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Colored and paintable bilayer coatings with high
solar-infrared reflectance for efficient cooling

Yijun Chen?*, Jyotirmoy Mandal'*, Wenxi Li3, Ajani Smith-Washington®, Cheng-Chia Tsai',
Wenlong Huang', Sajan Shrestha', Nanfang Yu'?, RayP.S. Han?, Anyuan Cao?, Yuan Yang't

Solar reflective and thermally emissive surfaces offer a sustainable way to cool objects under sunlight. However,
white or silvery reflectance of these surfaces does not satisfy the need for color. Here, we present a paintable
bilayer coating that simultaneously achieves color and radiative cooling. The bilayer comprises a thin, visible-
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absorptive layer atop a nonabsorptive, solar-scattering underlayer. The top layer absorbs appropriate visible
wavelengths to show specific colors, while the underlayer maximizes the reflection of near-to-short wavelength
infrared (NSWIR) light to reduce solar heating. Consequently, the bilayer attains higher NSWIR reflectance (by 0.1
to 0.51) compared with commercial paint monolayers of the same color and stays cooler by as much as 3.0° to
15.6°C under strong sunlight. High NSWIR reflectance of 0.89 is realized in the blue bilayer. The performances
show that the bilayer paint design can achieve both color and efficient radiative cooling in a simple, inexpensive,

and scalable manner.

INTRODUCTION

Cooling terrestrial objects, such as buildings, vehicles, and data cen-
ters, is a critical challenge that we face today. However, cooling is often
energy intensive, as predominantly used compression-based coolers
consume a a substantial amount of electricity. For example, cooling
indoor spaces contributes to ~15% of total household electricity usage
in the United States (I). Moreover, these cooling designs have a net
heating effect and often require ozone-depleting or greenhouse gas-
releasing coolants. Hence, alternative approaches with low energy
consumption and a net cooling effect are desirable (2, 3).

One such promising alternative is radiative cooling using surfaces
with high solar reflectance (Rsol,r) and high emittance (e) including
in the long-wavelength infrared (LWIR) atmospheric transmission
window. The high R,y minimizes solar heating, while the high €
enables radiative heat loss to the cold outer space, allowing the object
to stay cool even under sunlight. Because of its passive and eco-friendly
operation and its net cooling effect (4-7), radiative cooling designs
have been widely investigated. Examples of these designs include white
paints (8-10), porous (11) or metallized (12-14) polymers, polymer-
dielectric composites (14-18), photonic architectures (19-22), and
natural materials (23-25). Usually, these designs maximize radiative
cooling by using metal mirrors or white materials with high Rear-
However, their broadband reflectance in visible wavelengths restricts
their use in real-life situations. For instance, white colors are often
not desirable as coatings on buildings or other objects for aesthetic or
functional reasons (26-28). Furthermore, the white or silvery glare
from these designs can harm human eyes. Colored radiative coolers
(CRCs) have been explored to address this issue (29-34). In a CRC,
part(s) of the visible spectrum (VIS; 0.4 to 0.74 um) is selectively ab-
sorbed to exhibit the desired color, while other solar wavelengths, in
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particular, the near-to-short wavelength infrared (NSWIR; 0.74 to
2.5um), are reflected (Fig. 1A). Since NSWIR wavelengths carry 51%
of total solar energy, a high NSWIR reflectance (Rnswir) consider-
ably reduces solar heating. In addition, the cooler also has a high,
broadband e to effectively radiate heat to the cold sky. However, ex-
isting CRCs are limited in either their performance or their scope.
For instance, multilayer photonic CRCs (29, 30) have a high cooling
performance but currently are rather expensive and difficult to apply
on buildings or cars, which have various shapes, sizes, and textures
(35, 36). Colored paints containing TiO, and colorants (31, 34), on
the other hand, are scalable but usually absorb NSWIR wavelengths
to become hot under sunlight. Therefore, simultaneously achieving
color and a cooling performance in a highly scalable manner remains
a challenge.

