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ARTICLE INFO ABSTRACT
Keywords: A thin layer, lightweight, and ultra-white hexagonal boron nitride (h-BN) nanoporous paint has been
Phonon scattering developed recently. However, the underlying atomic and nanostructural physics of the paint’s radiative

Radiative cooling

h-BN

First-principles calculation
Photon Monte Carlo simulations

cooling performance remains quite elusive. In this work, a multiscale, multiphysics computational framework
is employed to gain atomic level insights of the high radiative cooling performance. By leveraging first-
principles calculations to study the electronic transitions and phonon dynamics, the refractive index and
extinction coefficient are predicted across solar and mid-infrared (mid-IR) spectra, which are then used to
calculate the optical properties of a single nanoparticle either by Mie Theory or computationally solving
Maxwell’s Equations. Subsequently, the photon Monte Carlo simulation is used to predict the photon transport
in nanoplatelet-matrix nanocomposites, by including the anisotropic optical properties of nanoplatelets for
the first time. The predicted solar reflectance and sky window emissivity of the nanocomposites agree well
with the experiments. By comparing with BaSO,-based paint, we attribute the high solar reflectance of h-
BN paint at a lower thickness to its higher refractive index and nanoplatelet morphology, and attribute the
relatively lower sky window emissivity to its lower extinction coefficient in mid-IR. Surprisingly, aligning the
nanoplatelets horizontally does not significantly improve the solar reflectance at 150 pm coating thickness due
to diminishing returns. Finally, we compile many radiative cooling pigments and order the following few in
decreasing refractive index: h-BN, BaSO,, CaCOj3, SiO,. Our work advances the understanding of atomic-scale
features in designing radiative cooling materials.

1. Introduction solar reflectance was significantly boosted by the metal substrate rather
than the paint itself. Over decades, this field has witnessed remarkable

Radiative cooling, an innovative passive cooling technology, has evolution driven by advancements in materials science, optics, and nan-
attracted substantial research interest in recent years. By reflecting otechnology. Daytime radiative cooling has been achieved by using the
solar irradiation to avoid solar heating and dissipating heat into cold multilayer structure [7], metal-dielectric photonic structure [8], porous
deep space through the sky window (8-13 um), radiative cooling can  polymer [9], glass-polymer hybrid metamaterial [10], and delignified
significantly reduce energy consumption and mitigate climate change. wood [11]. However, these approaches rely on complicated structures

It has been used for various of applications including space cool-
ing [1], building cooling [2], energy harvesting [3], agriculture [4],
and personal thermal management [5].

The pursuit of effective radiative cooling materials is of great re-
search interest. The ideal materials should possess a combination of
high reflectance in the solar spectrum (0.25-2.5 pm) and high emissivity
in the sky window region. The foundation can be traced back to
the 20th century [6], where full daytime below-ambient cooling was
achieved with dual-layer structures (TiO,/PVF nanocomposite on the
aluminum substrate). However, this early success was limited since

and pose challenges for real-world applications.

Radiative cooling paint, which can be applied using standard brush,
roller, or spray-painting techniques, offers a desirable advantage over
other types of materials since it is easy to scale and apply to real-
world surfaces, including non-flat and irregularly shaped ones. It is
also a sustainable and cost-effective cooling solution for both residen-
tial and commercial applications. Recently, daytime radiative cooling
has been achieved by ultra-white paints based on calcium carbonate
(CaCO3) [12], barium sulfate (BaSO,4) [13] and hexagonal boron nitride
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(h-BN) [14] nanoparticles, which have exceptional solar reflectance
and high emittance in the sky window. Specifically, the h-BN-acrylic
paint achieves solar reflectance of 97.9%, and sky window emissivity of
0.83 with only 150 pm thickness, which enables 5-6 °C below ambient
cooling on average. The high solar reflectance and mid-IR emissivity
suggest potential applications in building cooling, where passive cool-
ing coatings on rooftops substantially reduce air conditioning energy
consumption and mitigate the global warming effect. Additionally, the
lightweight and high-performance characteristics of h-BN-based paint
make it particularly suitable for wearable devices, aerospace and auto-
motive applications, where reducing weight while maintaining thermal
regulation is critical. h-BN nanoparticle has also been used as fillers in
various applications, such as photonic films [15-17], aerogels [18], and
fabrics [19], to enhance radiative cooling performance.

