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SUMMARY

Porous polymer radiative cooling coatings (PPCs) have attracted attention due to
their ability of drawing and radiating heat from a hot object into the outer space,
without any energy consumption. However, high performance of PPCs has yet to
be achieved and the large-scale production of radiative cooling technology is still
facing high cost and complex manufacturing constraints. Here, we propose a sim-
ple, inexpensive, scalable approach to fabricate anisotropic (P(VdF-HFP)),, PPCs
(TPCs) by dissolution and diffusion between solvent and non-solvent-induced
phase separation. By adjusting the porosity, pore size, and geometry, a sub-
ambient temperature drop of ~6.3°C in daytime and 10.1°C in night-time was
achieved under a solar reflectance of 0.92 and an atmospheric window emittance
of 0.96. A thermoelectric generator with an output voltage of almost zero
reached 7 V/m? after coating with TPCs. This could provide a convenient,
economical, and environment-friendly way for PPCs materials toward efficient
cooling and power generations.

INTRODUCTION

Cooling plays more and more important roles in people’s daily life. Compressing gas and fluid (gas or
liquid) are commonly used for cooling with obvious shortcomings like water resources consumption, elec-
tric energy consumption, ozone-depleting, and greenhouse gas emissions. It is particularly important to
find a novel environmentally friendly method for cooling (Gentle and Smith, 2015; Munday, 2019). Passive
daytime radiative cooling (PDRC) is one of the best ways to irradiate heat to the cold outer space through
atmospheric infrared transparent windows and resist heat absorption of the radiative devices from the sun
(Goldstein et al.2017; Zhang et al., 2019; Peng et al., 2018; Zhang et al., 2020; Zhai et al., 2017). Some PDRC
technologies have been proposed using nanophotonic structures (Kou et al., 2017; Raman et al., 2014; Kort-
Kamp et al., 2018), nanoparticles (Mu et al., 2019; Xia et al., 2019; Leonov et al., 2007), and pores (Li et al.,
2019; Mandal et al., 2018; Kim et al., 2020; Li et al., 2021; Liu et al., 2019) to enhance the radiation intensity
of the corresponding atmospheric infrared transparent windows and inhibit the solar absorbance via re-
flecting sunlight. To this end, a simple, inexpensive and scalable hierarchically porous coating of ~6°C
sub-ambient temperature drop has been obtained by a simple, inexpensive, and scalable phase-inver-
sion-based method. The rapid evaporation of the volatile acetone causes the Poly (vinylidene fluoride-
co-hexafluoropropene) (P(VdF-HFP)) to phase-separate from the water, which forms spherical micro- and
nanodroplets (Mandal et al., 2018). A variety of polymer cooling materials have been made using phase
inversion method (Mandal et al., 2018; Xiang et al., 2021; Wang et al., 2021), thermally induced phase sep-

aration (TIPS) method (Yang et al., 2020), electrostatic spinning (Li et al., 2021; Wang et al., 2020), and com- Department of Applied
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Figure 1. The fabrication of TPC and its SEM images

(A) Schematic diagram of phase separation process in NIPS method. The NIPS method was mainly divided into 4 steps:
dissolving, applying, immersing, and drying.

(B)Schematic showing the fabrication porous P(VdF-HFP),, coating by NIPS process.

(C) Physical picture of TPCs on the wooden table and its SEM images of top- and cross- section.

(D) Schematic diagram of anisotropic micropore formation.

