resource-limited settings.19 These include emergency shelters in
disaster relief zones, portable enclosures for medical and food
storage, and wearable thermal protection for outdoor laborers
or rst responders.20,21 The versatility of the coating architec-
ture, combined with its demonstrated thermal, mechanical,
and environmental resilience, suggests that PDRC-integrated
berglass systems can contribute meaningfully to the next
generation of adaptive, infrastructure-independent cooling
technologies.22–24

2. Fabrication and characterization

The substrate employed in this study is a commercial berglass
cast composed of woven berglass reinforced with a hydrated
ester resin system. This material exhibits rapid solidication
behavior under both ambient air and water exposure. When
immersed in water, the cast cures within several minutes, while
under ambient air, full solidication typically occurs within 30–60
minutes. These properties make it suitable for structural inte-
gration into exible, eld-deployable passive cooling systems.

As shown in Fig. 1b, a bilayer PDRC structure was developed
on the surface of the berglass cast. The bottom layer is a PVA-
based coating designed to offer high extensibility and strong
conformability, ensuring intimate adhesion to the curved or
irregular surface of the berglass cast. The top layer is based on
PMMA, selected for its hydrophobicity and environmental
resistance, providing surface protection and stability under
outdoor conditions.

To fabricate the PVA-based bottom layer, PVA powder was di-
ssolved in deionized water at a 1 : 10 mass ratio. The solution was
stirred magnetically at 700 rpm and heated at 65 °C for 1 hour
until it became transparent. Bio-derived CPP particles, obtained
from thermally treated animal bone waste, were then added to
serve as the solar-reective pigment.25 Aer 15 minutes of addi-
tional stirring, the PVA–CPPmixture was uniformly applied to the
outer surface of the berglass cast using a pipette. Owing to the
low viscosity of the solution, the coating demonstrated self-
leveling behavior, forming a continuous lm without the need for
additional processing. The layer was allowed to dry under
ambient conditions for approximately 8 hours.

Once the bottom layer was fully dried, the PMMA top layer
was prepared by dissolving PMMA in acetone at a 1 : 10 mass
ratio. The solution was stirred for 3 hours until transparent,
followed by the addition of CPP particles and an additional 15
minutes of mixing. Due to the rapid evaporation of acetone, the
PMMA–CPP solution exhibited high viscosity and fast solidi-
cation. The mixture was applied to the dried PVA layer using
This journal is © The Royal Society of Chemistry 2025
a brush to ensure uniform surface coverage. This top coating
solidied in ambient air within approximately 1 hour. The full
fabrication process is summarized schematically in Fig. 1c.

To further validate the cooling effectiveness of the bilayer-
coated berglass cast in a realistic usage scenario, thermal
imaging experiments were conducted under both controlled
and natural conditions. As shown in Fig. 1d, under a solar
simulator, the surface temperature of the coated berglass cast
worn on the human forearm stabilized at 30.45 °C, signicantly
lower than the 35.56 °C observed on the uncoated berglass
under identical conditions. This temperature difference of over
5 °C conrms the efficacy of the radiative coating in reducing
surface heat buildup under simulated sunlight. Complemen-
tary results are observed in Fig. 1e, which presents an outdoor
application scene where a volunteer wears the cast in direct
sunlight. The visibly brighter infrared signal from the uncoated
region further supports the coating's ability to suppress heat
accumulation on the skin–device interface, highlighting its
potential to enhance wearer comfort during prolonged use.

