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SUMMARY
Passive daytime radiative cooling (PDRC) can dissipate heat to outer space with

high solar reflectance (R, .,) and thermal emittance (g wr) in the atmospheric
transmission window. However, for the non-contact heat dissipation, besides

the high R, a high infrared transmittance (7iwir) is needed to directly emit
thermal radiation through the IR-transparent coating to outer space. In this

work, An IR-transparent porous PE (P-PE) coating with R.,.,.= 0.96 and 7 wr=
0.88 was prepared for non-contact heat dissipations. Under the direct sunlight
of 860 W m 2, the IR-transparent coating obtained a 4°C lower heater tempera-
ture than the normal PDRC coating under the same condition. In addition, the
spectral reflectance of the P-PE coating after immersing in air or water changed
little, which showed excellent durability for long-term outdoor applications.
These results indicate the P-PE coating can be a potential IR-transparent coating
for non-contact heat dissipations under direct sunlight.

INTRODUCTION

Passive daytime radiative cooling (PDRC) as an innovative alternative cooling technology achieves a cool sur-
face by emitting thermal radiation to outer space and avoiding solar heating without energy input. It can effec-
tively reduce energy consumption through refrigeration (Liu et al., 2021; Mahian et al., 2021; Chen et al., 2020,
Chenetal, 2021a, 2022) and mitigate the urban heat island effect and pollution (Yang and Zhang, 2020; Mandal
etal., 2020; Zhao et al., 2019; Zhong et al., 2021; Raman et al., 2014; Liu et al., 2019). A normal PDRC coating can

achieve a sub-ambient temperature by modifying its surface to have a high solar reflectance (Rsoa;) in the wave-
length of 0.3-2.5 pm to minimize solar heat gain under direct sunlight (Kou et al., 2017; Zhu et al., 2013; Xiang
et al., 2021) and high emittance (g.wir) in the long-wavelength infrared (LWIR) atmospheric transmission win-
dow (Li et al.,, 2020a; Chen et al., 20212a) to directly radiates excess heat to outer space at a temperature of ~3K
(Leroy et al., 2019; Mandal et al., 2018; Zhang et al., 2021a; Zhang et al., 2022).

Remarkable progress has been made recently to achieve PDRC by the normal PDRC coatings (Zhao et al.,
2022; Cheng et al., 2021, Weng et al., 2021; Zhang et al., 2020; Wang et al., 2021). The spectrum manipu-
lations for normal PDRC coatings were realized by various structures (Zhai et al., 2017; Chen et al., 2016; Yu
et al., 2020; Fugiang, 2020). Normal PDRC coatings can efficiently cool the object in direct contact (Zhou
etal., 2019; Huang and Ruan, 2017; Atiganyanun et al., 2018; Li et al., 2020b), while in non-contact heat dis-
sipations, the encapsulated air with a low thermal conductivity between coatings and objects would
weaken the cooling performance. Therefore, a scalable and inexpensive IR-transparent (TLwir) coating is
needed to transfer the infrared thermal radiation through the IR coating and atmospheric window to outer
space, which is suitable for non-contact heat dissipations have been proposed (Kim and Lenert, 2018; Tian

et al., 2021).
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spectrum leading to a high Ryq.,. However, the PEA is usually millimeter thick resulting in an IR-transparent
of less than 80% (A. Leroy et al., 2019). How to balance Ry and 7iwig and make sure the mechanical and
stability performance of the P-PE coating at a small thickness by mixing the high-density polyethylene
(HDPE) and ultra-high molecular weight PE (UHMWPE) is still a challenge for non-contact heat dissipation
applications.