water, which forms anisotropic microdroplets. The porosity, pore size, and pore geometry can be adjusted by
preparation process. This method has advantages of low pollution, low energy consumption, and no compli-
cated instruments in the preparation process. By experiments and theoretical calculations, it was confirmed
that the designed and fabricated anisotropic P(VdF-HFP) ((P(VdF-HFP)),.) porous polymer radiative cooling
coatings (TPCs) via the NIPS process could achieve high solar reflectance and atmospheric window emittance.
When the solar reflectance (Rsoja) was 0.92 (Normal incidence measurement) and long-wave infrared (LWIR) at-
mospheric transmission window (A ~ 8-13 pum) emittance (e wir) was 0.96 (Normal incidence measurement), an
average cooling temperature (AT) of 6.3°C in the daytime achieved and the corresponding maximum temper-
ature drop was over 9°C. Strong mechanical strength, good flexibility, and well ductility make TPCs have certain
ability to resist the deformation of the structure on the various substrates. Besides cooling, a thermoelectric
generator was proposed using the papered TPCs and its output voltage achieved 7 V/m?. This provides a
convenient, economical, and environment-protecting way for the preparation of PDRC materials toward power
generations.

RESULTS

Non-solvent-induced phase separation method

In 1963, Loeb and Sourirajan invented the phase inversion membrane production method (Yampolskii,
2012), which made the polymer separation membranes valuable for industrial applications. Thereafter,
the phase inversion membrane production has been extensively studied and gradually become the main-
stream preparation way for polymer separation membranes. Among the phase inversion approaches, the
NIPS has a simpler preparation process and more process variability. NIPS can adjust the structure and per-
formance of the membrane according to the application of the membrane. It has become the main method
for preparing microporous membranes (Liu et al., 2013, 2020; Kim et al., 2017). However, there is no report
on PDRC so far.

Figure 1A shows the schematic of the production process of TPCs in the NIPS process, which can be divided
into four steps. Firstly, the P(VdF-HFP) powder is dissolved in an organic solvent dimethylformamide (DMF).
Secondly, a coatingis applied onto a clean glass substrate in a certain thickness. Thirdly, they are immersed
into condensed water (deionized water) immediately, and the DMF will displace out of polymer precipi-
tates resulting in a porous polymer network. Eventually, loose and porous TPCs are got after drying. The
porosity of the TPCs can reach to more than 60%. More importantly, the shape, size, and number of pores
can be further controlled by adjusting the process, which are favorable to regulate reflection and radiation
for specific applications.
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When the polymer solution is immersed into water, the DMF as solvent is continuously exchanged with the
outside water (Figure 1B). The content of DMF will be getting lower, while the content of water will be get-
ting higher. Because the solvents have good mutual solubility with water, during the phase transformation
process, the solvent and non-solvent produce double diffusion perpendicular to the surface of the coating
(Liu et al., 2020). The water is immiscible with the P(VdF-HFP)ap in the system, and small water droplets will
merge themselves to form larger pores. We conjectured that the up-down double diffusion process makes
the anisotropic micropores whose long axis is perpendicular to the film interface appear in the polymer in
the casting solution (Figure 1C). This process is accompanied by the occurrence of phase separation (see
Figure S1). After drying, the TPCs with a large number of air pores are formed. In addition, in order to
ensure the repeatability of coatings production, some factors also should be paid attention to in the
coating production process (See STAR Methods). With the approach, we fabricated a TPC with size of
5cm * 5 cm and thickness of 400 um. Its top- and cross-section structures were observed by a scanning elec-
tron microscope (SEM), as shown in Figure 1D. From the top-section, it can be seen that the micropores are
mostly round pores with the radius of about 4 um, while the cross section shows oval pores of 4 um * 7 um.
We define such pores like ellipsoid in the TPCs as anisotropic pores, differing from the isotropic pores that
have been reported (Zhai et al., 2017, Mandal et al., 2018). Owing to the anisotropy of the micropore shape
in the structure, the coating is anisotropy to the optics. Here, the parameters minor axes (I, and I,) and major
axes (I,) are defined to describe the sizes and geometry of the micropores, which usually are I, = I, < I,. Such
anisotropic pores might be conducive to enhancing the R, and inhibiting the &,z

Sub-ambient PDRC performances

The PDRC schematic diagram of our TPCs including the backscattering sunlight and emitting thermal ra-
diation is showed in Figure 2A. Figure 2B is the reflection and emittance spectrum of TPCs with effective
thickness of 400 um according to the normalized ASTM G173 Global solar spectrum and the atmosphere’s
LWIR transparency window. The results demonstrate that our TPC with a porosity of ~64% achieves an Ro/ar
of 0.92, which makes the coating to minimize the heat absorbed from the solar. In addition, the TPC has an
excellent e wir of 0.96 with a broad bandwidth, which can emit heat to the cold outer space strongly
through the atmosphere’s LWIR transparency window.