To evaluate the structural integrity and functional perfor-
mance of the bilayer PDRC–berglass cast composite,
a comprehensive set of characterization studies were conduct-
ed. The spectral properties were measured across two key
wavelength regions: the ultraviolet-visible-near-infrared (UV-vis-
NIR) range of 0.2–2.5 mm and the mid-infrared (MIR) range of
2.5–18 mm. These measurements provide insights into the
material's solar reectance and thermal emittance, which are
critical for radiative cooling applications. Real-world thermal
performance was validated through outdoor eld tests under
direct sunlight. To assess long-term environmental durability,
the composite underwent ultraviolet (UV) exposure and
mechanical wear tests. Mechanical robustness was further
examined through two separate evaluations: mechanical resis-
tance and mechanical stretch testing, aimed at simulating
deformation and abrasion scenarios that the coating may
encounter during use. Surface wettability was evaluated using
static water contact angle measurements to assess the hydro-
phobicity of the PMMA top layer. In addition, thermogravi-
metric analysis (TGA) was conducted to examine the thermal
stability of the bilayer system. Porosity was analyzed to inves-
tigate microstructural features that may inuence optical scat-
tering and ller dispersion. These combined tests conrm that
the fabricated bilayer structure possesses the fundamental
attributes required for passive radiative cooling, including
spectral selectivity, mechanical resilience, and environmental
robustness.

To quantify the coating add-on, we estimated the dry mass
increase based on the solid content of the PVA–CPP and PMMA–
CPP solutions. For a representative 10 × 10 cm berglass cast
coupon, the bilayer coating introduced an additional mass of
approximately 1.0 ± 0.2 g, increasing the sample weight from
∼4–5 g (uncoated) to ∼5–6 g (coated). This corresponds to an
areal loading of ∼0.10 ± 0.02 kg m−2 and an estimated dry
thickness of ∼50–100 mm. The added mass is relatively small
compared to the substrate weight, ensuring that the bilayer
design preserves the lightweight characteristics required for
medical and wearable applications.
J. Mater. Chem. A, 2025, 13, 36632–36641 | 36633
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Fig. 1 Fabrication and application of the bilayer PDRC coating on a fiberglass cast. (a) Commercial fiberglass cast substrate composed of woven
fiberglass and hydrated ester resin. (b) Schematic of the bilayer coating: PVA base for adhesion and PMMA top layer for water resistance, both
embedded with CPP particles. (c) Fabrication process: solution mixing, coating, drying, and curing. (d) Infrared image under a solar simulator
showing a lower steady-state temperature of 30.45 °C for the coated sample versus 35.56 °C for the uncoated cast. (e) Outdoor demonstration
of the coated cast worn on a human subject under sunlight.

Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 5

/4
/2

02
6 

1:
24

:1
4 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
3. Results and discussion
3.1. Indoor optical and thermal radiative tests

To evaluate the radiative cooling performance of the PDRC–
berglass system under controlled conditions, a series of indoor
spectral measurements were conducted. These tests served two
36634 | J. Mater. Chem. A, 2025, 13, 36632–36641
purposes: rst, to determine the optimal concentration of CPP
as a radiative pigment; and second, to compare the spectral
performance of CPP with other widely used PDRC llers.

Fig. 2a shows the spectral reectance of the berglass cast
coated with only the pure binding matrix materials (PVA and
PMMA). The addition of these polymers alone does not
This journal is © The Royal Society of Chemistry 2025
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signicantly alter the spectral performance of the substrate, and
the reectance remains low across the solar spectrum (0.3–2.5
mm), consistent with the baseline behavior shown in Fig. 2c.
However, once CPP is introduced as a ller, the reectance
markedly increases with increasing concentration. As shown in
Fig. 2b, CPP concentrations ranging from 5 wt% to 30 wt% were
tested on bilayer (PVA + PMMA) coated berglass casts. A clear
trend is observed: reectance improves steadily as CPP loading
increases, with the 30 wt% sample achieving over 90% average
reectance in the solar spectrum. Based on this balance
between optical performance and material cost, 30 wt% CPP
was selected as the optimal formulation for subsequent tests.

Aer optimizing the CPP concentration, a comparative study
was performed using other common PDRC llers, including
titanium dioxide (TiO2), zinc oxide (ZnO), zirconium dioxide
(ZrO2), hydroxyapatite (HAP), and polytetrauoroethylene
Fig. 2 Indoor spectral characterization and CPP optimization. (a) Solar r
showing minimal enhancement compared to the uncoated substrate. (
trations (5–30 wt%), revealing performance improvement with higher fille
13 mm) reflectance for different fillers (CPP, TiO2, ZnO, PTFE, ZrO2, and H
strong mid-IR emittance. (d) UV laser scattering test comparing CPP po
a significantly larger scattering spot, confirming strong short-wavelengt

This journal is © The Royal Society of Chemistry 2025
(PTFE). As shown in Fig. 2c, the original uncoated berglass cast
exhibited poor performance, with reectance around 30%. All
other samples, coated with bilayer polymer matrices and loaded
with 30 wt% of each ller, show improved reectance across the
0.3–2.5 mm range. Among them, CPP demonstrates the highest
reectance, followed closely by TiO2. The remaining materials
(HAP, PTFE, ZnO, and ZrO2) exhibit comparable but moderately
lower reectance levels.