In this work, we firstly theoretically demonstrated the advantages of non-contact heat dissipations by IR-
transparent coating and fabricated P-PE coatings by utilizing the thermally induced phase separation
method. After process parameters optimization, the P-PE coating demonstrates simultaneously high solar
reflectance (0.96) and infrared transmittance (0.88) at a thin thickness of 100 um. After being exposed to the
air and immersed in water, Rqq)a, of P-PE coating still can reach more than 0.95. The thermal measurement
under an averaged solar intensity (Iso1ar) of 860 W m~2 shows that the rubber temperature drops nearly 15°C
with P-PE coating and the cooling performance of P-PE coating is better than that of normal PDRC coating
which only achieves a temperature of 11°C below the rubber, indicating that IR-transparent coatings have a
better heat dissipation performance. In addition, the perfect waterproof and mechanical properties of P-PE
coating would help the coating for long-term outdoor applications.

RESULTS
Principle of non-contact heat dissipations

PDRC shows great interest in outdoor cooling or heat dissipation. Normal PDRC with high Rojor and &.wir
can efficiently cool the object in direct contact (Zhao et al., 2022) While in non-direct contact (such as sun-
shade), the air between the coating and object would block the heat dissipation owing to the low thermal
conductivity of air (0.023 W m~ K.

To enhance the non-contact heat dissipation performance, an IR transparent coating is needed with the
high Reolar and 7uwir (Figure 1A) as lots of objects (such as oxides, minerals, glasses, water, skin, and so
on) have a high thermal emittance >0.4 except for some polished metals with a small emittance <0.4 (In-
cropera and Dewitt, 2002). Compared with the normal PDRC, the object under the IR transparent coating
can emit radiative power through the IR transparent coating to the outer space directly for heat dissipation
(Figure 1B), the ideal spectrum for the IR transparent coating achieves Reojor= 1 and Fiwir = 1. Although in
the normal PDRC (ideal Ryojar= 1 and &.wir = 1), it only emits radiative power to the coating and then trans-
fers to the outer space, which greatly increases thermal resistance (Figures 1D and 1E). Detailed calculation

about the Ryojar, ELwir, and Tuwir can be found in method details.

Simulation of heat dissipation performance

Firstly, the heat dissipation performance based on the IR transparent and normal PDRC coatings is simu-
lated based on the model in Figure 2A. The air is filled between the PDRC coating and the heater for non-
contact heat dissipation. Ideal spectra in Figures 1C and 1E are used for this simulation without special
marks, i.e., ideal normal PDRC: R = 1 for A = 0.3-2.5 um and ¢ = 1 for A > 8 um; IR-transparent coating:
R=1forx=0.3-2.5 um and 7= 1 for A > 8 um. Detailed simulation can be found in method details.

Thermal emittance of the heater in the confined space has a great effect on the heat dissipation perfor-
mance. Increasing the heater emittance would greatly decrease the heater temperature Ty, (Figure 2B).
And the IR transparent coating achieves a lower heater temperature than the normal PDRC coating as
the heating power can be dissipated to outer space directly through the IR transparent coating. For
example, at a heating power of 200 W m~, the heater temperature based on the IR transparent coating
can be 15 and 22°C lower than the normal coating at the heater emittance 0.4 and 0.9, respectively. And
the common objects (such as oxides, minerals, glasses, water, skin, and so on) have a high thermal emit-
tance >0.4 (Incropera and Dewitt, 2002).

When the heat power increases from 100 W m~2 to 1000 W m~2, the heater temperature under the normal
coating increases from 41°C to 164°C, while the heater temperature based on the IR transparent coating
increases from 23°C to 116°C (Figure 2C). The temperature of the normal coating increases rapidly from
23°C to 86°C while the IR transparent coating maintains at ~ 26°C owing to the thermal insulation of the
air layer and the IR transparent (Figure 2D). The simulation results show the IR transparent coating has a
better cooling performance than the normal PDRC coating in the non-contact heat dissipation.
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Figure 1. Principle of the IR transparent coating for non-contact heat dissipations

(A) Schematic diagram of non-contact heat dissipation, such as sunshade.

(B) Heat transfer processes in the ideal normal PDRC with (C) the high Re.; and E.wir to minimize solar heating and emit radiative power to outer space, and
the inner heater emits radiative power to the PDRC coating.

