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comprise innovative concepts such as multilayered polymer−
metal systems and cellulose-based technologies. However,
these concepts may require highly reflective and precious
metals such as silver or utilize chemical processing, which often
relies on solvents that produce VOCs.10 Many of these
proposed solutions face challenges in terms of their economic
viability, scalability, or sustainability. A particularly interesting
technology involves the use of a paint-like porous polymer
coating,11 which undergoes a phase inversion process to
generate a light scattering porous structure, which facilitates
daytime subambient cooling. However, this novel concept is
different from the commercial particle−matrix paint format;
hence, further studies may be addressed toward the
maintenance of its nanopores over time. In parallel, theoretical
investigations have focused on TiO2-based paints to be
implemented in radiative cooling paints.12 The theoretical
model employed a broad particle size distribution of TiO2 to
optimize the light scattering performance. Nonetheless, TiO2-
based formulations have a performance constrained attributed
to TiO2’s high solar absorption in the UV band, due to the low
electronic band gap of TiO2 (3.2 eV).13−15 Nonetheless, TiO2
remains the standard white pigment for most commercial
paint, which is the reason that most single-layer commercial
paints cannot achieve daytime cooling independently. Upon
comprehensive review of the paint and coating market, high-
performance metal-free and single-layer radiative cooling paints
were created utilizing ultrawhite pigments.13−15 The ultrawhite
radiative cooling paints were fabricated utilizing calcium
carbonate (CaCO3), barium sulfate (BaSO4), and hexagonal
boron nitride (hBN) nanoplatelets in an acrylic matrix.13−15

They demonstrated remarkable solar reflectance values of 95.5,
98.1, and 97.9%, along with high thermal emittance values of
0.94, 0.95, and 0.84 in the atmospheric “sky window” for
CaCO3, BaSO4, and hBN acrylic paints, respectively.13−15

Despite the high performance and scalability of these daytime
cooling solutions, their fabrication method relies heavily on
VOCs.13−15 They utilize dimethylformamide (DMF) to
dissolve the acrylic binder,13−15 which is a toxic and flammable
solvent capable of producing photochemical smog.16,17 There-
fore, VOC mitigation is essential for the successful
commercialization and sustainability of ultrawhite radiative
cooling paints.18 While the paint-like porous polymer contains
a low VOC mixture, the high evaporation rate and high
flammability of acetone pose some safety concerns for such a
coating system. Additional forms of daytime cooling paints and
coatings were pursued, utilizing novel blends of the mentioned
porous polymer and pigment−polymer hybrid systems.19,20

Recently, Lio et al. developed a water-based radiative cooling
paint with no VOC content utilizing hollow glass beads and
the porous polymer to enable light scattering.19 However, the
performance was limited, and daytime below-ambient cooling
was not achieved. Additional works of water-based radiative
cooling systems were recently published using calcined
kaolin20 and polymer−glass bead blend,21 which demonstrate
good daytime cooling performance. However, the work
mentioned may be limited due to utilizing a fluorocarbon-
based polymer or relying on a thick coating layer to achieve
daytime cooling. Moreover, radiative cooling paints should
exhibit robust and durable performance, similar to most
commercial paints. Paints typically can serve several functions,
such as surface protection, UV stability, mechanical durability,
and more. For example, water-based systems inherently
contain hydrophilic groups22 that highly affect surface

wettability23 and may result in water-related damages. To
mitigate water-related defects, many surfaces utilize specialized
coatings and chemical treatments to impart hydrophobicity
and a nonwetting effect,24 such as applying topcoats, or adding
chemical treatments, such as fluorocarbon or silane additives
within a paint’s composition. Due to the use of inherently
hydrophilic species, it is a prominent challenge to achieve
hydrophobicity for water-based systems. Moreover, prolong
exposure to different environmental conditions cause polymers
to degrade and deteriorate, such as polymer oxidization,
recurring mechanical abrasion, or repeated UV exposure.25 In
that regard, we attempt to bridge the gaps between novel
technologies of daytime cooling, low VOC systems, and
physically durable characteristics through meticulous material
selection.

This work presents BaSO4, CaCO3, and hBN water-based
cooling paints (WBCPs), which achieve full daytime cooling
using metal-free and single-layer nanocomposites, with hydro-
phobic performance, excellent UV stability, and mechanical
durability. While alternative radiative cooling pigments and
fillers such as SiO2,

26 Al2O3,
27 or ZrO2

28 could be used, in the
current work, we study the following pigments: BaSO4 for
some of the highest daytime cooling results, CaCO3 for high
performance and cost effectiveness, and hBN for high
performance and lightweight features. This manuscript starts
with selecting the polymer matrix along with describing
fabrication and application methods. The selection process
includes meeting the low VOC requirements while testing
some key optical properties of the polymer matrix. Fabrication
consists of a simple one-pot approach, where all of the required
ingredients are homogenized before paint application. The
internal structure and pigment−polymer interaction of WBCPs
were then examined via scanning electron microscopy (SEM),
and porosity values were calculated. After which, WBCPs’
hydrophobic performance was tested via water contact angle
measurements, revealing the effect of pigments’ oil absorption
value and pigments’ surface morphology on the hydrophobic
performance. Then, the low VOC status of WBCPs was
confirmed, and the subambient cooling potential was tested
through spectral measurements and an outdoor experiment.
Additional durability parameters were then analyzed to test the
performance of WBCPs in practical applications, such as
testing their water resistance, material breathability, resistance
to accelerated aging, and mechanical durability. This study
identifies high-performance material composition with en-
hanced optical properties and high thermal emissivity to
achieve full daytime subambient cooling. The results confirm
well-designed and highly durable water-based hydrophobic
daytime cooling paints. The results presented in this work were
included in a provisional patent filed on November 30, 2022
and a nonprovisional international patent application (PCT/
US2023/081605) filed on November 29, 2023.29