In addition to the solar spectral region, the mid-infrared
(MIR) range from 8 to 13 mm was examined, which corresponds
to the second atmospheric transparency window crucial for
radiative heat dissipation to outer space. To provide a complete
description of the radiative behavior, we explicitly relate the
optical quantities as follows:

a(l) = 1 − R(l), 3(l) = 1 − R(l) (1)
eflectance of fiberglass casts coated with pure PVA and PMMA layers,
b) Solar reflectance of bilayer coatings with increasing CPP concen-
r contents. (c) Comparison of solar (0.3–2.5 mm) and mid-infrared (8–
AP) on the fiberglass cast; CPP yields the highest solar reflectance and
wder, tape, fiberglass cast, and air. The CPP-coated sample produces
h scattering capability.

J. Mater. Chem. A, 2025, 13, 36632–36641 | 36635
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Fig. 3 Outdoor temperature tests under controlled and natural conditions. (a) Schematic of the covered outdoor test setup with samples
mounted on aluminum foil and thermocouples inserted below each sample. (b) Experimental photograph of the covered setup with acrylic
enclosure to minimize wind effects. (c) Temperature tracking over 62 hours showing the CPP-coated sample maintains up to 15 °C sub-ambient
cooling; ambient temperature peaks at 57 °C. (d) Setup of the uncovered outdoor test conducted under natural sunlight and wind exposure. (e)
Temperature profiles from the uncovered test, showing CPP again achieves the lowest surface temperature (∼5 °C below ambient) despite
environmental fluctuations.
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where R(l) is the measured spectral reectance, a(l) is the
spectral absorptance in the solar region, and 3(l) is the spectral
emittance in the MIR window, following Kirchhoff's law of
thermal radiation. Based on this relationship, the low reec-
tance observed in the MIR band (Fig. 2c) corresponds to high
emittance, conrming that the tested coatings can effectively
radiate thermal energy to outer space.
36636 | J. Mater. Chem. A, 2025, 13, 36632–36641
Optimization of the coating performance was achieved
through systematic variation of the ller concentration and
evaluation of the bilayer architecture. As illustrated in Fig. 2b,
increasing the CPP loading from 5 wt% to 30 wt% progressively
enhanced the solar reectance, with the 30 wt% sample
exceeding 90%. Further increases in CPP concentration were
deemed unnecessary, as the incremental gains in reectance
This journal is © The Royal Society of Chemistry 2025
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would be minimal relative to the additional material cost and
potential processing challenges. In parallel, the bilayer cong-
uration was demonstrated to be indispensable: the PVA base
layer ensured conformal adhesion and mechanical compliance
with the berglass substrate, while the PMMA top layer
contributed both to enhanced optical scattering through
refractive index contrast and to environmental resistance
against moisture. This integrated optimization strategy enabled
the coating to simultaneously achieve high solar reectance,
strong MIR emittance, and long-term durability under outdoor
conditions.

Furthermore, Fig. 2d presents a UV laser scattering experi-
ment conducted to qualitatively assess the optical scattering
behavior of CPP powder. A thin layer of CPP was adhered to
transparent tape and irradiated with a UV laser source posi-
tioned 20 cm from the sample. The resulting spot was projected
onto a screen placed 30 cm behind the sample. The scattering
diameter on the screen was 63 mm for the CPP-coated tape,
compared to 36 mm for pure tape and only 20 mm for the
berglass cast sample. For reference, the original laser beam
had a spot diameter of 5 mm. These results conrm that CPP
has a strong scattering capability for short-wavelength radia-
tion, contributing to its high solar reectance.

