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A B S T R A C T

Passive daytime radiative cooling is a green, sustainable technology, however there are challenges in incorpo
rating multifunctional radiative cooling technologies. In this paper, a biomimetic structure (PTP, porous tetra- 
needle zinc oxide whisker polydimethylsiloxane) with a needle-like structure on the surface and a porous 
structure in the interior is prepared by a simple process using inexpensive tetra-needle zinc oxide whiskers (T- 
ZnOw) as the filler particles and polydimethylsiloxane (PDMS) as the binder, which possesses the desired 
radiative cooling properties, and at the same time, it combines the anti-aging, thermal control flame retarding, 
and superhydrophobic properties. PTP film exhibits ideal reflectance (0.91) and emissivity (0.99), with an 
average temperature difference of 15.5 ◦C compared to Al, and maintains good radiative cooling performance 
under UV irradiation for 1000 h. The thermal conductivity of the PTP film is 0.931 W m− 1 k− 1. In the outdoor 
cooling test with a heat source, the average temperature difference is 13.3 ◦C compared to Al. The surface water 
contact angle (WCA) is 153.25◦ and the superhydrophobicity is maintained after more than 1400 h of aging. As a 
result, the PTP film has large potential in multi-temperature applications, such as buildings, factory sheds, and 
electrical appliances.

1. Introduction

In the pursuit of a cool environment in hot weather, food preserva
tion, and outdoor work, air conditioning systems are used. However, air 
conditioners require a large electrical load, and power generation by 
conventional sources exacerbates global climate change and environ
mental pollution. For example, the temperature in Antarctica in 2020 
exceeded 20 ◦C for the first time, and global warming may become the 
norm by 2050 [1–6]. In the context of carbon neutrality, people are 
exploring how to use as little or no fossil energy to achieve cooling ef
fects, spurring the development of passive daytime radiative cooling 
(PDRC). PDRC is a sustainable and environmentally friendly passive 
cooling technology without using fossil energy [7,8]. Materials with 

good PDRC properties have two features: high reflection of sunlight in 
the wavelength range of 0.3–2.5 μm and high infrared thermal emis
sivity in the atmospheric window in the wavelength range of 8–13 μm, 
so that excess heat on the surface of the materials can be transported 
through the atmospheric window to the colder outside environment [9]. 
Radiative cooling is not only applied in practical production [10,11] and 
daily life [12–14], but also has led to the development of novel bio
mimetic materials that exhibit ideal cooling performance [15]. Radia
tive cooling has been applied to buildings and clothing, for example, 
porous radiative cooling films [16–18], polymers doped with inorganic 
salts and other particles [19–21], multi-layer laminated films [22], 
textiles with nanostructures or nanoparticles, and so on [23,24]. How
ever, many of them do not meet the commercial requirements. Firstly, 
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the surface is easy to dust, so the radiative cooling capacity is reduced. 
Secondly, the micro-nanometer surface structure of the radiative cooling 
film is easily damaged by external abrasion, consequently losing 
superhydrophobicity. Thirdly, the polymer tends to be flammable, 
posing fire hazards. Therefore, new radiative cooling materials with 
self-cleaning, abrasion resistance, flame-retardancy, and aging resis
tance are highly desirable. In the food industry, the materials should 
have antimicrobial capability. In outdoor environments, the radiative 
cooling film must be able to withstand rain and sunlight while pos
sessing adequate thermal conductivity in order that the heat can be re
flected to the external environment.

At this stage, some radiative cooling technologies integrated with 
other functions have emerged, for example, porous Polymethyl Meth
acrylate (PMMA) [25,26], and a PDMS composite cooling film with 
superhydrophobic surfaces [27,28], which enable self-cleaning func
tion; Cellulose acetate/zinc oxide nanocomposite film with antimicro
bial properties for food preservation and transportation [29,30]; 
Preparation of high thermal conductivity boron nitride and high-density 
polyethylene composites by melt blending method [31]. Composites 
reflect sunlight, conduct heat, and are flame retardant. The combination 
of the above radiative cooling technology with other functions enables it 
to be used in more aspects, but there are some limitations, porous PDMS 
and PMMA have insufficient abrasion resistance [32]; Cellulose aceta
te/zinc oxide nanocomposite films without self-cleaning function; Boron 
nitride and polyethylene composites are costly and not suitable for 
large-scale applications. This shows that there are still challenges for a 
multifunctional, low-cost radiative cooling technology.

The Cyphochilus is reported to be a species of ladybug with an ultra- 
white shell, which is attributed to the many needle-like structures on the 
outside of the shell as well as a large number of porous structures on the 
inside, the combination of which facilitates its reflection and emission of 
sunlight [33]. Based on this kind of bionic structure, we used a physical 
mixture of tetra-needle zinc oxide whiskers (T-ZnOw), PDMS, and 
n-hexane and evaporated the film to form a bionic film possessing a 
needle-like structure on the surface and a porous structure inside. 
T-ZnOw provides the needle-like structure, PDMS is used as an adhesive, 
and hexane is used as a solvent, and the porous structure is formed by 
evaporation phase separation.

T-ZnOw is a white solid powder, with a special four-needle three- 
dimensional structure with the angle between any two needles being 
109◦28′. They have favorable properties such as the absorption of UV 
radiation [34,35], antimicrobial capability [34,36], thermal conduc
tivity [37,38], flame retardancy [37], abrasion resistance [39], and 
superhydrophobicity [40], but they have not been applied in radiative 
cooling, which would have a high practicality if it could be combined 
with the above-described capabilities. In addition, T-ZnOw is being used 
for the first time in radiative cooling. Meanwhile, the PDMS atmospheric 
window band has strong thermal emissivity, mainly due to Si–CH3 vi
bration (1265 cm− 1), Si–O–Si vibrations (1,085, 1,078, 1,060, and 1025 
cm− 1), Si–OH vibrations (910, 865, and 844 cm− 1), and –CH3 rocking 
vibration (802 cm− 1) [41], thus compensating for the lack of T-ZnOw 
emission in the atmospheric window. PDMS is often used in thermal 
conductive systems [42–44].