■ RESULTS AND DISCUSSION
WBCPs’ Binder Selection. The selection of binder−matrix

components was centered on mitigating the environmental
impacts of VOC emissions through eliminating the need to
dissolve the polymer particles in hazardous solvents. Instead,
green solvents such as water could substitute the conventional
hydrocarbon solvents in paint fabrication. However, water-
soluble polymers such as poly(ethylene glycol),30 poly(vinyl
alcohol),31 or methyl cellulose32 would not work in an outdoor
setting, due to the eminent water exposure in rainy conditions.
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Instead, polymers can be supplied in the form of an aqueous
dispersion (or emulsion), where a polymer is emulsified in a
stable water dispersion.33 Polymer emulsions are designed to
stabilize the nonmiscible oil particles in water using emulsifiers
(also known as surfactants or dispersants). As a result, multiple
immiscible and discrete polymeric phases can be stabilized in a
continuous aqueous phase. Hence, paints can achieve a low
VOC status by utilizing water dilution for polymer emulsions,
instead of relying on solvent processing. Water-based polymer
dispersions may contain up to 67% of water by weight, where
the rest of the dispersion includes the nonvolatile solid
content.33 As water evaporates, the curing process starts with
the fine particles of the polymer undergoing a coalescence
process, which forms a cohesive film of polymeric materials.
Besides minimizing VOCs, mitigating solar absorption and
exhibiting high solar transmission are vital for polymers to
achieve effective daytime cooling. While many water-based
binders can be used for fabricating WBCPs, the overall
durability and integrity of the system are just as important as
its high cooling performance. Therefore, silicone-modified
binders were chosen due to silicone’s UV and thermal stability,
mechanical flexibility, and exceptional hydrophobicity.34 In
that regard, we tested multiple water-based binders through
optical spectroscopy to assess their spectral reflectance and
transmittance. Spectral transmittance was tested by examining
visibly clear samples (binder only), and spectral reflectance was
examined by testing BaSO4 paints made from these multiple
water-based binders. All tested samples were applied on glass
slides to obtain a substrate-independent optical performance.
Among those tested binders, SILIKOPUR8081 stood out for
its exceptional performance, which is a silicone-modified
polyurethane water-based dispersion. The spectral trans-
mittance of the clear samples is presented in Figure 1A,

where binders with the highest solar transmittance are desired.
SILIKOPUR8081’s transmission was among the highest,
indicating minimal solar absorption and UV stability. Similarly,
Figure 1B shows the spectral reflectance of BaSO4 paints made
from different water-based binders, where SILIKOPUR8081
recorded the highest solar reflectance. As a result, SILIKO-
PUR8081 was chosen to be the WBCPs’ binder throughout
this work.

Paint Fabrication. This work utilized binder-to-pigment
relationships to formulate high-performance WBCPs. The
fabrication process is compatible with industrial manufacturing
processes, where pigments and binders are stabilized in one
solution using a carrier (i.e., solvent). WBCPs employed high
pigment volume concentration (PVC) to boost light scattering
in the solar wavelength.35 While pigments typically have their
critical volume concentration (cPVC) between 30% and 60%,
increasing the PVC beyond the cPVC limit leads to a steep
increase in a coating’s porosity (air voids).36,37 Interestingly, an
air pore can act as a scattering particle when having a feature
size comparable to the peak wavelength of solar irradiation
(∼500 nm), which can enhance the overall scattering of a
coating.38 The ASTM D28139 test was performed on each
pigment type to obtain its oil absorption value, which is a value
that determines the amount of oil needed to wet the surface
area of a pigment and to fill voids between the pigment
particles.40 Therefore, pigments’ oil absorption values were
determined to assess each pigment’s cPVC value. Measured oil
absorption values demonstrate wide deviation between the
used pigments, such as 20 g of oil/100 g of BaSO4, 80 g of oil/
100 g of CaCO3, and 96 g of oil/100 g of hBN. These oil
absorption values yield calculated cPVC values of 50%, 30%,
and 31% for BaSO4, CaCO3, and hBN, respectively. Hence,
WBCPs employed a high PVC of 60% to induce porosity

Figure 1. WBCP material assessments, fabrication process, and visual presentation of fabricated WBCP samples. (A) Spectral comparison of clear
samples (binder only), where high transmittance is desired. SILIKOPUR8081 demonstrated high transmission across the solar region, which
indicates low absorption. (B) Spectral comparison of BaSO4 paints fabricated at 60% volume concentration using different water-based binders,
where high solar reflectance is desired. (C) Schematic of the WBCP fabrication process. (D) Example images of WBCP samples.
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formation and boost the overall light scattering, which is a
common practice for radiative cooling solutions.41,42 A detailed
explanation on measuring the oil absorption and cPVC
calculations is presented in Supporting Information Note 1.
Furthermore, Figure 1C illustrates the fabrication process of
WBCPs, which starts by mixing a water-based binder in
distilled water for 30 min, followed by mixing the pigment for
an additional hour. An anionic fluoro-surfactant was added to
lower the overall interfacial surface tension of the paint
solution,43 which can improve substrate wetting. Also, an
antifoaming agent was used to eliminate bubble formation

under high agitation during paint fabrication. The antifoaming
agent contains silica nanoparticles that can act as active bubble
breakers to effectively eliminate foaming.44 Both the
antifoaming agent and the fluoro-surfactant are labeled as
solvent/VOC-free solutions and were added at 0.1%−0.3% by
weight. These additives, however, proved to be supplementary
components rather than essential constituents, as they had no
significant effect on the cooling performance. The fineness of
grind of WBCPs was tested via ASTM D121045 to ensure
complete dispersion of pigments. Then, WBCPs are spray-
coated onto glass slides or aluminum plates using a spray gun