However, the underlying atomic level physics of h-BN-based paint’s
extraordinary performance, especially the sky window emissivity, is not
fully understood. A comparison with BaSO,4-based counterparts [13]
reveals intriguing differences. While BaSO, paints show a solar re-
flectance of 98.1%, h-BN paints achieve similar solar reflectance with
a significantly thinner coating (400 pm vs. 150 pm). Although previous
work [14] has studied its high solar reflectance with the photon Monte
Carlo simulation, the angle dependency due to platelet-shape particles
and the anisotropic properties of h-BN was not considered. Addition-
ally, the high anisotropic refractive index of h-BN requires further
investigation at the atomic level. Moreover, BaSO4-acrylic paint shows
a higher sky-window emittance compared to h-BN (0.95 vs. 0.83), yet
the mechanisms behind this phenomenon remain unclear. Furthermore,
as the pursuit of these efficient radiative cooling paints is based on
a trial-and-error method, the atomic and structural characteristics are
crucial for designing high-performance radiative cooling materials. An-
swering these questions requires multiscale multiphysics insights. The
optical properties of bulk materials, particularly their refractive index
(n) and extinction coefficient (), have a high impact on the radiative
cooling performance. These properties arise from intricate interactions
between photons, electrons, and phonons, which are investigated by
atomic scale simulations such as first-principles calculation [20-25].
Additionally, at subwavelength scales, strong light-matter interactions
come into play, where factors such as pigment size, shape, and mor-
phology have a substantial impact, which follows the principles of
Maxwell’s equations. Studying the different physical mechanisms at
these different scales is required to understand h-BN’s unique radiative
cooling properties.

In this work, we present a multiscale multiphysics framework to
predict the radiative cooling performance of h-BN-based paint. At
the atomic scale, we use first-principles calculations to predict the
refractive index and extinction coefficient, including solving electronic
transition and phonon scattering. At the microscale, we model pho-
ton scattering and absorption of individual nanoplatelets using Finite
Element Method (FEM) simulations for solar regions and Mie Theory
for mid-IR regions, accounting for their anisotropic shape and optical
properties. Finally, at the macroscale, we employ a Monte Carlo photon
transport model to simulate radiative transfer within the nanocom-
posite, predicting solar reflectance and mid-infrared emissivity. This
integrated approach allows us to bridge atomic-scale material proper-
ties with real-world optical performance, and to involve multiphysics
including photons, electrons, and phonons, offering more insights into
radiative cooling paint. Compared to prior studies, our work incorpo-
rates the anisotropic optical properties of the nanoplatelets, enabling a
more accurate description of light scattering and absorption character-
istics in h-BN-based paints for the first time. Our simulation agrees well
with the experimental results. By comparing h-BN with BaSO,4-acrylic
paint [26], we found several atomic and structural characteristics:
(1) h-BN has a higher refractive index and a band gap higher than
the highest solar photon energy, which enhances solar scattering and
eliminates solar absorption. (2) Aligning the nanoplatelets to horizontal
orientations would increase but does not significantly improve the solar
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reflectance. (3) Due to the lack of IR-active phonon modes, h-BN has
a lower extinction coefficient in the sky window, which results in a
lower sky window emissivity. Our computational framework and the
identified material characteristics provide valuable tools and insights
for advancing the development of radiative cooling paint.

2. Method and simulation details

We start from conducting first-principles predictions to obtain the
optical constants, including refractive index and extinction coefficient,
of h-BN. All the Density-functional theory (DFT) calculations were
conducted using Vienna Ab initio Simulation Package (VASP) [27]. The
dielectric function in the solar spectrum is determined by the electronic
transition mechanism. Given the limitation of DFT calculations in
accurately predicting band gaps, we applied the GW correction [28]
to refine our results. This significantly improved the accuracy of our
electronic structure predictions by considering quasiparticle energies
and incorporating electron—electron interactions beyond the scope of
DFT. We then calculated the optical properties of h-BN by solving the
Bethe-Salpeter Equation (BSE) [29] on top of the GW-corrected result,
which allowed us to accurately capture the excitonic effects.

