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1. Supplementary Text

1.1 Calculation of solar weighted reflectance and atmospheric window emissivity

According to the measured solar reflectance and infrared emissivity, the solar weighted 

reflectance  is calculated as follows:S1𝑅̅

                                                   (1)

𝑅̅ =

𝜆2

∫
𝜆1

𝐼𝐴𝑀1.5(𝜆)𝑅(𝜆)𝑑𝜆

𝜆2

∫
𝜆1

𝐼𝐴𝑀1.5(𝜆)𝑑(𝜆)

where IAM1.5 is AM1.5 global solar irradiance, and R(λ) is the spectral reflectance of the 

surface at wavelength λ. 

The average atmospheric window emissivity  is calculated as follows:S2𝜖̅

                                                (2)                                                

𝜖̅ =

𝜆2

∫
𝜆1

𝐼𝐵𝐵(𝑇,𝜆)𝜖(𝑇,𝜆)𝑑𝜆

𝜆2

∫
𝜆1

𝐼𝐵𝐵(𝑇,𝜆)𝑑𝜆

Where   is the spectral radiance emitted by a standard 

𝐼𝐵𝐵(𝑇,𝜆) =
2ℎ𝑐2

𝜆5

1

𝑒
ℎ𝑐/(𝜆𝑘𝐵

𝑇)
‒ 1

black body at temperature T, h is the Planck’s constant, kB is the Boltzmann constant, 

and c is the speed of light. ϵ(T, λ) is the spectral emittance of sample.

1.2 Calculation of net cooling power 

When an object is exposed to sunlight, its cooling performance is influenced by the 

solar irradiance, the atmospheric downward thermal radiation, the heat transferred via 

conduction and convection, and the phase change cooling power. Considering all the 

heat exchange process, the net cooling power Pnet of the object is calculated by the 

following equations:S3-S5
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             (3)𝑃𝑛𝑒𝑡(𝑇) = 𝑃𝑟𝑎𝑑(𝑇) ‒ 𝑃𝑎𝑡𝑚(𝑇𝑎𝑚𝑏) ‒ 𝑃𝑠𝑢𝑛 ‒ 𝑃𝑐𝑜𝑛𝑑 + 𝑐𝑜𝑛𝑣 + 𝑃𝑃𝐶𝑀𝑠

where T is the temperature of the object, Tamb is the ambient temperature, Prad(T) 

represents the power radiated out by the object, Patm(Tamb) is the power generated by 

incident atmospheric thermal radiation at Tamb, Psun is the incident solar irradiation 

absorbed by the object, Pcond+conv is the non-radiative power loss due to the heat 

convection and conduction, and PPCMs represents the phase change cooling power.

                           (4)
𝑃𝑟𝑎𝑑(𝑇) = ∫𝑑Ω𝑐𝑜𝑠𝜃

∞

∫
0

𝑑𝜆𝐼𝐵𝐵(𝑇, 𝜆)𝜀(𝜆,𝜃)

where Ω is a solid angle, θ denotes the angle between the direction of the solid angle 

and the normal direction of the surface,  is the angular integral 
∫𝑑Ω = 2𝜋

𝜋/2

∫
0

𝑑𝜃𝑠𝑖𝑛𝜃

over a hemisphere, and  represents the emissivity of the object at the wavelength 𝜀(𝜆,𝜃)

(λ) and direction (θ). 

            (5)
𝑃𝑎𝑡𝑚(𝑇𝑎𝑚𝑏) = ∫𝑑Ω𝑐𝑜𝑠𝜃

∞

∫
0

𝑑𝜆𝐼𝐵𝐵(𝑇𝑎𝑚𝑏,𝜆)𝜀(𝜆,𝜃)𝜀𝑎𝑡𝑚(𝜆,𝜃)

where  is the angle-dependent emissivity of the 𝜀𝑎𝑡𝑚(𝜆,𝜃) = 1 ‒ 𝜏(𝜆)1/𝑐𝑜𝑠𝜃

atmosphere, and  is the atmospheric transmittance in the zenith direction. 𝜏(𝜆)

                                 (6)
𝑃𝑠𝑢𝑛 =

∞

∫
0

𝑑𝜆𝜀(𝜆,𝜃𝑠𝑢𝑛)𝐼𝐴𝑀1.5(𝜆)

The solar irradiation is represented by the AM1.5 spectrum . For M10 (𝐼𝐴𝑀1.5(𝜆))

sample, approximately 94.1% of the input solar irradiance can be reflected, and 5.9% 

absorption of the solar irradiance will reduce the net cooling power. We assume that 

the surface of object is facing the sun. Therefore, there is no angular integral for the 

term Psun, and the corresponding emittance is represented by its value in the zenith 

direction, i.e., θ = 0.S6

                               (7)𝑃𝑐𝑜𝑛𝑑 + 𝑐𝑜𝑛𝑣(𝑇,𝑇𝑎𝑚𝑏) = 𝑞(𝑇𝑎𝑚𝑏 ‒ 𝑇)

where  is a combined nonradiative heat coefficient that can be limited 𝑞 = 𝑞𝑐𝑜𝑛𝑑 + 𝑞𝑐𝑜𝑛𝑣

from 0 to 12 W m-2 K-1.S7 

                                                     (8)
𝑃𝑃𝐶𝑀 =

Δ𝐻 × 𝑚
𝑡 × 𝐴
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where A is the surface area of the radiative object, and ΔH is the phase change enthalpy 

of the object. According to the testing results, we stipulate the enthalpy of M10 is 185 

