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Phase-change materials reinforced intelligent
paint for efficient daytime radiative cooling

Mulin Qin,1,3 Feng Xiong,1,3 Waseem Aftab,1,3 Jinming Shi,1 Haiwei Han,1 and Ruqiang Zou1,2,4,*

SUMMARY

Passive cooling of buildings has become increasingly important for green and
low-carbon development, especially in the near decade where daytime radiative
cooling technology (DRCT) has drawn attention with big breakthroughs. Howev-
er, irresistibly importing heat from sunlight and surroundings results in notable
temperature rise, thus limiting the cooling effect. Here, we report a radiative
paint with latent heat storage capacity to store imported heat by coupling
randomly-distributed phase-change materials (PCMs) based microcapsules with
acrylic resin to enhance cooling performance. The bifunctional paint shows
good performance in selected-suitable phase transition temperature, high
enthalpy, high reflectivity in the sunlight region and strong emissivity in the atmo-
spheric window region. The temperature measurements demonstrate that the
paint possesses enhanced cooling performance of temperature drop and time
buffering effect compared with the pure radiative cooling paint. This work offers
the potential to broaden the applications of PCMs and DRCT for energy saving
and environment protection.

INTRODUCTION

Space cooling systems depending on modern refrigeration techniques such as air conditioning and venti-

lation with low energy efficiency dramatically result in large energy consumption and massive greenhouse

gas emissions (Cai et al., 2009; D’Oca et al., 2018; Pakdel et al., 2019). The proposal of passive thermal man-

agement systems without energy consumption is of great significance to alleviate this situation (Rotzetter

et al., 2012; Hsu et al., 2016). Daytime radiative cooling technology as one of the most efficient passive-

cooling strategies has gained tremendous attention recently, which takes advantage of the enhanced IR

emission of heat passing through the atmospheric window into deep space without energy consumption

(Raman et al., 2014). To achieve high cooling performance, the ideal radiative coolers should combine both

the materials selection and structural design to satisfy the following requirements (Raman et al., 2014; Hos-

sain and Gu, 2016): (1) high emissivity located at 8–13 mm IR region in which there is nearly no IR absorption

by air, (2) high solar reflectivity to decrease the solar energy absorption, and (3) avoided surrounding heat

input weakening the cooling effect.

Based on these principles, years of researches and efforts have verified excellent cooling performance of

DRCT from 2014 (Raman et al., 2014; Zhai et al., 2017; Mandal et al., 2018; Li et al., 2019, 2021; Wang et al.,

2021; Zeng et al., 2021). Raman et al. report a photonic radiative coolers composed of seven varying-thick-

ness alternant layers of HfO2 and SiO2 that exhibited high sunlight reflectance of 97% and high selective

emissivity in the atmospheric transparency window, and the former was achieved by combining material

property of HfO2 being in high-index material and interference effects of periodic one-dimensional

photonic crystals, the latter by strong absorption of SiO2 located around 9.5 mmderiving from Si-O-Si reso-

nance (Raman et al., 2014). With optimized design, the coolers obtained an efficient cooling effect of 4.9�C
lower than ambient temperature when exposed to direct sunlight. For large-scale manufacture, the radia-

tive coolers such as randomized SiO2-polymer hybrid metamaterial (Zhai et al., 2017), hierarchically porous

polymer coatings (Mandal et al., 2018), hierarchically designed polymer film (Wang et al., 2021), etc. are

reported recently, and the shown optimizing works of high solar reflectivity and high IR emissivity are

done by evaluating their sub-ambient cooling effect on the surface of well-thermal-insulated boxes.

Further, eliminating the input of surrounding heat and other parasitic heat is of apparent significance to

enhance the cooling efficiency for radiative cooling systems. Therefore, a low thermal-conductivity matrix
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(Zhong et al., 2021) and an accessorial thermal-insulation layer (Leroy et al., 2019) are proposed as effective

strategies to establish thermal resistance dealing with the parasitic heat.

