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Abstract: Daytime radiative cooling is an energy-free pathway to achieve cooling performance.
Current radiative cooling materials with periodic photonic structures are facing a huge challenge
in terms of scale expansion owing to complex preparation technology and high cost. Herein, we
proposed the idea of the biomimetic wrinkle structure combined with optimized particles to
achieve the efficient optical property regulation of both the solar band and “atmospheric window”
band. On this basis, a large-scale radiative cooling coating with the biomimetic structure of human
skin natural wrinkle, comprising high concentrations of BaSOs and SiO; particles, was
demonstrated. The coating with a thickness of ~100 um reflected ~95% of solar irradiance, and
the emissivity in the “atmospheric window” band was ~96%. At noontime (11:00-13:00), in a
populous area located at sea level, the average effective cooling power of ~89.6 W/m?was recorded,
and the maximum sub-ambient temperature drop was 8.1 <C. An outdoor-building test conducted
over a year showed that the maximum average indoor air temperature of the building painted with
the coating was reduced by 6.2 <C and the maximum power-saving rate of air-conditioning
exceeded 50%. Our work provided a new idea for designing, fabrication, and application of high-

performance radiative cooling materials.

Keywords: radiative cooling; skin; biomimetic; natural wrinkles.



10

15

20

25

30

1. Introduction

With the progress of human civilization and rapid economic development, research has been
focused on ensuring a comfortable living environment to meet the increasing demand for cooling
[1-5]. However, the current cooling methods not only consume a lot of energy but also cause
serious damage to the environment [6]. As an emerging and environment-friendly cooling
technology, passive daytime radiative cooling (RC) can strongly reflect the solar irradiance (A=
0.3-2.5 um) and radiate infrared heat to outer space (3K) through the “atmospheric window” (A=
~8-13 um), thus inducing a sub-ambient temperature drop [7-10]. In future, RC materials can be
widely used in zero-energy buildings, efficient solar cells, refrigerated trucks, and other related
fields [11-16].

In recent years, inspired by the extremely skillful surface structures of silver antes and
longicorn beetles, several high-performance photonic radiators with periodic nano/microstructures,
including triangular prism array, pillar arrays, and pyramid structures, have been demonstrated
using etching technology [17-21]. Cooling paints and polymers, with advantages of high
expansibility, easy applicability, and inexpensiveness, have always been the benchmark for RC
materials [22-24]. In addition, the optical properties of the currently reported particle-containing
coatings still have much room for improvement [25-29]. In this study, we realized that the
combination of surface structures and coatings was a feasible approach to design a coating type
with high-performance RC coating. However, RC materials with surface structures were facing a
huge challenge in terms of scale expansion due to the complex preparation technology, high cost,
and low efficiency [30].

In addition to the RC material with the conventional periodic photonic structures, those with
more commonly encountered natural wrinkles may perform equally well. Natural wrinkles, such
as the wrinkles in human skin and orange, were usually caused by surface contraction or expansion.
The main reason for the mechanical mechanism was that when the stress in the surface exceeded
the critical value during solvent evaporation, it caused surface instability and triggers the formation
of wrinkles [31]. The skin surface (Figs. 1(A), (B) and (C)) was naturally wrinkled at an average
roughness of ~5 um based on the flow rate of water and collagen. The average emissivity of the
human body in the 8-13 um band can reach 91.5%, as shown in Fig. 1(D). When the human body
was at normal temperature and in a relaxed state, approximately 60% of the heat was lost through
radiative heat transfer, and the skin played an important role as the emission surface [32]. As such,

