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ABSTRACT: The deep space’s coldness (~4 K) provides a
ubiquitous and inexhaustible thermodynamic resource to suppress
the cooling energy consumption. However, it is nontrivial to
achieve subambient radiative cooling during daytime under strong
direct sunlight, which requires rational and delicate photonic
design for simultaneous high solar reflectivity (>94%) and thermal
emissivity. A great challenge arises when trying to meet such strict
photonic microstructure requirements while maintaining manu-
facturing scalability. Herein, we demonstrate a rapid, low-cost,
template-free roll-to-roll method to fabricate spike microstructured
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photonic nanocomposite coatings with Al,O; and TiO, nanoparticles embedded that possess 96.0% of solar reflectivity and 97.0% of
thermal emissivity. When facing direct sunlight in the spring of Chicago (average 699 W/m? solar intensity), the coatings show a
radiative cooling power of 39.1 W/m* Combined with the coatings’ superhydrophobic and contamination resistance merits, the
potential 14.4% cooling energy-saving capability is numerically demonstrated across the United States.

KEYWORDS: nanocomposite, subambient daytime cooling, passive radiative cooling, scalable photonic structure

limate change has severely impacted people’s lives and

the environment. Because of the rising temperature,
approximately 20.3% of electrical energy was used in the
building cooling system for the US residence and commercial
buildings,"”” presenting a challenge toward a sustainable future.
Passive radiative cooling (PRC) materials can mitigate cooling
consumption by delivering wireless access to the cold
thermodynamic resources (~4 K) in deep space.’”'' By
reflecting solar radiation and radiating heat into the cold
universe through the atmospheric transparent window, the
radiative cooling materials can achieve noticeable cooling
energy savings under direct sunlight. The ideal radiative
cooling materials should simultaneously possess high cooling
power, low cost, scalable manufacturing, and contamination
resistance characteristics. Previous research showed that rough
microstructures could achieve high cooling power and
anticontamination because the rough surfaces elevate the
thermal emissivity by creating a gradual refractive index change
and generating a superhydrophobic surface.”'*™"> However,
nontriviality arises when fabricating the desired micro-
structures with low cost and scalability because high mid-
infrared (mid-IR) emissivity requires high-precision control of
the photonic microstructures, where costly and low-yield
microfabrication techniques are generally employed (such as
photolithography and imprinting).”'*~"> Thus, innovative
manufacturing methods need to be developed to fabricate
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these microstructures for large-scale applications, such as
building energy savings.

Roll-to-roll has been an industrial-level process for scalable
and inexpensive thin-film fabrication. Zhai et al. first used the
roll-to-roll method to fabricate flat SiO,/polymethylpentene
nanocomposite film with a silver reflection layer to obtain a
solar reflectance of 96% and a mid-infrared emissivity of 93%.
However, the e-beam metal evaporation silver layer signifi-
cantly increases the manufacturing cost and time.” Zhou et al.
directly coated a flat polydimethylsiloxane (PDMS) layer on
the metal sheet by the roll-to-roll method, which can avoid the
expensive metal evaporation process. However, the perform-
ance and cost were limited by the metal substrate.'® The
common ribbon and spike defects in traditional roll-to-roll
manufacturing inspired researchers to develop a novel scalable
way to fabricate periodical microstructures.’ ™" Specifically,
the positive pressure gradient generated in the downstream
meniscus sows the seeds of the spike “defects” on the
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Figure 1. (a) Schematic of the bilayer nanocomposite microstructure photonic coating fabrication. (b) Spike formation schematic during the roll-
to-roll fabrication process (15 vol % Al,0;/PDMS with relatively low viscosity and low roller speed are utilized for convenient photography, which
is not the final product). (c—e) Bilayer products (26 vol % AL,O;/PDMS—25 vol % TiO,/PDMS) sample. (c) Photonic coating photograph. (d)
Laser confocal picture of the photonic coating surface. (e) SEM picture of the photonic coating with a cross-section view.

surface.”’ ™ These defects can be robustly kept when the
material’s rheological properties are modified by adding
nanoparticles. In this situation, the defects’ peak pitch length
is correlated to material properties (ie., surface energy and
viscosity) and fabrication parameters (i.e., roller radius, roller
gap, and roller speed).”*™>° The optimized spike micro-
structures for high cooling performance can be obtained by
manipulating the embedded nanoparticles and fabrication
parameters. In addition, metal oxide nanoparticles can reflect
sunlight due to the particles’ intense backscattering,”’ =’ which
potentially enhances the daytime radiative cooling power.
Therefore, the modified roll-to-roll manufacturing method
could be a cost-effective candidate for fabricating high-
performance daytime radiative cooling photonic structures on
a large scale.