Despite lots of efforts focusing on stringent high reflectivity and strong IR emissivity design for the radi-

ative coolers, and even on the thermal-insulation layer establishing, the parasitic heat from all surround-

ings will be imported irresistibly accompanied by notable temperature increase and cooling effect reduc-

tion. Thus, if there is a heat container incorporated to store the invasive thermal energy, the DRCT

systems can predictably achieve a better cooling effect. In this regard, phase-change materials (PCMs)

can be the ideal choice considering its merit of the high thermal capacity when going through an

isothermal phase transition and has been deeply explored in the field of building thermal management

for buffering temperature in repaid variation (Aftab et al., 2018, 2021; Yuan et al., 2019; Shi et al., 2020,

2021; Akeiber et al., 2016; Zhou et al., 2012). PCMs include varieties of organic, inorganic, and composite

materials with the advantages of wide temperature selectivity and high energy storage density (Pieli-

chowska and Pielichowski, 2014). These features endow PCMs with great potentials as irresistible heat

containers for the radiative coolers. However, the usage of PCMs is severely limited by leakage problems

in the liquid state (Aftab et al., 2018; Shchukina et al., 2018). Meanwhile, the incorporation of PCMs

should avert a negative effect on the radiative cooling capacity of the original coolers. Preparations to

meet all the requirements seem to be a great challenge, and effective research about PCMs-based

radiative coolers is still absent in the literature.

In this work, we design a bifunctional paint by adopting radiative paint with latent heat storage capacity for

enhanced cooling performance. By simply mixing microcapsule particles and acrylic resin, the paint is pre-

pared scalably. Its high solar reflectivity results from the presence of microcapsules with distributed diam-

eters ranging in 0.5–1.5 mm triggering a strong Mie scattering effect to reflect sunlight (Li et al., 2021; Zeng

et al., 2021; Zhou et al., 2021), and the high IR emissivity derives from the abundant vibration of Si-O-Si, C-O

bonds located at atmospheric window (Zhai et al., 2017; Li et al., 2020, 2021; Jaramillo-Fernandez et al.,

2019). By optimizing the materials selection and structure design, the paint is demonstrated to simulta-

neously own the solar-spectrum average reflectivity of 95.6% and the average mid-IR emissivity of

95.95% in an 8–13 mm region. The as-prepared paint shows a suitable phase transition temperature of

28–34�C and high enthalpy of 71.35 J/g to meet the requirement of heat storage as well as daytime radi-

ative cooling. The functional role of PCMs can be described as an invasive heat container for the cooling

procedure owing to the constant-temperature property during phase transition. The cooling performance

test shows that our bifunctional paint can achieve more temperature drop and time buffering effect

compared with the homemade SiO2-particle based radiative paint. Given the enhanced cooling effect,

the incorporation of latent heat storage capacity into radiative paint verified that it will offer the opportunity

to broaden the applications of PCMs and DRCT.

RESULTS

The bifunctional paint for efficient cooling is schematically shown in Figure 1A. It consists of thermoplastic

acrylic resin as radiative binder and randomly distributed SiO2-PCMs microcapsules as solar-light strongly

scattered particles, heat containers, and additional IR emitters. The intrinsically high-emissivity acrylic resin

with the existence of resonance mode of C-O bond located at the atmospheric window is commercially

available (Figure S2). Meanwhile, SiO2 with the strong phonon-polariton resonances at 9.7 mm to strongly

emit mid-IR is used for encapsulating PCMs to solve its leakage drawback in the liquid state. Microencap-

sulation is a general method to confine PCMs in nano-micro scale, and by engineering its size distribution

ranging in solar spectral scale, the PCMs-based microcapsules can exhibit high enough sunlight reflec-

tance. Figure 1B shows the computational scattering efficiency of the solar spectrum as a function of diam-

eters by using FDTD solution software (Figure S3), and it is corroborated that core-shell structural particles

with the diameters distributed in the 500–1,500 nm can strongly scatter the sunlight within the full spectrum.

Eventually, based on the controllable optical and thermal properties, the combination of acrylic resin and

PCMs microcapsules can achieve radiative cooling and constant temperature heat storage capacities to

enhance the total cooling effect.