To better understand the optical response, the performance
of the CPP-based coatings can be explained by a combination of
scattering and vibrational effects. In the solar spectrum (0.3–2.5
mm), CPP particles with sub-micron to micron sizes produce
strong Mie scattering, which increases backscattering and the
overall solar reectance. This effect is further enhanced by the
bilayer structure, where the difference in refractive index
between the PVA base layer, the PMMA top layer, and the
ceramic llers introduces multiple scattering interfaces. In the
mid-infrared region (8–13 mm), CPP exhibits vibrational modes
of phosphate groups that couple to electromagnetic waves,
generating phonon–polariton resonances. These resonances
enable efficient thermal emission within the atmospheric
transparency window. Together, these mechanisms explain the
combination of high solar reectance and strong MIR emit-
tance observed in the CPP-coated berglass system.
3.2. Outdoor passive radiative cooling tests

To evaluate the real-world PDRC performance of the bilayer-
coated berglass samples, two sets of outdoor temperature
experiments were conducted under different environmental
conditions. These tests serve to verify the effectiveness of the
materials in reducing the surface temperature under direct
solar irradiation, as well as their applicability in practical
outdoor scenarios.

The rst test was conducted over a continuous 62-hour
period from the aernoon of October 15, 2024, to the evening of
October 18, 2024. The experiment took place at the College of
Engineering, Northeastern University (42.3384° N, 71.0890° W),
Boston, MA. As shown in Fig. 3a and b, the samples were
mounted on an aluminum foil base to ensure thermal insu-
lation from below. Small perforations were made in the
aluminum layer to allow thermocouples to directly contact the
This journal is © The Royal Society of Chemistry 2025
underside of each sample, ensuring accurate temperature
acquisition. The entire setup was enclosed within an acrylic
chamber to minimize the inuence of wind, which can intro-
duce convective cooling and mask the true radiative cooling
effects of the materials. This wind isolation approach allows the
test to more accurately reect the cooling potential of the
materials in a still-air environment, which mimics many real-
world applications such as rooop coatings, tents, or temporary
shelters.

The tested samples included berglass casts coated with 30
wt% of various PDRC llers (CPP, TiO2, ZnO, PTFE, ZrO2, and
HAP) following the bilayer structure described earlier. In addi-
tion, two reference samples, bare wood and commercially
painted white wood, were used as practical baselines. The
ambient air temperature was recorded simultaneously and used
as a reference for cooling performance comparison. Solar irra-
diance data, also shown in Fig. 3c, were collected using a nearby
weather station and plotted alongside the sample temperatures.

Under daytime peak conditions, the CPP-coated sample
consistently maintained the lowest temperature among all test
samples. On the rst full day, when the ambient temperature
peaked at approximately 55 °C, the CPP sample remained at 42 °
C, showing a signicant cooling effect of 13 °C. TiO2 and
painted wood also exhibited cooling, but their peak tempera-
tures were still approximately 2 °C higher than that of CPP. On
the second day, a similar trend was observed. The maximum
temperature difference between CPP and the ambient occurred
at 55 hours, with the ambient reaching 57 °C while the CPP
sample remained at 42 °C, yielding a 15 °C cooling differential.

Another group of the outdoor test was performed without
wind shielding to further assess material performance under
more realistic and variable environmental conditions. This
experiment was conducted during the daytime of August 13,
2024, under clear and sunny weather. The experimental
conguration is shown in Fig. 3d, and the recorded data are
presented in Fig. 3e. The same set of samples was used.
Compared to the shielded setup, the unshielded test exhibited
larger temperature uctuations due to the inuence of ambient
wind. Nonetheless, the CPP-coated sample continued to
demonstrate the best cooling performance. During the peak
period, the ambient temperature reached 38 °C, while the CPP
surface stabilized at 32 °C, maintaining a 6 °C temperature
difference. Other materials exhibited weaker performance, with
larger uctuations and higher minimum surface temperatures.