Here, we report a bilayer CRC paint coating (Fig. 1, B and C) that
consists of a top layer containing a colorant, and an underlayer made
of porous poly(vinylidene fluoride-co-hexafluoropropene) [P(VdF-
HFP)] or TiO,/polymer composite paint. The top layer selectively
absorbs visible wavelengths complementary to the desired color but
not others, while the underlayer maximizes the backscattering of any
sunlight transmitted by the top layer (Fig. 1B). Consequently, the
bilayers exhibit near-identical colors and visible reflectances (Ryis)
to those of commercial monolayer paint, but a considerably higher
Rxswirs as illustrated in infrared images in Fig. 1D. The increased
Rnswir translates to a higher cooling performance and substantially
lower temperatures for the bilayers under sunlight (fig. S1). The per-
formances, especially those of porous P(VdF-HFP)-based bilayers,
are considerably better than the control monolayer coatings made
using commercial paints. The results are among the best reported
so far (29, 30) but were achieved with the simplicity and scalability
of paints. For instance, a black porous P(VdF-HFP)-based bilayer
that we designed has a nearly identical Ryjs (0.07) to that of a mono-
layer black coating (0.05), but a much higher Ryswir (0.81 compared
with 0.30). Consequently, it can attain a 15.6°C cooler temperature
under a mid-day summertime solar intensity of ~1025 W m . Note
that the cooling achieved by the bilayer designs is not relative to the
ambient air as targeted by white or silvered radiative coolers but to
commercial paint coatings of the same color.
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Fig. 1. Bilayer CRCs for enhanced NSWIR reflectance. (A) Enhancing reflectance in the NSWIR, while maintaining the visible reflectance spectrum, can minimize solar
absorption for efficient radiative cooling in colored coatings. (B) Schematic illustrating the interaction between sunlight and thermal radiation with the paintable bilayer
design. A selective reflection in the visible spectrum yields color, while a high Ryswir reduces solar heating, and high thermal emittance, including in the LWIR window,
maximizes radiative cooling. (C) Photographs showing a bilayer (left) and monolayer (right) painted on plastic substrates. (D) Visible (left) and NSWIR photographs (right)
of four differently colored pairs of P(VdF-HFP) bilayer and monolayer coatings. In visible wavelengths, their colors are almost identical, but in the NSWIR, the bilayers are
substantially more reflective (whiter). Photo credits: (C) J.M., Columbia University; (D) S.S., Columbia University.

RESULTS

Principle of the bilayer design

To simultaneously achieve color and cooling performance, a surface
should maximize its Ryswir to minimize solar heating and have a
high, broadband thermal emittance € required for efficient heat loss
to the sky. Commercial colored paint coatings already fulfill the emit-
tance requirement—since solar absorption of colored coatings usually
results in above-ambient temperatures, their high broadband emit-
tance (37) (fig. S2) is better suited for cooling than selective LWIR
emittance (6, 18). However, their solar reflectance remains less than
ideal. In existing monolayer paint designed for cooling, pigments or
dyes are used to absorb visible light complementary to the target color,
and TiO; particles scatter and reflect other visible and NSWIR light
because of the difference in refractive indices between TiO, and the
paint matrix (e.g., polymers). Since NSWIR light, with its longer wave-
lengths, has a considerably larger penetration depth than visible light
(fig. S3), the paint needs to be thick to effectively reflect NSWIR, much
thicker than that required for reflecting visible light. However, this
leads to an issue that increases the absorption of NSWIR light as fol-
lows. Since colorants (dyes or pigments) typically have at least a trailing
NSWIR absorptivity (Fig. 2C), the scattering of NSWIR lights across
the entire thickness of the monolayer paint substantially lengthens
their optical path and results in an increased absorption in NSWIR.
Finite-difference time-domain (FDTD) simulations show that when
dispersed within a scattering medium (dyed monolayer in Fig. 2D),
these colorants can still strongly absorb NSWIR wavelengths because
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of long optical paths of scattered light, lowering Ryswir (Fig. 2A and
the monolayer curve in Fig. 2E).