To obtain the designed size distribution of microcapsules, a modified interfacial hydrolysis and polycon-

densation method of the microemulsion is developed (synthesis details in STAR Methods) (Liang et al.,

2015). A smaller ratio between deionized water and ethanol is conducive to forming a higher volume of mi-

croemulsion and obtaining a larger diameter distribution. Figures 1C and 1D and F–I show the SEM image
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and TEM image of the as-prepared microcapsules. The samples are presented as completed core-shell

structures especially for the particles whose diameters are lower than 1 mm. The particle sizes are mainly

distributed in the 0.5–1.5 mm range, which is comparable to the wavelengths of ultraviolet, visible, and

near-IR lights to satisfy high scattering efficiency requirements and induce strong Mie scattering effects.

The paint is prepared by an accessible mixed process of microcapsules and acrylic resin and follows natural

drying after painting to avoid surface cracking. To increase the loading percentage of PCMs in the paint to

store more imported heat while avoiding its surface crack, we optimized the ratio between microcapsules

and acrylic resin, and 7:3 turns out to be an appropriate choice. The SEM image of the paint is shown in

Figure 1E, in which the main microcapsules stay in the original spheroidal morphology. Taking advantage

of this insight structure, the paint appears in white color (Figure S4).

To evaluate the radiative cooling capacity of the paint, we experimentally measure its optical properties.

The microcapsules are pressed into the tablet shape forming a smooth surface with the assistance of

pressed cracked particles and leaked paraffin, and then the tablet is used to test the optical constant.

The real and imaginary parts of the effective refractive index, namely refractive index (n) and extinction co-

efficient (k), as a function of wavelength are illustrated in Figures 2A and 2B. The former index refers to the

Figure 1. The theoretical analysis and structure properties of bifunctional paint

(A) The schematic diagram of the paint design which consists of thermoplastic acrylic resin and randomly distributed SiO2-PCMs microcapsule. The sunlight

is reflected by the micro size distributed microcapsules, and the IR emission is responded with high emissivity polymer and SiO2 shell, and irresistibly im-

porting heat is stored by phase transition of PCMs.

(B) Simulated scattering efficiency of the microcapsule over the wavelength range of 300–2500 nm with the particle diameter varied from 0.5 to 1.5 mm.

(C and D) The SEM image of microcapsules. Inset: the diameter distribution of the microcapsules.

(E) The SEM image of bifunctional paint.

(F–I) The TEM image and element mapping of the single microcapsule.
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ratio of light speed in the vacuum and medium and a higher value means higher reflectance according to

the equation of R = ½ðn � 1Þ2 + k2�=½ðn+ 1Þ2 + k2�, and the latter refers to the absorption of light by the me-

dium, and a higher value means higher absorbance. In the sunlight region, the refractive index in the value

of 1.24 for the microcapsules is obtained but is lower than normal SiO2 and paraffin because of the amor-

phous SiO2 shell (XRD pattern in Figure S5) and air filling between the particles. Meanwhile, the close-to-

zero extinction coefficient verifies that the microcapsules have negligible absorption over the entire sun-

light range. The strong phonon-polariton Fröhlich resonance peak (around 9.2 mm) is obtained and located

at the atmospheric window, which explains the high IR absorption in this region (Zhai et al., 2017). The tem-

perature-dependent reflectivity of the microcapsules shown in Figure 2C is 96.66% at 20�C and 96.92% at

60�C. The negligible difference before and after the phase transition is because of the coating effect of the

microcapsules, which cut off the influence from inside phase transition. It is worth mentioning that the high

reflectance can be achieved deriving from the particles’ Mie scattering effect even in lower refractive index.