In the mid-IR region, the dielectric response could be obtained
by solving phonon dynamics, which includes calculating a set of har-
monic and anharmonic interatomic force constants (IFCs) and cal-
culating phonon scattering. The 2nd-IFC and phonon dispersion was
obtained from density functional perturbation theory (DFPT) [30] cal-
culation using Phonopy [31]. The 3rd- and 4th-IFCs were calculated
using the Finite Difference Method (FDM) using Thirdorder.py [32]
and Fourthorder.py [33] packages. The three-phonon (3ph) and four-
phonon (4ph) scattering calculations were performed using the Sheng-
BTE [32] package integrated with the FourPhonon module [33] based
on the relaxation time approximation (RTA). A sampling-based ap-
proach [34] was adopted to accelerate the 4ph scattering calculation.
The overall phonon scattering rate was calculated based on spectral
Matthiessen’s rule [35]: r;l = (Tiph)_l + (rjph)" + (rils")", where
(riph)*‘, (rjph)’1 and (z°)~! are 3ph, 4ph and isotope scattering rate,
respectively. The phonon linewidth, measured in cm™, is proportional
to the scattering rate of zone-center optical phonons as 2zcy, = r;l.
The dielectric response in the mid-IR region was calculated using a
four-parameter Lorentz oscillator model [36-38]:

;
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where ¢, is the high-frequency dielectric constant obtained by the
DFPT calculation, w is the photon frequency, m goes over all the IR-
active TO phonon modes, wrg,, and @, are resonance frequencies
of the IR-active TO and the paired LO phonon modes, respectively, and
YTo.m @and y1 o, are the corresponding damping factors. The » and « can
be derived from the dielectric function: € = (n + ix)?. More simulation
details can be found in Supplementary Materials Section 1.

Following the first-principles predictions of the dielectric function,
we predicted the spectral optical response of the h-BN-based nanocom-
posite. Directly solving the Maxwell equations is highly computational
expensive. Instead, we assume the paints are continuous mediums
with effective properties [39] to simulate the photon transport within
the paint layer. Initially, the scattering and absorption coefficients,
as well as the asymmetry parameter of a single nanoparticle, are
calculated. Then, the photon Monte Carlo simulation is used to predict
the nanocomposite’s reflectance, transmittance, and emittance. In the
solar spectrum, given that the photon wavelength is comparable to the
particle size, the particle morphology and orientation would signifi-
cantly influence the optical properties. Therefore, a 3D FEM simulation
was conducted on a single h-BN nanoplatelet to obtain the optical
properties under different orientations. We focus on three particular
particle orientations, including horizontal, random, and vertical (details
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Fig. 1. First-principles predicted electronic band structure and phonon dispersion of h-BN. a, Electronic band structure, b, Phonon dispersion. The blue-shaded region
represents the wavelength range of the sky window. The black dots are experimental results from Ref. [41].

in Supplementary Materials Section 2 and 3). As for the mid-IR region,
where the particle size is much smaller than the wavelength, the scat-
tering becomes weak, and the discrepancy brought by the morphology
does not affect the properties we are interested in. Therefore, we use the
Mie theory to solve for the input coefficients for higher computational
efficiency. The comparison with FEM simulations is provided in the
Supplementary Materials Section 4. More details on the photon Monte
Carlo simulation are provided in Supplementary Materials Section 5.
The total solar reflectance R, is calculated by:

/;}2 R, G, di
R, = o (2)
[26G,da
where 1 is the photon wavelength, R, is the spectral reflectance and G,
is the spectral solar irradiation. The integration is conducted between
0.28 pm and 2.5 pm.
The sky window emissivity e, is calculated by:

/}f €, E,(A,T) dA
I 3)

Esky = i
[;} Ey(4.T) d2

where ¢, is the spectral emissivity and E,(4,T) is the black body radia-

tion from a surface at room temperature. The integration is conducted

between 8 pm and 13 pm.

3. Results
3.1. Electronic band structure and phonon dispersion

The predicted electronic band structure, as shown in Fig. 1a, in-
dicates that h-BN is an indirect band gap material with a 5.92 eV
band gap. The band gap agrees with experimental data reported by
Cassabois et al. [40] (5.955 eV). Notably, the band gap of h-BN exceeds
the highest photon energy in the solar spectrum (4.13 eV), which
would result in negligible solar absorption. Fig. 1b shows the phonon
dispersion of h-BN, which has a good agreement with experiment [41].
Note that the zone-center optical phonon modes fall nearly outside of
the sky window region, which influences the dielectric response and
will be discussed later.

