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ABSTRACT: Passive radiative cooling technology serves as an energy-free
alternative to traditional cooling systems. Porous polymer structures are
frequently employed for radiative cooling by leveraging the refractive index
mismatch between the polymer and the pores, enabling the scattering of
incoming sunlight. Recently, water-soluble and readily available Sodium
chloride (NaCl) particles have been utilized as sacrificial templates for
sustainable pore creation. Nevertheless, optimizing NaCl particle size, and
thus the polymer pore size to enhance scattering capabilities remains a
challenge. Here, we report a simple, scalable, and sustainable approach to
creating an optimized porous polydimethylsiloxane (PDMS) film. This
approach utilizes ultrafine NaCl powders as sacrificial templates, which were
synthesized via ultrasonic precipitation to ensure their small size. The
ultrafine NaCl particles have a size distribution centered around 6−8 μm, and the as-fabricated porous PDMS film achieves a high
thermal emissivity of 0.95 within the atmospheric window (8−13 μm) and exhibits a reflectivity of 0.95 within the visible range
(0.4−0.78 μm). Due to the desired dual-spectrum properties, the porous PDMS film exhibits a superior subambient cooling capacity
over that fabricated with typically larger NaCl particles under strong sunlight. This study offers a scalable and practical radiative
cooling solution for sustainable thermal management.

■ INTRODUCTION
The utilization of compressor-based cooling systems is
contributing to the exacerbation of global warming.1

Considering the principle of sustainable development, there
is a critical necessity to explore passive cooling alternatives.
Radiative cooling, which capitalizes on the cold temperature of
the universe for radiative heat dissipation, has been
increasingly recognized as a viable solution and has
experienced notable progress.2 This approach entails the
utilization of materials and structures with specific optical
properties, such as high solar reflectance (0.3−2.5 μm) and
strong infrared (IR) emission (within the atmospheric
transparent window of 8−13 μm).3 Various materials and
structures have demonstrated effective cooling capabilities,
including multilayer photonic structures,4 hybrid optical
metamaterials,5 hierarchically fibrous materials,6 and porous
polymer structures.7

In recent years, there has been a growing focus on
developing radiative cooling materials at a larger scale.
Therefore, progress has shifted from dedicated photonic
structures and metamaterials to scalable porous materials.8−16

The effectiveness of porous materials in radiative cooling relies
on the high solar reflection through Mie scattering, influenced
by the refractive index transition across polymer−air
boundaries.17 This scattering mechanism becomes more
noticeable as the pore size approaches the target wavelength.
Various techniques, including the phase inversion method,18,19

electrospinning method,20,21 and medium embedding-extract-
ing method,22,23 have been employed to fabricate hierarchically
porous polymer materials. Nevertheless, these approaches
frequently entail intricate preparation procedures utilizing
solvents or particles that may pose risks to human health or the
environment. To avoid the risks, readily available and eco-
friendly NaCl particles have been recently utilized as sacrificial
templates for pore formation.24−28 However, it remains a
challenge to attain smaller-size NaCl particles to optimize the
optical properties of the resulting porous structures.
Herein we propose an approach to fabricate porous

polydimethylsiloxane (PDMS) films for radiative cooling
using ultrafine NaCl particles as sacrificial templates, where
the small-size NaCl particles were prepared by precipitation
under continuous sonication. The porous structure of the
PDMS allows efficient sunlight reflection, which reduces solar
heat gain. Additionally, the intrinsic molecular vibrations of
PDMS polymer provide a high mid-infrared emittance, which
expedites radiative heat dissipation through the atmospheric
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window. Consequently, the porous PDMS film demonstrates
desirable properties for radiative cooling, with a high
reflectivity of 0.95 in the visible region (0.4−0.78 μm) and
an emissivity of 0.95 in the 8−13 μm wavelength range. Field
tests of the porous PDMS film demonstrated a 7 °C drop in air
temperature under direct sunlight, showing superior sub-
ambient cooling compared to the film fabricated using typical
larger NaCl particles.