The reflectance of SiO2 microsphere powder is measured at the value of 97.41%, which is used for the con-

struction of pure radiative cooling paint. Figure 2D shows that microcapsules and SiO2 powders own similar

broadband high emissivity in 2.5–25 mm, and in the 8–13 mm range, these are 98.42%, 97.57% in average,

respectively. The sunlight reflectance and IR emissivity of paint are tested as illustrated in Figures 2E and

2F. With microcapsules, the sunlight reflectance of the composite paint (in the thickness of around 600 mm)

is greatly enhanced from 78.28% to 95.6% compared with original acrylic resin, slightly lower than pure mi-

crocapsules. There is high absorption in the ultraviolet for the acrylic resin region but mitigated for the

composite paint because of the existence of strong particle scattering. Meanwhile, the paint exhibited

similar high broadband emissivity like the microcapsules and the average emissivity in the 8–13 mm region

is 95.95%. Eventually, the conducted optic tests demonstrate that phase-change microcapsules incorpo-

rated paint exhibit the optimized radiative capacity with high sunlight reflectance and high atmospheric

windowed emissivity, which can meet the requirement of the radiative cooling applications.

Figure 2. The optical properties of the bifunctional paint

(A and B) The real and imaginary part of the effective refractive index of microcapsule tablet. There is a strong phonon-polariton Fröhlich resonance located

at the atmospheric window.

(C and D) the reflectivity and emissivity spectrum of the microcapsule and SiO2 microsphere powder.

(E and F) the reflectivity and emissivity spectrum of the composite paint. The yellow and blue fill refer to the sunlight region and atmosphere window region,

respectively.
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To store the importing heat from sunlight and surrounding, the phase-change medium is chosen to meet

the temperature requirement. PCMs can be selected with variable melting temperatures according to

different regions and weathers, because they are convertible. Considering the maximum ambient temper-

ature that is higher than 32�C on a general Beijing summer day and the radiative cooling effect, octadecane

is chosen as the phase change medium whose melting temperature is 28–34�C. The phase-change

behavior that plays an important role in this bifunctional paint is investigated using differential scanning

calorimetry (DSC). Figures 3A�3C show the heating and cooling DSC curves of octadecane, microcapsules

and paint, and their corresponding data are presented in Figures 3B and 3D. The melting temperature of

microcapsules and paint has slight variation compared with the original paraffin, which will not impact func-

tion implementation of heat storage when used as the heat container. The cooling curve shows that the

crystallization temperature of the paint is 27.8–20.5�C same with the microcapsules but slightly lower

than the original paraffin, which is attributed to the geometric constraint effect of the micro-shell. The ap-

pearing two main peaks with temperature decreasing in the cooling curve of the microcapsules refer to the

two-step transformation from liquid to the metastable rotator phase and from rotator phase to stable

triclinic crystal phase, respectively (Liang et al., 2015). For a one-day cycle, the heat will be absorbed in

the daytime when the temperature is up to the melting point and released at nighttime when down to

the cooling point, and the former will boost the cooling effect but the latter will weaken heat dissipation.

It is worth mentioning that the released heat will not givemuch passive effect to the all-day cooling because

of the elimination of sunlight power at night. On the other hand, it will create a more comfortable environ-

ment with small temperature difference in the high-temperature difference area. The latent heat storage

capacity of the paint is 71.35 J/g and the effective mass of crystalline paraffin is 34.70%, exhibiting high

thermal density. For practical applications, the more thickness it is, the higher thermal capacity it has.

Circulation stable test of the microcapsules is carried out and shown in Figure 3C. All the DSC cycle curves

are nearly coincident, demonstrating the stable operation for the microcapsules when going through

repeated heating and cooling procedures. The evident small peak (28�C) in the cooling cycle curve refers

to the formation of the surface freezing monolayer at the interface between SiO2 shell and octadecane

(Liang et al., 2015). Low thermal conductivity is necessary to decrease the import of conductive and

Figure. 3. Thermal properties of the bifunctional paint

(A and C) The DSC heating and cooling curve of the original paraffin, microcapsules, and paint, respectively.

(B and D) the corresponding melting and freezing enthalpy of paraffin, microcapsules, and paint, respectively.

(E) Thermal cycling performance of the microcapsules.