(D) Heat transfer processes in the ideal IR-transparent coating with (E) the high Reoj,r and Tuwir can depress simultaneously heat gain from solar and the heater
can emit radiative power to outer space through the IR transparent coating directly.

Design of infrared-transparent coatings

PE is a potential material used in the IR-transparent coating owing to its low imaginary part k ~ 0 of the
complex refractive index (Smith and Loewenstein, 1975). Inserting nano-sized scatters into PE can effi-
ciently reflect solar radiation while maintaining a high IR transmittance owing to the little IR scattering abil-
ity of nano-sized scatters and the little IR absorptance of PE. However, a thickness of 300-500 pum is usually
needed to achieve a high solar reflectance (Li et al., 2020b; Mandal et al., 2018; Ma et al., 2021; Zhang et al.,
2021b), which is too large for the IR-transparent coating and would weaken the IR transmittance. The key
issue for IR-transparent coatings is to achieve high solar reflectance at a small thickness (such as ~ 100 pm).
Here the P-PE coating as the IR-transparent coating is prepared using paraffin oil to mix the high-density PE
(HDPE) and ultra-high molecular weight PE (UHMWPE) and then the cooled mixture is melt-pressed to form
thin films. Finally, the P-PE can be achieved by extracting the paraffin oil with ethanol. Detailed preparation
information can be found in method details.

Based on the Mie scattering theory, the nanopore size and density strongly determine the scattering
ability or reflectivity of the porous structure in the solar spectrum (Chen et al., 2021b), which can be tuned
by changing the mass ratio of HDPE and UHMWPE (mpppe/ Munmwee), and the paraffin oil mass concen-
tration (wo;) (Leroy et al., 2022; Peng et al., 2018). It can be found that the value of myppe/mynmwee has
little effect on the mid-infrared transmittance owing to the small thickness of ~100 um, and the largest
solar reflectance can be achieved at myppe/mypmwee = 7/3 (Figure 3A). Similarly, the value of w,; also
has little effect on the mid-infrared transmittance at a thickness of 100 um. A too large or small value
of wei would weaken the solar reflectance and the largest solar reflectance can be obtained at w.;=
81% (Figure 3B).

The hot-pressing temperature (T) also can affect thermal-induced phase separation. Increasing T would
decrease the mid-infrared transmittance (Figure 3C), which can be chosen as 130°C as a too low
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Figure 2. Simulation of heat dissipation performance

(A) Simulation model diagram of heat dissipation.

(B) The heater temperature with different heater emittances under normal (red) and IR-transparent (green) coatings at a
heat resource power density (200 W m~2).

(C) Heater temperatures and (D) coating temperature based on normal (red) and IR-transparent (green) coatings at a heat
power from 100 W m~2 to 1000 W m~2. The insert in (C) shows the temperature distributions under a normal and IR-
transparent coating with a heat resource power density (200 W m~2). The heater emittance is one for (C) and (D).

temperature would make it difficult to form the thin film. On the other hand, increasing the thickness would
also reduce the mid-infrared transmittance (Figure 3D). To balance the solar reflectance and mid-infrared
transmittance, the coating thickness can be determined as 100 pm, and Rojor= 0.96 and 7 ywir= 0.88 can be
achieved at wo;= 81% and muppe/Munmwee = 7/3. Compared with the commercial white PE coating with
Reolar= 0.85 and Fwir= 0.75 at a thickness of 100 um (Figure S1), the prepared P-PE coating in this work
shows great solar reflectance and mid-infrared transmittance, which can be a potential coating for the
non-contact heat dissipations.

DISCUSSION

Durability and mechanical properties of infrared-transparent coatings

Owing to the strong scattering ability of pores in the PE coating, it shows opaque at a small thickness of
100 pm (Figure 4A). To further demonstrate the durability of the P-PE coating, the solar spectral reflectance
is measured before and after it is exposed in the air for 14 days and immersed in water for 24 h. Results show
that there is nearly no decline in Ryolar, which still can reach more than 0.95 (Figure 4B), indicating the excel-
lent durability of the P-PE coating for long-term outdoor applications.