■ RESULTS AND DISCUSSION
We present a simple, scalable, and sustainable fabrication
approach that employs ultrafine NaCl sacrificial templates to
create porous structures for radiative cooling. The ultrafine
NaCl powders are synthesized through a precipitation method
assisted by ultrasonication to guarantee their small size. As for
the base material, we carefully selected PDMS due to its
capacity to enable high broadband emission within the mid-
infrared wavelength spectrum, facilitated via various molecular
bond vibrations (such as Si−O−Si and C−H).29
The general fabrication procedure is shown in Figure 1. The

first step is the synthesis of ultrafine NaCl powders by
ultrasonic precipitation. Specifically, 5 mL of NaCl aqueous
solution (3.0 M, J&K) was gradually added to 80 mL of
ethanol (GR, Aladdin). Subsequently, the mixture underwent
continuous sonication for 180 s (GT sonic P3, 30 W, 40 kHz).
Following the reaction, the white ultrafine NaCl precipitates
were gathered via centrifugation (1000 rpm, 2 min) and then
dried in an oven at 80 °C for 24 h. We also prepared NaCl
precipitates subjected to various sonication durations and
subsequently acquired scanning electron microscopy (SEM)
images of each sample. The results suggest that further
extending the sonication time has minimal impact on particle
size (Figure S1). For comparison, NaCl silent precipitates were

prepared following the same procedure except for the
introduction of sonication. Additionally, commercial NaCl
powders (GR, 99.8%, Macklin) and cooking salt were procured
as control samples.
The ultrafine NaCl powders synthesized by ultrasonic

precipitation were then utilized as sacrificial templates to
create a porous PDMS film (U−P−PDMS). The powders
were poured into a beaker, followed by the addition of the
premixed PDMS precursor (Sylgard 184, Dow Corning). The
mass ratio of NaCl to PDMS was adjusted to 1:1 to ensure the
proper dispersion of the ultrafine NaCl particles in the viscous
PDMS precursor. After thorough mixing, the resulting mixture
was transferred into a flat rectangular polytetrafluoroethylene
mold to control the configuration and dimensions of the
porous (PDMS) film, which were set to 5 cm × 5 cm × 1 mm.
The mixture was subsequently cured at 80 °C for 3 h, detached
from the mold, and immersed into a water bath at 75 °C for 12
h to remove the NaCl particles. Finally, the freestanding
porous PDMS film was obtained after drying in a hot oven at
80 °C for 3 h to eliminate residual water. For comparison,
samples of porous PDMS fabricated using different NaCl
templates were prepared at the same mass ratio of 1:1 and the
same size of 5 cm × 5 cm × 1 mm, including S−P−PDMS
prepared with NaCl templates that were silently precipitated
without sonication, M−P−PDMS prepared with commercial
NaCl powders (GR, 99.8%, Macklin) and C−P−PDMS
prepared with cooking salt.
As depicted in Figure 2A, the U−P−PDMS film prepared

with the ultrafine NaCl templates exhibits excellent flexibility,
and the whitest color appearance among all the samples,
indicating the highest reflectivity across the visible light
spectrum. The surface structure of the porous PDMS films
was revealed by the SEM images (SEM, TESCAN MIRA

Figure 1. Schematic illustrating the preparation of the porous PDMS film using ultrafine NaCl sacrificial templates. The NaCl templates are
prepared through ultrasonic precipitation.
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LMS). As expected, NaCl templates indeed produce porous
structures in PDMS films, and the U−P−PDMS showcases the
most compact and smallest pore distribution (Figure 2B). The
square-shaped micropores in all the samples are consistent
with the size of NaCl templates. As shown in Figure 2C,D,
ultrafine NaCl powders synthesized through ultrasonic
precipitation have a size range centered around 6−8 μm,
while those precipitated without sonication are around 40−50
μm. The formation of smaller NaCl crystals was attributed to
the influence of ultrasonication on nucleation rate.30,31