In this study, we first demonstrated a template-free roll-to-
roll method combined with polymetric nanocomposites to
fabricate photonic spike coatings for daytime radiative cooling
(Figure la—e, Figures S1 and S2, Supporting Information
Section 2 (SI 2)). A bilayer structure comprising Al,O;/
polydimethylsiloxane (PDMS) and TiO,/PDMS enhances the
reflectivity of ultraviolet (UV) light (Figure 2a).>° The
fabricated photonic coatings show a directional emittance in
the mid-IR region of 97.0% and a state-of-the-art substrate-
independent solar radiation directional reflectance of 96.0%
(Figure 2b). The photonic coating generates a subambient
cooling power as high as 39.1 W/m? in the daytime of Chicago
with a 0.125 cloud cover ratio. The building energy modeling
result shows a 14.4% cooling system energy (31.7 GJ/year)
saving capability across the U.S. Compared with the state-of-
the-art radiative cooling materials (Figure 2c, SI 3 and 4,
normalized in the same weather condition based on May 4 in
Chicago, IL), our photonics coating possesses a high solar
reflectivity, thermal emissivity, and cooling power.’”*’!

Besides, the photonic coating possesses superhydrophobic
merit (water contact angle = 156°), promoting contamination
resistance (Figure 2d and Figure S3).

The ideal radiative cooling materials should possess high
solar reflectivity and thermal emissivity. The transparent
PDMS is used for high thermal emission. TiO, and Al,O;
nanoparticles are mixed with PDMS to enhance solar
reflectivity. TiO, is a commercial white painting material
with high reflectivity at a thin thickness due to its high
refractive index (~2.7). However, the TiO, highly absorbs the
UV and blue light due to the 3.0 eV bandgap (413 nm), which
limits the solar reflectivity around 91%.>> Therefore, low-cost
Al,O; nanoparticles are introduced to suppress UV absorptiv-
ity to tackle this challenge.”® The final design of the bilayer
photonic materials is shown in Figures 1a and 2a. The Al,O5/
PDMS is layered on top of the TiO,/PDMS to prevent the UV
absorption of TiO,. Theoretically, larger backscattering
coefficients of the nanoparticles lead to higher reflectivity. To
validate this, the backscattering coefficients of the nano-
particles were calculated by Mie’s theory (Figures 3ab and
Figure S4, SI 6). The selection of 500 nm sized TiO, particles
was based on their strong backscattering coeflicient peak
aligning with the peak of solar radiation at 500 nm. For the 200
nm sized Al,O; particles, they were chosen due to their high
backscattering coefficient in the UV range and improved
processability in PDMS compared to particles of size 100 nm.

Apart from the improved solar reflectivity, we elevated the
thermal emissivity by fabricating the spike microstructures on
the top surface of the coating. The spike microstructures (~30
um lateral length) only had a negligible effect on the solar
spectrum reflectivity according to the rigorous coupled-wave
analysis (RCWA) simulation (Figure 3c) because of the large
mismatch between the wavelength of the incident light and the
structure size (Figure 3c, SI 8). The spike microstructures
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Figure 2. (a) Schematic of the bilayer photonic coating passive radiative cooling, including mid-IR emittance and separately governing the UV
light. The smaller green spheres are AL O;, and larger blue spheres are TiO,. (b) Spectral reflectance and emissivity of the photonics coating
(bilayer, thickness is 300 #m) presenting against normalized ASTM G173-03 reference global tilt solar spectra and a mid-IR transparent window in
Chicago, IL. (c) Comparing the solar reflectance, emissivity, and theoretical cooling power (normalized in the same ASTM G173-03 reference
global tilt solar spectra and weather conditions in Chicago, IL, by MODTRAN) with the state-of-the-art radiative cooling materials record in refs
3—9. (d) Photonic coating’s superhydrophobicity (water contact angle = 156°) and contamination resistance demonstration with a 30° slope (side-

view picture in Figure S3).