As an IR-transparent coating for outdoor heat dissipations, itis also important to avoid water penetration at
a such small coating thickness, which can protect objects under the coating from wetting. Water vapor
transmission experiments are conducted to characterize the waterproof coatings (Figure 4C). Under the
same condition, the water vapor evaporation mass reaches 0.18 and 3.1g after 24 h with the P-PE coating
or not, respectively. The water vapor transmission rate (WVTR) of the P-PE coating only reaches 0.0015 g
h="-ecm™2. In addition, the P-PE coating can reach up to 485% deformation with great flexibility owing to
the high mass ratio of UHMWPE (Figure 4D). These results show that the P-PE coating has great durability
and mechanical properties, which can be a potential IR-transparent coating for outdoor applications.
Detailed information about these experiments can be found in method details.
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Figure 3. Design of IR-transparent coatings

Spectral reflectance and transmittance of P-PE coatings with different (A) mass ratios of HDPE and UHMWPE (w; = 81%,
T=130°C and t= 100 um), (B) oil content (mpppe/Murmwee = 7/3, T=130°C and t = 100 pm), (C) hot pressing temperature
(Muppe/ Munmwee = 7/3, woi= 81%, and t = 100 um), and (D) thicknesses (mpppe/ Murmwee = 7/3, wei= 81%, and T=130°C).

Outdoor cooling performance

Finally, the outdoor experiments are conducted to investigate the heat dissipation performance of normal
PDRC and IR-transparent P-PE coatings (Figure 5A). To achieve the same similar solar reflectance Ryojar=
0.96, a Polydimethylsiloxane (PDMS) layer is fixed under the P-PE coating to achieve the normal PDRC
coating (Figure 5B). It can be found that the normal PDRC coating achieve g wir= 0.85, which is slightly
smaller than the common PDMS film owing to the mid-infrared reflectance of the P-PE coating (Figure S2).
Silicone rubber is used for the heater that needs heat dissipation, which has gwr= 0.94 (Figure 5B).
Detailed outdoor experiment information can be found in method details.

Under direct sunlight (~860 W m~2 in Figure 5C), the bare silicone rubber without any coatings is ~12°C
higher than the air temperature owing to the low R,~ 0.22 (Figure 5D). By covering a normal PDRC
coating on the silicone rubber, its temperature can drop ~11°C compared with the case without any
coating owing to the high R.yj.r and &wir of the normal coating. Further, with the IR-transparent P-PE
coating as a shield, the silicone rubber temperature drops ~15°C as the high Twir allows the radiative
power emits to outer space through the IR-transparent coating. In addition, under an averaged solar in-
tensity of 923 W m~2, when the heat power density increase from 370 W m~2 to 655 W m ™2, the silicone
rubber temperature only increases from 47°C to 62°C, which is similar to the simulation results (Figure 2C)
and shows the great heat dissipation performance at different heat powers (Figure S3). Based on the
above results, the P-PE coating can be a potential IR-transparent coating for non-contact heat
dissipations.

In conclusion, we theoretically and experimentally demonstrated the IR-transparent coating for non-con-
tact heat dissipations. Compared with the normal PDRC coating with the high Rojar and wir, the IR-trans-
parent coating with the high Reojar and Tuwir efficiently cooled the heater by emitting radiative power from
the heater to outer space through the IR-transparent coating. To balance the solar reflectance and mid-
infrared transmittance, Rsojar= 0.96 and 7 wir= 0.88 were achieved for the P-PE coating experimentally at
t =100 um, wei= 81%, and muppe/ Munumwee = 7/3. Under the direct sunlight of 860 W m~2, the IR-trans-
parent coating obtained a 4°C lower heater temperature than the normal PDRC coating under the same
condition.
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Limitations of the study

Although the non-contact heat dissipation can be enhanced by the highly solar reflectance and mid-
infrared transmittance porous coating under sunlight. The infrared transmittance is still limited to balance
the solar reflectance. More efforts based on photonics and materials design are still needed to improve
solar reflectance with an ultra-thin coating. In addition, methods such as electrospinning are recommen-
ded for large-scale applications in further study.