The bilayer design in Fig. 2B, with a thin colored layer atop a thick
solar-scattering and nonabsorptive underlayer, can address this prob-
lem. Since the top layer is thin (Fig. 2D) and scattering of NSWIR light
by the colorant is weak (if the colorants are nanoparticle pigments
<50 nm) or negligible (if they are dissolved dyes), light in the NSWIR
wavelengths are transmitted, along short optical paths and without
substantial absorption, into the underlayer. Once in the solar-scattering
and nonabsorptive underlayer, the NSWIR light is strongly backscattered
into the top layer, through which they pass, mostly unimpeded, back
into free space, resulting in a high Ryswir. Furthermore, the thin top
layer has the same concentration of colorant and composition as the
conventional monolayer with the target color. Although much thinner
than the monolayer coating, it still has enough thickness to ensure a
strong absorption of visible wavelengths complementary to the target
color, while other wavelengths are reflected by either itself or the solar-
scattering underlayer. This ensures that the bilayer appears almost
identically colored as the monolayer while attaining a higher solar-
infrared reflectance.

The bilayer concept is validated by FDTD reflectance simulations
of bilayer (5-um colored top layer +145-um porous polymer under-
layer) and monolayer (150-um colored porous layer) coatings (Fig. 2D).
The colored layer contains a selective black dye in polymer. The com-
plex refractive index of the dyed polymer is shown in Fig. 2C. As sim-
ulated, the bilayer design achieves a near-identical Rys and, thus,
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Fig. 2. Principle of the bilayer design. (A and B) Schematic showing the interaction of sunlight with monolayer (A) and bilayer (B) coatings, respectively, and how the
latter achieves a higher reflectance. (C) Complex spectral refractive index (n + ix) for a polymer containing a selective black dye, showing strong absorption in the visible
wavelengths and trailing absorption in the NSWIR wavelengths. (D) Schematic showing the three simulated setups: (left) a solar-scattering porous polymer, (middle) a
monolayer of dyed porous polymer with the refractive index in (C), and (right) a bilayer containing the scattering medium at the bottom and a thin film of the monolayer

at the top. (E) Simulated reflectances of the three structures in (D).

color as the monolayer. However, its Ryswir (0.48) is considerably
higher than the monolayer’s (0.29), leading to a large reduction in
solar heating (Fig. 2E). The overall effect is enhanced cooling and
same color as the monolayer, with lowered colorant usage.

Comparison with commercial paint monolayers

In this report, we compare the bilayer design concept with monolay-
er commercial paints of the same colors, which were both fabricated
by a simple painting method (fig. S4). Specifically, we investigate two
types of solar-scattering underlayers. One is 500-pum-thick layers of
~50% porous P(VAF-HFP), which contains interconnected micro-
and nanopores (Fig. 3A), leading to highly efficient backscattering of
sunlight. The other is 250-um nonporous TiO,-based white paint
coating, which is the commercial radiative cooling standard. The
solid volume per area in the two samples are the same. To ensure a
fair comparison (i.e., near-indistinguishable visible appearance), the
same thickness of commercial colored paints (55/16/40/40 um for
black/blue/red/yellow) is applied as top layers on the P(VdF-HEFP)
and TiO; underlayers. The bilayers are then compared against mono-
layers made from the same commercial paints, which, being TiO,
based themselves, are made to have the same thickness as the TiO,-
based bilayer.