Figure 2. SEM characterization of WBCPs. (A) Top-view SEM image of the BaSO4 paint showing its spherical nanoparticles. (B) Top view SEM
image of the CaCO3 paint showing its needle-like particles. (C) Top view SEM image of the hBN paint showing its platelet-shaped nanoparticles.
(D) Pore size distribution, which shows the mean pore size values for each paint configuration. The variation of pore size may be affected by the
particles’ morphology and random packing, where higher porosity and variation in pore size may be obtained. (E) Particle size distributions for
each paint configuration. It shows the means and standard deviations of the BaSO4 particle diameter size, CaCO3 particle length and diameter sizes,
and hBN platelet diameter size. The results show a particle size distribution of BaSO4 nanoparticles, CaCO3 particles, and hBN nanoplatelets
aligned with the solar wavelength, which indicates their effective light scattering.
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with a 1.4 mm nozzle at an operating pressure of 3.5 bar. The
fabricated paint samples are left to dry under ambient
conditions, producing ultrawhite, opaque, and hydrophobic
surface characteristics. A visual presentation of WBCP samples
that were tested in this study is presented in Figure 1D.

SEM Characterization. During WBCP curing, pigment
and polymer particles can spontaneously arrange into
hierarchical structures that are influenced by pigments’
morphologies, densities, and shear forces.46 Moreover, the
pigment’s oil absorption value has shown the ability to
promote or reduce pigment−matrix interactions, which
consequently influence the wettability of the paint. The SEM
images of WBCPs reveal pigments’ morphologies, pigment−
polymer interactions, and pore formation, as shown in Figure
2A−C. The SEM image of the fabricated BaSO4 paint is shown
in Figure 2A, where a clear distinction between the oil phase
(binder) and the pigment phase (BaSO4 particles) is noticed.
The binder phase is depicted as irregular fragments of particles,
where the BaSO4 phase is identified by its spherical
morphology. It is seen that the low oil absorption value of
BaSO4 inhibits efficient pigment−matrix blending; thus, BaSO4
particles remain exposed to the atmosphere instead of
complete encapsulation by the binder. Similarly, Figure 2B
illustrates the SEM images of the CaCO3 paint, which shows a
significant improvement in pigment−matrix interaction, where
CaCO3 particles are fused within the polymer matrix. This
indicates strong cohesive bonding and highlights the role of
CaCO3’s oil absorption value in promoting pigment−matrix
contact. The image features the scalenohedral morphology
(ellipsoidal shape) of CaCO3 and the hierarchical porous
network of the paint. Likewise, Figure 2C exhibits the SEM
image of hBN paint, which clearly shows the randomly

oriented hBN nanoplatelets and the paint’s porous structure. It
also exhibits the binder’s planar orientation, which we believe
is warped due to the interaction with hBN nanoplatelets.
Formation of pores within these paints also confirms the
WBCPs’ design in adopting PVC > cPVC, where porosity
content was calculated to be 32%, 54%, and 62% for BaSO4,
CaCO3, and hBN WBCPs, respectively. Note that the final
pigment volume concentration of WBCPs changes as air voids
are introduced to form multiphase nanocomposites. Con-
sequently, WBCPs form pigment/binder/air pores volumetric
ratios of 40.8%:27.2%:32% for BaSO4, 27%:18%:55% for
CaCO3, and 22.4%:14.9%:62.7% for hBN WBCPs. The results
indicate that the large aspect ratio of the pigment and the large
deviation between PVC and cPVC lead to higher porosity such
as in CaCO3 and hBN paints’ porosity content. Additional
SEM analysis was conducted to obtain the air pores and
particle size distributions of WBCPs.

Figure 2D exhibits the pore size distribution of WBCPs, all
of which form pores that are aligned with the solar wavelength.
Similarly, Figure 2E exhibits the particle size distribution of
ultrawhite pigments. It features the average diameter of BaSO4,
the average length and diameter of CaCO3, and the average
diameter of hBN nanoplatelets, all of which are aligned with
the peak solar wavelength. As indicated in recent modeling,47

strong sunlight scattering requires the mean particle size to be
around the peak solar wavelength, while it is not sensitive to
size uniformity. Hence, nonuniform size can be preferred in
practical applications, instead of using single particle size
materials. Due to the high alignment of pores and particle sizes
to the peak solar wavelength, WBCPs are expected to
demonstrate strong light scattering performance and high
potential for daytime cooling. Additional SEM images are

Figure 3. Hydrophobic performance, VOC classification, and optical and thermal characterization of WBCPs. (A) Hydrophobic test was obtained
by placing a sessile droplet over the WBCPs to show WBCPs’ hydrophobic capabilities by measuring their water contact angles. (B) A comparison
of reflectance versus VOC content of the paint was done between water-based commercial white paints and WBCPs. WBCPs exhibit higher
reflectance and lower VOC content compared to water-based commercial white paints. (C) Spectral absorption of WBCPs, where it recorded low
absorption in the solar region (0.25−2.5 μm) and high absorption in the sky window region (8−13 μm). (D) Spectral reflectance of WBCPs, where
it recorded high solar reflectance in the solar region and low reflectance in the sky window region.
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provided in Figures S1, S2, and S3, which exhibit the fluoro-
surfactant particles and antifoaming silica nanoparticles.