STARxMETHODS

Detailed methods are provided in the online version of this paper and include the following:

SUPPLEMENTAL INFORMATION

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data availability
e METHOD DETAILS
O Preparation of P-PE coatings
O Sample characterizations

O Water vapor transmission property tests

O Field tests
O Heat dissipation calculation

) SEM image of the P-PE coating and the inset is an optical image at a thickness of 100 um.
) Reflectance spectra of the P-PE coating exposed in the air (red), immersed in water for 24h (blue), and fresh coating
black).
C) Water vapor evaporation with the P-PE coating (black) and without coating (red).
D) A stretching test of the P-PE coating (width: Tcm and thickness: 100 um).

Supplemental information can be found online at https://doi.org/10.1016/].isci.2022.104726.
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Figure 5. Outdoor cooling performance of P-PE coatings

(A) Schematic of the outdoor cooling performance experiment device.

(B) Spectral of P-PE coating (black: shows the reflectance and transmittance of P-PE coating), P-PE + PDMS coating (red:
shows the reflectance and emittance of P-PE + PDMS coating), and silicone rubber (red: shows the reflectance and
emittance of silicone rubber).

(C) Real-time Isojar and temperature measurements of air.

(D) Real-time temperatures of silicone rubber without any coating (black), with the P-PE coating (red), and P-PE +
PDMS coating (blue). Wind velocity: 3.4 m s™'-5.4 m s™". Location: Changsha, Hunan province, China. Date: 2022-five
to two.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

HDPE Taotao plastic materials Co.,Ltd N/A

UHMWPE Taotao plastic materials Co.,Ltd N/A

Paraffin oil Aladdin P104801

Anhydrous ethanol Aladdin E111989

Other

Spectrometer Ideaoptics PG2000 and NIR1700
Fourier infrared spectroscope Thermo Scientific Nicolet iS50
Scanning Electron Microscope TESCAN Clara eds: Xplore 30
Thermocouples Kaipusen TTK36

Solar power meter TES TES-1333R
Acquisition instrument Keysight 34970A
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Meijie Chen.

Materials availability

This study did not generate new unique reagents.

Data availability
@ Data will be made available on request.

® This paper does not report the original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

METHOD DETAILS

Preparation of P-PE coatings

The P-PE coating was fabricated by mixing high-density PE (HDPE) and ultrahigh molecular weight PE
(UHMWPE) at a certain weight ratio in paraffin oil at 160°C for 30 min using an overhead stirrer and then
vacuum heated at 180°C for 6 h to obtain a homogeneous polymer mixture. The mixture was then melt-
pressed into a thin film. Finally, using the anhydrous ethanol (99%) to extract the paraffin oil and an inter-
connected porous polymer network is created.

Sample characterizations

The image of P-PE was taken with a camera. The SEM image was taken by a MIRA4 LMH TESCAN SEM
(5kV). The thickness of coatings was measured by an electronic micrometer. The spectral reflectance and
transmittance of coatings were determined separately in the near-infrared (0.37-1.7 um) and near-infrared
to mid-infrared (1.7-17 um). The first range was measured using a fiber optic spectrometer from ideaoptics
(PG2000 for 0.37-1.0 um and NIR1700 for 1.0-1.7 pm) equipped with an integrating sphere (IS-50-10-R) us-
ing a diffuse standard whiteboard (JY-WS1) as the reference. And the second range is measured by a Four-
ier transform infrared spectroscope (Nicolet iS50) with a gold integrating sphere and Mercury-Cadmium-
Telluride detector (Pike Technologies) and a gold sample was used for reference. The tensile strength test
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was measured by an MTS 249. The width and thickness of the sample size are 1 cm and 100 um. The

displacement rate was 10 mm min~".