Under wind-shielded conditions, the CPP sample stabilized
at ∼42 °C, compared to ∼44 °C for TiO2, ∼46.5 °C for ZnO,
∼45.5 °C for ZrO2, ∼48.5 °C for PTFE, and ∼47.5 °C for HAP,
with the ambient temperature reaching ∼56 °C. Without
shielding, the CPP sample reached∼31.5 °C, compared to∼34 °
C for TiO2, ∼33 °C for ZnO, ∼34.5 °C for ZrO2, ∼34.5 °C for
PTFE, and ∼35 °C for HAP, while the ambient stabilized at
∼37.5 °C. These results conrm that the CPP-based bilayer
maintained the lowest surface temperatures under both shiel-
ded and unshielded conditions, achieving maximum cooling
reductions of 6–15 °C relative to ambient and consistently
outperforming other inorganic llers and commercial coatings.
J. Mater. Chem. A, 2025, 13, 36632–36641 | 36637
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Fig. 4 Durability, mechanical, and structural characterization of the CPP-coated fiberglass cast. (a–c) Water contact angles of PVA (∼35°) and
PMMA (∼70°) layers, showing transition from hydrophilic to moderately hydrophobic behavior (∼85°). (d) Four-week outdoor spectral durability
test on the coated sample under varied weather conditions; spectra remain stable with minor decrease due to surface dust. (e) Abrasion test
using 100 g weight on 1200-grid sandpaper for 10 m total distance; mid-IR emittance remains unchanged and solar reflectance is slightly
reduced. (f) UV durability test with a SEVOU 365 nm, 15 W UV light for 50 hours; negligible change in solar and mid-IR reflectance. (g) Tensile test
results showing increased strain and reduced peak stress after CPP coating; coating adds flexibility while reducing stiffness. (h) TGA curves
comparing coated and uncoated fiberglass casts; the coated sample exhibits enhanced thermal stability above 650 °C. (i) BET surface area
analysis via N2 adsorption at 77 K; linear fit yields a surface area of 0.740 m2 g−1, indicating a dense, low-porosity structure.
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3.3. Mechanical and durability tests

In practical applications, particularly in outdoor environments,
water resistance and long-term material stability are essential
for PDRC coatings. To assess the hydrophobicity of the bilayer
structure, static water contact angle measurements were per-
formed on both single-layer and double-layer samples. As
shown in Fig. 4a, the pristine berglass cast exhibited severe
water permeability, with water droplets rapidly penetrating the
porous matrix within seconds, rendering it unmeasurable by
conventional contact angle methods. The single-layer PVA
coating yielded a contact angle of approximately 35°, reecting
its strong hydrophilic nature, which is consistent with its water-
based chemistry. In contrast, the PMMA-coated sample (Fig. 4b)
displayed a substantially higher contact angle of ∼70°, attrib-
uted to its polymeric, nonpolar backbone that resists water
adhesion.
36638 | J. Mater. Chem. A, 2025, 13, 36632–36641
To enhance moisture protection, a bilayer design was
adopted, consisting of a PVA adhesion layer and a PMMA/CPP
top layer. The hydrophobicity originates mainly from the PMMA
layer, while CPP primarily functions as the optical ller. This
bilayer composite exhibited a water contact angle of up to ∼85°
(Fig. 4c). Contact angles above 80° are generally considered to
indicate effective hydrophobic performance suitable for
outdoor functional coatings, as supported by recent litera-
ture.26,27 The change in wettability can be understood by
considering both the chemistry and surface structure. The PVA
layer is intrinsically hydrophilic due to its hydroxyl groups,
while the PMMA top layer contains a non-polar backbone that
resists water adsorption and increases the contact angle. The
addition of CPP particles further introduces micro-scale
roughness, which reduces the real solid–liquid contact area and
stabilizes the hydrophobic state, consistent with classical
wetting models. This combination explains the observed
This journal is © The Royal Society of Chemistry 2025
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increase in the contact angle and highlights the role of both
PMMA and CPP in improving water resistance. Such moderate
hydrophobicity is important for resisting moisture uptake,
reducing dust adhesion, and maintaining optical stability
under outdoor conditions.