Hydrophobicity Characterization. As noted, paints and
coatings should serve multipurpose functions, one of which is
surface protection against water contamination, which can be
more challenging for water-based systems. As mentioned,
hydrophobicity can be achieved through chemical modifica-
tion, using water-repellent compounds such as fluorocarbons
or silanes.48,49 Such hydrophobic agents are used to diminish
the surface free energy of the material and impart water-
repelling and nonwetting characteristics. For example,
fluorocarbons form robust carbon−fluorine bonds, effectively
precluding interactions with other compounds, such as oils and
water. However, fluorocarbon compounds pose a major
environmental concern due to their contribution to pollution
and their toxicity.50 On the other hand, polysiloxane
compounds commonly feature nonpolar alkyl chains at the
solid−air interface, which limits the hydrogen bonding with
water molecules.51 Therefore, silicone compounds can lower
the surface free energy and impart hydrophobicity as a low-
toxicity alternative to fluorocarbons. Furthermore, surface
roughness also plays an important role in enhancing hydro-
phobicity and is crucial for achieving superhydrophobic
surfaces.52 In this study, WBCPs’ hydrophobicity was achieved
by utilizing a silicone-modified water-based binder and was
examined by water contact angle measurements, implementing
the sessile droplet method. The contact angle was measured as
the angle formed (in this case by a water droplet) at the three-
phase contact line (the junction where the solid, liquid, and
vapor phases meet). After several days of curing, paint samples
were tested under ambient conditions, with no special drying
or additional surface treatments of the paint samples. The aim
was to achieve reproducible and predictable hydrophobic
performance with no external influence on the paint samples. A
10 μL water droplet is carefully placed onto the paint surface
until it reaches a sessile state (when the three-phase boundary
line is not moving). Then, an image of the droplet is taken to
accurately determine the contact angle. Contact angle
measurements obtained 118.5, 139.9, and 136.4° for BaSO4,
CaCO3, and hBN WBCPs, respectively, as shown in Figure 3A.
While all WBCPs are made from the same silicone-modified
water-based binder, there is a clear difference in their
hydrophobic performance. Such an obvious distinction could
be linked to pigments’ surface morphology and oil absorption
values. Pigments with a higher aspect ratio can enhance surface
roughness, while higher oil absorption can limit polar
interactions and inhibit hydrogen bonding. Both effects are
expected to boost the hydrophobic performance of a
composite. These deductions align with higher oil absorption
values and higher aspect ratio morphologies of CaCO3 and
hBN. This also correlates with the low oil absorption value and
highly symmetric spherical morphology of BaSO4. Additional
SEM images are included in Figure S4, highlighting the varying
surface roughness of WBCPs. Note that a complete study on
WBCP wettability hysteresis is beyond the scope of this work
and can be addressed in a future work.

WBCPs’ VOC Content. As noted, most VOCs pose major
health and environmental hazards; hence, it is desirable to
mitigate such negative effects for daytime cooling paints. We
identified the VOC content of the WBCPs based on the
guidelines of the South Coast Air Quality Management District
(AQMD)53
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where m stands for the mass of each component in the paint
mixture, and V represents the measured volume of paint
solution. The WBCPs contain 26 g/L, 18 g/L, and 30 g/L of
VOC content for BaSO4, CaCO3, and hBN paints, respectively.
These results are well below the mandated levels of 50 g/L
based on the South Coast Air Quality Management District
Rule 113 (Feb 2016).54 Paints and coatings with VOC levels
below the mandated levels achieve the low VOC status, which
is much lower than the VOC compliant status.55 For example,
some commercially available interior and exterior water-based
paints can have a VOC compliance status with VOC levels of
up to 100 g/L, which is way above the low VOC limit.56 A
comparison between our WBCPs and commercial water-based
white paints is shown in Figure 3B, which compares their total
solar reflectance versus the VOC content of the paints. It
highlights how WBCPs achieve high total solar reflectance
while also achieving low VOC levels. On the other hand,
commercial water-based white paints demonstrate moderate
solar reflectance and VOC content of up to 200 g/L. These
results indicate that high potential for daytime subambient
cooling can be achieved via low-VOC water-based paint
systems and that cooling performance is not exclusive to
solvent-based paints. Further comparisons between WBCPs
and water-based commercial white paints are included in
Figure S5A, where the solar reflectance versus paint’s thickness
is shown, and in Figure S5B, where the spectral reflectance was
analyzed.

Evaluating the Radiative Cooling Performance. Next,
the spectral response in solar and mid-IR regions was
measured to evaluate WBCPs’ daytime cooling performance.
Figure 3C showcases WBCPs’ strong thermal emittance within
the sky window region (8−13 μm), and Figure 3D displays
WBCPs’ high solar reflectance within the UV−vis−NIR
regions (0.25−2.5 μm). Spectral reflectance features negligible
UV absorption facilitated by the high-band-gap pigments,
while the selected PVC facilitates efficient scattering within the
NIR region. Figure S6 presents WBCPs’ measured solar
reflectance and predicted solar reflectance utilizing Mie
theory57 as a function of paints’ thickness. Furthermore, the
potential of demonstrating fall daytime subambient cooling of
materials can be evaluated using the established radiative
cooling figure of merit13 defined as