Water vapor transmission property tests

The test was based on ASTME96-2014 with modification. Plastic bottles (50mL) were filled with 30 mL of
distilled water and sealed with the P-PE coating using PE tape. The exposed area of PE coating was
4.9 cm?. The sealed bottles were heated at 35°C and the relative humidity was 74%. The mass of sealed
bottles was measured every hour. By dividing the reduced mass of water by the exposed area of the bottle
(4.9 cm?) and time (one hour), the water vapor transmission was calculated. Water vapor transmission rate
(WVTR) represents the weight of water vapor transmission from the material under a certain time, temper-
ature, and humidity, which can be defined as WVTR = G/tA, and G is the weight change of water, tis time for
weight change, A is the area of coatings.

Field tests

The outdoor experiment was conducted on the rooftop of a building at Central South University (Chang-
sha, China), on May 2, 2022. Human skin was simulated by a silicone rubber that has IR emissivity similar to
human skin (Figure S4) which was placed in the foam groove (4 cm X 4 cm X 4cm) where the foam is covered
with Al foil to minimize the influence of convective and conductive heat transfer from the surroundings and
the aluminum foil can minimize the influence of solar irradiation. The coating was placed 2 cm above the
silicone rubber to reflect sunlight. Thermocouples (T-type) connected to the acquisition instrument were
in contact with the top surface of the rubber to measure the simulated skin temperature. In addition, a
thermocouple under shade recorded the ambient temperature to avoid the influence of direct sunlight.
A data-logging solar power meter was used to record the direct and diffuse solar irradiance. All measure-
ment data was transferred to a laptop through an acquisition instrument.

Heat dissipation calculation

The solar reflectance Ry, was calculated as the ratio of the reflected solar intensity across the solar spec-
trum (4 = 0.3-2.5 um) to the integral solar intensity in the same range, as shown below:
_ f;f lsolar (A)R(2)dA
Rsolar = T o
fM Isolar(")dA

where lgo12(A) represented the ASTM G173-03 Global solar intensity spectrum at AM 1.5, R(2) was the spec-
tral reflectance.

, (Equation 1)

The averaged thermal emittance gwir and transmittance Tiwir in the atmospheric transmission window
were calculated as:

1 o (T, M)e()dh

8um

B (T, ) dh

8um

13um
oo (T, ) (1) A
T =~ (T, )7 ; (Equation 3)

S (T, M) dA

8um

(Equation 2)

ELWR =

where l(T, A) was the spectral intensity emitted by a standard blackbody with a temperature of T (25°C),
e(A) and 7() represented the sample’s spectral emittance and transmittance.

The temperature based on the IR transparent and normal PDRC coatings was simulated using the commer-
cial software package COMSOL Multiphysics. The size is 20 cm X 10 cm and the coating has the same size
as the heater. The natural convection inside is not considered, and the convection heat transfer coefficient
outside is 5W m 2 K", g.wir of the normal PDRC coating is 1. Towir of the IR-transparent coating is 1. And
the other boundaries have a reflectance of 1 to reflect the thermal radiation from the heater and normal
PDRC coating. The governing equations are shown below:

pcu-VT+Vg= — Q+qo, (Equation 4)
q = — kVT, (Equation 5)
Q= Prad(T) - atm(Tatm)y (Equation 6)
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Paa(T) = ZW/dQcosﬁ/dXe(e,K)lbb(T, ), (Equation 7)
0
Patn (Tatm) = /cosOdQ/dks(e,X)satm(e,l)lbb(Tatm,l), (Equation 8)
0

where p, ¢, and u are the density, specific heat capacity, and velocity. VT is the temperature gradient. q is
heat flux by thermal conduction. Q s heat flux by thermal radiation. qq is the heating power of the heater.
P.2o(T) is the total radiative power from the heater. Pam(Tatm) is the atmospheric radiation absorbed by the
heater and the ambient temperature T, is 25°C.
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