When compared with commercial monolayer paints, the two bi-
layer designs show near-identical colors but substantially higher val-
ues of Ryswir- As shown in Fig. 3 (C to F), the visible spectra for the
mono- and bilayers of each color are closely matched, leading to sim-
ilar CIE x and y chromaticity values and small lightness differences
(Fig. 3B, fig. S5, and table S1). In the NSWIR, however, the reflectances
are substantially higher for the porous P(VdF-HFP)-based bilayers,
followed by that of the TiO,-based bilayers. Specifically, Ryswir in-
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creases from 0.43/0.74/0.69/0.30 in black/blue/red/yellow commercial
monolayers to 0.58/0.79/0.80/0.73 for TiO,- and 0.63/0.84/0.86/0.81
for porous P(VdF-HFP)-based bilayer coatings, respectively (Table 1).
These large enhancements are consistent with the theory stated in the
previous section and simulation results. The difference between the
porous P(VAF-HFP)- and TiO,-based bilayers, meanwhile, is mainly
due to the superior NSWIR scattering by the large micropores of P(VdF-
HFP) compared with those by small TiO, pigments, as demonstrated
in our earlier work (11). Porous P(VdF-HFP), therefore, is a good
choice as the underlayer. We also tested the specularity of the porous
P(VdF-HFP)-based bilayer coatings (figs. S6 to S9). The results indi-
cate that reflections from the coatings are highly diffused. This and
the lower Ryg relative to silvery or white coatings show that the col-
ored bilayer design could help address glare issues.

In addition to the high Rnwsir, the bilayer designs also have high
thermal emittances (Table 1 and fig. S10) due to the intrinsically
emissive nature of the polymers in the top layer and underlayer. The
emittance of the underlayers, colored top layers, and bilayers are pres-
ented in fig. S11 and table S2, showing that the colored top layers,
which are partially transparent but otherwise emissive, and the un-
derlayers, which are highly emissive, collectively exhibit similar emit-
tances to commercial paints (as exemplified by the TiO, underlayer).
This, along with the high Rnswir, makes the bilayer a superior cool-
ing design relative to monolayer paint coatings.

The enhancements in Ryswir achieved through the bilayer ap-
proach lead to better daytime cooling performances. We demonstrate
this by exposing the bilayer and monolayer samples in Fig. 3 (C to F)
to direct sunlight (Fig. 4, A and B). To test the cooling performance in
a controlled and consistent environment with similar air convection
coefficients, we used solar and infrared transparent 25-um-thick
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Fig. 3. Structural and optical characterizations of bilayer colored cooling paints. (A) Optical microscopy (top) (scale bars, 20 um) and scanning electron microscopy
(bottom) (scale bars, 5 um) images of red porous P(VdF-HFP) bilayer, TiO, bilayer, and monolayer coatings. (B) The chromaticity of the black, blue, red, and yellow cooling
paints shown in the CIE 1931 color space; the inset shows the enlarged view of the chromaticity values of the yellow coatings, indicating a near-identical color. Detailed
chromaticity values of the black, blue, red, and yellow coatings are shown in fig. S5. (C to F) The reflectance spectrum of black (C), blue (D), red (E), and yellow (F) cooling
paints, respectively. Inset photos in (C) to (F) show from left to right porous P(VdF-HFP)-based bilayer, TiO,-based bilayer, and monolayer paints, showing near-identical

colors. Photo credit: (A) C.-C.T., Columbia University.

Table 1. The reflectance values of the colored coatings in visible (0.4 to 0.74 pm; Ry;s) and NSWIR wavelengths (0.74 to 2.5 pm; Ryswir), and the
broadband solar reflectance (0.4 to 2.5 um; R,,a;) and absorptance (0.4 to 2.5 pm; Ay,ay), as well as the broadband emittance (e across 5- to 15-pm
wavelengths). P, T, and M correspond to the porous P(VdF-HFP)-based bilayer, TiO,-based bilayer, and monolayer, respectively. Since the emittance is nearly
constant across the 5- to 15-um wavelengths, the selective LWIR emittance is nearly identical to the broadband emittance, as shown in table S3.

Black Blue Red Yellow
Sample
P T M P T P T M P T M
0.07 0.06 0.05 0.17 0.17 0.15 0.39 0.38 0.35 0.59 0.58
0.81 0.73 0.30 0.63 0.58 0.43 0.84 0.79 0.74 0.86 0.80
0.44 0.39 0.17 0.40 0.37 0.29 0.61 0.58 0.54 0.72 0.69 0.61
€ 0.95 0.95 0.96 0.95 0.95 0.95 0.95 0.95 0.96 0.95 0.96 0.96

poly(ethylene) (PE) films to shield the setup, as has been done in pre-
vious studies (20, 25).