= r RRC (1 )sky solar (2)

where εsky represents the sky window emissivity, Rsolar signifies
the total solar reflectance, and r denotes the ratio of the
incident solar irradiance of 1000 W/m2 to the blackbody’s
emissive power within the sky window of 140 W/m2, so r is
approximately 7.14. This allowed us to calculate the net
radiative cooling power. According to this framework, an
increase of 0.01 in solar reflectance equates to an enhancement
of 0.0714 in sky window emissivity regarding the cooling
performance. This metric reveals that cooling below the
surrounding temperature is theoretically feasible when the RC
value is above zero. Note that RC is obtained to fairly evaluate
the cooling performance independently of weather conditions.
Standard RC metrics for BaSO4, CaCO3, and hBN paints were
0.603, 0.474, and 0.546, respectively, confirming WBCPs’ full
daytime subambient cooling capability. To further validate the
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RC metrics, an experimental setup was used that confirms the
subambient cooling ability of WBCPs, which relied on
monitoring the ambient and paints’ temperatures, as shown
in Figure 4A. Each paint sample was applied to 6 in. × 6 in.
aluminum plates, with paint thicknesses of approximately 400
± 46, 550 ± 46, and 200 ± 65 μm for BaSO4, CaCO3, and
hBN paint samples, respectively. These thicknesses are
sufficiently large as validated in Figure S6, where solar
reflectance saturates to 95.4% for BaSO4, 94.1% for CaCO3,
and 96.3% for hBN WBCPs. Tambient was obtained from a local
weather station, while TWBCPs was monitored by using T-type
thermocouples attached to the backside of each paint sample.
The tested samples were suspended in a Styrofoam insulating
base to reduce the conductive heat transfer. Also, the samples’
enclosure was encased by a transparent polyethylene film to
mitigate parasitic thermal losses via convective energy transfer.
The experimental testing setup is shown in Figure 4B, and it
was performed on December 19−21, 2023, in West Lafayette,
IN. The cooling efficacy of WBCPs was validated by
maintaining continuous daytime subambient cooling, as
shown in Figure 4C. For this duration, ambient temperatures
varied between ∼10 °C and −7.5 °C, with BaSO4, CaCO3, and
hBN WBCPs averaging 3.3 °C, 3.1 °C, and 2.9 °C below
ambient, respectively. Separating daytime and nighttime, these
numbers were 2.7 °C, 2.6 °C, and 2.5 °C below ambient for

BaSO4, CaCO3, and hBN WBCPs, respectively, during daytime
and 3.75 °C, 3.3 °C, and 3.3 °C below ambient for BaSO4,
CaCO3, and hBN WBCPs, respectively, during nighttime. This
validates both the cooling performance of WBCPs in achieving
subambient temperatures and confirms RC as a reliable metric
for evaluating radiative cooling materials.

Figure 4D exhibits an enlarged portion of the outdoor test,
where a clear below-ambient cooling is shown under peak solar
irradiation of 444 W/m2, recorded on December 20, 2023, in
West Lafayette, IN. The cooling performance with respect to
relative humidity and wind speed are is presented in Figure
S7A,B. Additional analysis included WBCPs’ cooling power in
W/m2 is presented in Supporting Information Note 9 and
Figure S8. Table 1 reports previously reported daytime cooling
materials with comparable cooling performance to that of
WBCPs.

Durability and Reliability Test Results. It is imperative
to acknowledge that coatings must meet sufficient durability
requirements, such as cohesion, adhesion, color retention, and
resistance to the overall degradation of polymers. It is known
that paints and coatings are often susceptible to degradation
due to various weather conditions including water-induced
damage.58 Such damage occurs due to water absorption and
contamination within the paint’s film. When water is trapped
within a coating system, water vapor molecules cause a

Figure 4. Experimental apparatus and cooling performance of WBCPs. (A) Schematic of the field test where samples were applied on a 0.6 mm
thick 6 in. × 6 in. aluminum plate. The paint samples were suspended above a Styrofoam insulating base to minimize conductive ground heating.
Samples were shielded by a transparent PE film to minimize forced convection. Ambient temperature and solar irradiation data were obtained from
a local weather station. (B) An image of the tested WBCP samples, which were suspended and shielded to minimize conductive and convective
parasitic heating. (C) Continuous subambient cooling of WBCP samples over a 60 h period of the outdoor test. (D) Magnified section of the
outdoor test showcasing the cooling performance under the solar peak on December 20, 2023.
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pressure build-up at the substrate−coating interface. As the
interfacial pressure increases, surface anomalies such as
blistering, cracking, or disintegration of a coating can occur,
resulting in a complete system failure.59 Thus, it is essential to
reduce water capillary uptake to mitigate damage related to
water absorption. Water absorption is evaluated by the W24
value, which tests surfaces’ resistance to water contact over a
period of 24 h following ASTM D57060 guidelines. More
information about the procedure of measuring the W24 values
is presented in the experimental procedures section.

WBCPs showed minimal water uptake as noticed in Figure
5A, where W24 values <0.1 kg/(m2 h0.5) indicate low water
absorption. Notably, hBN and CaCO3 paint samples exhibit
even lower W24 values than the BaSO4 paint, underscoring
their higher hydrophobicity, as noticed.

Furthermore, many polymers typically experience degrada-
tion, depending on the nature of their chemical bonds. These
materials are vulnerable to UV exposure that can break down
their molecular bonds.61,62 In particular, UV absorption in
paints and coatings often leads to surface anomalies such as
yellowing, cracking, and overall material degradation.63 There-
fore, it is essential that paints and coatings can withstand such
harsh exposure in order to maintain their high performance
over time. To validate the integrity of WBCPs, they underwent
accelerated aging tests for 100, 200, and 250 h, based on ISO
1134164 artificial weathering standards for varnishes and
paints. During the tests, WBCPs were subjected to continuous
UV irradiation, heat, and humidity cycles to replicate long-term
outdoor conditions in a shorter time frame. After testing,
WBCPs were examined for any possible decay in solar
reflectance, loss of hue, lightness, or color stability. While
some polymeric coatings can experience a color change in a
shorter time frame,65,66 our WBCPs experienced a negligible
change in solar reflectance even after 250 h of aging, as shown
in Figure 5B. This stability is attributed to both the inherent
UV stability of silicone-based binders, which are known for
their robust Si−O backbone and to the incorporation of high-
band-gap materials that effectively reflect UV radiation.
Moreover, it is vital that coatings achieve high breathability,

