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PVDF/SiO, composite films with a hierarchical structure were prepared
by water bath solvent exchange and they realized the integration of
self-cleaning and radiative cooling. The high scattering properties of
SiO, effectively enhanced the radiative cooling performance of the
films, and the weathering stability of the composite films was evaluated
by UV radiation treatment and friction resistance analysis.

Passive daytime radiant cooling has received significant attention
as a sustainable method to reduce the temperature of materials
with zero energy consumption.”” Radiatively cooled materials
under direct sunlight not only reflect the sunlight with wave-
lengths of 0.3-2.5 pm, but also emit heat within an atmospheric
window of 8-13 um into cold outer space. Therefore, the require-
ments of high solar reflectance and strong mid-infrared emissivity
must be met to achieve radiative cooling. The former reduces the
solar heat gain, while the latter increases the radiative heat gain in
outer space.’ To date, many studies have reported high reflec-
tivity and high emissivity coatings with good effects, including
photonic materials,®® inorganic powder materials,”'® metal-
polymer layered coatings,"""> porous polymer coatings'*"*
aerogels’ and textiles with nanostructures'®’” or nano-
particles.'® These studies have gradually expanded the applica-
tion areas of radiative cooling technology.

However, passive radiative cooling still faces many chal-
lenges in practical applications, such as how to prepare photo-
nic crystals simply and efficiently,"® colorization of highly
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with a hierarchical structure for highly stabilized
radiative coolingf
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radiatively cooled materials,®® preparation of radiative cooling
materials with self-cleaning surfaces®' and high UV resistance,”
etc. In particular, the accumulation of dust or other particulate
contaminants affects the cleanliness of the materials’ surface,
reducing the surface reflectance and emissivity, thereby affecting
the cooling performance of the materials.

Herein, we prepared superhydrophobic radiation-cooled
composite films consisting of PVDF (polyvinylidene fluoride)
and gas-phase hydrophobic SiO, nanoparticles by solvent
exchange. The synergistic effect of the porous layered structure
and the high light-scattering properties of SiO, enabled the
composite films to achieve strong reflection of sunlight to
reduce radiant heat, maximum emission of radiant heat
through the atmospheric window, and self-cleaning to prevent
surface contamination. More importantly, the radiative cooling
composite films retain high radiative cooling performance
under strong UV radiation, thus showing effectively improved
durability and stability for outdoor applications.*

The preparation of PVDF/hydrophobic nano-SiO, composite
films with a hierarchical porous structure by water bath solvent
exchange is illustrated in Fig. S1 (ESIT). During this process, the
high reflection of SiO, microspheres not only improves the
radiative cooling effect of the composite films but also effec-
tively regulates the size and distribution of the porous structure
and reduces the thermal aggregation of the composite films.
Compared with the pure PVDF film (Fig. S2, ESIf), the SiO,-
added composite film exhibits a superior porous hierarchical
structure and static water contact angle as depicted in Fig. 1.
The pore size of the PVDF-10% SiO, composite membrane was
significantly higher than that of the PVDF-5% SiO, composite
membrane, and a large number of nanoparticles were loaded in
the pores and pore walls (Fig. 1b). Meanwhile, the micro/nano-
hierarchical structure of the surface of the PVDF-10%
SiO, composite film resulted in a higher contact angle of 150°
(inset of Fig. 1b). The cross-section shows that the thickness of
the composite film is about 273 um (Fig. S3, ESIt). As the SiO,
content increased from 10% to 20%, the porous structure of the
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Fig. 1 Surface micromorphology and static water contact angle of PVDF—
n% SiO, composite films: (a) PVDF-5% SiO,; (b) PVDF-10% SiOj; (c)
PVDF-15% SiO;; (d) PVDF-20% SiO,.

composite film gradually decreased and the micro/nano-surface
roughness of the structure gradually increased. The inner pores
and pore walls of the PVDF-20% SiO, composite film were almost
completely covered by nanoparticles when the SiO, content was
20% (Fig. 1d). The surface static water contact angle reached a
maximum of 155° (inset of Fig. 1d). This indicates that the
incorporation of hydrophobic SiO, nanoparticles can not only
modulate the hierarchical structure of PVDF films, but also signifi-
cantly enhance the super-hydrophobicity of the film surface.