For the extreme case (the black samples), because of the large
contrast in Ryswir [0.81 for porous P(VAE-HFP) bilayer, 0.73 for
TiO; bilayer, and 0.30 for monolayer; Table 1], the porous P(VdEF-
HFP)- and TiO,-based bilayers remain 15.6°C and 13.2°C cooler than
the monolayer under ~1025 W m™? solar irradiation (Fig. 4C). For
blue/red/yellow colors, on the other hand, the porous P(VdF-HFP)-
and TiO,-based bilayers remain 6.6°C/3.0°C/7.3°C and 4.3°C/1.8°C/
5.2°C cooler than the monolayer commercial paints (Fig. 4, D to F),
respectively. These large temperature differences are consistent with
theoretical simulations (fig. $12), assuming a convective heat transfer
coefficient (1) of ~5to 7 W m > K ™! observed in the literature (20, 36).
We also conducted tests without PE convection shields. Even with
larger convective effects, the black/blue/red/yellow bilayers were still
6.4°C/3.4°C/2.6°C/4.5°C [porous P(VAF-HFP)] and 4.6°C/1.9°C/1.5°C/
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3.8°C (TiO,) cooler than the monolayer coatings (fig. S13), indicating
their performance under breezy conditions. In certain situations,
where the solar intensities are sufficiently low, light-yellow bilayers with
high solar reflectances achieved subambient cooling (fig. S14). These
results demonstrate that the bilayer design, especially based on porous
P(VdAF-HFP), is attractive for reducing temperatures and air-condi-
tioning costs in buildings, cars, and other terrestrial objects. From a
practical perspective, the performances are achieved with a simple
painting process while satisfying the aesthetic requirement for color.

DISCUSSION

Pushing the bilayer performance

While the above demonstration shows the superior optical and
thermal performance of the bilayers over monolayers, commercial
paints are not necessarily ideal as top layers, as they usually contain
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Fig. 4. Outdoor temperature tests of the colored cooling paints. (A and B) Schematic and photograph of the setup for the temperature tests under sunlight. (C to
F) Detailed solar intensity (top part of the y axis) and temperature (lower part of the y axis) data in the outdoor tests of the black (C), blue (D), red (E), and yellow (F) cooling
paints, respectively. As evident, for all colors, the P(VdF-HFP)-based bilayers are the coolest, closely followed by the TiO,-based bilayers. Both bilayers are substantially

cooler than the monolayers. Photo credit: (B) Y.C., Columbia University.

colorants that are NSWIR absorptive and, often, pigments that scat-
ter and absorb NSWIR wavelengths. The ideal top layer should ex-
hibit highly selective visible absorption where required and minimal
scattering of NSWIR wavelengths. The highly selective visible ab-
sorption has been widely studied, including dielectric film-coated
metal flakes as pigments by Smith et al. (32, 33) and a comprehen-
sive investigation of pigments by Levinson et al. (38, 39); minimal
NSWIR scattering can be achieved by using small pigments (with
sizes <100 nm) or organic dyes dissolved in polymers. Figure 5A
shows an illustration of this concept where the colorant is a highly
selective blue dye (Sudan Blue II) dispersed in solid P(VdF-HFP)
and the underlayer is a porous P(VdF-HFP) film, which has a high
Rnswir of 0.89. This performance is also much higher than the bi-
layer with commercial blue top layer (Ryswir of 0.63). If Ryjs are
the same in the two coatings, the large Ryswir could reduce noon-
time (Isolar = 1000 W m™2) surface temperatures by 12°C under
still air (he = 5 W m 2 K™') or 6°C under mild winds (b = 15 W
m > K™) (fig. S1). The results indicate that optimizing the colored
top layer can further enhance the cooling performance of the bi-
layer design.