In this work, a white radiative cooling thin film (PTP) of porous 
doped particles is invented. The interactions of the three materials 
produce thin films with the bio-inspired structure. Due to the excellent 
properties of T-ZnOw particles, the PTP film has radiation cooling 
properties combined with aging resistance, flame retardancy, and 
superhydrophobicity, making it a practical and multifunctional radia
tive cooling film.

2. Materials and methods

2.1. Materials

PDMS elastomer material A and curing agent B were purchased from 

Shanghai Meter Trading Co., Ltd., China. N-hexane (AR≥97.0 %) was 
obtained from Tianjin Fuyu Fine Chemical Co., Ltd., China. The tetra- 
needle zinc oxide whiskers (T-ZnOw, angle 109◦ 28 ′, diameter 0.5–5 
μm, length 10–50 μm) were bought from Hangzhou Jikang New Material 
Co., Ltd. And the commercial radiative cooling white paint (The entire 
text is expressed in white paint) was provided by Muyaju Sanitary Ware 
Co., Ltd.

2.2. Sample preparation

T-ZnOw is used as the filler particle, PDMS polymer as the adhesive, 
and n-hexane as the solvent for PDMS. Simple physical mixing is per
formed to prepare the suspension, and the porous materials are fabri
cated by thermal phase separation. Step (1): The PDMS elastomer 
material A was added to a flask with n-hexane with a ratio of 1:1 and 
stirred magnetically for 15 min to become homogeneous. Step (2): T- 
ZnOw (60 wt%) was added to the mixture in step (1) and stirred 
magnetically for 10 min. Step (3): Curing agent B with PDMS elastomer 
material A with a ratio of 1:10 was mixed and stirred magnetically for 
10 min. Step (4): The homogeneous mixture in step (3) was placed on a 
clean substrate by a rubber-tipped dropper. The BEVS 1806B/150 
adjustable squeegee was used to adjust the thickness. Uniform scraping 
was carried out to form a flat coating which was dried in an oven at 80 ◦C 
for 1.5 h.

2.3. Characterization

Scanning electron microscopy (SEM, JSM-7500F, JEOL) was used to 
examine the cross-sectional morphology of the films. The solar reflec
tance spectra were acquired on the NIR Fourier transform spectrometer 
(PE Frontier NIR, USA, wavelength range: 0.3–2.5 μm), and the atmo
spheric window emissivity spectra were collected on the Fourier trans
form infrared spectrometer (PE Fourier Transform, USA, wavelength 
range: 2.5–25 μm). The water contact angle (WCA) was measured by the 
static water droplet contact angle meter (Beijing Zhongchen Digital 
Technology Equipment Co., Ltd.), and the average was obtained from 
three randomly selected locations on the sample. FTIR was conducted on 
the spectrometer (PE, USA) (600 - 4000 cm− 1). X-ray diffraction (XRD) 
was carried out on the X-ray diffractometer (SmartLab 9 kW). The 
thermal conductivity was determined by a laser thermal conductivity 
meter (NETZSCH LFA467), and the thermogravimetric analysis was 
conducted from 0 to 1000 ◦C on the thermal analyzer (STA 449 F5). The 
resistance to UV aging was assessed using a UV accelerated test chamber 
(KINSGEO).

3. Results and discussion

3.1. Characterization of PTP film

As shown in Fig. 1a, PTP film is a bionic-like film possessing a large 
number of needle and porous structures on the surface and a large 
number of porous structures inside. The needles and pores form rough 
micro- and nanostructures, which are favorable for improving its 
reflectivity, emissivity and WCA. Fig. 1b–c confirm the porous structure 
with a large number of exposed needle-like structures of T-ZnOw. 
Porosity is about 11.4 μm (Fig. S1). The pores are also observed from the 
lateral SEM images resembling a ceramic structure (Fig. 1d and e). 
Porosity is about 17.4 μm (Fig. S2). The pores are produced by ther
motropic phase separation during heating, and the tetra-needle-like 
three-dimensional structure of the T-ZnOw particles serves as a stabi
lizing support. Fig. 1f shows a 40 × 60 cm optical photograph of a PTP 
film with ultra-high whiteness due to the large number of particles and 
porous structure. The 40 × 60 cm PTP film demonstrates the capability 
of being prepared over a large area, while the ultra-high whiteness en
hances its radiative cooling performance. Fig. S3 shows that the PTP film 
possesses good flexibility under different forms of deformation such as 
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folding, twisting, and stretching. In addition, the mechanical properties 
of PTP films are tested for tensile strength, gravel impact resistance, and 
tensile cycling, which show that PTP films have good mechanical 
properties (Figs. S4–6). Fig. 1g indicates the presence of Zn, O, C, and Si 
and a Zn concentration of about 50 wt% in line with the mass fraction of 
the particles added to the PTP films. Fig. 1h shows that Zn, C, and O are 
uniformly distributed, indicating that T-ZnOw and PDMS are evenly 
dispersed without agglomeration. Fig. S7 XRD test results show the 
crystallization peaks associated with PTP films having with T-ZnOw 
particles having a counterpart.

3.2. Optical and anti-aging properties

The effectiveness of the radiative cooling effect is largely influenced 
by the optical properties of the films. The PTP radiative cooling films 
have excellent optical properties such as reflectance and emissivity as 
shown in Fig. 2a–c. The different mass fractions of particles and film 
thickness affect the optical properties. Under the conditions of the same 
thickness but different mass fractions, a particle mass fraction of 60 wt% 
is selected. On one hand, the reflectance and emissivity difference be
tween 60 wt% and 70 wt% is not big, and the emissivity curve is also 
relatively flat when the particle mass fraction is 60 wt%. On the other 
hand, when the mass fraction is greater than 50 wt%, the surface of the 
film is better ornamental (Fig. S8). The film flexibility degrades if the 
particle mass fraction is too large. Under the conditions of the same mass 
fraction but different thicknesses, a thickness of 400 μm is chosen. The 
reflectance of the 400 μm film exceeds 0.9 in the 0.3–2.5 μm band, and 
the reflectance does not change appreciably with increasing thickness. 

