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a b s t r a c t

Radiative cooling has recently revived because of its significant potential for saving energy and
combating climate change. Several ultra-efficient particle-matrix cooling nanocomposites such as BaSO4-
acrylic paints have been demonstrated via trial-and-error approaches, but the atomistic characteristics of
their pigments remain elusive. In this work, we use first-principles calculations to predict the full-
spectrum optical constants of BaSO4, and successfully explain the ultra-high reflectance in the solar
spectrum (0.28e2.5 mm) and simultaneously high normal emittance in the sky window (8e13 mm)
observed in previous experiments. Efficient radiative cooling pigments require high refractive index n
and low extinction coefficient k in the solar spectrum. However, our results show that they cannot be
tuned independently, but are both tied to the electronic band gap. Eliminating k would require a high
band gap, which would yield low n, creating a dilemma to address for radiative cooling. By systematic
comparison, we show that BaSO4 outperforms the commonly used a-quartz (a-SiO2), and we identify
two pertinent characters of BaSO4: i) Although the band gap of BaSO4 is high enough to eliminate solar
absorption, it is also moderate enough to enable reasonably high refractive index for strong scattering,
and ii) BaSO4 has complex crystal structure and appropriate bond strength that yield a high number of
infrared-active zone-center optical phonon modes in the Reststrahlen bands, and these modes show
strong four-phonon scattering which is a previously unknown mechanism that contributes to the high
emissivity in the sky window. Our first-principles approach and physical insights pave the way for
further search of efficient radiative cooling materials.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Radiative cooling is a passive cooling technology that has
received tremendous attention recently, due to its promise of not
only saving energy but also combating climate change, since it
sends off the heat to space rather than leaves heat on the earth.
Many materials have been explored for cooling of buildings [1],
solar cells [2], power plants [3], harvesting dew water [4], and
desalination [5], etc. Ideal materials for radiative cooling should
have high reflectance (low emissivity) in the solar spectrum and
an@purdue.edu (X. Ruan).
high emissivity in the sky window region [6e9]. As such, designing
radiative cooling materials or devices with tailored spectral prop-
erties has attracted significant research interest. Since 1960s,
radiative cooling has been pursued [10e13]. In particular, a TiO2
paint-aluminum substrate dual-layer showed full daytime below-
ambient cooling during a winter day [11], but the solar reflec-
tance primarily comes from the metal substrate instead of the paint
itself, hence substrate-independent cooling was not demonstrated.
Moreover, fabricating polymer-based metamaterial or composites
have been extensive explored such as coating the reflective metal
with thin layer polymer (e.g. polyvinyl fluoride [10], poly-
phenylenoxid [14], or polymethylpentene [15]) andmixing infrared
transmitting polymers with nanoparticles (e.g. SiC or SiO2 [16] and
TiO2 [17]). In addition, engineering-based structure geometric
technologies have also been employed for designing radiative
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devices, for instance, manipulating the zenith angle of the radiative
cooling surface [18], adopting inverted mirror cone [19], infrared
reflective trough for concentrated radiative cooling [20], etc. In the
last decade, the interest in radiative cooling was renewed [16]. Full
daytime radiative cooling was achieved in nanophotonic multi-
layers [21], and subsequently in other non-paint approaches
including polymer-metal dual layer [22], silica nanocomposite-
metal dual layer [23], silica-metal dual layer [24], metamaterial
[25], visibly transparent radiative cooler [26], nanoparticle mixture
coating [27], silica-coated porous anodic aluminum oxide [28], and
delignified wood [29]. Meanwhile, the cooling paint approach has
occurred to predict full daytime radiative cooling theoretically
[30e32], and full daytime cooling has been experimentally
demonstrated in porous polymers [33] and commercial-like CaCO3-
acrylic and BaSO4-acrylic paints [34e36], providing a viable radi-
ative cooling solution. The paints approach has used large elec-
tronic band gaps in CaCO3 and BaSO4 to eliminate the solar
absorption and used 60 vol% concentration and hierarchical parti-
cle size to maximize scattering of the solar spectrum. In particular,
the BaSO4-acrylic paint shows an ultra-high solar reflectance of
98.1% and sky-window emissivity of 0.95, which enable net cooling
power of > 100 W/m2 under direct sunlight [34,36].