Increasing the parameters of ultrasonication, including
frequency, power, and duration, generally leads to a decrease
in particle size. However, prior research suggests that the effect
is relatively modest, as the resulting NaCl particles rarely
exhibit sizes below 1 μm.32,33 Nevertheless, the NaCl particles
formed from precipitation are smaller than procured
commercial NaCl particles and cooking salt. Compared with
the porous PDMS films fabricated using larger NaCl particles,
the small pores in U−P−PDMS are promising to improve the
optical scattering feature desired for solar absorption
suppression.
Figure 3A shows that U−P−PDMS can achieve a high

emissivity of 0.95 within the atmospheric window (8−13 μm)
and reflectivity of 0.85 within the solar spectrum (0.3−2.5 μm)
(PerkinElmer Lambda 950 UV/vis/NIR, Nicolet iS50 FTIR,

replicated data can be found in Figure S2). Specifically, it
exhibits a reflectivity of 0.95 within the visible range (0.4−0.78
μm), where most solar radiation is present. We also measured
the spectra of porous PDMS samples fabricated by other NaCl
templates and plotted the results in Figure 3B,C (replicated
data can be found in Figures S3and S4). All porous PDMS
exhibit higher solar reflectivity and infrared emissivity than
pure PDMS, highlighting the role of porous structures in
enhancing the optical properties for radiative cooling. In
particular, porous PDMS films fabricated with smaller particle
sizes show stronger solar reflection (Figure 3B). It is because
the reduction in the size of NaCl particles leads to an increase
in pore density and a corresponding decrease in pore size,
which approaches the wavelength of the solar spectrum. This
phenomenon enhances the efficiency of solar scattering.
Notably, the solar reflectivity of U−P−PDMS surpasses that
of M−P−PDMS-5:1 and C−P−PDMS-5:1, where the NaCl to
PDMS ratio is increased to 5:1. This observation suggests that
just a small concentration of ultrafine NaCl particles can
achieve a better optical property for cooling. The emission
spectra indicate that all five films exhibit strong thermal
emittance within the atmospheric transparent window,
attributable to the inherently high emissivity of the PDMS
matrix (Figure 3C). However, the emissivity of the U−P−
PDMS film surpasses that of the other four films, which can be

Figure 2. (A) Photographs showing the whiteness and flexibility of the (i) U−P−PDMS film prepared with ultrafine NaCl templates synthesized by
ultrasonic precipitation, (ii) S−P−PDMS prepared with NaCl templates synthesized by silent precipitation without ultrasonication, (iii) M−P−
PDMS prepared with commercial NaCl powders (GR, 99.8%, Macklin), (iv) C−P−PDMS prepared with cooking salt. (B) SEM images of the
porous PDMS films. The sequence from (i−iv) corresponds to the order depicted in Figure 2A. (C) SEM images of (i) ultrafine NaCl templates
synthesized by ultrasonic precipitation, (ii) NaCl templates synthesized by precipitation without sonication, (iii) commercial NaCl powders (GR,
99.8%, Macklin), (iv) cooking salt. (D) Size distribution of all the NaCl particles. The sequence from (i−iv) corresponds to the order depicted in
Figure 2C.
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ascribed to a more efficient gradual refractive index transition
that increases air-medium interface absorption at mid-infrared
regions.34,35

We performed scattering efficiency calculations for pores as
a function of pore size across the solar spectrum. These
calculations were based on Mie theory and conducted using
Finite-difference time-domain (FDTD) simulations (Lumer-
ical FDTD). Mie scattering occurs when electromagnetic
waves interact with scatterers that are comparable in size to or
larger than the wavelength of the waves.22 We used a two-
dimensional model to simplify analysis and reduce simulation
time (Figure S5), simulating the scattering efficiency of various
micropores at solar wavelengths from 0.25 to 2.5 μm. Perfect
matching layer (PML) absorption boundary conditions and a
total field scattered field (TFSF) source were employed. The
results confirm that the pores with a size distribution between
6 and 8 μm can obtain a high scattering efficiency above 1.0 in
the solar wavelength range. That is why the U−P−PDMS film
prepared with ultrafine NaCl templates synthesized by
ultrasonic precipitation shows the highest solar reflectivity.
As the pore size increases, the scattering efficiency decreases.
Specifically, when the size exceeds 100 μm, as observed in the
commercial NaCl and cooking salt samples, the pores exhibit
minimal scattering of sunlight, which is consistent with the
measured solar reflectivity results.