Moreover, the cost is considered. In summary, we select a particle mass 
fraction of 60 wt% and a thickness of 400 μm. As for the same thickness 
(400 μm), the average reflectance in the sunlight spectrum (0.3–2.5 μm) 
of the PTP film with a particle mass fraction of 60 wt% is as high as 0.91 
(Note S1. defines the calculation method), which is higher than those of 
white paint (0.71) by a factor of 1.35 and PDMS (0.0016) by a factor of 
633. The strong absorption peaks in the 0.3–0.5 μm band are attributed 
to the ability of T-ZnOw to absorb UV light. The average emissivity in 
the atmospheric window (8–13 μm) is as high as 0.99, which is higher 
than those of white paint (0.96) and PDMS (0.94). A comprehensive 
comparison of the performance of PTP films with other similar radiative 
cooling films has also been made to show that they have superior 
properties (Table 1).

The high reflectance of PTP films can be attributed to the high 
refractive index filler and the porous structure. According to Mie scat
tering theory, scattering can occur at sizes comparable to the wave
length of the sun, and multiple sizes can broaden the scattering range 
[53]. T-ZnOw is a high refractive index filler (2.008–2.029) with a 
center diameter range of 0.5–5 μm (Fig. S9), so T-ZnOw is a 
multi-size-distributed particle while the size magnitude is comparable to 
the wavelength of the incident light, thereby broadening the Mie scat
tering range of photons. Meanwhile, the needle-like structures are 
widely distributed on the surface of the film and the pore walls (Fig. 1c) 
and have refractive index (n) differences with air and the polymer ma
trix. Due to the high specific surface area of the needle-like structures 
(needle length 10–50 μm, diameter 0–5 μm), multiple interfaces are 
formed at the film surface and pore walls, which ultimately lead to 
strong scattering of photons at the interfaces [29,31,54]. The reflectance 

Fig. 1. Characterization of the PTP film. (a) Schematic of the PTP film. (b) Magnified 100x SEM image of the surface side of the PTP film. (c) SEM image with 500x 
magnification corresponding to (b). (d) Cross section magnified 100x SEM image of PTP film. (e) SEM image with 500x magnification corresponding to (d). (f) 
Optical photograph of a 40 × 60 cm PTP film. (g) EDS spectrum of PTP film. (h) Elemental maps of PTP film.
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of film with T-ZnOw particles increases by 10.8 % than that of film with 
uniform size zinc oxide. (Fig. S10). In addition, porous structures with a 
pore size distribution comparable to the wavelength of the incident light 
and a refractive index mismatch with air can also cause Mie scattering of 
photons and thus increase reflectance [55].

According to Kirchhoff’s law, radiant coolers can enhance thermal 
radiation by introducing a series of infrared absorption bands [56]. The 
IR absorption bands of PTP, PDMS, and T-ZnOw are shown in the FTIR 
spectrogram (Fig. 2d), confirming their ability to enhance thermal ra
diation. The absorption peaks at 788, 844, 1,010, 1,257, and 2962 cm− 1 

are from the Si–O, Si–C, Si–O–Si, Si–CH3, and –CH3 stretching vibrations 

[24,36], and these molecules all exhibit vibrations that effectively 
coincide with the atmospheric window, suggesting that the PTP thin 
films have strong absorption in the atmospheric window (770 - 1250 
cm− 1). The absorption peak at 1060 cm− 1 corresponds to an asymmetric 
deformation of –CH3 consistent with PDMS, while the absorption peak of 
T-ZnOw at 3300 cm− 1 is a stretching vibration of –OH [57]. In summary, 
it can be seen that PTP is rich in infrared absorption bonds and possesses 
high emissivity capability. At the same time, different regions within the 
needle exhibit varying degrees of lattice distortion, leading to higher 
values of the imaginary part of the refractive index (k) over a broad 
range of optical wavelengths [58,59]. As a result, the needle-like 
structure can absorb infrared light more strongly compared to other 
parts. In addition, the atomic crystal surface (1010) (Fig. S7) can vibrate 
to convert light energy into kinetic and thermal energy [60]. The 
emissivity of T-ZnOw particles increases by 10.8 % than that of uniform 
size zinc oxide (Fig. S11). In porous structures, it is possible to increase 
IR absorption/emission through multiple diffuse reflections, thus 
enhancing radiative heat exchange [26,61,62].

Radiative cooling films need to have some resistance to UV aging for 
outdoor cooling applications. In order to improve the reflectance and 
emissivity of the PTP film while not compromising the UV aging resis
tance, UV aging tests (Fig. S12) are performed according to ASTM D 
7897–18 with simulated sunlight. The UV irradiation intensity is set to 
0.89 W/m2, the temperature is 60 ◦C. After the UV aging test for 1000 h, 
which is equal to one year of solar irradiation exposure in Florida [63], 
the reflectance (0.3–2.5 μm) of the PTP film decreases from 0.910 to 

Fig. 2. Optical properties. (a) Comparison of reflectance and emissivity for particle mass fractions of 0, 40, 50, 60, and 70 wt% in PTP films. (b) Comparison of 
reflectance and emissivity of PTP films with thicknesses of 300, 400, 500, and 600 μm. (c) Comparison of reflectance and emissivity of PTP film with 60 wt% and 400 
μm, white paint with 400 μm, and PDMS film with 400 μm. (d) FTIR spectra of PTP film, PDMS film, and T-ZnOw particles. (e) Reflectance and emissivity of PTP, 
white paint films before and after UV aging in the UV accelerated test chamber for 1000 h. (f) Average reflectance and emissivity of PTP and white paint films before 
and after UV aging for 1000 h in the 0.3–2.5 μm and 8–13 μm bands.

Table 1 
Comparison of PTP film performance with other similar radiative cooling films.

Samples Reflectance 
(0.3–2.5 μm)

Emissivity 
(8–13 μm)

References

PTP 0.91 0.99 This Work
Porous PDMS 0.73 0.99 [8]
Superhydrophobic PDMS 

film
0.85 0.95 [9]

Hollow SiO2/PDMS 0.9 0.92 [45]
BN/DCPDA 0.78 0.96 [21]
Bionically Mxene-SEBS/ 

TiO2 film
0.66 0.89 [46]

Flame retardant MA/PA 
film

0.89 0.91 [47]
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0.901, showing a reduction of ~0.9 %, but it still remains above 0.9 in 
this band while maintaining the good reflectance. The emissivity (8–13 
μm) decreases slightly from~0.9992 to 0.9986. In comparison, the 
reflectance (0.3–2.5 μm) of white paint decreases from 0.71 to 0.63, 
representing a reduction of 8 %. The emissivity (8–13 μm) diminishes 
from 0.966 to 0.936, showing a reduction of 3 % (Fig. 2e–f). Therefore, 
the aging resistance of the PTP film, both in terms of reflectance and 
emissivity, is higher than that of white paint. According to the optical 
picture (Fig. S13), the PTP film still exhibits a very high whiteness after 
aging. On the contrary, a slight yellow color change and flaking is 
observed after the white paint aging test. In general, the reflectance and 
emissivity of PTP films have good UV aging resistance boding well for 
outdoor applications in bright sunlight.