create a gradual refractive index change at the air/coating
interface, which enhances the thermal emissivity.3 The
enhancement of the thermal emissivity by the photonic
microstructures was simulated by finite element analysis
(FEA, COMSOL Multiphysics 5.5, SI 9). The FEA
demonstrates that the microstructures significantly increase
the hemisphere emissivity from 70.8% (flat PDMS, f-P) to
87.0% (triangular microstructured PDMS, t-P) in the mid-IR
region (Figure 3d, SI 9). The triangular microstructure also
shows higher emissivity than square and circular topographies
(Figures S9 and S10). Boosted by the strong mid-IR
absorption of Al,O; or TiO, nanoparticles (25 vol % particle
concentration), the emissivity can be promoted further to
92.9% (Figures 3d and S11). The simulation results also reveal
that the higher height and lower peak pitch length (denser) of
the spike lead to a higher emissivity (Figure S12), which guides
our roll-to-roll fabrication.

For cooling energy-saving applications, the radiative cooling
photonic coating materials must be fabricated on a large scale.
The rapid roll-to-roll method fabricates the TiO,/PDMS and
AL,O;/PDMS bilayer photonic coating materials with spike
microstructures by employing viscoelastic fluid instability. The
formation of the spike peaks is described in Figure 1b and
Video S1 (15 vol % AL,O,/PDMS, relatively low viscosity
material, and low roller speed were utilized for convenient
photography; it is not final products). Our previous simulation
research demonstrated that surface energy 7, viscosity 1 (or
complex viscosity #*), roller radius R, roller gap d, and roller
speed U were strongly correlated to the pressure gradient in
the flow direction, which directly led to the formation of the

spike “defects”.”® To demonstrate the effects of 5, U, 7, and R/
d on the final spikes’ peak pitch length (pye), parametric
experiments are conducted with U ranging from 20 to 100 rpm
and R/d from 100 to 320. The 4—24 vol % AlL,O,/PDMS
nanocomposites are prepared for different viscosities. The y
and #* measurement results of the nanocomposites are shown
in Figure 3e,f, SI 10. The parametric roll-to-roll experiment
results demonstrate that the higher # (higher particle content),
U, and R/d would lead to a smaller py;. as shown in Figure 3g
and Table SS. The Capillary number (Ca = nU/y, used to be
the index for predicting the critical point of the roll-to-roll
defect appearance, but the fabrication in this study is far
beyond the critical point) could not fit the viscoelastic fluid
fabrication very well (Figure S15). We propose a novel roll-to-
roll defects coefficient, RDC = ((17/y)/3UR/d)™°%, to fit with
the poue. The pyi. vs RDC result is shown in Figure 3h. A
linear proportion shows that the py,;. decreased as the RDC
decreased.

In the final bilayer products, a flat 25 vol % TiO,/PDMS is
first roll-to-roll fabricated and cured. Then, the top layer is
fabricated on the flat layer by the roll-to-roll method, where 26
vol % AL,O; and 3 vol % SiO, (10 nm, stabilization particles)
are mixed into PDMS to achieve close-boundary viscosity but
with processability. When the U went to 100 rpm and the R/d
went to 320, ~100 um py; is achieved (Figure 1d,e), which is
desired for improving thermal emissivity (Figure 1d,e).