the coating form irregular wrinkles (at hardly additional cost) from the stress contraction because
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of solvent volatilization during the drying process. We pondered whether the optical properties of
the RC coating can be enhanced by the wrinkled surface structure. Accordingly, we demonstrated
and tested an efficient biomimetic RC coating (Bio-RC coating) with natural wrinkles containing
BaSO4 and SiO; particles, as shown in Fig. 1(E) and (F). Specifically, we achieved a substrate-
independent hemispherical reflectivity (Rsow ) 0f ~95% and an emissivity (gum) of ~96% with
Bio-RC coating. These values demonstrated the significant performance of the proposed coating,
for example, under a total solar irradiance of 803 W/m?, the maximum sub-ambient temperature
drops by ~8.1 <C and the average effective radiative cooling power was ~89.6 W/m?. This cooling
performance was on par with or exceeded those in reported previous studies [30, 33-36]. Compared
with ordinary buildings, the maximum average indoor air temperature of the building painted with
the Bio-RC coating was reduced by 6.2 <C, and the air-conditioning power-saving rate exceeded
50%. Furthermore, the coating demonstrated excellent substrate adaptability, color extensibility,

and weatherability and was thus suitable for large-scale commercial applications.
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Fig. 1 Skin (A) Photos of human facial skin. (B) Locally enlarged view of the skin. (C) Schematic
of the skin structure. (D) The emissivity of the human body at 8-13 um. The dotted line in D
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indicated average emissivity of 91.5%. (E) Basic working principle and schematic of the Bio-RC

coating. (F) Flow chart of the Bio-RC coating.

2. Design of the Bio-RC coating

This study was aimed at producing a coating with improved optical propertied because of its
wrinkled structure and added particles. As such, we used the finite difference time domain (FDTD)
simulation to optimize related parameters. First, we optimized the size distributions of BaSO4 and
SiO2 particles. As corroborated through FDTD simulation, SiO: particles with the size of 4 pum can
effectively enhance the emissivity of the coating at 8-13 um because smaller microsphere
resonated at the electric dipolar resonance, while higher order electric and magnetic modes were
excited in the larger microsphere (Fig. S5(A)) [25]. Moreover, BaSOg particles with the size of 0.4
um, comparable with the wavelength of the incident light, generated strong Mie scattering, leading
to enhanced reflectivity at the solar band (Fig. S5(B)) [37]. The variation in energy distribution
with coating thickness was analyzed, and it was found that the thickness of the coating tended to
be stable and reached 100 um (Fig. S5(C)). Furthermore, the influence of different heights of
wrinkle structure on the emissivity in the “atmospheric window” was analyzed, using the control
variable method. The spectral and the average emissivity in the “atmospheric window” band of
Bio-RC coatings with different heights of wrinkle structures were given (Fig. S6 (B) (C)), which
showed that with the increase of the wrinkle height, the emissivity of the coating in the wavelength
range of 8.0-13.0 um significantly increased at first, then gradually decreased, and reached the
maximum when the average height of wrinkles was 5 pm.

In the solar band, the average reflectivity ( Rs ) Of the coating with wrinkled structure was
1.3% higher than that of the planar coating, and the average reflectivity ( Rsor ) O the two coatings
was 94.7% and 93.4%, respectively, as shown in Fig. 2(A). This was mainly due to the
improvement of reflectivity in NIR wavelengths (A= 0.78-2.5 um) caused by Mie scattering (Fig.
2(B)). In the “atmospheric window” band, when the incident light was at the wavelength of 9.6
um, the coating with the wrinkled structure absorbed the incident light energy within a short
distance (Figs. 2(C) and (D)). The average emissivity (zam) Was 4.5% higher with the wrinkled
structure (96.2%) compared to 91.7% of the planar coating (Fig. 2(E)). This enhanced emissivity
was because of the similar heights of the wrinkle and incident wavelength; as such, the photons

cannot pass directly through the surface of the wrinkled structure and thus continue to oscillate

4



10

15

20

between the wrinkled structures. Therefore, the propagation path of photons increased, improving
the emissivity. Moreover, the wrinkle destroyed the continuity of the surface, causing the fading
wave to decay rapidly on the surface, which further improved the emissivity of the coating. The
influence of the incident light at different angles on the spectral emissivity of the coating was
calculated (Fig. 2(F)). As shown, the difference in the spectral emissivity between the coating with
wrinkled structure and planar coating was the largest when the incident light was in the vertical
direction (09.
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Fig. 2 Comparison of optical properties of the Bio-RC coating and planar RC coating (A)
Comparison of solar reflectivity. (B) Scattering coefficient of the Bio-RC coating, inset picture
was the electromagnetic field in light travels between single particles. Inset: Cross-sectional view
of two-dimensional distribution of light intensity (square of the absolute value of the electric field
component of light, or Electric field) for BaSO4 particle (C)(D) Schematic of the Bio-RC and
planar RC coatings; electromagnetic field distribution at 9.6 um. (E) Comparison of emissivity.