(F) TGA curve of the SiO2 powder, microcapsules, paraffin, and paint.
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convective heat for the sub-ambient daytime radiative cooling (Zhong et al., 2021), and that is achieved for

the microcapsule in the value of 0.131 W/mK lower than paraffin and SiO2 powder (Figure S6) because of

the heterogeneous interfaces introduced inside the particles. Although low thermal conductivity here may

reduce the thermal efficiency of PCMs’ charging like common issues (Chen et al., 2020; Cheng et al., 2021),

as the heat flow in passive cooling systems is relatively low and in turn, the high radiative cooling effect can

be achieved. The TGA curves are presented in Figure 3F and illustrate that the paint canmaintain stability at

the highest temperature of 150�C, whereas paraffin and acrylic resin will decompose successively when

heated at 150�C. It is verified that the paint can keep stable for normal room temperature applications.

In short, based on the presented thermal properties, the paint with the suitable phase-change temperature

and high enthalpy is successfully developed.

DISCUSSION

To experimentally verify the enhanced cooling effect of the bifunctional paint, we performed a continuous

temperature test in Beijing summer days (the weather information is presented in Figure S7). The set-ups

are shown in Figures 4A and 4B where the microcapsules incorporated paint (label as m-paint) is brushed at

the surface of the homemade wood house model with the average mass densities of 0.08 g/cm2 and

0.06 g/cm2 for the roof and sidewalls, respectively. The radiative paint (labeled as s-paint) composed of

SiO2 microsphere and acrylic resin that has similar reflectance in the sunlight region and emissivity in the

8–13 mm range is used as the reference group brushed with the same average mass densities. The original

wood house without paint is used as an empty group to silhouette the total cooling effect of the paint. Dur-

ing this test, the houses are exposed directly to circumstances to simulate their practical application and

the temperature of the indoor air is recorded. In this setup, we will not minimize the convective/conductive

heat transferring from surroundings thus the functional effectiveness of the incorporated PCMs can be veri-

fied. Figure 4C shows the indoor temperature profiles of the three houses tested on 2nd, August. In the

daytime, the temperature of the house will be going up with the absorption of sunlight radiation and

Figure 4. Cooling performance of the bifunctional paint, in comparison with pure radiative cooling paint and blank

(A) Set-up of the real-time temperature test for the cooling performance.

(B) Schematic of the setup for testing cooling performance.

(C) Daytime temperatures profiles of indoor air for m-paint, s-paint, and blank house (2nd, August).

(D) Temperature difference of indoor air compared between m-paint and s-paint house with blank, respectively.

(E and F) Calculated net cooling power with ideal PCMs during the phase change procedure in the daytime(E) and nighttime(F).
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environmental convective/conductive heat. Because of the radiative cooling capacity, the s-paint house ex-

hibits a slow temperature increase and an average drop of 3�C compared with the blank one. With nearly

isothermal heat storage of PCMs, the temperature will go up even more slowly. So the m-paint house ex-

hibits an average temperature drop of 2�C compared with the s-paint house after going through the phase

transition from 8:30 to 9:30 (Figure 4D). It is revealed that there is a time buffering effect when incorporating

with PCMs that is retard of temperature increased in around 1 h. In the nighttime, the m-paint house shows

a higher temperature compared with the other 2 houses because of the heat release, but still, it is in the

cooling state (Figure S8). We experiment on another day (22nd September) with lower sunlight power den-

sity, and there is an average temperature drop of 1�C for the m-paint house compared with the s-paint

house (Figure S9). When the surrounding temperature increases slowly, the buffering effect will be not

distinct like the previous test on 2nd, August. Meanwhile, we simplistically calculate the net cooling power

with an accepted radiative model6 to verify the enhanced cooling effect by introducing the phase-change

power as the function of ambient temperature with different interface thermal conductivity (Figures 4E and

4F). The net cooling power shows in the value of 82.5 W/m2 in the daytime when the surface temperature

equals to ambient temperature, which is comparable to the state-of-the-art radiative cooling materials

(Li et al., 2021; Zhou et al., 2021), and with the introduction of PCMs, the value can be increased up to

95–115 W/m2, showing an enhanced cooling performance. It is demonstrated that the existence of

PCMs in the radiative cooling systems will increase the surrounding temperature corresponding to the

zero net cooling power in the daytime. At the same time, it still maintains the positive value of net cooling

power with heat release in the nighttime. In short, all the results demonstrate that bifunctional paint has an

enhanced cooling performance as a result of the combination of PCMs and radiative cooling materials.