However, the pursuit of these efficient particle-matrix paints
has been via trial-and-error process. The atomistic structural
metrics that lead to ultra-efficient radiative cooling paints such as
the BaSO4-acrylic paint [34,36] are lacking. Overall, to achieve
highest possible solar reflectance, one prefers high reflective index
n and zero extinction coefficient k in the solar spectrum. It is known
that the conventional pigment TiO2 offers high refractive index
which provides strong scattering, but it absorbs UV light due to its
insufficient band gap. Therefore, a larger band gap of the filler is
needed to eliminate solar absorption, such as SiO2, CaCO3, and
BaSO4. However, their refractive index is lower than that of TiO2
and the scattering will be weaker, hence is it really the band gap
larger, the better? There appears a dilemma between increasing the
reflective index and eliminating the extinction coefficient. It is also
known that resonant vibrational modes are needed to enable high
emissivity in the sky window. However, questions are open on how
their linewidth features and mechanisms may affect the cooling
performance. Nevertheless, the optical constants of most solids
including BaSO4 are neither known experimentally or theoretically
in the literature, but crucial to understand their radiative cooling
capability. Answering these questions call for predictive ap-
proaches and physical insights, to understand their performance
and facilitate the design of better radiative cooling paints in the
future.

In this work, we illustrate the effectiveness of combining first-
principles calculations and Monte Carlo simulations to predict
and understand the high performance of radiative cooling mate-
rials. We uncover the optical constants of BaSO4 and quantitatively
explainwhy it is a better radiative cooling material than SiO2 that is
the state-of-the-art [6,9,16]. The dielectric function of BaSO4 in both
solar spectrum and mid-infrared (mid-IR) region is determined
from first-principles, where the Bethe-Salpeter equation [37,38]
(BSE) and anharmonic lattice dynamics are employed for accurately
describing the photon-electron interactions [39e42] and photon-
lattice absorptions [43e46], respectively. The dielectric function is
then used in Monte Carlo simulations to obtain the transmittance,
reflectance, and emittance (or absorptance) of nanoparticle com-
posites [30,32,47e50]. Our analysis show that since generally the
refractive index is negatively correlated with the electronic band
gap, we cannot tune the refractive index and extinction coefficient
independently, but they are both tied to the band gap. Therefore,
the band gap is the more fundamental parameter we should
consider to weigh the dilemma of increasing n and eliminating k. In
2

the case of BaSO4, although its electronic band gap is known to be
wide enough to eliminate solar absorption [34,36], here we point
out that it is also moderate enough at the same time to enable
reasonably high refractive index for strong scattering. Meanwhile,
its complex crystal structure and appropriate bond strength give a
high number of infrared-active zone-center optical phonon modes
in the Reststrahlen bands, and these modes show strong four-
phonon scattering, which represents a previously unknown
mechanism that contributes to the high emissivity in the sky
window. Our approach and the identified atomistic metrics provide
effective tools and insights to design efficient radiative cooling
paints in the future.
2. Methods and simulation details

We have implemented a first-principles approach to obtain the
dielectric function. In the solar spectrum, photons are absorbed
through electronic transition. By summing all the possible vertical
transitions across the band gap, the imaginary part e00(u) shown in
Eq. (S1) of the dielectric function can be determined based on the
Fermi's golden rule [51,52]. The real part e0(u) of the dielectric
function can be further obtained from e00(u) through Kramers-
Kr€onig transformation [51].