Besides achieving different hues through the choice of colorant,
the bilayer design can also achieve different lightnesses or shades for
the same hue. As demonstrated in Fig. 5B, for bilayers with Sudan
Blue colorant, a thin top layer can yield a whitish blue color, while
thicker top layers show a deeper blue. By mixing with Perylene Black,
darker blue-black shades can be achieved. Ryswir, however, remains
appealingly high regardless of the shade (0.86, 0.80, and 0.73 for
three curves in Fig. 5B). In applications where the reduction in glare
while maintaining hue is important, this can be highly useful. The
concept of the bilayer is one that can be generalized to any dye, pigment,
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polymer, or other paint components to achieve specific attributes. For
instance, the pigments in the top layer and the polymer in the under-
layer can be chosen to achieve high stability. We demonstrated this
by placing porous P(VdF-HFP)-based bilayers outdoors or in an
oven at 60°C for 30 days, during which the reflectance and emittance
of the coatings showed no appreciable changes (~0.01 or less; fig. S15).
We note that issues such as potential nighttime condensation of water
on the coatings due to greater cooling performance can be similarly
addressed by using hydrophobic, weather-resistant top layers. Fur-
thermore, the bilayer design can also yield different surface finishes
by use of suitable polymer binders in the top layer (Fig. 5C), which is
difficult for photonic designs. This is important, for instance, to the
automotive industry. We also note that all these attributes can poten-
tially be extended to textiles, on which photonic designs may be dif-
ficult to implement. By dipping white fibers into dye suspensions,
core-shell colored fibers with high solar reflectance may be created
(Fig. 5D). Collectively, these attributes underscore the versatility of
the bilayer design and its potential significance to coatings industries.

A last point, in relation to the paintability of the bilayer design,
is the sensitivity of its optical performance to fabrication parameters.
To test for this, we conducted a sensitivity analysis, investigating fac-
tors such as replicability of the optical performances over repeated
fabrications following the same procedure, changing the composi-
tion of the precursor for the P(VdF-HFP) underlayer, and testing the
effect of altering the thickness of the top layer. Our results, presented
in figs. S16 to S18, show that the optical performances of the coatings
are highly replicable for a given fabrication procedure and that the use
of different compositions of precursors to fabricate the P(VdEF-HFP)
underlayer and varying the thickness of the top layer have minimal
impact on Ryswir and thermal emittance. All the three tests indicate

50f8

0202 ‘T Ael\ uo /Bio’Bewadusios saoueApe//:dny wolj papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

A 1.0
0.8
(0]
206
59
[$]
=
4 04 i Sudan Blue colorant
as top layer
0.2 e Commercial blue paint 7
Vot L as top layer
00 1 1 1
0.5 1.0 1.5 2.0 2.5
c Wavelength (um)

Matte

Glossy

B 1 O T
0.8
(0]
206}
e
(8]
Q0
‘© 04
o —— 20 um top layer
02l ——60 um top layer
’ Mixed with black dye
00 1 1 1 1
0.5 1.0 1.5 20 25
D Wavelength (um)

Fig. 5. Tuning colored top layer in the bilayer cooling paints. (A) Using more selective dye as colorant to further improve the solar-infrared reflectance of the bilayer
sample. (B) Changing the top-layer thickness and mixing Sudan Blue dye with Perylene Black dye to change the color shade of the bilayer cooling paints. The inset photo
shows that the color gets darker after increasing the colored layer thickness from 20 um (left) to 60 um (middle) and adding Perylene Black (right). (C) By using poly(methyl
methacrylate) (PMMA) binder in the top layer, a glossy sheen can be achieved, while with P(VdF-HFP) binder, a matte texture is achieved. (D) The bilayer concept can also
be extended to fibers, which could lead to its potential uses in textiles. Photo credits: (C) J.M., Columbia University; (D) C.-C.T., Columbia University.

the robustness of the fabrication procedure at yielding high cooling
performance.