One of the characteristics of our TPC is unique porous structure with size of ~4 pm * 7 um, which can scatter
the sunlight of ultraviolet-visible-near-infrared (UV-Vis-NIR) wavelength. Compared with the circular pores,
anisotropic pores increase the scattering probability of light propagating in the thin film due to their shape
characteristics, and the anisotropic pores greatly decrease the mean scattering path, which further
enhance the scattering of UV-Vis-NIR wavelength. We also get the same conclusions by using simulations
with finite-difference time-domain (FDTD) method (Figures 2C, 2D, and S2). The anisotropic pores (I, < I,)
have stronger scattering ability for sunlight than circular pores (I, = I,). The scattering coefficient of 0.8 um *
1.4 um micropore declined in the near-infrared band, and that of 8 um * 14 um micropore declined in the
ultraviolet band. Only the anisotropic pores of 4 um * 7 um can effectively scatter the full wavelength of
sunlight of UV-Vis-NIR. In addition, when sunlight passed through the interface between P(VdF-HFP),,
(high refractive index npygr-HFpap = 1.4) and air pore (low refractive index n,;- = 1.0), the high refractive in-
dex difference (npae-rep) - Nair = 0.4) can provide a sharp refractive index change across boundaries be-
tween P(VdF-HFP) and air, and come into being the efficient sunlight scattering. All told, the anisotropic
pores can achieve an excellent Ry, o, more easily than circular pores with the same size.

As a cooling membrane material, P(VdF-HFP),, has two absorption peaks in the atmospheric window
(8-13 pum) including F-C-F (symmetric stretching vibration mode, ~1190 cm™") and -CF5 (1069 cm™), as
shown in Figure 2E. Besides the anisotropic pores, another characteristic is worth noting that two novel ab-
sorption peaks in the atmospheric window were observed in our TPCs: the peaks of the amorphous structure
(873 cm™") from HFP and the @-phase structure (842 cm™") derived from PVdF (Figure 2E) (Bormashenko
et al., 2004; Sim et al., 2012; Ulaganathan and Rajendran, 2010). Amazingly, the most common a-phase of
the PVAF did not appear at its characteristic peaks (761 cm ™" and 986 cm™"). The reason may be that water
and DMF are both strongly polar solvents and the double diffusion that occurred during the immersion pro-
cess changed the arrangement direction of the -CF; (permanent dipoles). This resulted in that the a-phase
was transformed into the B-phase, which might be conducive to radiating heat into the outer space.

The cooling performance of our TPCs has been evaluated by a system consisted of a 30 cm * 30 cm * 30 cm
acrylic box filled with polyethylene (PE) foam (Figure 2F). The thickness of each acrylic plate was about
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Figure 2. Outdoor test site, equipment, and cooling performances

(A) Schematic of the basic principles of PDRC. The TPCs strongly scatter sunlight through a large number of air micropores, and emit thermal radiation

through specific functional groups.

(B) Rsotar and e wir of the TPC. The yellow and blue background images show the normalized ASTM G173 global solar spectrum and LWIR atmospheric

transparency window, respectively. The atmospheric light transmittance was calculated using the atmospheric transmittance calculation software

MODTRAN 4.
(C and D) The calculated scattering coefficients and scattering efficiency of the TPC with different sizes.
(E) Infrared spectrum within the atmospheric window (8-13 um) of the TPC.

(F and G) Schematic of the setup for testing performance of TPCs under sunlight and detailed solar intensity and temperature data on a clear but windy day in
Tianjin. The illustration showed the test site, which was located on the roof of a four-story building in the Hebei University of Technology in Tianjin, China

(39.23N, 117.05E).