e0ðuÞ ¼ 1þ 2
p
P
ð∞

0

e
00 ðu0Þu0

u02 � u2 du
0; (1)

where P is the principal value of the integral.
In the mid-IR band, the dielectric function is described by the

Lorentz oscillator model [53,54].

eðuÞ
e∞

¼
Y
j

u2
j;LO � u2 þ igj;LOu

u2
j;TO � u2 þ igj;TOu

; (2)

where e∞ is the high frequency dielectric constant, uj is the reso-
nance frequency, j goes over all the IR-active modes, and gj is the
phonon damping factor of the j-th resonance phononmode. LO and
TO denote the longitudinal and transverse optical phonon modes,
respectively. By employing anharmonic lattice dynamics method, gj

(or scattering rate t�1
j ) can be calculated using the harmonic and

anharmonic interatomic force constants (IFCs) from first-principles
calculations [43e46]. We note here that beyond the phonon
damping factor from the standard three-phonon scattering (3ph),
we have found that four-phonon scattering (4ph) is significant,

hence our gj ¼ g3ph
j þg4phj , where g3phj and g4phj are the phonon

damping originating from 3ph to 4ph scatterings, respectively.
All the ab initio calculations are performed based on density

functional theory (DFT) by employing the projector-augmented-
wave (PAW) method [55] as implemented in the Vienna ab initio
simulation package (VASP) [56]. Since the ground state DFT is
known to underpredict the band gap [41,57], here the self-
consistent quasiparticle GW (sc-QPGW) method [41] is used for
more accurate prediction. The second-order IFCs (harmonic) are
extracted from density functional perturbation theory (DFPT) using
Phonopy package [58] while the third-order IFCs are computed
from the finite difference method using THIRDORDER. PY package
[59]. The 3ph scattering damping is calculated using the ShengBTE
package [59], while the 4ph scattering damping is computed with
an in-house code [45,60e63]. Finally, the emittance, reflectance,
and transmittance of a-SiO2- and BaSO4-based nanocomposites are
calculated using our utilized [32] open-source Monte Carlo code
[49] which simulates photon transport in turbid medium. More
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theory and computational details are given in the Supplemental
Material [64]. Importantly, in order to validate our calculations, we
first apply our methodology to a-SiO2 which is a benchmark radi-
ative cooling material with sufficient existing experimental data.
Fig. 2. Dielectric function of a-SiO2 in the wavelength range of 0.05e30 mm at room
temperature. The experimental data in the ultravioletevisible band are taken from
Ref. [69] (black circle dot) while those in the mid-IR region are from Ref. [70] (navy
diamond dot).
3. Results and discussions

3.1. Electronic and phononic band structure

The calculated band structure and harmonic phonon dispersion
for a-SiO2 and BaSO4 are shown in Fig.1, and their atomic structures
and optimized lattice constants are provided in Supplemental
Material, Fig. S1 and Table S1. The calculated band gaps are 8.73 eV
for a-SiO2 (measured value is 8.90 eV [57]) and 7.27 eV for BaSO4
(experimental value is 7.60 eV [65]), which are also depicted in
their band structures as shown in Fig. 1(a)-1(b), respectively. The
prediction-measurement agreement is excellent, laying the foun-
dation of the following dielectric function calculations. Here, we
observe that the band gaps of both a-SiO2 and BaSO4 are higher
than the energy of photons located in the solar spectrum with a
range of 0.49 ~ 4.13 eV (0.28e2.5 mm). As such, it is not surprising
there is no photon absorption in the solar spectrum for both a-SiO2
and BaSO4.

