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Abstract: Passive radiative cooling materials are widely recognized as attractive innovations for
reducing emissions and expanding life-saving cooling access. Despite immense research attention,
the adoption of such technologies is limited largely due to a lack of scalability and cost compatibility
with market needs. While paint and coating-based approaches offer a more sensible solution, many
demonstrations suffer from issues such as a low solar reflectance performance or a lack of material
sustainability due to the use of harmful solvents. In this work, we demonstrate a passive radiative
cooling paint which achieves an extremely high solar reflectance value of 98% using a completely
water-based formulation. Material sustainability is promoted by incorporating size-dispersed calcium
phosphate biomaterials, which offer broadband solar reflectance, as well as a self-crosslinking water-
based binder, providing water resistance and durability without introducing harmful materials.
Common industry pigments are integrated within the binder for comparison, illustrating the benefit
of finely-tuned particle size distributions for broadband solar reflectance, even in low-refractive-index
materials such as calcium phosphates. With scalability, outdoor durability, and eco-friendly materials,
this demonstrated paint offers a practical passive radiative cooling approach without exacerbating

other environmental issues.
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1. Introduction

A great variety of functional passive radiative cooling (PRC) materials have been
demonstrated, presenting great opportunities for reducing carbon emissions and heat-
related illnesses and deaths across the globe. This potential is particularly relevant for
low-income and vulnerable populations who stand to benefit greatly from such technolo-
gies [1-5]. However, not all demonstrated techniques are practical for actual applications on
infrastructure. Perhaps the most promising and impactful use case for PRC is on buildings.
Buildings consume massive amounts of energy to maintain comfortable internal conditions,
representing one of the most significant contributions to global energy consumption [6].
Further, building roofing and facades cover a vast area in nearly every country, offering
a substantial market for PRC products [7,8]. However, such applications demand other
attributes besides cooling ability alone. Roof coatings, for example, are designed largely
for the purpose of protecting the structure and sealing off the internal environment from
the elements. These coatings must be cost-competitive, as consumers tend to prioritize
lower-priced roof coating solutions. Durability is also a paramount concern, with most
existing roof coatings targeting longevity of a decade or longer. Simultaneously, ease
of installation should be maximized to guarantee a wide acceptance of the solution and
encourage adoption [9-11].

The most obvious PRC approach that supports all of these requirements is a paint-like
solution. Paints and coatings are widely used on buildings and many other industries owing
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to their versatility, relatively low cost, and durability. As such, many incumbent roof coating
products are applied using paint-like approaches [9-11]. PRC research in recent years has
concentrated heavily on paint-based solutions as well, largely due to the aforementioned
benefits [1,6,12-17]. Yet, despite the inherent environmental consciousness of the PRC
approach, many demonstrated paints in the recent literature utilize harmful materials.
Hazardous solvents comprising VOCs and formaldehydes are common [6,16,17], as well as
reliance upon pigments and additives that present environmental issues [13,18]. A truly
sustainable PRC paint must not only exhibit highly efficient radiative cooling properties,
but must also comprise eco-friendly and non-toxic materials. Furthermore, it is also of
paramount importance for such paints to maintain durability, cost-effectiveness, and ease
of application in line with existing roof coating products to better support market adoption.

To help address these points, a PRC paint with superior cooling, industry-relevant
multifunctionalities, and overall sustainability was designed and evaluated within this
study (Figure 1). The synthesis of this paint requires no VOCs or harmful solvents and uti-
lizes only calcium-based biomaterials as pigments and fillers. Despite the fully water-based
formulation, the dried paint exhibits a high water resistance and durability, providing feasi-
bility for the outdoor application demanded of PRC materials. Along with simple synthesis
and application, these attributes provide the demonstrated calcium-based PRC paint with
both the sustainability and performance features required for widespread adoption.