To evaluate environmental durability, a four-week outdoor
exposure test was conducted on the Northeastern University
campus (42.3384° N, 71.0890° W) from February 12, 2025, to
March 12, 2025. During this period, the coated samples expe-
rienced a broad range of weather conditions, including
sunshine, heavy and light rainfall, snowfall, and strong winds.
Weekly spectral reectance measurements were collected to
monitor the coating stability. As illustrated in Fig. 4d, the
spectra remained largely stable throughout the testing period. A
slight initial decrease was observed aer the rst week, which
we attribute to dust accumulation on the surface. Importantly,
no cleaning procedures were applied, allowing the samples to
simulate realistic outdoor aging conditions. In addition, visual
inspection conrmed that no delamination or peeling occurred
on the coating surface, indicating strong water resistance.
Combined with the mechanistic analysis of the contact angle
results (arising from the PMMA backbone and CPP-induced
surface roughness), these ndings demonstrate that the bilayer
coating can withstand long-term outdoor exposure while
maintaining its optical performance.

Mechanical resistance was further evaluated through abra-
sion testing. A 100 g mass was applied to the surface of the
coated sample, which was dragged across a 1200-grit sandpaper
substrate for 20 cm per cycle. This procedure was repeated up to
50 cycles (equivalent to a total abrasion distance of 10 m). As
shown in Fig. 4e, the sample retained its mid-infrared emis-
sivity throughout the test, and only minor reductions in solar
reectance were detected aer extended abrasion, demon-
strating good wear resistance.

Given the device's exposure to sunlight, UV stability was also
assessed. A SEVOU 365 nm, 15 W ultraviolet LED ashlight
(Fig. 4e) was positioned 30 cm above the sample, irradiating the
surface continuously for 50 hours. Fig. 4f presents the spectral
results before and aer UV exposure. Minimal changes were
observed, with the solar reectance exhibiting a negligible
decline, and mid-infrared performance remaining intact,
demonstrating strong photo-stability under prolonged UV
stress.

Mechanical deformation behavior was further characterized
by using a universal tensile testing system (Instron 2710-103,
Fig. 4g). Both uncoated and CPP-coated berglass specimens
were subjected to uniaxial tensile loading to determine their
stress–strain response. The addition of the bilayer coating
altered both ductility and stiffness. The engineering stress s

and strain 3 were calculated using:

s ¼ F

A
(2)

3 ¼ DL

L0

(3)
This journal is © The Royal Society of Chemistry 2025
where F is the tensile force, A is the initial cross-sectional area,
DL is the elongation, and L0 is the original gauge length. In the
linear elastic region, the relationship follows Hooke's law:

s = E$3 (4)

where E is the Young's modulus. The coated specimens
exhibited increased strain and reduced peak stress compared to
uncoated samples, indicating enhanced exibility while
compromising its tensile strength. This trade-off is favorable for
conformal surface applications where mechanical compliance
is prioritized.

To evaluate structural reliability, the safety factor n was
computed as:

n ¼ sfailure

sworking
(5)

where sfailure is the failure stress obtained from the test and
sworking is the expected operational stress.

To assess potential rate-dependence of the mechanical
response, a strain sensitivity model was considered:

s ¼ s0 1þ
�
3
c

C

�1
P

0
@

1
A (6)

where s0 is the yield stress at quasi-static strain rate 3 ;̇ C and P
are material-specic constants reecting viscoelastic behavior.
While constant-rate testing was employed in this study, this
model provides a framework for future rate-dependent
investigations.

Furthermore, the coating–substrate interface can be inter-
preted using the rule of mixtures for composite materials:

scomposite = Vf$sf + Vm$sm (7)

where Vf and Vm are the volume fractions and sf and sm are the
strengths of the ller (CPP coating) and matrix (berglass cast),
respectively. This equation highlights the tunability of
mechanical behavior via control of the component ratios.