as it allows for the release of any trapped water vapor from the
substrate to the environment. Therefore, breathable paints can
eliminate any pressure build-up between the paint layer and
the substrate and can maintain reliable mechanical adhesion.
High breathability can also be related to fast drying, as
moisture in water efficiently breaks away from the internal
structure of a coating. To evaluate its breathability, WBCP
samples were submerged for 1 h and then left to dry for 1 h at
ambient conditions. The WBCP samples were weighed at
every step, where negligible mass difference at dry and redry
stages is shown in Figure 5C, which confirms the high water
vapor permeability of WBCPs. An additional abrasion
resistance test was implemented to evaluate the paints’ ability
to withstand repeated wear exerted by abrasive materials. The
ASTM D406067 Taber Abraser standardized test was
implemented over 2500 cycles of wear, where mass loss was
documented every 250 cycles. A pair of CS-10 abrasive wheels
were used, each exerting a weight force of 2.45 N, which were
resurfaced every 500 cycles. The WBCPs achieved an abrasion
resistance that is comparable to commercial products and the
previous acrylic-based formulations, as shown in Figure 5D.
Notably, BaSO4 paint recorded the highest mass loss among
the fabricated paints, which may be related to its lower oil
absorption value, affecting the pigment−matrix interactions.
Furthermore, mechanical adhesion is a key characteristic of
paints, achieved by chemical bonding and/or mechanical
interlocking with the substrate.68 With proper adhesion, paints
can have an extended service life and can maintain a protective
barrier between the substrate and the immediate environment.
Loss of adhesion is determined by film delamination, which
can be assessed using self-adhesive tape as per ASTMD3359.69

The adhesion strength of WBCPs was examined by the tape
test and cross-cut method, as illustrated in Figure 6A, which
utilized 4 N/cm adhesive tape placed over a cross-cut pattern.

The tape is left to adhere for 90 s and then rapidly peeled
with a close to 180° angle, after which loss of adhesion or
surface defects are monitored, as seen in Figure 6A. Adhesion
performance is classified by examining the removal of the
material along the “X” cut. All WBCPs recorded a 4A rating
with no visible loss, peel, or disintegration of the material, as
shown in Figure 6B. The strong adhesion performance is
attributed to polyurethane’s strong bonding properties,70

showcasing excellent adhesion of the paints even at high
pigment content. WBCPs’ strong adhesion proves that
mechanical durability and effective daytime cooling can be
simultaneously achieved without compromise. The sum of
these tests validates the overall UV stability, water resistance,
and mechanical durability of WBCPs.

■ CONCLUSIONS
This work introduces metal-free and single-layer low VOC
WBCPs that exhibit high solar reflectance and other highly
robust characteristics such as hydrophobicity, UV stability, and
mechanical durability. It successfully mitigates the toxic off-
gassing of VOCs while demonstrating effective cooling and
durable characteristics. High solar reflectance was achieved by
utilizing high-band-gap pigments at 60% PVC content; thus,
the pigments mitigate UV absorption and boost light scattering
in the NIR region. Through meticulous material selection, high
optical and cooling performances were experimentally shown,
validating its spectral measurements and theoretical predic-
tions. WBCPs achieved full daytime subambient cooling and
outperformed other commercial products with higher solar

Table 1. Summary and Comparison of the Proposed
WBCPs and Previous Radiative Cooling Materials in the
Literature

material type
thickness

(μm)

total solar
reflectance

(%)
sky window
emissivity RC

BaSO4 paint (this
work)

∼400 95.4 0.932 0.603

CaCO3 paint (this
work)

∼400 93.7 0.924 0.474

hBN paint (this
work)

∼150 96.1 0.825 0.546

cellulose-based
composite8

700 93 0.92 0.42

radiative cooling
structural
material9

-- 96 0.9 < ε(8−13) μm 0.614

porous polymeric
coating11

300 96 0.97 0.547

CaCO3−acrylic
paint13

400 95.5 0.94 0.62

BaSO4−acrylic
paint14

400 98.1 0.95 0.77

hBN−acrylic
paint15

150 97.9 0.83 0.612
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reflectance and lower VOC content. Despite the use of a water-
based system, WBCPs produce hydrophobic surfaces with high
water contact angles, low water absorption, and high water-
vapor breathability. It was noticed that both oil absorption
values and the surface morphology of pigments heavily
influence the wetting characteristics of a hydrophobic surface.
WBCPs’ durability was further investigated through accel-
erated aging and mechanical robustness. Although excessive
UV exposure was directed upon WBCPs, they experienced
negligible changes in their solar reflectance, highlighting their
UV stability. Additional cyclic abrasion resistance and adhesion
strength tests were evaluated, demonstrating excellent
mechanical durability of WBCPs. As a result, a scalable,
metal-free, single-layer, environmentally friendly, hydrophobic,
UV-stable, mechanically robust, with full daytime subambient
cooling performance was achieved by WBCPs.

■ EXPERIMENTAL PROCEDURES
Fabrication of WBCPs. Materials. BaSO4 nanoparticles were

purchased from Sigma-Aldrich (Reagent Plus, 99 7727−43−7).
CaCO3 was obtained from Atlantic Equipment Engineers CAS-
Number 471−34−1. hBN nanoplatelets (SP) were acquired from
Saint Gobain Advanced Ceramics, LLC. Commercial paints were

tested to compare their optical performance against WBCPs. Retail
paint1: Cool Wall systems Classic primer SmoothTM White 180713−
123. Retail paint2: Resilience Exterior Acrylic latex K42 T 154 _
6504−27446. A silicone-modified water-based binder (SILIKO-
PUR8081) and an antifoaming agent (TEGO Airex 902 W N)
were supplied by EVONIK Industries. Finally, an ionic fluorosurfac-
tant (Thetawet FS-8225) was provided by Innovative Chemical
Technologies Inc (ICT).