It is necessary to characterize the optical properties of solar
and mid-IR ranges to prove the radiative cooling capability of
the photonic coating. The ultraviolet—visible (UV—vis) and
Fourier transform infrared (FTIR) spectrometers characterize
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Figure 3. (a, b) Nanoparticle/PDMS backscattering coefficients calculation by Mie’s theory (particle concentrations were 25 vol %, “Selected”
marked the particles size in the final product). (a) Al,O; nanoparticles’ average backscattering coefficient and the backscattering coefficient along
the change of the particle diameter and wavelength in the UV range. (b) TiO, nanoparticles’ average backscattering coefficient and the
backscattering coefficient along the change of the particle diameter and wavelength in the solar spectral range. (c) Spike microstructure’s effect on
solar spectral reflectance and the models in the RWAC model. In the legend, “t” is a triangular spike model and “f” is the flat model. (d)
Enhancement results for the mid-IR emissivity by the photonic microstructures simulated by finite elements analysis (FEA, COMSOL); the particle
concentration was 25 vol %. In the legend, P is PDMS. (e) Surface energy components (polar, 73, disperse, 7%, total, 7, = y2 + y2) of the different
ALO; (200 nm) particle concentrations in PDMS (P). (f) Complex viscosity (7*) vs angular frequency. (g) A parametric experiment of the
nanocomposite pastes. Peak pitch length (ppeak) vs roller geometry factor (R/d) and roller speed (U). (h) Peak pitch length vs roll-to-roll defects
coefficient (RDC). (i) Reflectance of a photonic coating sample (t-Al,0;/P-TiO,/P) and other comparing samples on the solar spectrum. (j)
Emissivity of the photonic coating and other comparing samples in the mid-IR (7—14 um) range. In the legend, “t” is spike microstructured

coating, “f” is the flat coating, and “P” is PDMS.

solar reflectivity and mid-IR thermal emissivity, respectively. In
Figure 3i, the UV—vis results show that the bilayer Al,O;/
PDMS-TiO,/PDMS coating overcomes the drawbacks of the
AlL,O;/PDMS (low overall reflectivity, 59.7% with 100 um
thickness) and TiO,/PDMS (high absorption at UV, 91.7%
solar reflectance with 100 pm thickness). A 96.0% solar
reflectivity is achieved, which is comparable with PDMS/
silver.”> The FTIR measurement verified that the spike
structure enhanced the mid-IR emission (Figure 3j). The
97.0% and 96.5% emissivity are obtained from the structured
bilayer Al,O;/PDMS-TiO,/PDMS and the structured TiO,/
PDMS samples, respectively. The referenced materials, flat

TiO,/PDMS and flat PDMS, achieve 95.0% and 93.2%
emissivity, respectively.

To assess the daytime radiative cooling performance of the
sample, a Peltier-based cooling power measurement platform
was established near Lake Michigan in Chicago, IL (Figure
S16). The temperature drop measurement setup was
positioned on a rooftop at Chicago University, Chicago, IL
(Figure S17). The outdoor measurements took place in
Chicago on May 4, 2023. The measurement system depicted in
Figure 4a—c consisted of a Peltier device, a PID controller, a
data acquisition (DAQ) system, a power supply, a thermopile
pyranometer, and a device for measuring the sample
temperature. The theoretical calculations were conducted
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Figure 4. (a) Outdoor cooling power and temperature-drop measurement platforms. (b) Schematic of the Peltier-based measurement platform. (c)

Schematic of the temperature-drop measurement platform. (d) Bilayer photonic coatings cooling power (P

Coohng) measurement result and

theoretical model prediction cooling power (Pcoolingimodel) with corresponding relative humidity (RH), ambient temperature (T,), and solar
illumination (I, average and maximum illumination are I,,, and I,,,,, respectively). (e) Bilayer photonic coatings temperature measurement result
(T,) and model predicted temperature (T,0qq) With corresponding RH, T, and I, (f) Infrared thermal camera pictures of bilayer photonic

coating on the author’s hand.

based on the model proposed by Aili.** For these calculations,
temperature and humidity data were obtained from field test
measurements, the heat transfer coefficient was estimated as 10
W/(m? K), and the cloud cover rate 0.125 was cited from
National Oceanic and Atmospheric Administration’s (NOAA)
National Weather Service (NWC)—Chicago O’Hare Interna-
tional Airport weather record.”> The ALO;/PDMS-TiO,/
PDMS coating demonstrated an average cooling power of 39.1
W/m? from 9:37 AM to 10:45 AM, as determined from the
field test. This value was slightly lower than the theoretical
calculation result of 55.1 W/m?, as shown in Figures 4d and
S18. The deviation between the field test and theoretical
calculation may be attributed to factors such as the estimated
cloud cover rate and parasitic heat loss (heat convection and
conduction) from the test platform. With regard to the
temperature-drop test, the same sample exhibited an average
temperature drop of 5.2 °C, slightly lower than the theoretical
model calculation of 6.2 °C, as depicted in Figures 4e and S18.