(F) Comparison of emissivity in “atmospheric window” at different incident angles.

3. Preparation and characterization of the Bio-RC coating

According to the abovementioned numerical analysis, the optimized Bio-RC coating had a
wrinkled structure with an average height of 5.0 um caused by evaporation of the solvent, in which
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BaSO4 and SiO particles were randomly distributed (Fig. S5). The Bio-RC coating was fabricated
using a simple roller coating method that included the following fabrication steps: ball-milling,
weighing, ultrasonic oscillating, stirring, and drying (Fig. 3(A)). Polyvinylidene difluoride can be
replaced with commonly used water-based substrates, such as acrylic and organosilicon resins.
The scalability of our fabrication procedure and materials rendered the optimized Bio-RC coating
promising for practical applications requiring large-area coatings.

The Bio-RC coating on the copper plate had a fairly whitish appearance (Fig. 3(B)). The
scanning electron microscopic (SEM) image showed that the Bio-RC coating with ~100-pum
thickness was tightly attached to the surface of the substrate. Owing to high filler concentration,
the embedded particles were wrapped in the fabricated coating, showing a state of aggregation.
The size distributions of BaSO4 particles and SiO; particles were characterized by a laser light
particle size analyzer, and the average diameters were 0.4 and 4.0 pum, respectively (Fig. 3(C)).
The surface of the Bio-RC coating was observed using an optical microscope, which showed the
formation of surface protrusions of a certain size due to the evaporation of the solvent during the
drying process (Fig. 3(D)). To obtain clearer surface morphology of the Bio-RC coating, the 3D
mode of the optical microscope was used to scan the surface of the coating with natural wrinkles
(Fig. 3(E)), and the surface measurement results showed that the average roughness of the surface

protrusions was ~5.0 um.
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Fig. 3 Preparation and characterization of the Bio-RC coating (A) Preparation of the Bio-RC
coating. (B) Lower left: Image of the Bio-RC coating; Upper left: SEM sectional diagram and
Right: SEM image of the Bio-RC coating. (C) Size distributions of BaSO4 and SiO- particles in
Bio-RC coating, showing average diameter sizes of ~0.4 and ~4.0 um, respectively. (D) Image of
surface morphology of radiative cooling coating taken by optical microscope. (E) Image of coating

surface in the 3D scanning mode of the optical microscope.

4. Results and discussion
4.1 Optical properties and daytime RC performance of the Bio-RC coating

The RC performance of the coating was mainly determined by its spectral properties in the
solar and infrared bands. The spectral reflectance of the Bio-RC coating and planar coating was
determined by UV-VIS-NIR spectrophotometer (0.3-2.5 um) and Fourier infrared spectrometer
(2.5-15.0 pum). For 100-um-thick Bio-RC coating, the average reflectivity ( R ) in the solar

spectrum was ~95%, and the average emissivity (am) in the “atmospheric window” band was
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~96%. Compared with the planar coatings of the same thickness, the wrinkled structure effectively
increased the reflectivity in the solar spectrum by 1% and the emissivity by ~3%. (Fig. 4(C)).