0.5 cm and the height of the foam was 27 cm. A cuboid pit of 10 cm * 10 cm * 2 cm was dug in the center of
the top of the foam, and the copper pieces of 10 cm *10 cm * 1 mm were put into the pit. The TPCs were
pasted on the copper sheet with thermally conductive adhesive (thermal conductivity was 12 W/(m?-K)).
Here, the copper sheet was to facilitate the measurement of accurate temperature. The top of the acrylic
box was covered with tin foil. There was a 12 cm * 12 cm pore in the center of the tin foil, which was located
directly above the foam pit. The square pore in the middle was sealed with a layer of PE plastic wrap to
reduce convection heat. This allowed the coating to radiate heat through the window while preventing sun-
light from heating the box violently. The temperature of coatings under the copper plate and the ambient
airin the shade inside the acrylic box were measured with two calibrated thermocouples of the same K type
(range from —50°C to 300°C, accuracy of 0.1°C, relative error of +1.5%). Solar irradiance, atmosphere tem-
perature, and atmosphere humidity were also measured using a portable meteorological station. The
meteorological station’s temperature sensors and type K thermocouples were pre-calibrated.

4 iScience 25, 104126, April 15, 2022
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Figure 3. Mechanical strength, flexibility, ductility, and weather resistance of the TPCs

(A) The TPC supported a farmar of 1 kg (3 cm wide and 500 microns thick).

(B) The image of a TPC bent 180 degrees.

(C) The good ductility of TPC, which could be slowly stretched to 6 cm from 3 cm. The thickness reduced after stretching.
(D) Photographs of TPCs made on substrates of wood, plastic, and polished metal.

(E) Rsolar and e wir curves of TPC before and after 14 days of outdoor exposure.

Figure 2G shows the actual cooling performances of our TPCs and indicates that relative to the ambient
temperature, a AT of 6.3°C was achieved under the solar intensities of 1195 W/m? (Figure 4G). At 11:25,
a gale caused the temperature drop of ambient and the coating, and there was a minimum with the cool-
ing. Nevertheless, the AT was only 1.7°C at night (20:00-5:00). Then, we compared it to the atmospheric
temperature and found that the temperature of the inside was over 8.4°C lower than the outside ambient
temperature. In other words, the membrane could cool down to 10.1°C below the atmospheric tempera-
ture. The illustration shows the location of the test apparatus which is on the roof of a four-story house
(about 15 m above the ground); the environment faces the sun. There are no tall buildings around and
some trees blow the test apparatus. Therefore, the device would be fully exposed to sunlight without
affecting its ability to emit thermal radiation into the surrounding environment. Under these conditions,
the radiative cooling effect of TPCs could be investigated (Figure S3).

Other performances of the TPCs

Mechanical strength, flexibility, ductility, and weather resistance play importantroles in the resisting defor-
mation of the structure. We evaluated our TPCs and the results indicated that they have good mechanical
strength, flexibility, and certain ductility, which greatly widen the actual use of occasions. A TPC of 3 cm
wide and 500 um thickness can easily support a farmar of 500 g (Figure 3A). Also, it can be easily bent
180 degrees (Figure 3B) and slowly stretched to twice over original length (Figure 3C). The TPCs have sub-
strate selectivity. Producing on the glass, the TPCs usually auto-fallen off, but attached well on the sub-
strates of wood, plastic, and unpolished metal (Figure 3D). The Rsojar and e g curves of TPCs basically
coincide about 14 days insolation placed on the roof (Figure 3E), so that the TPC can achieve continuous
cooling and good weather resistance.