In conclusion, we propose a simple, inexpensive, and scalable
method to make a paintable bilayer colored radiative cooling coat-
ing, which comprises a top layer to absorb complementary visible
wavelengths to the desired colors, and an underlayer to strongly re-
flect sunlight in NSWIR wavelengths. Theoretical simulations and
optical characterizations reveal that the bilayer design can reduce
solar-infrared absorption by the colorants and thereby achieve a higher
Ryswir than its monolayer counterpart. When compared with con-
ventional colored monolayer paint with the same color, the Rnwsir
is improved by up to 0.51 by using porous P(VdF-HFP) as a solar-
scattering underlayer. As a result, high cooling performances are
achieved, e.g., for the black porous P(VdF-HFP)-based bilayer, a
15.6°C lower temperature than that of the monolayer black coating
was attained under a solar intensity ~1025 W m™2 By changing the dye
components and their amounts, we can further increase Rywsir (€.g.,
to 0.89 for blue) and change color shades of the bilayer paints. The
paintable bilayer designs, which substantially outperform commercial
monolayer paints, demonstrate a practical and efficient solution to
cooling colored objects in a green and energy-saving manner.

MATERIALS AND METHODS

Fabrication of colored cooling paint coatings

The bilayer colored cooler was fabricated via a two-step process (fig. S4):
Porous P(VdE-HFP)- or TiO,-based white underlayer was first painted

Chen et al., Sci. Adv. 2020; 6 : eaaz5413 24 April 2020

on a substrate, and then, a layer containing a colorant was painted
on top. The porous P(VdF-HFP) underlayer was created using a pre-
viously outlined phase inversion method (11): A solution of P(VdF-
HFP) powder (Kynar Flex 2801)/acetone/water with a weight ratio
of 1:8:1 was painted on a plastic substrate to form a white layer with
a thickness of ~500 um. The TiO,-based commercial white paint
(Sherwin-Williams, 636613 High Reflective White) was painted onto
a substrate to form a ~250-um-thick layer. To make the blue, red,
and yellow top layers shown in Figs. 1 to 4, commercial paints (2066-
30 Big Country Blue, 2086-30 Rosy Blush, and 2021-30 Sunshine
from Benjamin Moore, respectively) were used. For black top layers,
Perylene Black (Oakwood Chemical) as the colorant (1 mg ml ™) and
P(VdF-HFP) as the polymer matrix (150 mg ml ™) are dispersed in
acetone to make the paint. The blue top layers shown in Fig. 5 were
made in the same way as black, except that Sudan Blue II dye (Sigma-
Aldrich) was used as the colorant. The monolayer samples were ob-
tained by coating the same colored paints in the bilayer designs onto
poly(methyl methacrylate) (PMMA) substrates, with thicknesses
equal to those of the corresponding TiO,-based bilayers.

Optical characterization

The visible and NSWIR photographs of the samples were taken using
Nikon D3300 camera and NIRvana ST 640 camera, respectively. Mi-
croscopy was performed using the Zeiss Axio Imager.A2m optical
microscope and Zeiss Sigma VP scanning electron microscope. The
reflectance spectra were taken separately in two wavelength ranges:
visible to near-infrared (0.4 to 1.0 um) and near-infrared to LWIR
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(1.0 to 15 um) for incident angles of 30°. In the first range, the re-
flectance was measured using an integrating sphere (model 15200,
Thorlabs) containing a silicon detector and coupled to a high-power
supercontinuum laser (SuperK EXTREME, NKT Photonics) and a
tunable filter (Fianium LLTF contrast). The sample was put inside
the integrating sphere. A calibrated diffuse reflector (item SM05CP2C,
Thorlabs) was used as the reference. In the second range, reflectance
was measured using a gold integrating sphere (model 4P-GPS-020-SL,
Labsphere) coupled with a mercury cadmium telluride detector and
a Fourier transform infrared spectrometer (VERTEX 70v, Bruker). A
gold-coated aluminum foil was used as the reference. The spectra in the
two ranges were then patched to obtain the final reflectance. The
transmission spectra were obtained in the same way, except that the
sample was placed at the mouth of the integrating sphere.