The actual RC capability of the Bio-RC coating was tested in the densely populated city of
Weihai, China (37°31'46"N, 122°4'40"E, sea level) on October 25", employing the self-made
experimental apparatus. To reduce the influence of heat convection and conduction on the
accuracy of experimental results, polystyrene foam was covered with a high-reflective aluminum
foil with super thermal insulation performance, and four short sticks were used to support the Bio-
RC coating in the polystyrene foam. The Bio-RC coating painted on a 1-mm-thick copper sheet
was subjected to direct sunlight under a clear sky (Figs. 4(A) and(B)). Temperatures of both the
environment (air) and the Bio-RC coating were registered during the hottest period of the day
(10:00-14:00), and the temperature variation curves for these were plotted in Fig. 4(D). The
corresponding sub-ambient temperature drop (AT) (Fig. 4(E)) can be obtained by subtracting the
two temperature curves. Interestingly, under an average total solar irradiance of Isolar = ~803 W/m?
(Fig. 4(F)), average ambient temperature of ~27.9 <C, and average relative humidity of ~26.1%
(Fig. 4(G)), the Bio-RC coating achieved the maximum temperature drop of ~8.1 <C and average
temperature drop (AT) of ~5.9 <C. The cooling power of the Bio-RC coating was measured
experimentally by using a self-built ingenious automatic feedback device. The temperature
feedback control module controlled the heating film. The temperature of the copper plate was
consistent with the ambient temperature, and the heating power was equivalent to the cooling
power. The average effective cooling power was ~85.3 W/m? under the same experimental
conditions (10:00-14:00) (Fig. 4(H)). Thereinto, the average effective cooling power of ~89.6
W/m?was recorded at noontime (11:00-13:00).
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Fig. 4 Optical properties and daytime radiative cooling (RC) performance of the Bio-RC
coating. (A) Schematic of a single testing device. (B) Photograph of the control experiment device
for daytime RC performance. (C) The experimental reflectivity (1-emissivity) of the Bio-RC
coating and planar coating in normalized ASTM G173 global solar spectrum and “atmospheric
window” spectrum. (D) Temporal temperature data of air and Bio-RC coating under direct sunlight
and (E) sub-ambient temperature drop (AT) of the Bio-RC coating. The dotted line in E indicated
average AT of 5.1 <C. (F-H) Detailed average total solar irradiance, lsolar (F); relative humidity
(G); and RC power (H) measured in the experiment; the average values of each curve in F-H were

803 W/m?, 26.1%, and 85.3 W/m?, respectively, shown as a dotted line in the corresponding graphs.

4.2 Outdoor test of the Bio-RC coating on the actual building

During applications, RC materials can be widely applied in many fields, particularly in
outdoor buildings. To test the cooling performance of the Bio-RC coating in the actual building,
we built two identical outdoor buildings on the open roof for comparative experiments; one was
coated with the Bio-RC coating (Fig. 5A), while the other was coated with common blue paint.
The temperature of the two roof surfaces was captured by an infrared thermal imager at noon on

August 17", 2020. Obtained from data of the infrared thermal images, the average roof temperature
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of the building with/without the Bio-RC coating was 60.2/40.3 <T (Figs. 5 (B) and (C)); the
temperature difference was up to 19.9 <C. In addition, the temperature data of the two buildings
for three consecutive days (6.14-6.16, 2020) were measured using thermocouples (Fig 5(D)). The
difference between the maximum roof temperatures of the two buildings was 23.6 <C, and the
corresponding difference between the maximum indoor air temperatures was 13.9 <C. In the
afternoon, the indoor air temperature increased owing to the solar radiation irradiating the wall;
this affected the cooling performance of the Bio-RC coating, and this phenomenon would be
greatly reduced in the application scene of a large area of the coating.

Furthermore, we constantly observed the actual cooling performance of the coating
throughout the year (2019.10-2020.10) and compared the changes in roof surface and indoor air
temperatures. As shown in Figs. 5(E) and 5(F), the temperature of the coated roof was significantly
lower than that of the uncoated roof. Owing to the low ambient temperature and high wind speed
in winter, the roof temperature difference in January was only 4.5 <C. Comparatively, in July, the
roof temperature difference was the largest, reaching 11.3 <C. Owing to the existence of the roof
insulation layer, the difference in the indoor air temperature was significantly smaller than that of
the roof temperature. The indoor temperature difference in January was the least at 0.3 <C, whereas
the difference in May was the largest at 6.2 <C.