Dispersed
particle Sizes

Outdoor

Indoor

Figure 1. Schematic representation of passive radiative cooling paint. The CaP-based paint exem-
plified in this work possesses a dispersed range of pigment particle sizes, which enable broadband
scattering of incident solar radiation.

2. Materials and Methods
2.1. Materials

Calcium nitrate tetrahydrate (CAS 13477-34-4), calcium carbonate (CAS 471-34-1),
and ammonium phosphate dibasic (CAS 7783-28-0) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Ottopol SE-49 was obtained from Gellner Industrial (Tamaqua,
PA, USA). Titanium dioxide (Ti-Pure R-706) was obtained from Chemours (Wilmington,
DE, USA). Disperbyk-2010 was obtained from BYK (Wesel, Germany), and Farm General
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Defoamer was obtained from Ragan & Massey LLC (Ponchatoula, LA, USA). The commer-
cial paint used for abrasion testing comparison was obtained from Rust-Oleum (Mount
Waverley, VIC, Australia) (Semi-gloss White, Ultra Cover Premium Latex Paint).

2.2. Synthesis
2.2.1. Calcium Pyrophosphate Pigment

To synthesize the CPP pigment, a Ca/P ratio of 1.0 was used. First, 28.35 g calcium
nitrate tetrahydrate (Ca(NOs3);) was added to 400 mL DI water. Then, 15.84 g ammonium
phosphate dibasic ((NH4),HPO,) was also added to 400 mL DI water. Beakers were
brought to a temperature of 60 °C while stirring and then stirred for an additional 30 min.
Afterwards, the ammonium hydrogen phosphate solution was added to the calcium nitrate
solution while stirring the latter solution. The addition rate of the ammonium hydrogen
phosphate solution was about 25 mL min~!. Then, the combined solution was stirred
for an additional 90 min without heating. The solution was then rested overnight. After
resting, the product was vacuum-filtered using a Grade 4 filter paper and rinsed with
DI water. The filtered precipitate was dried at 60 °C overnight and then ground using a
mechanical grinder. Then, the powder was calcined for 1 h at 700 °C to obtain the finalized
CPP pigment.

2.2.2. PRC Paint

First, the CPP pigment was ground once more in a mechanical grinder followed by
crushing to a fine particle size using an agate mortar and pestle. DI water (10 mL), Ottopol
SF-49 (10 mL), Disperbyk-2010 (0.25 mL), and defoamer (0.50 mL) were combined and
stirred briefly by hand. Then, 4 g of ground CPP was added to the solution in small
increments, stirring each time until combined. Once all CPP was added, the paint mixture
was mixed using a FSH-2B high-speed homogenizer at approximately 10,000 rpm for 2 min.
The paint was then placed in an ultrasonicator for 10 min. Finally, the paint was poured
onto a plastic substrate with an approximate thickness of 0.5 mm and left to dry for 24 h.
The same procedure was used for the CaCOj3 and TiO, paints, replacing the CPP pigment
with equal masses of the alternative materials. The pure Ottopol sample was simply poured
in a dish without further modification (thickness 1.4 mm) and left to dry for 24 h.

2.3. Characterization

Reflectance spectra in the UV /visible/NIR region were characterized using the Jasco
V770 using the ISN-923 integrating sphere (incidence angle of 6°). A Spectralon SRS-99-010
diffuse reflectance standard was used to calibrate and correct UV /visible/NIR spectra
to obtain absolute reflectance. Reflectance spectra in the IR region were characterized
using the Jasco FTIR 6600 equipped with a PIKE integrating sphere (incidence angle of
12°). Scanning electron microscopy (SEM) images were obtained using the Supra 25 SEM
at an acceleration voltage of 5 kV. A gold/palladium surface coating of about 10 nm was
deposited on SEM samples for imaging. Contact angles were obtained using the SINDIN
SDC-350 contact angle meter. The adhesion test was modeled after ASTM D3359. The paint
sample was cut with a razor, and a strip of tape was pressed onto the paint surface using a
1kg mass. After pressing, the tape was removed and inspected for residue. Water resistance
was studied by placing the samples in a large beaker of DI water stirred at 350 RPM for 1 h.
The surfaces were assessed visually, and spectral performance before and after exposure to
water was measured. After the water exposure test, the same sample was subsequently
exposed to UV radiation for 5 days under an irradiance of 5 mW cm 2 using a UVBeast V1
flashlight. Abrasion tests were performed using a Taber type abraser (Roweel Electronic
Co., Ltd., Zhengzhou, China) using CS-10 abrasion wheels (Elcometer, Manchester, UK)
with masses of 250 g. The wheels were resurfaced every 500 cycles. Resurfacing was
performed with 25 cycles of S-11 resurfacing disks. Rust-Oleum Semi-gloss White was used
as the commercial paint comparison.
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3. Results and Discussion
3.1. Optical Performance