3.3. Radiative cooling properties and applications

In order to understand the radiation refrigeration performance of 
PTP film, an outdoor test is performed (Fig. 3a) using a cooling test box, 
thermocouples, a handheld weather station, and a solar irradiator. The 
dimensions of the test foam box are 15 × 15 × 15 cm3, with aluminum 
foil wrapped around the outer edge to prevent the polyethylene foam 
from absorbing the surrounding heat. A 5 × 5 × 5 cm3 internal chamber 
at the top of the box to place the test samples, thermocouples, and so on. 
A handheld weather station is used to record the ambient temperature, 
wind speed and humidity at the location of the test box. A solar radi
ometer is used to measure the intensity of sunlight, and an infrared 
thermal imager is used to capture the thermal images.

On June 12, 2024, the cooling test was conducted on the roof of the 
Materials and Chemistry building in Yichang City (longitude 111.32, 
latitude 30.72). The purpose of the sealing PE film is to prevent the 
influence of the heat flux in the vicinity, wind, and humidity on the 
experimental results. According to Fig. 3b, the solar irradiance is 0.58 
kW m− 2, and the maximum temperature difference is 17.7 ◦C compared 
to the Al substrate temperature, which is higher than those of white 
paint of 9.4 ◦C and PDMS of 5.8 ◦C. The average temperature difference 
is 8.0 ◦C and higher than that of white paint of 5.3 ◦C and PDMS of 3.5 ◦C 
(Fig. S14). At the time of the highest temperature (11 a.m.–2 p.m.) with 
a solar irradiance of ~0.87 kW m− 2, the average temperature difference 
of the PTP film compared to the Al substrate temperature is 15.5 ◦C, 
which is higher than those of white paint of 7.5 ◦C and PDMS of 5.0 ◦C. 
At night (8 p.m.–11:59 p.m.) with a solar irradiance of 0 kW m− 2, the 
average temperature difference is 4.8 ◦C, which is higher than those of 
white paint of 4.7 ◦C and PDMS of 4.6 ◦C. The detailed comparison is 
presented in Table S1.

Cooling tests are also performed without sealing the PE film and in 
sunny weather. In the unsealed PE film cooling test (Figs. S15–16), the 
solar irradiance on that day (9 a.m.–11:59 p.m.) is 0.59 kW m− 2. The 
maximum temperature difference is 11.5 ◦C with an average of 6.1 ◦C 
compared to the Al substrate, and the maximum temperature difference 
is 10.5 ◦C with an average of 5.6 ◦C compared to the ambient temper
ature. At the time with the highest temperature (11 a.m.–2 p.m.), the 
solar irradiance is 0.87 kW m− 2, and the average temperature difference 
is 8.9 ◦C compared to the Al substrate and 7.6 ◦C compared to the 
ambient temperature. At night (8 p.m.–11:59 p.m.) with a solar 

Fig. 3. Radiative Cooling Properties and Applications. (a) Test site, schematic diagram of the test box, weather data on June 12, 2024, and local latitude and 
longitude. (b) Temperature curves of the sealed PE film cooling test, temperature curves before and after 1000 h of aging resistance, and solar irradiance, wind speed, 
and humidity on the same day. (c) Simulated application test site, simulated application with a house, a car, weather data of 2024.6.14, schematic of a house, and 
infrared thermography of a house and a car with and without a PTP film cover using an infrared thermal imager. (d) Temperature curves for target-coated rooms, 
bare houses, target-coated cars, and bare cars versus solar irradiance, wind speed, and humidity on the same day.
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irradiance of 0 kW m− 2, the average temperature difference is 1.9 ◦C 
compared to the Al substrate temperature and 1.8 ◦C compared to the 
ambient temperature. The detailed comparison is presented in Table S2.

On June 10, 2024, the temperature difference of the sealed PE film is 
assessed in cloudy weather (Figs. S17–18). The solar irradiance is 0.74 
kW m− 2 during the time with the highest temperature (11 a.m.–2 p.m.), 
the maximum temperature difference is 16.3 ◦C, and the average tem
perature difference is 11.0 ◦C compared to the Al substrate temperature. 
Table S3 shows the detailed comparison. In summary, the PTP radiative 
cooling film delivers strong radiative cooling performance during the 
day and night, but cloudy weather can have a temperature reduction 
effect.

In order to visually verify the aging resistance of PTP radiative 
cooling films, samples before and after aging are tested for outdoor 
cooling performance at the locations shown in Fig. 3a. The solar irra
diance is 0.58 kW m− 2 (Fig. 3b). The cooling effect of the PTP film before 
the anti-aging test is similar to that after, showing an average temper
ature difference between the two of 0.6 ◦C. The maximum temperature 
difference between the anti-aging PTP film and the Al substrate after
ward is 17.4 ◦C, and the average temperature difference is 7.9 ◦C 
(Fig. S19). The average temperature difference between the white paint 
before and after the anti-aging test is 1.8 ◦C. The maximum temperature 
difference between the white paint after anti-aging and the Al substrate 
is 6.4 ◦C, and the average temperature difference is 2.8 ◦C. Table S4
shows the detailed comparison. In conclusion, the cooling effect of the 
PTP film after the anti-aging test for 1000 h is better than that of white 
paint.