The power-saving rate was another important indicator to evaluate the cooling performance
of the Bio-RC coating; therefore, we conducted a 4-day (7.29-8.01, 2020) uninterrupted
comparison experiment to obtain the power-saving performance. According to the notice of the
General Office of the State Council on “Strictly implementing the air-conditioning temperature
control standard in public buildings” in 2007, the indoor air-conditioning temperature setting in
summer should not be lower than 26 °C for all public buildings [38, 39]. Therefore, during testing,
the air-conditioning temperatures of the two rooms were set to 26 <C. The results showed that the
power consumption of the air-conditioning in the coated room was significantly lower than that in
the uncoated room, and the daily power-saving rates during testing were 23.5%, 23.8%, 26.9%,
and 22.7%, respectively (Fig 5(G)). Take July 31 as an example, in three time periods of 7:00—
10:00, 10:00-15:00, and 15:00-19:00, the power consumptions of the building with the Bio-RC
coating were 0.4, 0.7, and 0.4 kWh, whereas the air-conditioning power consumptions of the

€. &%

uncoated room were 0.6, 1.0, and 0.6 kWh. The power-saving rates (&, = x100%) in these

b
three periods were 50.0%, 42.8%, and 50.0%, respectively. By using Bio-RC coating in Weihai,
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the energy consumption could be saved up to 40.9 kWh in summer and had risen by only to 9.9
kWh in winter, resulting in a net energy saving of 31.0 kWh. In dry and hot areas, the application

of Bio-RC coating could result in a larger net energy saving.
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Fig. 5 Comparison of experimental results of buildings with/without Bio-RC coating. (A)
Photograph of the two test buildings with air-conditioners; the roof of the left building was painted
with the Bio-RC coating, while the right building was painted the ordinary paint. Further details
were provided in the supplementary materials. Infrared thermal images of the building roof painted
with the Bio-RC coating (B) and not painted with the Bio-RC coating (C); Building continuous
temperature test curve; the blue and black lines showed the uncoated-roof and indoor temperatures,
respectively, and the green and red lines showed the coated-roof and indoor temperatures,
respectively(D). Comparative experimental result of the monthly average roof temperature (E) and
indoor air temperature (F); the blue column presented the temperature of the painted building, and
the yellow column presented the temperature of the unpainted building. (G) The air-conditioning
electricity consumption graph for each period (7:00-10:00, 10:00-15:00, 15:00-19:00, 19:00-
01:00, and 01:00-07:00); the green column showed the coated power consumption, the blue
column showed the uncoated power consumption, and the red line indicated the daily power saving

rate.
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4.3 Versatility of Bio-RC coating

The excellent optical performance of the Bio-RC coating was complemented by paint-like
applicability, which was crucial for direct application on structures. The Bio-RC coating can be
easily applied to different types of substrates such as stone, aluminum, plastic, and wood (Figs. 6
(A)—(D)). Furthermore, hardness was also a basic performance factor that affected the service life
of the Bio-RC coating, and minor scratches appeared when a 3H pencil was traversed on the
surface of the Bio-RC coating (Fig. S9).

Owing to practical requirements for color appearance in practical scenes, the color
extensibility of RC coating was particularly important [40, 41]. Ordinary paints usually had low
reflectance in the NIR wavelengths [42]. To minimize solar radiation, the colored coatings should
maximize the reflection of NIR wavelengths. We added coloring to the paint prepared red, yellow,
and blue Bio-RC coatings; and tested the spectral performances (Fig. 6(E)). The average
reflectivity of the red, yellow, and blue Bio-RC coatings in the NIR wavelengths was ~94%, which
was equivalent to the average reflectivity of the ordinary Bio-RC coating. Based on the analysis
of the spectral data, the chromaticity of the blue, red, and yellow Bio-RC coatings was shown in
the CIE 1931 color space (Fig. 6(F)).