Thermal stability was examined using TGA performed on
a TA Instruments SDT650 system. The thermal decomposition
proles of both the uncoated and CPP-coated berglass casts
were recorded under nitrogen. As shown in Fig. 4h, both
samples exhibited comparable thermal responses up to ∼200 °
C. In the intermediate range (200–650 °C), the coated sample
showed slightly lower residual mass, which can be attributed to
the volatilization of the additional polymer components (PVA
and PMMA) introduced by the bilayer. However, beyond 650 °C,
the CPP-coated sample demonstrated enhanced thermal
stability, retaining more residual mass at elevated tempera-
tures. This improvement arises from the thermally stable
ceramic fraction of CPP and a partial barrier effect that slows
further decomposition of the underlying matrix. Overall, the
results indicate that the berglass substrate governs the general
thermal response, while the coating introduces modest mass
loss at intermediate temperatures and improved residue
retention at higher temperatures.
J. Mater. Chem. A, 2025, 13, 36632–36641 | 36639
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Surface area and porosity were further quantied by nitrogen
adsorption–desorption analysis using a Quantachrome NOVA
2200e surface area analyzer (Fig. 4i). The test was conducted at
77.35 K aer 2 hours of degassing at 50 °C. BET analysis yielded
a linear tting slope of 4708.52 g−1 and an intercept of −1.226
g−1 over the relative pressure range of 0.05–0.30, resulting in
a calculated BET surface area of 0.740 m2 g−1. The BET equation
used for tting is as follows:

1

W

�
P0

P
� 1

� ¼ C � 1

WmC
$
P

P0

þ 1

WmC (8)

where W is the volume of nitrogen adsorbed at a given relative
pressure P/P0, Wm is the monolayer adsorbed gas quantity, and
C is the BET constant associated with the heat of adsorption.
The high correlation coefficient (R2 = 0.9854) conrmed the
reliability of the t. The low surface area is consistent with
a dense, nonporous coating morphology that resists moisture
uptake and contributes to structural integrity.
4. Conclusion

In this study, a bilayer PDRC coating was successfully integrated
onto a commercially available berglass cast, forming a struc-
turally robust, environmentally durable, and optically efficient
cooling material. The dual-layer conguration, comprising
a PVA-based adhesion layer and a PMMA-based protective layer,
demonstrated excellent conformity to the irregular surface of
the berglass substrate, as well as favorable water resistance,
mechanical resilience, and solar reectance when embedded
with CPP particles.

Through comprehensive spectral analysis, the optimized 30
wt% CPP-loaded coating achieved over 90% solar reectance in
the 0.3–2.5 mm range and high mid-infrared emittance within
the 8–13 mm atmospheric window, enabling substantial sub-
ambient surface temperatures under outdoor exposure. Under
both wind-shielded and natural outdoor conditions, the CPP-
coated samples consistently maintained the lowest surface
temperatures relative to all reference materials, achieving
a maximum cooling of ∼15 °C below ambient. These results
conrm the superior performance of the CPP-based bilayer
compared to benchmark PDRC llers and commercial coatings,
highlighting its potential as a practical, scalable solution for
outdoor thermal management.

Beyond thermal performance, the coating exhibited long-
term stability against UV exposure, rainfall, and mechanical
abrasion over a four-week outdoor durability test. Static water
contact angle measurements conrmed a transition from
hydrophilic to hydrophobic behavior with the addition of CPP
and PMMA, reaching a peak angle of 85°, indicative of effective
surface water repellency.28,29

Mechanical evaluations revealed that the CPP coating
enhanced surface exibility and strain tolerance while
preserving sufficient tensile strength for practical applications.
TGA conrmed the composite's thermal robustness up to 650 °
C, and BET testing veried a dense, low-porosity structure,
which indicates that the coating is less prone to moisture
36640 | J. Mater. Chem. A, 2025, 13, 36632–36641
uptake or structural degradation. This dense morphology also
supports the observed environmental durability and ensures
that the optical performance arises primarily from the CPP
llers rather than from porosity effects.

Altogether, the results demonstrate that the proposed CPP-
based PDRC–berglass composite offers a compelling solution
for biocompatible, low-cost, scalable, and multifunctional
thermal management in outdoor settings. Its integration-
friendly processing, passive cooling performance, and envi-
ronmental resilience render it a viable candidate for deploy-
ment in building envelopes, infrastructure coatings, and
portable thermal shielding technologies.
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