In conclusion, this work develops a bifunctional paint with both radiative cooling and thermal storage abil-

ity for efficient passive cooling by coupling randomly distributed PCMs based microcapsules with acrylic

resin. The microcapsules are prepared via surface polymerization process and the paint is prepared

through a simple mixed process. It exhibits a high reflectivity in the sunlight region owing to the micro

size distribution of the microcapsules, a strong emissivity in the mid-IR region because of the existing vi-

brations mode, and a suitable phase transition temperature range along with high enthalpy deriving

from PCMs. The temperature measurements and power calculations confirm that the bifunctional paint

has a temperature drop and time buffering effect compared with the pure radiative cooling paint. Given

the enhanced cooling performance, adopting radiative paint with latent heat storage capacity presented

here will offer the opportunity for wider applications of PCMs and daytime radiative cooling technologies

to reduce the energy dependence of thermal management.

Limitations of the study

Although the passively cooling performance is enhanced by developing the bifunctional paint with both

radiative cooling and thermal storage ability in this work, the temperature still keeps on going up after

the phase transition because of the shortage of PCMs and the absorption of the UV light and broad IR.

These can be improved by innovative preparations of composite with the properties of high uptake of

PCMs, higher sunlight reflectance and selective IR emissivity. Strategies like spinning and layered structure

design are recommended for further study.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY

B Lead contact

B Materials availability

B Data and code availability

d METHOD DETAILS

B Sample preparation

B Morphologies and structure characterization of the microcapsules and paint

B Optical properties characterization of the microcapsules and paint

B Thermal properties characterization of the microcapsules and paint

B The simulation of the scattering efficiency of microcapsule

B Theoretical simplified model of the enhanced cooling performance
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This study does not report original code.

Any additional information required to analyze the data reported in this study is available from the lead

contact upon request.

METHOD DETAILS

Sample preparation

The octadecane@silica microcapsule is prepared through interfacial hydrolysis and polycondensation of

TEOS in microemulsion with the existence of mixed water/ethanol solvents as continuous phase and

melting paraffin as dispersed uniformly oil phase. The procedure refers to Liang’s work with partly modified

condition (Liang et al., 2015). In a typical experiment, the melted paraffin (10 g) is uniformly dispersed in

TEOS (15 g) in a beaker (500 mL). And then the mixed deionized water (120 mL)/ethanol (90 mL) solvents

and CTAB (2 g) are added into the beaker. The mixture is homogenized by the FSH-2A high speed homog-

enizer at the rate of 12000 rpm for 5 min and further by ultrasonic processor at the 50% power for 10 min to

form a stable microemulsion. The microemulsion is transfer into a three necked flask and continually stirred

by a mechanical stirrer at the rate of 300 rpm. Aqueous ammonia in the volume of 2.7 mL is added into the

flask to initiate the reaction of interfacial hydrolysis and polycondensation of TEOS for 24 h. The octadeca-

ne@silica microcapsules are collected by suction filtration and washed with water, n-hexane and ethanol,

then the samples were dried overnight in a vacuum oven at 50�C.

The composite paint is prepared as follow. The octadecane@silica microcapsules are mixed with ethanol

firstly, followed by a 10-min stirring at the rate of 300 rpm to reduce particle agglomerations. The commer-

cial acrylic resin is used as binder because of its alcohol dissolving and good IR emission capability. The

acrylic resin is added into the mixture and was heat to 50�C to dissolve. To achieve high content of

PCMs, the ratio of the microcapsule is up to 70%. The mixture was later painted to the substrate and dry

48 h at ambient temperature.