The harmonic phonon dispersions along high symmetry paths
in the first Brillouin zone are shown in Fig. 1(c)-1(d) for a-SiO2 and
BaSO4, respectively. Previously reported phonon frequencies [66] of
a-SiO2 are also presented in Fig. 1(c), with which our predictions
agree. We note that the phonon renormalization at finite temper-
ature is not considered here, since at room temperature it only
needs to be considered for strongly anharmonic materials [44],
which is not the case for the materials used in this work. A key
insight is that we observed more zone-center (q¼ 0) optical modes
in BaSO4 than in a-SiO2 in the sky window region (8e13 mm) as
depicted with blue shaded regions in Fig. 1(c)-1(d). Moreover, ac-
cording to space-group theory analysis [67,68], the irreducible
representations of zone-center optical phonon modes are denoted
with 4A1þ4A2þ8E for a-SiO2 and 11Agþ7B1gþ11B2gþ7B3gþ7Au

þ10B1uþ6B2uþ10B3u for BaSO4, in which the IR-active modes are
Fig. 1. Calculated band structure for a-SiO2 in (a) and BaSO4 in (b), and harmonic phonon di
phonon frequency (black diamond) of a-SiO2 is also presented in (c) for comparison. Indire
zone with K-G in (a) and Y-G in (b) for a-SiO2 and BaSO4, respectively. The wavelength corres
ranging in 8e13 mm is depicted by shaded region with blue color in (c) and (d), for a-SiO2

3

4A2þ8E for a-SiO2 while 10B1uþ6B2uþ10B3u for BaSO4, verifying
that BaSO4 owns more IR-active phonon modes than that of a-SiO2.

3.2. Optical constants from first-principles

The dielectric function is calculated for a-SiO2 and BaSO4, and
the results of a-SiO2 are shown in Fig. 2 to validate against exper-
imental data. As seen, good agreements of the dielectric function
between our calculations and reported data in both solar spectrum
[69] and mid-IR region [70] are achieved, demonstrating the
spersion in (c) and (d) from first-principles, respectively. Experimentally measured [66]
ct band gaps are denoted using green dot at high symmetry point in the first Brillouin
ponding to phonon frequency is presented using blue right-y axis, and the sky window
and BaSO4, respectively.
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accuracy of our predictions. The ab initio identified IR-active
phonon modes and their corresponding values of phonon fre-
quency and damping are provided in Supplemental Material,
Table S2.

The real and imaginary parts of the complex refractive index, n
and k, can be obtained through e ¼ (n þ ik)2, and the calculated
results for a-SiO2 and BaSO4 are shown in Fig. 3(a). Our predictions
on a-SiO2 in general agree well with those reported experimental
data [70,71]. Notably, the n value of BaSO4 is larger than that of a-
SiO2 in the solar spectrum, which would favor stronger solar scat-
tering and reflectance in BaSO4. We identify that it is because in
semiconductors the refractive index is negatively correlated to the
band gap [72]. Meanwhile, both materials' band gaps are large
enough to result in a zero predicted k in the solar spectrum. In
comparison, experiments show a small and negligible k which is
probably due to impurities or defects. In addition, TiO2 has much
higher refractive index than BaSO4, which benefits more scattering
and enables a lower volume concentration of particles than BaSO4.
However, the performance of TiO2 is limited by solar absorption in
the ultraviolet band due to the moderate 3.2 eV electron band gap.
Theoretical studies have indicated that the solar reflectance of TiO2-
acrylic paint is unlikely to exceed 92% [32]. Therefore, TiO2-based
particle paint layer was generally developed for partial daytime
j

j

n T n T

j

j

n

j T

Fig. 3. (a) n and k of a-SiO2 and BaSO4. The experimental data of a-SiO2 in both solar
spectrum [71] (black circle dot) and mid-IR region [70] (navy diamond dot) are plotted
for comparison. n and k of a-SiO2 in (b) and BaSO4 in (c) in the sky window region
(8e13 mm), respectively, by considering only 3ph scattering and both 3ph and 4ph
scattering (3þ4ph) at room temperature.
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subambient cooling except for the noon hours. ZnO has a similar
band gap with TiO2 hence share similar advantages and disad-
vantages. On the other hand, BaSO4 possesses a much larger elec-
tron band gap and will eliminate the UV absorption. Whereas, due
to BaSO4's lower refractive index the volume concentration of the
particles must be much larger to achieve an adequate scattering
coefficient which contributes to the high solar reflectance.
Furthermore, BaSO4 has more IR-active phonon modes which
contribute to a larger emissivity in the transparent portion of the
atmosphere. Al2O3 has an even higher band gap than BaSO4, which
does not offer further benefits but decreases the refractive index. In
the sky window, on the other hand, we find that although the k