The surface roughness and surface energy of PVDF and
PVDF-n% SiO, films are shown in Fig. S4 and S5 (ESIt). The
hydrophobic SiO, nanoparticles not only improved the rough-
ness of the PVDF film, but also effectively reduced the surface
energy, thus improving the surface hydrophobicity of the
PVDF-n% SiO, composite films. The dye easily slipped off the
surface of the PVDF-10% SiO, composite film without staining,
as displayed in Fig. S4g (ESIt). Meanwhile, liquid droplets such
as deionized water, milk, potassium permanganate solution, phe-
nolphthalein and tea water showed an approximately spherical
shape on the surface of the PVDF-10% SiO, composite film,
indicating its excellent super-hydrophobicity (Fig. S4h, ESIt).

The bright white color indicates a strong scattering or
reflecting effect on visible light. The CIE colorimetric coordi-
nate analysis was further confirmed as indicated in Fig. 2b. The
L*, a*, and b* values of the PVDF/SiO, composite film were
94.87, —0.01, and 3.16, respectively. The strong scattering effect
can reduce the thermal gain of the composite film, thus
improving the cooling performance. In addition, the average
emissivity of the PVDF-10% SiO, composite film is greater than
0.9 over a wide range of polarization angles from 10° to 80° in
the atmospheric window (Fig. 2c), indicating that the compo-
site film emits heat flux to outer space efficiently and stably.
This can be attributed to the porous hierarchical structure of
the PVDF-10% SiO, composite film surface in different direc-
tions. The porous structure of the film does not match the
refractive index of the air inside the holes, which results in a
strong scattering of sunlight.>* In the range of 200-2500 nm,
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Fig. 2 (a) and (b) Optical photographs and CIE chromaticity coordinates
of the PVDF-10% SiO, composite film, respectively; (c) average emissivity
of the PVDF-10% SiO, composite film in the atmospheric window at
different polarization angles; (d) absorption spectra of PVDF and PVDF-n%
SiO, in the UV-vis-NIR region; (e) IR emission spectra of PVDF and
PVDF-n% SiO.

the average absorption percentages of PVDF, PVDF-5% SiO,,
PVDF-10% SiO,, PVDF-15% SiO, and PVDF-20% SiO, are
17.18%, 14.37%, 10.4%, 12.3% and 9.15%, respectively
(Fig. 2d). This may be attributed to the light scattering effect
of SiO, and the diffuse reflecting effect of the pores, reducing
the average absorptivity of the PVDF films. Meanwhile, both
PVDF and PVDF-1n% SiO, films displayed strong thermal emis-
sion in the wavelength range of 2.5-25 pm (Fig. 2e). The average
emissivity of the PVDF film in the atmospheric window (0.84)
was significantly lower than those of PVDF-n% SiO, films.
Compared to the average emissivity of the PVDF-20% SiO,
composite film (0.86), the average emissivity of the PVDF-10%
SiO, film in the atmospheric window was higher (0.93). The
high emissivity of the PVDF-n% SiO, films was caused by the
C-F vibrations in the PVDF molecules and multiple reflections
in the pore structure increased the absorption.>* In addition,
the phonon-polariton resonance of Si-O bonds at 9.7 pm and
SiO, agglomerates also enhance the absorption in the mid-
infrared region.”>?® Therefore, considering the hierarchical
structure and optical properties, we selected the composite
film with 10% SiO, content for the radiative cooling
performance study.