J g-1. The weight (m) of the M10 sample used in the field test is 0.93 g. Term t is the 

working time of the M10, and the average working time is set as 8 hours. 
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2. Supplementary Figures and Tables

Fig. S1 Cross-sectional SEM images of (a) BC and (b) BC-C aerogels. 

Fig. S2 (a) TGA and (b) DTG curves of BC and BC-C aerogels.

Fig. S3 XPS spectra of BC and BC-C. C 1s XPS spectra of (a) pure BC and (b) BC-C. (c) Si 2p 

XPS spectrum of BC-C.
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Fig. S4 SEM images of (a) MCPW, (b) M2.5, and (c) M5. 

Fig. S5 Digital photo of colored water deposited on the surface of BC aerogel and the water contact 

angle image of BC aerogel. 

Fig. S6 Demonstration of flexibility and elasticity of a phase change thermostat.



S7

Fig. S7 FT-IR spectra of BC-C, MCPW, and phase change insulation materials.

Fig. S8 (a) Density and (b) porosity of BC-C and phase change insulation materials.

Fig. S9 Evolutions of top surface temperature of M10 along alignment and transverse directions 

during heating.
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Fig. S10 Atmospheric window emissivity of BC, BC-C, and phase change insulation materials.

Fig. S11 Photograph showing the experimental device for measuring outdoor thermal management 

performance.

Fig. S12 Digital photo of large-size M10 prepared by a block-by-block freeze-casting method.
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Table S1 DSC heating and cooling characteristics of MCPW and phase change insulation materials.

Samples Tc (°C) ∆Hc (J g-1) Tm (°C) ∆Hm (J g-1)

MCPW 19.4 196.3 38.5 200.4

M10 18.5 180.5 39.2 185.0

M5 19.2 164.5 38.5 168.3

M2.5 19.5 140.2 38.4 143.7

*Tc, ∆Hc, Tm, and ∆Hm represent crystallization temperature, crystallization enthalpy, melting 

temperature, and melting enthalpy, respectively.
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Table S2 Comparison of cooling performance between M10 in this work and previously reported 

insulating radiative coolers. 

Materials
Thermal

conductivity
(mW m-1K-1)

Solar
reflectance

(%)

Thermal 
emissivity 

(%)

Daytime 
temperature 
reduction

(°C)

Nighttime 
temperature 
reduction

(°C)

Reference

SiO2/Wood fiber / 95.5 > 90.0 ~ 6.0 ~ 8.0 2021S8

Silane/Cellulose nanocrystal 
(CNC)

29 96.0 92.0 ~ 9.2 ~ 5.3 2022S6

Polyurethane (PU)/Boron 
nitride nanosheets (BNNS)

16.9 97.0 88.0 ~ 13.0 / 2022S9

Polyvinyl alcohol (PVA)/ 
BNNS

23.5 93.8 / ~ 10.0 / 2022S10

Cellulose nanofibrils 
(CNF)/Sodium alginate (SA)

25 88.0 95.0 ~ 7.0 / 2023S11

poly (vinylidene fluoride) 
nanocomposites

/ 91.8 94.3 ~ 8.3 ~ 12.0 2023S12

Wood pulp cellulose 38.5 92.8 98.2 ~ 7.2 / 2023S13

PVA/Esterified cellulose 26.2 95.0 97.2 ~ 10.2 ~ 0.65 2024S14

Polyhedral oligomeric 
silsesquioxane/pre-
polymerized vinyl 
trimethoxy silane

25.5 70.2 99.0 ~ 3.7 / 2024S15

silica-hybridized cellulose 
acetate

41 96.0 97.0 ~ 9.2 ~ 5.3 2024S16

SA/Sodium phytate 
/Thermochromic 
microcapsules/BN

40 91.8 84.3 ~5.6 / 2024S17

CNF/CNC/MTMS 28 97.5 93.0 ~7.6 / 2024S18

Thermoplastic polyurethane 
(TPU)

/ 93.0 96.0 ~ 8.6 ~ 5.9 2024S19

CNF/PVA/ZnO/MOF / 96.5 94.0 ~ 7.5 / 2024S20

CNF/SA@LiCl 37.4 97.0 91.0 ~ 9.3 / 2024S21

BC/MTMS/MCPW 42.3 94.1 89.1 ~ 12.0 ~ -1.5 This Work
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