PRC materials provide cooling without electricity based on their finely tuned optical
properties. Firstly, they must minimize the energy absorbed from the sun by reflecting
as much incident solar irradiation (0.3-2.5 pm) as possible. In addition, they must also
maximize the radiative energy output in the mid-IR region, where objects at typical terres-
trial temperatures emit radiation. IR emittance may also be optimized by focusing on the
atmospheric transparency window (8-13 pm). In this region, sky-facing surfaces may emit
without receiving large amounts of radiation back from the Earth’s atmosphere, allowing
for a greater net transfer of energy from the surface [1,19]. Together, a high solar reflectance
and strong IR emittance limit energy input and maximize energy output, allowing for
PRC materials to passively cool. Hence, these optical properties are the major focus in the
development and characterization of PRC materials.

The main pigment utilized in the PRC paints for this study was calcium pyrophosphate
(CPP). In addition, CaCO3 and TiO, were used as comparison groups, as these materials are
utilized commonly as fillers and pigments, respectively, throughout the paint industry [1].
The morphology of the paint surfaces as well as that of each pigment can be seen in Figure 2.
The top surfaces of all paints appear fairly flat and greatly resemble that of the unfilled
Ottopol binder (Figure 3). This indicates that most of the pigment is encapsulated within
the binder rather than protruding out of the top surface.

Paint ——  Pigment —

CPP

CaCOs

TiO2

Figure 2. SEM images. (A) CPP paint top surface and (B,C) CPP pigment. (D) CaCOs3 paint top
surface and (E,F) CaCOj; pigment. (G) TiO; paint top surface and (H,I) TiO, pigment.

Both the CPP and CaCOj; pigments show a fairly broad particle size distribution.
The CPP in particular has feature sizes as large as 5 pm and as small as several hundred
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nanometers. The feature sizes of the CaCOjs fall in approximately the same range, though
there appears to be a greater bias towards larger particles in the case of the CaCOs. In
contrast, the TiO, particles have a much tighter range of feature sizes, ranging from about
150 nm to slightly over 300 nm. No larger micron-scale structures are present, in line with
the mean particle size of 360 nm specified by the manufacturer. These morphological
features have a strong influence on the PRC performance of the paints, as discussed in
subsequent sections.

Figure 3. SEM images of unfilled Ottopol binder and paint samples. (A) Unfilled Ottopol binder,
(B) CPP paint, (C) CaCOj3 paint, and (D) TiO; paint under SEM.

The spectral reflectance of all paint samples are shown in Figure 4. The binder itself
(Ottopol) exhibits low reflectance and high transmittance when unfilled. When filled
with the various pigment materials, the synthesized paints show a very high reflectance
throughout most of the solar wavelength region, leading to normalized solar reflectance
values from 92% to nearly 99%. The near-IR for all paints shows absorbance bands that
coincide with those of the unfilled Ottopol, indicating that these are due to absorbance by
the binder. However, these absorbance peaks are diminished in the filled paints, as the
penetration depth is limited by particle scattering, leading to a higher reflectance.