Morphologies and structure characterization of the microcapsules and paint

Themorphologies of microcapsules and paint are investigated using a field emission scanning electron mi-

croscope (Hitachi, Regulus8220, Japan) under an acceleration voltage of 10 kV and a transmission electron

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Octadecane Honghu United Chemical Products Co., LTD. Cas: 593-45-3

Tetraethyl Orthosilicate (TEOS) Yili Fine Chemicals Co. LTD. Cas: 78-10-4

Cetyltrimethyl Ammonium Bromide (CTAB) Maclin Cas: 57-09-0

Acrylic Resin Jincai New Material Co., LTD. Cas: 25767-39-9
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microscope (Philips-FEI, FEI Tecnai F30, Netherlands) with an EDS spectroscopy (Oxford instruments

X-Max). The crystalline structure is determined in X-ray diffraction (XRD) patterns (PANalytical, X’Pert3

Powder, Netherlands) with Cu Ka radiation (l = 0.15418 nm 40 kV 100 mA).

Optical properties characterization of the microcapsules and paint

The real and imaginary part of the effective refraction index in sunlight spectrum region (0.25–2.5 mm) and

in the mid-infrared wavelength ranges (2.5–25 mm) are determined in a spectral ellipsometry (Sentech, SE

850 DUV, Germany) and an infrared ellipsometer (Instruments GmbH, SENTECH, Germany), respectively.

The spectral reflectance in the ultraviolet, visible and near-infrared (0.25–2.5 mm) wavelength ranges are

determined in an UV-Vis-NIR spectrophotometer (Agilent Technologies, CARY5000, Malaysia) with a poly-

tetrafluoroethylene integrating sphere and a polytetrafluoroethylene plane as standard reflecting pool.

The average solar reflectance is calculated based on the AM 1.5 solar spectrum. The spectral emissivity

in the mid-infrared wavelength ranges (2.5–25 mm) is characterized in an FTIR spectrometer (Bruker,

VERTEX 80V, Germany) equipped with a gold integrating sphere.

Thermal properties characterization of the microcapsules and paint

The phase change behaves of microcapsules and paint are characterized in a differential scanning calorim-

etry (DSC) (Netzsch, DSC 214 Polyma, Germany) under an Ar atmosphere with a temperature change rate of

5�C min�1. The thermal stability is characterized in thermogravimetric analysis (TA Instruments, SDT Q600,

America) with a heating rate of 10�Cmin�1 under a N2 gas flow. Thermal conductivity was characterized by

laser thermal conductometer (NETZSCH, LFA467, America).

The simulation of the scattering efficiency of microcapsule

The simulation is conducted with the FDTD Solution software (V8.6, Lumerical Solutions). For the simula-

tion, the single core-shell particle with the diameter ratio of 0.8 and distribution from 500 nm to

1500 nm is constructed to simulate the microcapsule. PML boundary is used in three-dimensional cubic.

The light source of TFSF with wavelength of 0.25–2.5 mm coupled with scattering space monitoring surface

is used to calculate the scattering efficiency. The model is shown in Figure S3.

Theoretical simplified model of the enhanced cooling performance

With incorporation of PCM and combining with radiative cooling model, the cooling power equation is ex-

pressed as: PcoolingðTÞ = PradðTÞ � PatmðTambÞ � Psolar � Pcond+ conv +Pphase where T is the temperature of

the bifunctional paint and Tamb is the ambient temperature. PradðTÞ is the power radiated by bifunctional

paint, and PatmðTambÞ is the absorbed atmospheric thermal radiation at Tamb. Psolar is the solar irradiation

absorbed by the paint and Pcond+ conv is the power lost due to convection and conduction. Pphase is the

heat absorbed/released power by the phase transition, in the daytime it is positive value and nighttime

negative. The simplified model calculated as: PradðTÞ = εpaintsTpaint
4, PatmðTambÞ = εpaintεairsTamb

4,

Psolar = ð1 � rÞIAM1:5, Pcond+ conv = hðTamb � TpaintÞ, Pphase = m � H=t. For this model, we only calculate

the net cooling power for phase transition procedure with ideal PCMs whose melting point and freezing

point are 28�C. The parameters for the equations are presented in the Table S1.
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