Thermoelectric generator coated with TPCs

There are many researches on thermoelectric generator using space cold source, but the reported technol-
ogies are either high cost or low output. We fabricated a thermoelectric generator with the anisotropic
porous PPC. Pasting the produced TPC on a thermoelectric power generation sheet can achieve indepen-
dent power generation (Figure 4). The used thermoelectric power generation sheet (SP1848-27145 SA) has
a conductivity of ~850 Q 'cm’, athermal conductivity of ~15 X 103Wecm'-°C~, and a thermoelectric
of merit of ~2.5 x 1072 W °C~". The thermoelectric generator was fixed 30 cm above the ground with four
foam supports (Figure 4A). The top side of the generator plate was cooled by the TPC and the bottom was
coated with bitumen for absorbing external heat. For a suspended thermoelectric power generation sheet,
the output voltage was almost zero (Figure 4B). After a TPC was affixed to thermoelectric power generation
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Figure 4. Thermoelectric power generation device and its output voltage

(A) Schematic diagram of module structure of thermoelectric device.

(B) The output voltage of thermoelectric generator with and without the coated TPC. Error bars represent the relative
error of the voltmeter (0.5%, Average of three data).

sheet with thermal conductive tape, its output voltage increased to 12 mV at night. Considering that area of
the thermoelectric power generation sheet was 4 cm * 4 cm, the power generation voltage canreach 12 mV.
This value has exceeded the value of the voltage reported in the previous article about radiative cooling
used for thermal power generation (Mu et al., 2019; Xia et al., 2019). Although the output power is low,
it has the advantages of low cost, simple process, and scalability. In addition, the thermoelectric generator
uses air as the hot source and outer space as the cold source, so it is expected to realize power generation
throughout the year. These advantages lead to its great application potential in the field of sensors and
Internet of things devices, which require a voltage of no more than 5V and need little power (Leonov
et al., 2007).

DISCUSSION
Rsoiar of the TPCs controlled by NIPS process

The factors affecting the Rgo/ar of TPCs mainly depend on their micromorphology such as the aperture sizes
and porosities (Dong et al., 2018). Herein, we discuss the influence of polymer concentration and the
condensation bath temperature on the aperture sizes and porosities of the TPCs (Figures 5, S4, and S5),
because they can affect the double diffusion of non-solvent and solvent to control the shape and size of
embedded microspheres (Figures 5A, 5B, and S4A), in turn affecting the Ryojar and e wir of the coating
(Figures 5C, 5D, and S5B). When the polymer concentration was low (13%), the Rgo/ar of TPC was more
than 89%. Considering the nucleation and growth mechanism, the increased polymer concentration gener-
ated a higher polymeric rich phase volume and lower polymeric lean phase volume. Because the polymeric
lean phase finally made the pores, the volume of pores reduced with the decrement of the volume of lean
phase (Dong et al., 2018; Chen et al., 2021; Cui et al., 2020). As the polymer concentration increased, the
diffusion rate of solvent outward and non-solvent inward reduced and the rich phase was gradually occu-
pying the space of lean phase so that scattering ability of TPC was weaker with the porosity and aperture
sizes of anisotropic porous decreasing (Figure 5C). When the concentration increased to 20%, the reflec-
tance reduced to 85.6%. In addition, we also analyzed the size distribution of the long and short axes of
anisotropic pores (Figure S3) and found that the lengths of |, and I, decreased simultaneously and in similar
proportions. The anisotropic microporous was retained under different processing conditions. Conse-
quently, the NIPS method can effectively control and regulate the formation of anisotropic pores by the
polymer concentration. However, a low concentration of casting solution (e.g. 13%) does not easily form
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Figure 5. Microstructure and reflectance of TPCs

(A and B) The major and minor axis lengths of the anisotropic pores in cross section views of coatings with different
polymer concentrations (13%, 15%, and 20%) and polymer different concentrations (13%, 15%, and 20%).

(C and D) The porosity and the average R, ., of the anisotropic pores in cross section views of TPCs obtained at different
temperatures of condensed water (7°C, 25°C, and 45°C) and different temperatures of condensed water (7°C, 25°C, and
45°C). Three samples were prepared from each process for performance characterization. Error bars represent standard
errors.

a uniform film, and the difference in reflectance between 13% and 15% is only 1.6%. So, we chose 15% as the
optimal concentration.