peaks of BaSO4 are lower than a-SiO2 in the 8e13 mmband, they are
much broader and produce a more uniformly high k profile. This is
partly due to the fact that BaSO4 owns more IR-active optical
phonon modes than that of a-SiO2 in the sky window, but further,
the effect of 4ph scattering on the phonon damping is non-
negligible for a-SiO2 and even stronger in BaSO4 at room temper-
ature, as shown in Fig. 3(b)-3(c). Therefore, both 3ph and 4ph
scattering should be considered. As seen in Fig. 3(c), 4ph scattering
lowers the k peak magnitudes but significantly broaden the peaks,
providing a previously unknown favorable mechanism for more
uniformly high absorption. In addition, we show that using
phenomenological phonon linewidths does not yield satisfactory
results (Supplemental Material, Fig. S2).

3.3. Reflectance/emittance of nanocomposites from Monte Carlo

Next we investigate the radiative cooling performance in
nanocomposite systems where the micro/nano-particulates are
embedded in polymer. The Mie-theory [32,50,75] is employed to
obtain the scattering properties of single particles and further a
particle bed with size distribution. The properties are given in
Supplemental Material, Fig. S3. Monte Carlo simulations are then
performed to obtain the emittance, reflectance, and transmittance
of nanocomposites consisting of BaSO4 (or SiO2) nanoparticles in an
acrylic matrix. It is worth mentioning that we use the above pre-
dicted n and k from first-principles as the input parameters to
conduct the Monte Carlo simulation without any fitting parame-
ters, indicating that our approach can predict radiative cooling
properties of materials for which optical constants are not available
in the literature. It makes possible the high-throughput screening
of a large number of materials to guide experimental efforts in the
future. To be consistent with the materials parameters in experi-
ments [34,36], here we present simulation results for BaSO4-acrylic
composite with volume fraction of 60%, particle diameter of
398.4 ± 130 nm, and thickness of 400 mm, as shown in Fig. 4(a). The
results are compared to experimental data in the figure, and the
overall agreement demonstrates the accuracy of our predictive
approach based on first-principles calculations and Monte Carlo
simulations. It should be noted that the not exactly well-matched
reflectance/emittance specially in the near-infrared (NIR) region
is mainly attributed to neglecting the effects of the absorbing
polymer matrix in the Monte Carlo simulation. This is because the
calculations use the Lorentz-Mie theory to calculate the spectral
scattering and absorption coefficients, and the Lorentz-Mie theory
does not account for participatingmedia, i.e. matrix absorption. The
polymer matrix absorptance in the NIR cause the oscillations in the
experimental data that the Monte Carlo simulations do not capture.
This has been explicitly demonstrated in our previous work [32].
Importantly, the total solar reflectance is 95.7% for BaSO4 and
higher than 91.8% for a-SiO2, and this is due to the higher refractive
index of BaSO4. We note that the total solar reflectance is under-
predicted (97.5%) as compared to the experimental measurement
(98.1% [36]). The reason why Monte Carlo underpredicts the total