The radiative cooling performance of the films was practi-
cally evaluated by using a homemade device (Fig. 3). The
temperatures of the cavities covered with the PVDF film,
PVDF/SiO, composite film (PVDF-10% SiO,), commercially
cooled film and PE film were measured under direct sunlight.
The surface of the device was covered with PE film and
aluminum foil to reduce the heat transfer between the sample
and the environment (Fig. 3a). As shown in Fig. 3¢, the average
temperatures of the cavities covered by the PVDF film, PVDF/
SiO, composite film, commercial film and PE film were 35.1 °C,
31.7 °C, 37.7 °C and 43.2 °C, respectively, at the solar irradiation
intensity of 1000 W m™ 2. Compared to the temperatures of the
cavities covered by the commercial film and PE films, the
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Fig. 3 (a) Photograph of the homemade radiative cooling performance
test device; (b) schematic diagram of the radiative cooling temperature
test device; (c) outdoor real-time recordings of sunlight intensity and
temperatures of cavities covered by PVDF films, PVDF/SiO, composite
films, commercial cooling films and PE films (July 12, 2023, Xiaogan, China,
30° 55'N, 113° 54’E, RH: ~67%, Tamp: 30-35 °C); (d) temperature differ-
ence between the PVDF/SiO, composite film and the cavities covered by
commercial and PE films, respectively.

temperature of the cavities covered by the PVDF/SiO, composite
films decreased by about 6.0 °C and 11.5 °C, respectively
(Fig. 3d). Fig. S6 (ESIT) reveals that the cooling power of the
PVDF/SiO, composite film was 114.3 W m ™2, while the cooling
power of the PVDF film was only 102.7 W m 2. Meanwhile, the
cooling capabilities of PVDF and PVDF/SiO, composite films
were compared for practical outdoor applications (Fig. S7,
ESIT). The average surface temperature of the exposed part of
the bicycle seat under direct sunlight reached 58.1 °C, while the
average temperatures of the part covered by PVDF film and
PVDF/SiO, composite film were 39.8 °C and 35.1 °C, respec-
tively (Fig. S7e, ESIt). The surface temperature of the bicycle
seat covered by the PVDF/SiO, composite film was further
reduced by 4.7 °C compared to that of the bicycle seat covered
by the PVDF film (Fig. S7f, ESIf). In addition, the surface
temperature of the film was observed to be only 28.8 °C after
the PVDF/SiO, composite film was placed on the hand under
direct sunlight for 5 min (Fig. S7d, ESIf). The above results
indicate that the synergistic effect of PVDF with a hierarchical
structure and SiO, nanoparticles can further enhance the
radiative cooling performance of the films.>”*®

Thermal conductivity is an important factor affecting the
heat gain of the film. Low thermal conductivity reduces the
diffusion of optical radiant heat, realizes low thermal aggrega-
tion in the film, and effectively reduces the surface temperature
of the covered substrate.”?*! Fig. S8b (ESIt) shows that the
PVDF film with added SiO, nanoparticles has a lower thermal
conductivity compared to the PVDF film. The PVDF/SiO, com-
posite film with 10% SiO, has the lowest thermal conductivity
of 0.09 W m~ " K™ ', This is mainly attributed to the excellent
porous hierarchical structure of the PVDF-10% SiO, composite
film. Subsequently, the radiative cooling was compared with a
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high reflectance silk fabric under a xenon lamp (Fig. S8, ESIT).
The results showed that the average temperature drop AT of the
PVDF/SiO, film was 6.5 °C, while the average temperature drop
AT of the silk fabric was only 2.6 °C (Fig. S8c, ESIf). This
temperature difference confirms that the PVDF/SiO, film has a
higher light reflectivity. Meanwhile, the equilibrium tempera-
ture of the surface of silk fabric is higher than its corresponding
covered cavity temperature by 4.9 °C (Fig. S8¢c, ESIt), while it is
higher than 2.5 °C and 1 °C for the PVDF film and PVDF/SiO,
film, respectively. This suggests that the PVDF/SiO, film with a
hierarchical structure has a lower heat gain and shows rapid
heat diffusion into the environment (Fig. S8d, ESIT).