A house and a car model (Fig. 3c) are chosen to simulate the real 
application of cooling tests. The dimensions of the house are 10 × 10 ×
5.4 cm, and those of the car are 8 cm long and 4 cm wide. The tem
perature testing point on a house is located on the roof, and that of the 
car is located inside the car. On June 14, 2024, the solar irradiance is 0.5 
kW m− 2 (Fig. 3d and S20). The coated house shows a maximum tem
perature difference of 25.8 ◦C and an average temperature difference of 
6.2 ◦C compared to the bare house. The maximum temperature differ
ence of the coated car is 25.1 ◦C and the average temperature difference 

is 6.9 ◦C compared to the bare car temperature. Table S5 presents the 
detailed comparison. According to the infrared thermography in Fig. 3c, 
the house or car covered with PTP film shows a significant temperature 
reduction effect. The cooling test is also conducted in cloudy weather 
(Figs. S21–22) and the results are shown in Table S6. All in all, the PTP 
film has large potential in outdoor construction, automotive, and other 
applications.

3.4. Thermal conductivity and thermal stability

For electrical appliances working outdoors, such as air conditioners, 
high-voltage electrical appliances, and so on, exposure to sunlight may 
cause deleterious effects. On one hand, sunlight brings heat, and on the 
other hand, the appliances themselves generate heat. If the temperature 
inside the appliance cannot be lowered, the efficiency will be reduced, 
which will lead to aging over a long period of time, and a serious fire 
may result. Therefore, it is important to have not only excellent radiative 
cooling properties, but also good thermal conductivity and thermal 
stability.

The thermal conductivity of the PDMS film is 0.19 W m− 1 k− 1 

(Fig. 4a). In order to improve the thermal conductivity, it is useful to fill 
the polymer matrix with thermally conductive materials [64,65]. When 
the concentration of T-ZnOw particles is 40 wt%, its thermal conduc
tivity is 0.415 W m− 1 k− 1. The thermal conductivity can be improved by 
increasing the amount of conductive materials, whereas the small 
amount will lead to “sea-island” effect [66,67]. For a particle mass 
fraction of 60 wt%, the thermal conductivity is 0.931 W m− 1 k− 1, which 
is 490 % compared to the PDMS film. Although the porous structure has 
internal heat conduction path defects to a certain extent, as shown in 
Fig. S23, which makes it susceptible to phonon-interfacial scattering 
during the heat transfer process and inevitably forms a “thermal resis
tance” [68], T-ZnOw has a good heat conduction ability and is expected 
to be used in thermal management and heat dissipation of electronic 
devices [37]. At the same time, benefiting from the tetra-needle struc
ture and the aspect ratio of T-ZnOw, it can be combined with the 
polymer to form a three-dimensional thermal conductivity network, 

Fig. 4. Thermal conductivity and thermal stability test of PTP films. (a) Thermal conductivity of PDMS, 40 wt% PTP, and 60 wt% PTP films. (b) Infrared 
thermography changes of PDMS, 40 wt% PTP, and 60 wt% PTP films on a predetermined 60 ◦C heating table. (c) Temperature variations of PDMS, 40 wt% PTP and 
60 wt% PTP films corresponding to Figure (b). (d–e) Thermogravimetric analysis tests of PTP, PDMS films.
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which leads to efficient heat flow paths inside the film [57].
To visually verify the thermal conductivity, three samples, PTP-60 wt 

%, PTP-40 wt%, and PDMS, are placed on a heating table preheated to 
60 ◦C (Fig. S24). An infrared thermography camera is utilized to record 
in real time the process from the beginning until the temperature sta
bilizes. According to IR thermography (Fig. 4b), and the temperature 
curve (Fig. 4c), the initial IR thermography color of the three samples is 
basically the same (at 13.1 ◦C). With increasing time (5 s as a unit), the 
IR thermography color change (temperature change) of PTP-60 wt% is 
significantly faster than that of the other two samples, PTP-40 wt% and 
lastly PDMS. At 25 s, PTP-60 wt% has essentially the same color as the 
infrared thermography of the heated table (59.8 ◦C), while PTP-40 wt% 
is close to the heated table (58.2 ◦C) and PDMS is 55.8 ◦C. The stabili
zation temperature of PTP-60 wt% (59.8 ◦C) is 1.6 ◦C higher than that of 
PTP-40 wt% (58.2 ◦C) and 4 ◦C higher than PDMS (55.8 ◦C). Hence, the 
incorporation of T-ZnOw improves the thermal conductivity of the film.

We evaluate the thermal stability of PTP and PDMS films by ther
mogravimetric tests. In a nitrogen atmosphere, according to the TG 
curves (Fig. 4d), the thermal decomposition temperature (T5wt%) for 5 % 
mass loss of PTP films is 486.7 ◦C, which is higher than that of PDMS 
films (410.6 ◦C). According to the DTG (Fig. 4e) curves, the PDMS film 
starts to decompose at 515.1 ◦C (Tmax). At 1000 ◦C, the char residue of 
PDMS is 34.1 %. The PTP films do not exhibit a maximum decomposi
tion temperature within the tested range of 0–1000 ◦C, unlike the PDMS 
films. The char residue for the PTP films at 1000 ◦C is 67.5 %. It is 
evident that the pyrolysis ability of high content of T-ZnOw particles 
enhances the char residue of PTP films. As shown in Table 2, the various 
thermogravimetric key parameters of the PTP films are significantly 
superior compared to other flame retarding materials containing ZnO. 
Therefore, the PTP films have strong thermal stability.

3.5. Radiant cooling properties with a heat source and flame retardancy

In order to verify that PTP films can be applied to cool electrical 
appliances with heat sources outdoors, an experimental device box that 
simulates the environment of electrical appliances is designed. As shown 
in Fig. 5a, a 5 × 5 × 5 cm3 internal cavity is dug inside a 15 × 15 × 15 
cm3 square foam box, and a heating table is placed on the bottom of the 
cavity at 60 ◦C to simulate the usual working temperature of electrical 
appliances. A test sample is placed on top of the cavity, and a thermo
couple is attached to the bottom of the sample to measure the temper
ature. On June 11, 2024, the outdoor cooling test with a heat source was 
conducted on the roof of the Materials and Chemistry building in 
Yichang City (longitude 111.32, latitude 30.72) (Fig. 5a). According to 
Fig. 5b–c, the solar irradiation (11:30 a.m. to 2 p.m.) is 0.74 kW m− 2. 
The maximum temperature difference of 17.2 ◦C and the average tem
perature difference of 13.3 ◦C for the PTP film compared to the Al 
substrate are higher than the maximum temperature difference of 
13.4 ◦C and the average temperature difference of 10.3 ◦C for the white 
paint, and higher than the maximum temperature difference of 8.6 ◦C 
and the average temperature difference of 6.2 ◦C for the PDMS. Table S7
shows the detailed comparison. The wind speed and humidity are shown 
in Fig. S25. After the testing device is moved indoors (Figs. S26–27), the 
maximum temperature difference of the PTP film is 13.5 ◦C, and the 
average temperature difference is 9.1 ◦C compared with the Al substrate, 

which is higher than the maximum temperature difference of 9.2 ◦C and 
the average temperature difference of 6.1 ◦C for white paint and higher 
than the maximum temperature difference of 6.6 ◦C and the average 
temperature difference of 4.5 ◦C for PDMS. Table S8 shows the detailed 
comparison. In summary, the PTP film has good outdoor radiative 
cooling properties such as the ability to reflect sunlight, rapid trans
mission of internal heat, and transferring heat to the outside ambient.