Fig. 4. (a) Predicted reflectance and emittance of a-SiO2-acrylic (red line) and BaSO4-
acrylic (blue line) nanocomposites from Monte Carlo simulation with particle diameter
of 398.4 ± 130 nm, volume fraction of 60%, and film thickness of 400 mm. The BaSO4

results are compared to available experimental data [34,36]. The scaled AM1.5 solar
spectrum [73] (red area) and the clear sky atmospheric transmittance in the mid-
infrared region [74] (blue area) are plotted for reference. (b) Spectral-emittance by
considering 3ph (dashed line) and 3þ4ph (solid line) scatterings in BaSO4-acrylic
nanocomposites with different film thickness h.
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solar reflectance is that the experimentally measured film is a
porous media with air voids in the acrylic-BaSO4 nanocomposites.
The air voids create more specular scattering due to the larger
refractive index contrast from the air to the matrix or the air to the
BaSO4, when compared to the matrix to BaSO4 refractive index
contrast. Our Monte Carlo simulations assume a uniform dispersion
of BaSO4 in a pure acrylic matrix, no air voids, which creates less
specular scattering leading to an underpredicted reflectance. In the
sky window, the total absorptance or emittance of BaSO4-acrylic
nanocomposite is 0.96, which agrees with experimental data, and is
overall larger than the predicted value 0.94 of a-SiO2. This can be
attributed to the more uniformly higher k in BaSO4 in the sky
window than in a-SiO2. The results of thickness-dependent emit-
tance in the wavelength range of 0.25e30 mm are provided in
Supplemental Material, Fig. S4. We further highlight the phonon
linewidth effects originated from 3ph to 3þ4ph scattering on the
sky window emittance at different coating thickness (h), as shown
in Fig. 4(b) as well as Supplemental Material, Fig. S5. Although 4ph
scattering makes a negligible impact on the sky window total
emittance of 400 mm coating film because the film is thick enough
to offset any low spectral k value, it can enhance the total emittance
by ~ 6% compared to 3ph only when h decreases to 10 mm shown in
Fig. S5(b). The impact on the spectral emittance is even more
evident at certain wavelengths in Fig. 4(b). Such enhancement,
which comes from the 4ph scattering-induced broadening of the
extinction index (k) peaks, elucidates a previously unknown benefit
5

of the 4ph scattering process. Future pursuit of radiative cooling
will push to thiner coatings and other materials, and 4ph scattering
should be considered in general. In addition, based on the theo-
retical cooling power calculations (see Fig. S6), the BaSO4 maintains
a consistent ~ 30 W/m2 greater cooling power than SiO2. The
theoretical cooling power calculations further corroborate our hy-
pothesis that BaSO4 is a better candidate material than SiO2 for
radiative cooling applications.

4. Conclusions

We now summarize the comparison between BaSO4 and a-SiO2,
which are both high-performance radiative cooling materials, to
highlight why BaSO4 is a more efficient radiative cooling pigment.
First, although it is known that wide electronic band gap is needed
to eliminate solar absorption, here we show that the band gap of
BaSO4 is also moderate enough to enable reasonably high refractive
index for strong scattering. In fact, since the upper bound of energy
in the solar spectrum is 4.13 eV, we suspect better performance
than BaSO4 is possible in materials with a band gap higher than
4.13 eV but lower than that of BaSO4. Second, BaSO4 has complex
crystal structure and appropriate bond strength that yield a high
number of infrared-active zone-center optical phononmodes in the
Reststrahlen bands, and these modes show strong four-phonon
scattering which is a previously unknown mechanism that con-
tributes to the high emissivity in the sky window. Identifying such
metrics is imperative for screening efficient radiative cooling ma-
terials. Moreover, we have demonstrated a multiscale simulation
strategy combining first-principles calculation and Monte Carlo
simulation to predict the radiative cooling properties of nano-
composites. When coupled with high-throughput search methods,
our approach can efficiently identify the best radiative cooling
materials among the large number of candidates in the future. The
approach and insights may benefit other radiative applications as
well, such as thermal barrier coatings (which also aims at high
reflectance), concentrated solar receiver materials, thermophoto-
voltaic coatings, and variable emissivity coatings for space vehicles.
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