One notable characteristic of the TiO,-based paint is its comparatively low reflectance
at short visible and UV wavelengths. This is expected based on intrinsic properties of TiO,.
Its high refractive index provides strong opacity when used within acrylic paint media,
as the high refractive index differential between the matrix and pigment greatly supports
scattering. Yet, one drawback of its high refractive index is unavoidable absorption losses
at lower wavelengths, due to its relatively small bandgap [1,20]. CPP and CaCOj3 have
lower refractive indices, which often makes their scattering performance fall below that
of TiO,—especially when used at a relatively low volume concentration (i.e., less than
10%) within paint formulations. However, lower-index materials benefit from less optical
absorption at shorter wavelengths due to their larger band gaps [20], often providing
stronger scattering in the UV and short visible regions, as is seen in Figure 4A. In addition,
the pigment volume concentration utilized here is relatively high—about 16% to 26%,
dependent upon material density. In combination with the aforementioned factors, this
provides both the CPP and CaCOj3 paints with higher overall reflectance performance in
comparison to the TiO5.
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The reflectance values of paints in the IR region are very similar. All paints share an
IR emittance of approximately 0.92 when normalized to a 20 °C blackbody (Figure 4B).
Although the spectra diverge at lower IR wavelengths (2.5-5 pm), the blackbody spectra
for common terrestrial temperatures is biased towards wavelengths of 8 um and larger. All
spectra are very consistent within this latter region, leading to their similarity in normalized
emittance values. The high emittance in the mid-IR region is attributed mainly to the acrylic-
based paint matrix. This is verified by the reflectance spectra of the unfilled binder, which
closely matches that of all paints throughout most of the IR region. Organic polymers
typically possess strong emittance within this region due to the optical phonon modes of
many common monomer groups, making most paints and coatings act as strong IR emitters
without requiring additional treatment [15,21].
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Figure 4. Spectral performance of PRC paints. (A) Spectral reflectance of paint samples from
0.3 to 20 pm (left axis). AM 1.5 solar irradiance [22] and atmospheric transmittance [23] are shown for
comparison (right axis). (B) Normalized solar reflectance (left axis) and IR emittance (right axis). Solar
reflectance is normalized based on the AM 1.5 irradiance spectrum, and IR emittance is normalized
based on a blackbody at 20 °C. (C) Refractive indices of pigment materials in the visible region.
(D) Images of paint samples on plastic substrates. Scale bar is approximately 1 cm. (E) Demonstration
of application scalability of CPP-based paint. Scale bar is approximately 2 cm.

The CPP and CaCOg3 paints show notable similarities, both in reflectance magnitude
and spectral features. Yet, one may expect them to be even more similar, especially on
the basis of normalized solar reflectance, based on their closeness in refractive index and
density. We attribute the greater performance of the CPP paint to the CPP pigment possess-
ing a more favorable particle size distribution for scattering solar radiation. A distributed
range of particle sizes—generally in the mid-nanometer to low-micron range—has been
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shown to be instrumental for broadband solar reflectance [24]. While both raw materials
possess a similar range of feature sizes (as seen in the SEM images), the CPP pigment does
exhibit a higher proportion of smaller particle sizes than the CaCOj3. Smaller particles are
generally more effective at scattering smaller wavelengths, as exemplified previously [24].
Consequently, the CPP paint exhibits a higher reflectance at shorter wavelengths as ex-
pected. Simultaneously, the presence of larger particle sizes still allow it to maintain high
reflectance at longer wavelengths as well, contributing to its extremely high normalized
reflectance value.

The case of the TiO, paint provides another illustration of the impact of morphology.
TiO, feature sizes around 300 nm are particularly suitable for reflecting visible light, leading
to their widespread use in the industry as a white pigment. While this chosen particle
size provides a visually bright white color, it also limits reflectance performance at longer
wavelengths. The lack of large particle sizes in the TiO, paint is directly responsible for
the low near-IR reflectance exhibited by this sample, leading to its lowered normalized
reflectance. This provides a direct demonstration of the importance of broad particle size
distributions in PRC paints.