The infrared camera image clearly illustrates the excellent
thermal emissivity of the coating, allowing for effective
dissipation of the heat beneath the sample (Figure 4f). To
demonstrate the outdoor UV durability of the coating, one-
year equivalent solar light UV radiation was applied to the
coating continually. The results demonstrated no significant
mechanical strength or optical properties degradation after
one-year equivalent solar light UV radiation (Figures S19 and
$20).

Inspired by the radiative cooling, UV resistance, and self-
cleaning capability, we proposed that the bilayer photonic
coatings can serve as the efficient radiative coatings of the roofs
for cooling energy savings in buildings (Figure Sa). To

quantitatively assess the scale-up impact of photonic coatings
on building cooling efficiency, we utilized EnergyPlus,
incorporating experimentally measured optical properties of
the materials. This allowed us to simulate the potential energy
savings in cooling throughout the year for midrise apartments
across various locations in the United States. Fifteen cities
corresponding to 15 climate zones in the U.S. were chosen to
calculate the cooling energy consumption.”***® Compared
with the baseline, buildings with radiative cooling roofs save
energy up to 6525 GJ/year in Phoenix, which constitutes
11.1% of the year-round cooling energy in the baseline
buildings (Figure Sb). As shown in the cooling energy saving
map (Figure Sc), the cooling materials benefit more in the hot
and dry areas: 54.66 GJ/year in Honolulu (climate zone
number: 1A), 45.1 GJ/year in Austin (2A), 65.24 GJ/year in
Phoenix (2B), and 40.8 GJ/year in Los Angeles (3B). Even if
the temperature and solar radiation are high in these areas, the
radiative cooling materials perform better because they reflect
sunlight nearly perfectly and radiate more heat to the deep
universe. However, the saving amount gradually decreases
when the cooling materials are exposed to the weather in the
cold areas: 9.3 GJ/year in Fairbanks (8) and 14.5 GJ/year in
Duluth (7). It is because the cooling load is small in cold
weather. Because the radiative photonic coating provides all-
day cooling power when space cooling is needed,” by applying
our radiative cooling photonic coatings to rooftops, an
estimated average annual energy savings of approximately
31.7 GJ/year could be achieved across the entire United States.
This accounts for approximately 14.4% of the total cooling
energy consumed throughout the year in the United States.
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In this study, we employed a cost-effective and scalable
approach, the roll-to-roll method, to fabricate high-perform-
ance passive radiative cooling microstructured photonic
coatings. Through careful control of the nanocomposite’s
viscosity and fabrication parameters such as roller gap and
speeds, we successfully generated periodic spike micro-
structures during the roll-to-roll process. These micro-
structures endowed the materials with remarkable properties,
including 97.0% emissivity and strong self-cleaning capability.

To predict the peak pitch length based on the viscoelastic
properties of the materials and fabrication parameters, we
proposed a novel metric called roll-to-roll defect coefficient
(RDC). The photonic coating exhibited an average cooling
power of 39.1 W/ m? under direct sunlight. Leveraging its high
cooling power, scalability in fabrication, and superhydrophobic
characteristics, the coating was proposed as an effective
solution for cooling roofs. Numerical simulations demon-
strated a significant potential for year-round energy savings,
with approximately 14.4% of building cooling energy
consumption in the United States being mitigated.

Furthermore, this fabrication method is adaptable to a wide
range of viscous composite pastes, enabling the scalable
application of photonic coatings. The findings of this research
not only offer a promising platform for expanding the
application of traditional roll-to-roll fabrication but also serve
as inspiration for technological advancements in radiative
cooling materials.
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