3.2. Refractive index prediction from first-principles

The predicted refractive index of h-BN in the UV-VIS-NIR region is
shown in Fig. 2, demonstrating a good agreement with the experimental
data [42-44]. Additionally, we include the optical properties of BaSO,
for comparison and find the in-plane (E || c-axis) n of h-BN is higher
than BaSO, in the solar spectrum. Our observation follows the estab-
lished inverse relationship between the optical refractive index and the
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Fig. 2. Refractive index of h-BN in the UV-VIS-NIR region. The in-plane and out-
of-plane n of h-BN are shown as green and red lines, respectively. Experimental data
from Grudinin et al. [42] (black), Segura et al. [43] (dark blue) and Lee et al. [44]
(gray) are provided for comparison. The in-plane and out-of-plane experimental data
are shown as diamond and square dots, respectively. The n of BaSO, [26] is provided
for comparison.

material’s band gap [45], as the band gap of BaSO, (7.6 eV [46]) is
higher than that of h-BN. The high » of h-BN is beneficial for enhancing
photon scattering, which is favored in improving solar reflectance.
Additionally, it was noted that the in-plane »n of h-BN is higher than
the out-of-plane (E L c-axis) value, attributed to the stronger polar-
izability arising from strong intralayer covalent bonds compared to
weaker interlayer Van der Waals forces. This also makes it beneficial to
orient the nanoplatelets perpendicular to the incident sunlight direction
(horizontal orientation in the later paragraph), which would lead to a
stronger scattering of sunlight.

In the mid-IR spectrum, the calculated n and « also match the exper-
imental results [42-44], as shown in Fig. 3. Notably, in the sky window
region, the x value is much smaller than BaSO,4. This is attributed
to the frequency, damping factor, and oscillator strength of phonon
resonances in both materials (see the exact values in Supplementary
Materials Section 6). For h-BN, the two IR-active phonon modes have
small damping and large LO-TO splitting, which lead to strong reso-
nances and high peaks in k. However, since neither of these modes falls
between 8-13 pm, the x remains small within the sky window. On the
other hand, BaSO, has multiple phonon modes within the sky window,
with high damping factors and low oscillator strength. This leads to a
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Fig. 3. Refractive index of h-BN in the mid-IR region. The n and « in in-plane and
out-of-plane directions are shown as green and red lines, respectively. Experimental
data from Giles et al. [47] (blue) and Salihoglu et al. [48] (black) are provided for
comparison. The in-plane and out-of-plane experimental data are shown as diamond
and square dots, respectively. The simulated » and x of BaSO, [26] are presented for
comparison.

higher x than h-BN in the sky window which enhances absorption. We
also studied the contribution of phonon renormalization on h-BN and
found it to be negligible, as demonstrated in Supplementary Materials
Section 7.

3.3. Spectral optical response of nanocomposites from photon Monte Carlo
simulation

Next, we use the Monte Carlo method to predict the spectral optical
response of the nanocomposite, as illustrated in Fig. 4. For the solar
spectrum, the predicted solar reflectance of h-BN-acrylic nanocompos-
ite with random particle orientations is 96.4%, which agrees well with
the experimental result (97.9%). The small discrepancy is due to the
air voids found in the nanocomposite, which are not included in this
model. A comparably high solar reflectance between h-BN and BaSO,-
acrylic nanocomposite (96.4% vs. 98.1%) was observed, while h-BN
achieves such performance with a much thinner thickness (150 pm vs.
400 pm) due to its higher » value enhanced scattering.
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Fig. 4. Reflectance and absorptance of h-BN-acrylic nanocomposite. The experi-
mental results from Ref. [14] and our simulations are shown in dash and solid lines,
respectively. The scaled AM1.5 solar spectrum [49] (pink shaded area) and the clear
sky atmospheric transmittance in the mid-IR region [50] (blue shaded area) are plotted
for reference. The experimental data for BaSO, is from Ref. [13] and is plotted for
comparison. In the subfigure, we compare the solar reflectance of random particle
orientation with cases where nanoplatelets are placed parallel and perpendicular to
the paint upper surface, named horizontal and vertical in legend, respectively.

We also studied the effect of the orientation of h-BN nanoplatelets,
as shown in the subfigure of Fig. 4. The solar reflectance reaches the
maximum when all the particles are oriented horizontally. When the
particles are randomly oriented, the solar reflectance slightly decreases
but remains largely unaffected. In contrast, the reflectance drops sig-
nificantly when the particles are fully oriented vertically. This behavior
can be attributed to the angular-dependent optical properties of indi-
vidual particles, as shown in Fig. 5. Since the horizontal orientation
has both the highest scattering coefficient and the highest asymmetry
parameter, it has the largest backscattering effect, while the vertical ori-
entation has the least backscattering. However, due to the saturation of
scattering effects, making the nanoplatelets more horizontally aligned
yields diminishing returns. As the scattering coefficient rises, the in-
cremental gain in reflectance decreases (see Supplementary Section 8).
Since the scattering coefficient at random orientations is quite high
already, additional horizontal alignment does not significantly enhance
reflectance, as most incident photons are already scattered effectively.
This explains why the solar reflectance of the horizontal orientation
shows only marginal improvement over the random case. It implies
that even if not all the particles are oriented in the optimal way, h-
BN nanoplatelets can achieve high reflectance. Our conclusion holds
particularly true for nanocomposites with high h-BN concentrations and
sufficient thickness. In weight-sensitive applications requiring thinner
coatings, optimal particle orientation can still enhance reflectance by
up to 10% (see Supplementary Materials Section 9).