The water temperature of the condensation bath can also affect the Ry, by size and number of the aniso-
tropic microporous at keeping polymer concentration (Figures S4B and S5A). When the water was at a
lower temperature stage (7°C), the slower mass transfer rate of solvent and non-solvent induced to form
small or fragmentary and the Rso/o, Was slightly weak. As the water temperature raised to 25°C, the mass
transfer rate became fast. Therefore, the lean phase had relatively more time to grow and coalesce. Hence,
the micropores in lean phase would expand (Figure 5B). Meanwhile, the polymer gathered, the rich phase
coalesced correspondingly. The thickness of the aperture walls and the densification of the coating
increased, but the porosity of the coating decreased. Although the porosity of TPC was decreased via
the pores number, high Rega of 90.6% was achieved by the increased size (Figure 5D). If the temperature
of the condensation bath further increased, despite the pores in lean phase further expanded, the Rsgjar
decreased to 89.8% because the rich phase coalesced and even absorbed some micropores. From the
comparison of the size distribution of anisotropic pores, we found that I, and I, decreased in proportion
(Figure S4B), but the range of micropore size change caused by water temperature was smaller than
that caused by polymer concentration. In addition, the porosity of the coatings depended on the temper-
ature of the condensation bath and the polymer concentration. In contrast, the variation range of porosity
caused by temperature (from 0.713 to 0.511) was weaker than that of polymer concentration (from 0.831 to
0.509). The highest reflectance is at 25°C. In all, both of the polymer concentration and the temperature of
the condensation bath have an effect on the Ry by porosity of the TPCs and micromorphology of
anisotropic pores. In the end, we finally selected the appropriate process: Mass ratio of 15% polymer con-
centration and a water temperature of 25°C. The coating thicknesses we tested above were all 400 pm.
Reflectance tests of coatings of different thickness are shown in Figure S5C.

Different weather conditions’ effect on the cooling effect of TPCs

Generally, the geography and the climate directly affect the radiative cooling performance of TPCs, such as
daytime passive radiative cooling power, which is influenced by solar irradiance, humidity, cloud cover,
temperature, and surrounding environment. Therefore, we carried out a series of experiments to verify
and compare the cooling performance of our TPC in different weather conditions: windy, cloudy, and sunny
in Tianjin city (39.26N, 117.06E), and sunny in Panzhihua city, Sichuan province (28.60N, 101.73E), China. The
locations of these two cities were shown in Figure S6. As the solar irradiance increased from 428 W/m? to
1117 W/m?, the ambient temperature changed from ~5°C to ~40°C (Figures 6A-6l and S7). Although the
humidities were slightly different from weather conditions (24% on the windy day, 30% on the cloudy day,
and 16% on the sunny day), the humidities’ effect on the cooling of the coating could be ignored compared
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Figure 6. Cooling performance under different weather conditions

(A-C) Temperatures of the ambient air and the TPC, solar irradiance(Sl), and relative humidity and the temperature diffe
cooling on a windy day in Tianjin city.

(D-F) Temperatures of the ambient air and the TPC, Solar irradiance, and relative humidity and the temperature differe
cooling on a cloudy day in Tianjin city.

rence of passive daytime radiative

nce of passive daytime radiative

(G-I) Temperatures of the ambient air and the TPC, Solar irradiance, and relative humidity and the temperature difference of passive daytime radiative

cooling on a sunny day in Tianjin city.