The radiative cooling performance of the U−P−PDMS film
was evaluated on the rooftop of a building in Shenzhen, China,
under clear sky conditions on a hot day (Figure 4A,B).
According to data from the Meteorological Bureau of
Shenzhen Municipality, the relative humidity during the
testing period was approximately 56%, and the air temperature
was recorded at 33.3 °C. However, our recorded rooftop
temperature reached approximately 50 °C due to the intense
solar heating experienced on the rooftop. We also utilized a
light meter (CEM DT-8808) to measure the solar illuminance,
showing an intensity of around 100 Klux during the test period
(Figure S6). A wood building model was positioned on the
rooftop, with a thermocouple placed inside the model. A 5 cm
× 5 cm × 1 mm sample of the U−P−PDMS film was applied
on top of the building (Figure 4C). For comparison, the
temperatures of the bare building model, and the model
covered with the C−P−PDMS film produced via cooking salt
were also recorded. An infrared (IR) image of the three
samples (bare building model, C−P−PDMS covered model,
and U−P−PDMS covered model) is presented in Figure 4D,
showing that the U−P−PDMS covered model maintains the
lowest temperature. As revealed in Figure 4E,F, the average
temperature of the U−P−PDMS film was 7 °C lower than the
bare model temperature (near the local rooftop temperature),
3 °C lower than the C−P−PDMS covered model in the period
of 12:00−13:30. However, cooling performance varies with

Figure 3. (A) Measured solar reflectivity and infrared emissivity of the U−P−PDMS, along with the solar spectrum and the atmospheric
transparent window. (B) Comparison of measured solar reflectivity of U−P−PDMS with other samples. (C) Comparison of measured infrared
emissivity of U−P−PDMS with other samples. (D−F) Simulated solar scattering efficiency of the porous PDMS film with different pore sizes.
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environmental conditions, that regions with a dry and hot
climate tend to have better cooling performance. By
comparison, cold, highly humid, or cloudy regions tend to
have much lower radiative cooling potentials.3,36,37 Never-
thless, the results indicated that the U−P−PDMS film, which
was fabricated with ultrafine NaCl templates synthesized by
ultrasonic precipitation exhibits a superior subambient cooling
performance over that fabricated with typically larger NaCl
particles.

■ CONCLUSION
In conclusion, we reported a simple, scalable, and sustainable
approach to fabricating porous polymers for radiative cooling.
The porous PDMS film was created by employing ultrafine
NaCl powders as sacrificial templates, which were synthesized
via ultrasonic precipitation to ensure their small size. The
ultrafine NaCl powders synthesized through ultrasonic
precipitation have a size range centered around 6−8 μm,
while those precipitated without sonication are around 40−50
μm. The formation of smaller NaCl crystals was attributed to
the influence of ultrasonication on nucleation rate. Compared
with larger NaCl templates, the porous PDMS film fabricated
with ultrafine NaCl powders shows higher solar reflectivity.
This is because reducing the size of NaCl particles decreases
pore size, aligning it with the solar spectrum wavelength and
enhancing solar scattering efficiency. The as-fabricated porous
PDMS film achieves a high thermal emissivity of 0.95 within
the atmospheric window (8−13 μm) and exhibits a reflectivity
of 0.95 within the visible range (0.4−0.78 μm). Field test
shows that the average temperature of the porous PDMS film
was 7 °C lower than the local ambient, 3 °C lower than the
control PDMS sample fabricated with larger NaCl particles.
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