Fabrication Process. First, the SILIKOPUR8081 binder is mixed
with distilled water. Given the brushing method of application,
WBCPs adopt an approximate binder-to-water mass ratio of 1:2 for
BaSO4 paint and 1:1.8 for hBN- and CaCO3-based formulation. The
slight difference in binder/water ratios is attributed to the difference
in pigment density for each formulation and the quality of the film
formation. In the spraying method of application, WBCPs implement
1:0.75 for BaSO4 and hBN paints. The binder and water are mixed for
30 min using the Lab Stirrer overhead mixer with a dissolving stirrer.
Next, the pigment particles are added and well mixed at high shear for
1 h, and then additives are incorporated for additional mixing. Once
the solution is finely dispersed as per ASTM D1210,45 it can then be
applied via brushing or spraying onto 1 mm thick glass slides or 0.6
mm aluminum plates and cured at ambient conditions. WBCP
samples’ thickness values are measured via a Mitutoyo Dial Gauge
Digital Plunger Type, High-Accuracy (Part number: 543−562A) with
a resolution of 0.0005 mm. An average thickness value is obtained

Figure 5. Durability of WBCPs against water absorption, accelerated aging, mechanical abrasion, and assessment of their breathability. (A) Rate of

water uptake within WBCPs showing the W24 value with the unit of( )kg

m h2 . (B) Reflectance before and after accelerated aging. WBCPs’ measured

solar reflectance, which reveals a negligible difference before and after aging. (C) Drying capability of WBCPs, which emphasizes their high
breathability and high water vapor permeability. (D) Mass loss experiment under mechanical abrasion was documented every 250 cycles. WBCPs
showed mass loss comparable to those of commercial paint and previously developed acrylic paints. BaSO4 paint showed a higher mass loss, which
may be related to its low oil absorption value.
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using an average of five thickness readings taken within the
neighborhood of the optical measurements’ spots of each paint. To
overcome the compression effect of the plunger, a noncompressive
plastic plate is used to accurately measure the thickness. As a polymer
emulsion, SILIKOPUR8081 contains volatile and nonvolatile
components, where the solid mass percentage %solid is approximately
33%. The solid content is critical information to know about any
polymer in an emulsion form because a paint’s PVC is designed
according to the solid content of a polymer. WBCPs’ PVC was chosen
as 60% of the solid content of SILIKOPUR8081. Pigment mass was
determined by

=
×

× ×m
m %solid %PVC

(1 %PVC)pigment
SILKOPUR8081

SILIKOPUR8081
pigment

(3)
where ρbinder and ρpigment represent the densities of the binder and
pigment, respectively, while mpigment and mbinder present the masses of
the pigment and binder, respectively. %PVC is chosen as 60%, where
(1 − %PVC) exhibits the volume concentration of the binder.

Moreover, bubbles may form due to high agitation, hence Airex
902 (solvent-free antifoamer) is added to prevent the foaming of
paint. A VOC-free anionic fluorosurfactant is added to lower the
surface tension of the paint mixture, which can improve the wetting of
various surfaces. The addition of Thetawet FS-8225 improves surface
quality, and Airex 902 facilitates an easier fabrication process. The
mass of anionic fluorosurfactants (Thetawet FS-8225) and antifoamer
(TEGO Airex 902 W N) is determined based on 0.1%−0.3% of total
weight using

= + + ×m m m m w( ) %defoamer/ surfactant SILIKOPUR8081 water pigment

(4)
Note that neither the antifoamer nor the fluorosurfactant was counted
in determining the VOC content, due to their trivial amount and
being zero-VOC/solvent-free substances.

Porosity Measurements. The porosity of WBCPs φ was
obtained by

=
i

k

jjjjj
y

{

zzzzz
V

V
1 solid

total (5)

where Vtotal exhibits the physical volume of thickness multiplied by the
cross-sectional area, and Vsolid presents the predicted total volume
using measured mass divided by calculated density. Six specimens

were evaluated for each paint configuration. The thickness of the
dried paint was evaluated as an average of 5 reading measurements
across the paint sample, and all fabricated samples had a 3 sq in
surface area. The calculated solid density was deduced by considering
the respective densities of the binder and pigment components, each
weighted by their volume fractions within the mixture. Specifically,
60% of the pigment density (4.5 g/mL for BaSO4, 2.71 g/mL for
CaCO3, and 2.1 g/mL for hBN) was combined with 40% of the solid
binder density, which was estimated as 1.105 g/mL. Thus, porosity
values obtained are 32%, 62.7%, and 55% with standard deviations of
2.85%, 3.2%, and 4.15% for BaSO4, hBN, and CaCO3 WBCPs,
respectively.

Volatile Organic Compound Calculations. The VOC content
of WBCPs was obtained using the guidelines of the South Coast Air
Quality Management District (AQMD)53

=
i

k

jjjjj
y

{

zzzzz
m m m

V
VOCWBCPs

total H O solids

measured

2

(6)

where m represents the mass of each component in the paint solution
and V refers to the measured volume of the paint solution. The VOC
content of paints is usually presented in g/L,53 where the obtained
VOC contents are approximately 26 g/L, 18 g/L, and 30 g/L for
BaSO4, CaCO3, and hBN WBCPs, respectively. Therefore, this work
achieves the low VOC status by the South Coast Air Quality
Management District Rule 113 (Feb 2016) of <50 g/L.54

Cooling Power Calculations. A theoretical framework was used
to assess the net cooling power of the WBCPs when subjected to solar
irradiation, heat exchange with the atmosphere, and convective heat
transfer. Within the scope of this model, we assume that the paint
samples experience no conductive heat losses due to the insulating
base. Consequently, the cooling power of the WBCPs is governed by
the following equation

=P P P P Pcooling s atm solar non rad (7)

where Ps is the emitted heat by a paint sample as stated by Planck’s
law for the continuous heat emission of any terrestrial body above
zero Kelvin. Patm is the diffuse atmospheric thermal radiation. Psolar is
the incident solar intensity term that accounts for the absorbed solar
energy by the cooler. The Pnon−rad term accounts for parasitic heat
transfer induced by convection and conduction. More details are
included in Supporting Information Note 9.