In order to cope with the fire safety hazards posed by electrical ap
pliances, we have conducted flame retardant test on PTP film. It is un
derstood that zinc oxide is a flame retardant [48,69]. According to the 
thermogravimetric test results, PTP is analyzed to have good thermal 
stability, indicating good conditions for flame retardancy. In the flame 
retardant test (Fig. 5d), a commercial blue flame blowtorch is used for 
the PDMS and PTP films. In the first cycle, the PDMS film heated for 1 s 
shows spontaneous combustion and generates smoke, and heating stops 
immediately. Spontaneous combustion occurs for 7 s before extin
guishing. The PDMS film changes from transparent to gray and shows 
obvious deformation. In the second cycle, heating for 3 s starts sponta
neous combustion and smoke generation. Heating stops, but the PDMS 
film burns violently emitting thick smoke and cannot be extinguished 
until it burns out after 18 s. As for the PTP film in the first heating cycle, 
heating for 5 s leads to spontaneous combustion and smoke generation. 
After heating ceases, it extinguishes after 1 s. In the second cycle, 
heating for 5 s starts spontaneous combustion and smoke generation. 
After heating stops, it extinguishes after 1 s. In the third cycle, sponta
neous combustion and smoke generation do not occur until 7 s. After 
heating stops and after 1 s, the color of the film becomes light gray, and 
the film remains relatively intact. In summary, the PDMS film burns out 
when heated for two cycles, while the PTP film spontaneously combusts 
in the first two cycles of heating, but can be instantly extinguished by 
stopping heating. It does not spontaneously combust in the third cycle of 
heating, and changes to a light gray color after heating stops. 
Throughout the cyclic heating process, the PTP film takes longer to 
combust spontaneously than the PDMS film, and the number of heating 
cycles is more than that of the PDMS film. The PDMS film burns to 
carbon after two cycles of heating, while the PTP film remains relatively 
intact after three cycles of heating.

There are several possible reasons for the flame-retardant properties 
of PTP films. Firstly, T-ZnOw is not significantly decomposed at high 
temperatures (0–1000 ◦C) according to the TG test (Fig. 4d–e). Secondly, 
T-ZnOw promotes the production of CO2 and H2O from PDMS, reduces 
the O2 concentration and temperature around the PDMS film, and slows 
combustion [52]. As shown in Fig. S28, the Si–C and Si–CH3 peaks at 
844 and 1257 cm− 1 disappear after burning. Finally, T-ZnOw can absorb 
a large amount of heat quickly through the three-dimensional thermal 
conduction pathway, thus acting as a physical barrier to lower the 
ambient temperature of the PDMS film. Therefore, the PTP films have 
good flame retarding properties to improve the fire safety (Fig. S29).

3.6. Self-cleaning and durability

The special micro- and nano-needle and porous structure render the 
PTP film surface superhydrophobic. As shown in Fig. 6a, the WCA of T- 
ZnOw with different mass percentages changes. With increasing mass 
percentage, the WCA increases. The WCA of pure PDMS is 105.5◦ ± 1.7◦

and the WSA is 180◦ ± 0◦. When the content of T-ZnOw is 30 wt%, the 
WCA goes up by 11◦ due to the relatively smooth surface of T-ZnOw 
encapsulated by PDMS without the porous structure. When the content 
is 50 wt%, a part of the needle-like structure of T-ZnOw is exposed to 
increase the surface roughness, and the WCA changes to 144.67◦ ±

1.3◦and the WSA changes to 35.5◦ ± 1.8◦. When the content of T-ZnOw 
is 60 wt%, the WCA is 153.25◦ ± 0.7◦ and the WSA is 9.2◦ ± 0.3◦ rep
resenting superhydrophobicity. The low surface chemical energies of 
polymers and micro- and nanoparticles combined with the low coverage 
of polymers provide self-cleaning surfaces. Although the polymers and 
micro- and nanoparticles can interact, a certain distribution and surface 

Table 2 
Key parameters of the thermogravimetric test of PTP films in the nitrogen at
mosphere and comparison with the literature.

Samples T5wt% (◦C) Tmax (◦C) Residue (%) References

PTP 486.7 681.4 67.5 This Work
IFR/mZnO 420 498 9.7 [48]
PTR-40 324.1 452.7 5.2 [49]
PP/24%Si-IFR/2%SiZnO 315 388 15.6 [50]
PAXY13–100 225 254 40.5 [51]
EP/5MCA/3MTZ 369 395 6.45 [52]
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Fig. 5. Radiative cooling properties with a heat source and flame retardancy. (a) Outdoor test site with a heat source, schematic of test box with a heat source, 
weather data on June 11, 2024, and local latitude and longitude. (b) Outdoor temperature curves with a heat source and solar irradiance. (c) Temperature differences 
corresponding to (b). (d) Flame retarding test of PDMS and PTP films for a commercial blue flame gun. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.)

Fig. 6. Self-cleaning and durability of PTP films. (a)WCA and WSA values of PTP films with different particle mass fractions. (b) WCA values of PTP film after 
abrasion on 600 mesh sandpaper. (c) WCA values of PTP film after UV accelerated aging chamber test. (d) Silver mirror phenomenon and the state of various liquids 
on the surface of the film. (e) Self-cleaning test in PTP, PDMS film by simulating muddy water dripping into the film.
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roughness are required to produce superhydrophobicity and self- 
cleaning properties [70]. On the other hand, there is a transition from 
the Wenzel state to the Cassie-Baxter state, where the roughness of the 
coating surface goes from low to high (Fig. S30). The contact area of the 
droplets with the surface decreases, and more air is trapped on the 
surface of the film [36].