(J-L) Temperatures of the ambient air and the TPC, Solar irradiance, and relative humidity and the temperature difference of passive daytime radiative

cooling on a cloudy day in Panzhihua city.

to the solar irradiance and ambient temperature. The AT of the three weather conditions was 4.3°C, 6.5°C,
and 7.8°C, respectively, in Tianjin City. The AT of 4.28°C was also achieved in Panzhihua, Sichuan, under a
weather condition with a high solar irradiance of 1154 W/m?, a humidity of 27%, and an ambient temper-
ature of 38°C. In Figure 6A-6L and S8, we found that when the solar irradiance reduced due to cloud cover,
both the temperatures of the TPCs and ambient fell, but the air dropped more. However, the TPCs with
high Rsoiar absorbed little heat from the sun, and the coating’s temperature did not change dramatically.
This resulted in a smaller calculated cooling temperature difference. The time at the decrease of AT in
Figures 4F and 4L corresponds to the time at the reduction of solar irradiance in Figures 6E-6K. By
comparing Figures 6A-6l, the TPC could achieve cooling temperatures of over 4°C under various weather
conditions of noontime. The fundamental reason was that the coating had characteristics of high Reor and

high e wir.

NIPS approach extension for specific applications

Based on the difference rate of displacement between solvent and non-solvent, varieties of solvents can be
applied to fabricate PPCs for specific applications with NIPS approach (Figure 7A). When DMSO (NMP) was
selected as the solvent, the coating was strongly reflective of sunlight, yet the transmittance of visible light
was obviously better than others when using acetone as solvent. The PPCs with DMSO (NMP) as solvent
could be used in scenes that require both natural lighting and cooling, the PPCs with acetone as solvent
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Figure 7. Compatibility of several of solvent

(A) Physical images of PPCs prepared with DMAC, NMP, and acetone and their SEM images.

(B) Rsolar and eLWIR of the PPCs prepared with DMAC, NMP, and acetone. Error bars indicate the uncertainty in
measurement. The results are average of three measurements. Error bars represent standard errors.

could be directly covered in the place where was needed for no lighting but cooling. Special to note was
that the cross-section SEM images of the PPCs using DMSO and NMP as solvent still showed anisotropic
pores, which made the reflectance of these two coatings reach 0.913 and 0.939, respectively (Figure 7B).
However, the PPCs with acetone as solvent tended to form a dense structure because acetone and water
were mutually soluble in any proportion and the double diffusion rate of solvent and non-solvent was faster.
The emittances of these three coatings using DMSO, NMP, and acetone were basically the same (0.951,
0.919, and 0.950).

Limitations of the study

Air temperatures were measured at outside air temperature stations with a temperature sensor, which was
directly exposed to the sun. But exposure to the sun did not affect atmospheric temperature measure-
ments because the structure of the station was designed to be applied directly to the refraction of sunlight.
A thermocouple for measuring inside air temperature was not exposed to sunlight. For uniform standards,
we finally chose to use the outside air temperature as the reference temperature for judging the radiative
cooling performance of the coatings. The formation mechanism of anisotropic pores proposed in this work
is speculative, based on hydrodynamics and molecular dynamics and has not been investigated experi-
mentally. Pore size was measured with a mercury injection instrument; however, the permeability of the
resulting micropores in the coatings was poor, thus resulting in underestimation of the pore size, in com-
parison to those observed in the SEM image. Thus, to estimate the pore size, we measured the major and
minor axes of their ellipsoid shape (values shown in Figure S4). Pore sizes and porosities are dependent on
the concentration of P(VdF-HFP), the types of solvents, the condensation bath temperature, the resting
time, etc. Here, we discuss the influence of polymer concentration and condensing bath temperature as
the more pertinent parameters. Future studies should consider the rest of the parameters as well.
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STARXMETHODS

KEY RESOURCES TABLE

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

P(VdF-HFP) Kynar Flex 2801-00
N,N-Dimethylformamide aladdin D112004
Dimethyl sulfoxide aladdin D103272
Acetone Tianjin Fengchuan Chemical Reagent Co., Ltd N/A
Deionized Water aladdin W119424
Other

Spectrophotometer SHIMADZU UV-3600
INVENIO Fourier Transform Infrared (FT-IR) BURKER INVENIO
Mercury Porosimeter Micromeritics Auto Pore IV 9510
Scanning Electron Microscope JEOL JSM-7610F

K Thermocouple SMART SENSOR AS877
Portable-meteorological Station Shandong Renke Control technology Co., Ltd N/A

Thermoelectric Power Generation Sheet Shenzhen Xinquan Technology Co., Ltd

TGM-287-1.4-1.5

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Jiliang Zhu (jlzhu@hebut.edu.cn).