Figure 6. WBCPs’ adhesion performance. (A) Overview of the adhesion test method. A cross pattern is cut on a coating sample, and then an
adhesive tape is applied on the cross-cut pattern, after which the tape is rapidly peeled from the coating’s surface to examine the adhesion strength
of the paints. The adhesion strength is rated based on the amount of the paint material that is removed or peeled by the tape’s pull-up force. (B)
WBCPs “x” pattern after peeling, which shows no peel or removal of material.
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Spectral Characterization. Fabricated paint samples were
applied on a 1 mm glass substrate to ensure high solar reflectance
with substrate independence during the optical spectroscopy
measurements. The solar reflectance was evaluated by using a
Lambda 950 UV−VIS-NIR spectrophotometer from PerkinElmer,
equipped with an integrating sphere, and calibrated by using a
Spectralon diffuse reflectance reference. The total solar reflectance
was obtained based on the AM 1.5 solar spectrum and reflectance
reference standards. Infrared spectroscopy was evaluated using a
Nicolet iS50 FTIR spectrometer accompanied by an integrating
sphere from PIKE Technologies, with the reflectance standard
presenting an uncertainty of ±0.02. IR measurements were conducted
on a 0.6 mm aluminum plate to minimize the substrate contribution
to emissivity. Spectral reflectance and transmittance were measured
by utilizing the spectrometers mentioned, and spectral absorptance
was calculated as follows.

= 1 (8)

Sky window emissivity was obtained by weighing the spectral
absorptance within the 8−13 μm range by the blackbody emissive
power at 300 K.

Hydrophobic Performance Evaluation. The wettability per-
formance of the WBCPs was determined by examining the static
contact angle of a sessile water droplet. The contact angle is defined as
the angle that a liquid makes at the three-phase contact line (at the
solid, liquid, and gas phases interface). A 290 Rame-́Hart Goniometer
was used for the water contact angle measurements. A 10 μL water
droplet was gently placed on the painted surface, allowing it to settle
naturally. Then, a profile photograph of the droplet was captured to
ascertain the contact angle.

Field Test for Evaluating the Cooling Performance. The
cooling performance of WBCPs was evaluated by monitoring the
paint sample’s temperature and ambient temperature. The experiment
was conducted on December 19−21, 2023, in West Lafayette, IN
(40.4237° N, 86.9212° W). The WBCP samples were applied on 6 in.
× 6 in. aluminum plates. Then, two T-type thermocouples were
attached to the bottom side of the painted aluminum plates that are
suspended in a Styrofoam insulating base. The paint samples were
placed in an enclosure that was shielded with a transparent
polyethylene film to mitigate convection losses. Local ambient
temperature and solar intensity data were obtained from a local
weather station.

Durability and Longevity Characterization. Water Absorp-
tion and Water Vapor Permeability. Water absorption tests were
conducted using ASTM D57060 guidelines to obtain W24 values,
which indicated the amount of absorbed water content via capillary
action within a bulk material over a period of 24 h. First, the samples
were weighed at the dry stage. Then, they were immersed in water for
1 h and weighed again. Subsequently, the samples were allowed to dry
for 1 h at ambient conditions and weighed one more time to assess
their water absorption and breathability. The W24 values obtained on
our WBCPs show a low water absorption classification. Upon drying,
the paint samples nearly expelled all water content, demonstrating
their high water vapor breathability.

Weathering Exposure and Aging Characterization. An extensive
aging test was performed according to ISO 1134164 -Varnishes and
Paints, Artificial Climate, and Radiation Tests to the WBCP samples.
The paint samples were placed in a Q-SUN XE-3-HC type Solar
Radiation Simulator chamber with xenon lamps equipped with optical
filters for 100, 200, and 250, with UV light irradiation (with a
wavelength of 320−360 nm).

Taber Abraser test. Abrasion tests were conducted using a Taber
Abraser Research Model and performed following ASTM D406067

guidelines. A pair of CS-10 abrasive wheels were used to wear the
WBCP samples, each subjected to a force of 250g. The sample
weights were recorded every 250 cycles to determine the mass loss,
and the abrasive wheels were resurfaced every 500 cycles. The mass
loss was monitored across an expanse of 2500 cycles in total, with
mass loss comparable to commercially available products and previous

acrylic-based paint formulations.13−15 The abrasion resistance results
are presented in Figure 5D in the Results and Discussion section.

Adhesion Test. The test was adopted to assess WBCPs’ adhesion
by applying and removing adhesive tape over cuts made on a coating
film that can be applied on a metallic substrate. The WBCP samples
were applied on aluminum plates, and the cross-cut adhesion tape
method was utilized, which is recommended for films ≥125 μm. The
test was conducted using a 4 N/cm tape, where the tape was applied
on the paint’s surface for 90 s and then rapidly peeled with a close to
180° angle, trying to unbind WBCPs’ films. Then, the WBCPs’
surfaces were visually examined for any trace of peeling, delamination,
or material loss. The paint samples showed only a trace of material
loss along the cross-cut, which demonstrated excellent adhesion and
strong bonding of the 4A rating.
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