The self-cleaning durability of the PTP film is evaluated to ensure its 
suitability for long-term outdoor use. A friction test using 600 mesh 
sandpaper and a 200 g load is performed. The hydrophobic angle is 
measured every 25 cm, and at the end of each cycle, the WCA decreases. 
At 125 cm, the hydrophobic angle maintains over 150◦ as shown in 
Fig. 6b. The UV intensity is set to 0.89 W/m2, the temperature is 60 ◦C. 
The WCA is measured every 200 h (Fig. 6c). After 1200 h (the equivalent 
of over 500 days of outdoor exposure in Florida), the WCA remains 
stable above 150◦. This indicates excellent UV resistance for the T-ZnOw 
needle-like structure, allowing prolonged sunlight exposure without 
significant structural damage. The PTP film thus exhibits good hydro
phobic durability, which is promising for long-term outdoor applica
tions. Fig. 6d shows that a reflective silver layer forms on the surface of 
the film because the film is isolated by air, thus preventing water from 
wetting it. 60 μl droplets of water, yogurt, coffee, and juice can form on 
the film. As shown in Fig. 6e, the PDMS film is tested for self-cleaning 
with the PTP film. A dropper is used to suck up the muddy water and 
drop it onto the two films. About 0.05 ml of muddy water (simulating 
the volume of a raindrop) is dropped each time, and the PTP film 
bounces the muddy water, which eventually falls to the Petri dish, thus 
avoiding the contact between the muddy water and film surface, con
firming the self-cleaning effect. In contrast, the PDMS film is unable to 
bounce the muddy water off the surface of the film; instead, it is stuck to 
the surface of the film. The experimental results in Fig. 6d and e show 
that the PTP film has a strong self-cleaning ability to effectively prevent 
contaminants from affecting the radiative cooling performance of the 
film.

4. Conclusion

The PTP film, a radiative cooling film with porous doped particles, 
has many desirable properties. It shows needle-like bionic as well as 
porous ceramic-like structures with whiteness and flexibility. In the 
sunlight spectral band (0.3–2.5 μm), the reflectance is 0.91, and the 
atmospheric window (8–13 μm) emissivity is 0.99, besides excellent 
anti-ultraviolet aging. Simulated outdoor exposure for a year reveals 
that the reflectance is still as high as 0.9, and the emissivity is basically 
unchanged. In the outdoor cooling test without a heat source, the 
average temperature difference compared to the Al from 11:00 a.m. to 2 
p.m. is 15.5 ◦C. The PTP film has a thermal conductivity of 0.931 W m− 1 

k− 1 and shows average temperature differences as high as 13.3 ◦C in the 
outdoor cooling tests with a heat source and 9.1 ◦C indoors. The high 
thermal decomposition capacity makes it flame retarding, thus miti
gating fire risks. The needle-like and porous micro-nano structures yield 
superhydrophobicity and reduce the impact of dust and muddy water on 
the degradation of the radiative cooling properties. In addition, the 
strong hydrophobic durability enables outdoor applications for 
extended periods of time. As a result of the multiple functionalities, the 
materials have large commercial potential.
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Note S1. Definitions of average solar reflectance, and thermal emittance. 

The average solar reflectance (R̅Solar) is defined as shown in equation (1): 
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where λ is the solar wavelength, ISolar(λ) is the normalized ASTM G173 global solar 

spectrum, and R(λ) is the sample’s spectral reflectance. Similarly, the thermal emittance 

ε̅(λ1-λ2)is defined as shown in equation (2): 
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indicating the solar intensity of the blackbody at the temperature T. 
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Figure S1. The surface SEM image of PTP film.  
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Figure S2. The cross-section SEM image of PTP film.  
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Figure S3. Flexibility test of PTP film.  
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From Figure S4, PDMS exhibits the largest elongation at break (41.8%), but a tensile 

strength of only 2 MPa. With increasing particle content, the elongation at break of the 

PTP films decreases, while the tensile strength increases. At a particle content of 60 

wt%, the tensile strength reaches 8 MPa, four times higher than that of PDMS. 

 
Figure S4. (a) Tensile strength test. (b) Stress-Strain image for different T-ZnOw mass 
fractions.   

  



7 
 

From Figure S5, the optical properties of PTP films have ideal impact resistance. Gravel 

impact testing is performed by repeatedly dropping 30 g of gravel from a height of 30 

cm. After 30 impacts, the reflectance decreases from 0.9 to 0.89 (a reduction of 1%), 

while the emissivity decreases from 0.996 to 0.989 (a reduction of 0.7%). 

 
Figure S5. (a) Gravel impact resistance test. (b) Changes in reflectance and emissivity 
of PTP film before and after gravel impact.  
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From Figure S6, the optical properties of PTP films have ideal tensile resistance. After 

100 tensile cycles, the reflectance decreases from 0.909 to 0.902 (a reduction of 0.7%), 

and the emissivity decreases from 0.993 to 0.988 (a reduction of 0.5%). 

 
Figure S6. (a) Tensile cycle test. (b) Changes in reflectance and emissivity of the PTP 
film before and after tensile testing.  
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Figure S7. XRD patterns of PTP film and T-ZnOw particles.
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Figure S8. Optical pictures of PTP films with different particle mass fractions.  
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Figure S9. SEM image of T-ZnOw particles.  
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Figure S10. Comparison of reflectance of needle particles and ordinary particles 

composite films. 
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Figure S11. Comparison of emissivity of needle particles and normal shape particles. 
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Figure S12. Schematic of UV aging assessment.  
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Figure S13. Optical photographs of PTP and white paint films before and after anti-

aging.  
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Figure S14. Temperature difference curves of the sealing PE film in the cooling test 

(June 12, 2024).  
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Figure S15. Unsealed PE film temperature curves, wind speed, and humidity (June 12, 

2024).  
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Figure S16. Temperature difference curves for the unsealed PE film temperature test 

(June 12, 2024).  
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Figure S17. Temperature curves of the sealed PE film: cooling, wind speed, and 

humidity in cloudy weather (June 10, 2024).  
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Figure S18. Temperature difference curves of the sealing PE film in the cooling test 

in cloudy weather (June 10, 2024).  
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Figure S19. Temperature difference curves for the anti-aging cooling test (June 12, 

2024).  
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Figure S20. Temperature difference curves for the simulated cooling test (June 14, 

2024).  