The PVDF/SiO, composite films were rubbed reciprocally on
a 400-mesh sandpaper surface to evaluate the mechanical
stability,** as shown in Fig. S9a (ESIt). After 50 rubbing cycles,
the PVDF/SiO, composite film remained highly hydrophobic
with a contact angle of 150° (Fig. S9b, ESIf). The outdoor
radiative cooling performance of the PVDF/SiO, composite
films was then compared with that of commercial films after
50 rubbings. The results show that the average temperature
drop AT of the PVDF/SiO, composite film compared to that of
the commercial film is 4.8 °C at an average solar intensity close
to 970 W m™? (Fig. S9e, ESIt). The average temperature differ-
ence between the PVDF/SiO, composite film before abrasion
and the commercial film under 1000 W m~> direct sunlight is
only slightly higher than that after abrasion (a AT of 6.0 °C,
Fig. 3c) without considering the angle of solar radiation and
ambient heat exchange. These results indicate that the PVDF/
SiO, composite films have excellent mechanical stability. In
addition, the excellent flexibility of the PVDF/SiO, composite
films can accommodate different degrees of folding deforma-
tion, thus meeting the cooling requirements of different shapes
of materials’ surfaces (Fig. S9c, ESIt).

The stability and durability effects of the radiative cooling
performance of the composite films were evaluated by UV
aging. The surface of the PVDF/SiO, composite film still retains
excellent hydrophobicity after 20 h of continuous radiation
under strong UV light (400 W m™?) as depicted in Fig. 4a.
Meanwhile, the tensile stress of the PVDF/SiO, composite film
decreases by only 3.2% (Fig. 4b), which further indicates that
the composite film has strong UV resistance. Fig. 4c displays
the radiative cooling performance of PVDF/SiO, composite
films after UV radiation evaluated under xenon lamp simulated
sunlight. The results reveal that the cooling performance of the
PVDF/SiO, composite films before and after UV radiation is
almost unchanged. The average temperature drop AT of the
PVDF/SiO, composite film after UV radiation reaches 7.9 °C
compared to the average temperature of PE-covered air
(Fig. 4d). In addition, the outdoor radiative cooling perfor-
mance of PVDF/SiO, composite films was evaluated under
strong UV light irradiation (400 W m~?) for 168 h (Fig. S10a,
ESIT). The cooling temperature of PVDF/SiO, composite films
before and after UV radiation still did not change significantly,
indicating a high cooling effect. Meanwhile, the stress of the
PVDEF/SiO, composite films after 168 h of UV radiation
decreased only by 2.3% and the strain increased by 1.2%

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) Contact angle of PVDF/SiO, composite films at different UV
aging times; (b) stress—strain curves of PVDF/SiO, composite films before
and after UV radiation (radiation for 20 h); (c) real-time temperature
profiles of PVDF/SiO, composite films under a xenon lamp before and
after UV radiation; (d) average temperature drop (AT) of the PVDF/SiO,
composite film after UV radiation and PE covered air.

compared with that of 20 h of radiation (Fig. S10b, ESIt). The
above results confirm that the PVDF/SiO, composite films show
radiative cooling performance with excellent stability under
strong UV radiation and can better meet the needs of practical
applications.

In summary, PVDF and hydrophobic SiO, nanoparticles
were used to prepare superhydrophobic radiation-cooled thin
films with a hierarchical porous structure by a solvent exchange
method. The average infrared emissivity of the PVDEF/SiO,
composite films in the atmospheric window was 0.93 and was
greater than 0.9 in the polarization angle range from 10° to 80°.
Compared to the temperatures of the cavities covered by the
commercial film and PE films, the temperature of the cavities
covered by the PVDF/SiO, composite films decreased by about
6.0 °C and 11.5 °C under 1000 W m~? solar irradiation intensity
conditions, respectively. Meanwhile, the PVDF/SiO, composite
film shows excellent self-cleaning performance and UV resis-
tance, which is favourable for the film’s sustainable outdoor
radiation cooling practical applications. This approach pro-
vides a practical, efficient and sustainable new way for the
design of energy-free radiative cooling materials.
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