Materials availability
This study did not generate new unique reagents.

Data and code availability
o All data reported in this paper will be shared by the lead contact upon request.

® This paper does not report original code.

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

METHOD DETAILS
Fabrication of TPCs

P(VdF-HFP) (PVdF-HFP 2801) from Dongguan Zhanyang polymer materials Co., Ltd was dissolved in N,N-
Dimethylformamide (RHWARN), strring for more than 2 h using power magnetic mixer to make a precursor
solution with a mass concentration of 15%. The precursor solution was then spin-coated or blade-coated
onto different substrates. The wet coatings thickness could be adjusted by changing the height between
the scaper and the substrate. Wet coatings thickness gauges could be used during coating to ensure cor-
rect thickness. Individual coatings could be detached from smooth surfaces like glass or aluminium. Other
substrates such as wood and plastic could be used to make the coatings stick to their surfaces tightly.

In order to make the film produced in the experiment have good uniformity and reproducibility, special
attention should be paid to the following operation points during the production:

®The casting solution should be kept in a sealed and dark condition to prevent the solution from volatil-

izing and the components from self-assembling. @It is necessary to stop or vacuum the casting solution to
remove the air bubbles. Blade coatings should also be avoided in the process of scraping. ®Drying or heat
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treatment of the film will cause shrinkage of the pore aperture, so the temperature and time need to be
controlled well. We dried coatings for 2 h at 80°C at 0.1 atmosphere.

The polymer solution and solvent are scraped onto the appropriate support and then immersed in the non-
solvent of the coagulation bath. Deionized water is used as the condensate. Solvent and non-solvent
exchange, liquid-liquid or solid-liquid separation occurs. The structure of the resulting membrane is deter-
mined by both mass transfer and phase separation. In order to meet different industrial requirements,
different additives or non-solvents are often added to the casting solution, or the structure and perfor-
mance of the microporous membrane are adjusted by controlling the composition of the solidification
bath. Due to the many factors involved in this method and the rich process control methods, the membrane
structures prepared are also diverse. In addition, the operating temperature required by NIPS membrane
process is generally lower than 80°C, so the energy consumption of membrane production is less.

Optical characterizations

Spectral transmittance of the TPCs was determined separately in the visible to near-infrared (0.3-2.4 pm)
and near-infrared to mid-infrared (3-20 mm) wavelength ranges. For the first range, measurement was
taken at specific wavelengths from UV-VIS-NIR spectrophotometer (UV-3600, SHIMADZU) with a self-fitting
integrating sphere. For the second range, a fourier transform infrared spectrometer (INVENIO R, PIKE) with
Mid- Infrared IR Integrating Sphere Accessory was used for measurement. The measurement was 12°
downward sample positioning.

Porosity characterization

Porosity was measured by a mercury porosimeter (Micromeritics Auto Pore IV 9510, Narcross).o Imaging
and Microscopy.

The mages of samples were taken using smart phone. The scanning electron microscopy was done using a
scanning electron microscope (JSM-7610F, JEOL).

Scattering cross section and emittance calculations

The scattering cross section was calculated using the finite difference time domain (FDTD) method. The
scattering cross section of micropores was calculated using two-dimensional calculation. The first reason
was that limited computer memory was needed to reduce computational load. The second reason was
that it had been reported that individual two- dimensional and three-dimensional pores showed similar
scattering efficiency in pore radius functions of different wavelengths. For the calculations, spectral refrac-
tive indices of P(VdF-HFP) were obtained from the article.

QUANTIFICATION AND STATISTICAL ANALYSIS

In the experiment of the effect of polymer concentration and condensation bath temperature on the pore
size and porosity of TPCs, the descriptive statistics method was used for the intra-group comparison, and
the average value of each group of data was used for analysis.
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