23 
 

 

 

 

Figure S21. Temperature curves for the simulated cooling test, wind speed, and 

humidity on a cloudy day (June 13, 2024).  
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Figure S22. Temperature difference curves for the simulated cooling test (June 13, 

2024).  
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Figure S23. Schematic showing the thermal conductivity of the PTP film. 
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Figure S24. Laboratory heating table. 
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Figure S25. Wind speed and humidity at different times of the day during the cooling 

test with a heat source (June 11, 2024). 
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Figure S26. Indoor temperature test curves with a heat source.  
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Figure S27. Temperature difference curves for the indoor cooling test with a heat 

source. 
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Figure S28. FTIR spectra of the samples before and after burning. 
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Figure S29. Schematic of the flame retarding principle. 
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Figure S30. Schematic of hydrophobicity. 
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Table S1. Sealed PE film temperature differences (June 12, 2024). 

 ∆ = 

(PDMS-Al) 

/℃ 

∆ = (White 

paint-Al) 

/℃ 

∆ = 

(PTP-Al) 

/℃ 

∆ = (PTP-

Ambient) 

/℃ 

Average 

temperature 

difference 

(Full time) 

-3.5 -5.1 -8.0 -5.2 

Average 

temperature 

difference 

(11:00-14:00) 

-5.0 -7.5 -15.5 -7.0 

Average 

temperature 

difference 

(20:00-23:59) 

-4.6 -4.8 -4.8 -2.7 

Maximum 

temperature 

difference 

-5.8 -9.4 -17.7 -14.9 
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Table S2. Unsealed PE film temperature differences (June 12, 2024). 

 ∆ = 

(PDMS-Al) 

/℃ 

∆ = (White 

paint-Al) 

/℃ 

∆ = 

(PTP-Al) 

/℃ 

∆ = (PTP-

Ambient) 

/℃ 

Average 

temperature 

difference 

(Full time) 

-2.2 -3.7 -6.1 -5.6 

Average 

temperature 

difference 

(11:00-14:00) 

-1.3 -4.7 -8.9 -7.6 

Average 

temperature 

difference 

(20:00-23:59) 

-2.0 -2.0 -1.9 -1.8 

Maximum 

temperature 

difference 

-5.3 -7.2 -11.5 -10.5 
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Table S3. Sealed PE film temperature differences in cloudy weather (June 10, 2024). 

 ∆ = 

(PDMS-Al) 

/℃ 

∆ = (White 

paint-Al) 

/℃ 

∆ = (PTP-

Al) 

/℃ 

∆ = (PTP-

Ambient) 

/℃ 

Average 

temperature 

difference 

(Full time) 

-3.6 -6.3 -13.5 -1.1 

Average 

temperature 

difference 

(11:00-14:00) 

-2.8 -5.3 -11.0 -2.2 

Maximum 

temperature 

difference 

-6.1 -8.4 -16.3 -7.3 
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Table S4. Anti-aging sealing PE film temperature differences (June 12, 2024). 

  

 ∆ = (PTP- 

Aging 

PTP) 

/℃ 

∆ = (White paint- 

Aging White 

paint) 

/℃ 

∆ = 

(Aging 

PTP-Al) 

/℃ 

∆ = (Aging 

White paint-

Al) 

/℃ 

Average 

temperature 

difference (Full 

time) 

-0.57 -1.8 -7.9 -2.8 

Average 

temperature 

difference 

(11:00-14:00) 

-1.5 -4.0 -13.8 -3.6 

Average 

temperature 

difference 

(20:00-23:59) 

-0.1 -0.3 -5.4 -2.5 

Maximum 

temperature 

difference 

-2.7 -4.9 -17.4 -6.4 
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Table S5. Temperature differences for simulated applications (June 14, 2024). 

  

 ∆ = (Target 

coated house-

Bare house) 

/℃ 

∆ = (Target 

coated car-

Bare car) 

/℃ 

∆ = (Target 

coated house-

Ambient) 

/℃ 

∆ = (Target 

coated car-

Ambient) 

/℃ 

Average 

temperature 

difference 

(Full time) 

-6.2 -6.9 -4.6 -3.7 

Average 

temperature 

difference 

(11:00-14:00) 

-16.3 -18.2 -7.1 -4.2 

Average 

temperature 

difference 

(20:00-23:59) 

-0.7 -1.1 -1.7 -2.0 

Maximum 

temperature 

difference 

-25.8 -25.1 -15.1 -13.5 
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Table S6. Temperature differences for simulated applications in cloudy weather (June 

13, 2024).  

 ∆ = (Target 

coated house-

Bare house) 

/℃ 

∆ = (Target 

coated car-

Bare car) 

/℃ 

∆ = (Target 

coated house-

Ambient) 

/℃ 

∆ = (Target 

coated car-

Ambient) 

/℃ 

Average 

temperature 

difference 

(Full time) 

-4.8 -5.6 -4.0 -3.2 

Average 

temperature 

difference 

(11:00-14:00) 

-9.0 -10.5 -4.4 -2.8 

Average 

temperature 

difference 

(20:00-23:59) 

-0.3 -0.1 -1.0 -1.3 

Maximum 

temperature 

difference 

-15.6 -15.1 -15.8 -14.1 
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Table S7. Temperature differences in the presence of a heat source outdoors (June 11, 

2024). 

 
∆ = (PDMS-Al) 

/℃ 

∆ = (White paint-Al) 

/℃ 

∆ = (PTP-Al) 

/℃ 

Average 

temperature 

difference 

(11:30-14:00) 

-6.2 -10.3 -13.3 

Max. 

temperature 

difference 

-8.6 -13.4 -17.2 
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Table S8. Temperature difference with a heat source indoors (June 11, 2024). 

 
∆ = (PDMS-Al) 

/℃ 

∆ = (White paint-Al) 

/℃ 

∆ = (PTP-Al) 

/℃ 

Average 

temperature 

difference(120

min) 

-4.5 -6.1 -9.1 

Maximum 

temperature 

difference 

-6.6 -9.2 -13.5 
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