Long-term outdoor exposure caused dust to contaminate the coating surface, thus affecting
the cooling performance. To this end, we sprayed a layer of polytetrafluoroethylene on the surface
of the Bio-RC coating to achieve a hydrophobic property hardly affecting the optical performance
conditions. The Bio-RC coating had a high-water contact angle of ~125.3< which had a potential
self-cleaning function. To verify the durability of the coating, the spectral reflectivity of the Bio-
RC coating that had been exposed outdoor for ten months (2020.10-2021.7) was measured. The
optical properties of the Bio-RC coating were almost unchanged, proved the Bio-RC coating with
a great durability (Fig. S10).

12
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on aluminum, (C) painted on plastic, or (D) dip-coated on wood. (E) The spectral reflectivity of
yellow, red, and blue Bio-RC coating compared to that of a white Bio-RC coating; the insets
showed three color samples. (F) The chromaticity of the red, yellow, and blue Bio-RC coting
shown in the CIE 1931 color space; the inset presented the enlarged view of the chromaticity
values of the coatings. (G) Photograph of the contact angle for the droplet (the average value was

125.39.

5. Conclusions

In this paper, we proposed the idea of the biomimetic wrinkle structure combined with
optimized particles to achieve the efficient optical property regulation of both solar band and
“atmospheric window” band. On this basis, we demonstrated a radiative cooling coating with the
biomimetic structure of human skin natural wrinkle, comprising high concentrations of BaSO4 and
SiO> particles. The Bio-RC coating with a thickness of ~100 pm can reflect ~95% of solar
irradiance (0.3-2.5 um), and the emissivity in the “atmospheric window” band (8.0-13.0 pm) was
~96%. At noon time, in a populous area located at sea level, the average cooling power of 85.3
W/m? was recorded, and the maximum sub-ambient temperature drop was 8.1 <C. An outdoor-
building test conducted over a year showed that, compared with ordinary buildings, the maximum
average indoor air temperature of the building painted with the Bio-RC coating was reduced by
6.2 C, and the maximum power-saving rate of air-conditioning exceeded 50%. Furthermore, the
coating exhibited excellent substrate adaptability, color extensibility, weather ability and at a cost
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of only $1.8/m? and was thus suitable for large-scale commercial applications. This work provided
a new idea for designing, fabrication, and application of high-performance radiative cooling

materials.

6. Materials and Methods
6.1 Preparation of the Bio-RC coating and planar coating

All chemicals were of analytical grade purity and used directly without further purification.
Firstly, the BaSO4 and SiO: particles were ground into 0.4 and 4.0 um by using ball milling,
respectively. Then, BaSO4/SiO, particles were added to N-methyl pyrrolidone (NMP) for
ultrasonic vibration dispersion for 30 min to achieve stable turbidity. The PVDF was gradually
added to the turbidity while stirring; the mixture was then stabilized over 10 h. After stirring and
stabilizing, the paint achieved applicable viscosity that it formed a stable and continuous wire
drawing state when it was stained by the glass rod. When the Bio-RC coating can be conventionally
sprayed or painted on the copper plate, the thickness of the coating should be slightly below the
maximum thickness of the coating allowed by surface tension. Finally, the Bio-RC coating was
obtained after drying in an oven at 70 <C for 20 min to make the adhesion stronger or naturally
drying.

The planar coating was prepared using the same paint. The paint was applied to the surface
of the smooth silver mirror and peeled off after drying, obtaining the planar coating.
6.2 Outdoor test device of actual building

Two identical outdoor test chambers of 0.9 m x0.9 m x<1.2 m (length <width <height) were
built. The top layer was a 2-mm-thick iron plate, with a 10-cm-thick insulating foam layer and
wall thickness of 15 cm. There were 15 cm %15 cm glass windows on the north wall of the air
blocking brick (Fig. 5(A)). One building was coated with an RC coating on the top, and the other
one was kept uncoated. A temperature measuring thermocouple was arranged on the top of the
house to measure the surface temperature of the roof, and a temperature-measuring thermocouple
was arranged inside the house to measure the indoor air temperature. The cabinet air conditioner
was installed separately, and the electric energy meter was connected separately to measure the
electricity consumption of the room at each time. The air-conditioner temperature was set to 26 C

for the power-saving test.
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