Outdoor temperature measurements

The thermal tests were conducted using the setup (Fig. 4B) in New
York on 23, 26, 27, and 28 June 2019 for blue, black, yellow, and red
samples, respectively. For each color, porous P(VdF-HFP)-based bi-
layer, TiO,-based bilayer, and monolayer samples with and area of
7.5 cm by 7.5 cm were placed in a transparent open-top polycarbonate
box. A low-density PE film was tautly drawn above the samples as a
wind shield to reduce the convective heat transfer without substan-
tially hindering solar and thermal infrared transmission. All sam-
ples were supported by styrofoam, and the box itself was placed on
another large white styrofoam to reduce the heat transfer between
the samples and ground. The temperature of each sample was mea-
sured by a thermocouple pressed to its back face by a black tape,
which also served as a solar absorptive layer. A thermocouple shield-
ed from sunlight was used to measure air temperature in the box.
A pyranometer (Apogee, SP-510) connected to the computer was
placed beside the sample to measure the total (direct + diffuse) solar
intensity.

Reflectance and emittance calculation

The reflectance R is defined as the ratio of the reflected solar inten-
sity within a certain wavelength range (A; to A) to the total incident
solar intensity in the same range, as expressed below

A2
R = jll Isolar(W) R(L) dA

: (1)
J‘;:l Isolaro\f) dh

where Iolar(A) is the ASTM G173-03 global solar intensity spectrum,
and R()) is the sample’s spectral reflectance. Ranges 0.4 to 0.74 um
and 0.74 to 2.5 um correspond to the wavelength range used in
the calculation of reflectance in the visible and NSWIR wavelengths,
respectively.

Similarly, the thermal emittance € is defined as the ratio of the
spectral intensity within a certain wavelength area (A to A;) to that
of a standard blackbody at the same temperature and wavelength
same area, as expressed below

A2
(T (T ) da

A2
fxl Inp(T,A) dh

where I,(T, A) is the spectral intensity emitted by a standard black-
body with a temperature of T, and €(T, 1) is the sample’s spectral
emittance.

)
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Calculating color from the spectrum

Tristimulus values X, Y, and Z are calculated to measure the re-
sponse of human eyes to the light based on the CIE color-matching
functions (40) x(A), 7(A), and Z(A) and the sample’s reflectance spec-
trum R(A) using the formulas below

JIO) RO T(A) d)

X = 100yt dn ©)
o I)RM ()

Y= 00 o dn @
CI0)ROYZ()

£ = 00 oy dn ©

Here, CIE Illuminant D65 spectrum I(A) is used to portray the
standard open-air illumination conditions. The chromaticity is then
specified by the two normalized values (x and y) derived from the
tristimulus values and located in the CIE 1931 color space

X

x=X+Y+Z ©
_ Y
Y X¥Y+Z @

The lightness (L) of the color is calculated by the Lab-XYZ color
space conversion (40)

L:116f(Yln) ~16 (8)

where Y, = 100, corresponding to the CIE XYZ tristimulus value of
the reference white point under Illuminant D65 and
13 }
PRt (S)
S0)= L +41ft><6>3 ©
2
3% ( % ) 29 29

FDTD simulation
FDTD simulations of the structures shown in Fig. 2D were carried
out using FDTD Solutions 8.6.1 software by Lumerical. For the scat-
tering medium, a polymer (n ~ 1.39) (11) with light scattering air voids
(n ~ 1) of sizes 0.1 to 0.5 um was used. The thickness was chosen to
be 150 um. For the dyed monolayer, a 150-pm-thick, optically homog-
enous, nonscattering polymer-dye mixture with the complex refrac-
tive index shown in Fig. 2C, and containing light scattering air voids
with the same size distribution as the scattering medium, was used
instead. The refractive index was generated using a simple Lorentz
oscillator model. The bilayer consisted of 5 um of the dyed monolayer
placed atop of a 145-um solar scattering layer. A plane wave light source
was used, and the spectrally resolved backscattered power and, thus,
reflectance were measured by a monitor placed above the aforemen-
tioned structures. As shown in Fig. 2E, the simulated NSWIR reflec-
tance for the bilayer is indeed higher than that of the monolayer and
validates our bilayer approach.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/17/eaaz5413/DC1
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