3.2. Durability

In addition to optical performance, the durability of the paints is assessed to illustrate
their suitability for long-term outdoor environmental use, as shown in Figure 5. First and
foremost, the influence of water on the paints is studied. Both unfilled and filled paints
show a relatively high water contact angle, which slowly diminishes over time. While this
material is, therefore, not superhydrophobic like other demonstrated PRC materials [25],
the larger contact angle will support resistance to contamination buildup. The paints
themselves exhibit extremely strong resistance to intense contact with water. As seen in
Figure 5C, both pre-marred and pristine CPP paint samples appear unaffected by water
exposure after stirring in water at 350 RPM for 1 h. After the water exposure test, the
same sample is subsequently exposed to UV radiation using a UV flashlight (Figure 5D) for
5 days. As shown in Figure 5E, neither intense water exposure nor constant UV irradiance
affect the spectral performance of the CPP paint. This indicates that the CPP paint is a great
candidate for applications in outdoor environments, as its resistance to degradation in rain
and constant sunlight exposure will extend its lifetime.

In addition, the mechanical strength of the paints is demonstrated using a variety
of methods. First, a simple bending evaluation is performed to test the resistance of the
coating to deformation-induced cracking. The CPP paint, on an acrylic substrate, is bent by
hand to an angle of approximately 90°, as shown in Figure 6A. Both upward and downward
bends were repeated for 50 cycles, after which the coating was visually inspected. As seen
in Figure 6A, there are no signs of cracking or other damage, indicating that the CPP paint
exhibits strong flexibility and mechanical stability. This bodes well for outdoor applications,
where structures may experience thermal expansion or other types of deformation due
to weather conditions, seasonal variation, or human activity. Therefore, practical PRC
coatings must be able to withstand such variations to remain stable over long periods of
time. Adhesion is also demonstrated by performing a tape test, shown in Figure 6B. After
cross-cutting the CPP paint sample and pressing tape onto the surface with a 1 kg mass,
barely any residue is seen on the surface of the paint. This is comparable to the result
exhibited by a commercial paint in a previous demonstration [19]. Finally, the resistance of
the PRC coating to abrasion is characterized. As seen in Figure 6C, the CPP paint shows
similar resistance to abrasion as compared with a commercial latex paint. The total mass
loss after 1500 abrasion cycles is about 27% higher in the CPP paint than the commercial
paint, thus exhibiting a similar order of magnitude in wear resistance. These durability
results illustrate that the demonstrated PRC paints based on CPP and the Ottopol binder
exhibit fantastic characteristics for practical applications, not only in terms of spectral
performance, but also on the basis of durability in harsh environments.
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after spinning in water for 1 h at 350 RPM. No signs of wear or degradation are notable. (D) CPP
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4. Conclusions

In this work, a paint-focused approach to PRC is demonstrated using all-natural
materials. A water-based binder is used to encapsulate various solar-reflective pigments
to achieve high solar reflectance for cool-roof applications. While all demonstrated paints
achieve relatively high reflectance, the calcium pyrophosphate paint exhibits the strongest
performance, providing a near-ideal broadband solar reflectance of 98%. In addition, the
polymeric binder provides a strong mid-IR emittance of 92% for all evaluated paints. An
investigation of the morphology of constituent materials reveals that the dispersed range
of particle sizes possessed by the calcium pyrophosphate pigment—from several hundred
nanometers to the low-micron range—lead to its notable PRC performance features. Finally,
the water resistance, durability, and adhesion of the synthesized paints are demonstrated,
including a lack of optical performance loss after prolonged water and UV exposure. These
factors provide evidence of the suitability of the PRC paint for real outdoor applications.
Due to its balance of optical performance and practicality, this simple, eco-friendly paint-
based PRC approach has great potential for emission reduction and thermal comfort
enhancement worldwide.
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