In the mid-IR region, our simulation shows a sky window emis-
sivity of 0.84, closely matching the experimental result in Ref. [14]
(0.83). The discrepancy in the spectral emissivity could stem from
the defect and impurities in the h-BN nanoplatelet and neglecting the
air pores, which would further enhance the scattering and increase
the absorption. Note that since the infrared measurement of h-BN-
acrylic paint was performed on a reflective aluminum substrate to
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avoid any undesired overestimation of the emissivity due to absorption
by the substrate, our simulations assumed the bottom layer to be
aluminum for simulations in the mid-IR region. The emissivity values
we reported should be considered as a lower bound of the actual
performance when painted onto real-world surfaces. When compared
to BaSO,-based paint, the sky window emissivity of h-BN-based paint
is considerably lower (0.83 versus 0.95). This is due to a lower « value
and a lower thickness of h-BN-based paint, which leads to more photons
exiting the nanocomposite without being absorbed. In contrast, once
the photon comes into the medium of BaSO,-based paint, they are
unlikely to leave due to higher x and higher thickness.

4. Discussion

Based on the comparative study between h-BN and BaSO,, we gain
some insights into the atomic and structural characteristics of high-
performance radiative cooling paint pigment. High solar reflectance is
essential for radiative cooling applications. In radiative cooling paint,
solar reflectance primarily relies on photon scattering, which is en-
hanced by the large impedance between the nanoparticles and the
surrounding matrix. Therefore, a high refractive index of the nanopar-
ticle material can significantly enhance the solar reflectance. Besides,
to minimize solar absorption, a material with a band gap exceeding
4.13 eV—corresponding to the highest photon energy in the solar
spectrum—is desirable. Many radiative cooling materials reported in

literature follow these rules, as shown in Fig. 6a. However, increas-
ing the band gap would typically reduce the refractive index [45].
Therefore, identifying materials with both high » and a large band
gap is crucial in the discovery of potential radiative cooling materials.
Based on this rule, we manually search and identify several poten-
tial radiative cooling materials for future investigations, as shown in
Fig. 6b. High-throughput screening and machine learning for material
property discovery would greatly accelerate this process, as shown in
recent works [82-86]. Apart from the material properties, we found
that aligning the nanoplatelet horizontally would also help enhance
the scattering and improve the solar reflectance. However, the effect
can be small compared to random orientations, especially with high
concentrations and sufficient thicknesses such as 150 pm. In addition,
factors such as the nanoparticle sizes and distribution [87] also play
an important role in solar reflectance. Regarding the emissivity, a high
sky window emissivity is favored to maximize the cooling power. A
high value of ¥ would increase the absorption of paint. Achieving such
properties typically requires materials with multiple IR-active phonon
modes with large damping in the sky window. Further work on high-
throughput screening of phonon dispersion and scattering is important
to find high-emissivity materials.

While our multiscale multiphysics framework provides valuable
insights, there are a few limitations to our work. The neglect of air
pores within the nanocomposite may introduce discrepancies between
predicted and experimental results, as air pores can influence additional
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scattering. Additionally, although the assumption of an effective scat-
tering medium with homogeneous optical properties has been demon-
strated to agree with experiments, a direct Monte Carlo simulation
tracking the exact positions of scatterers could provide better accuracy.

5. Conclusion

In conclusion, our work employs a multiscale multiphysics sim-
ulation approach to predict the radiative cooling performance of h-
BN-based nanocomposites. Starting from h-BN atomic structures, we
conduct electronic transition and phonon dynamics calculations to
predict the dielectric response of h-BN in the solar spectrum and
mid-IR regions. We then calculated the optical properties of a single h-
BN anisotropic nanoplatelet, including the angular dependency in the
solar region for the first time. Incorporating the photon Monte Carlo
calculation enables us to evaluate the solar reflectance and sky window
emissivity of h-BN-based nanocomposites. The predictions are in good
agreement with the experiment. We further highlight key characteris-
tics in the design of high-performance radiative cooling materials. Our
computational framework is a useful approach for the future devel-
opment of efficient radiative cooling paint, contributing to significant
energy savings and carbon footprint reduction and supporting global
sustainability efforts.
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