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Solar reflectance and MIR emittance calculations!"
The equation for calculating the average solar reflectance (Ry;4r, 0.3-2.5 um) of the

sample is

2.5

I AR(A) dA
Rsolar _ f0_3 solar( ) ( ) (1)
2.5
f0_3 Isolar(/l) da

where Igy1q-(4) is the ASTM G173-03 AMI1.5 Global Tilt spectrum. R(A) is the

measured spectral reflectance of the sample.
The equation for calculating the mean emittance in the atmospheric window (&, 8-13

um) of the sample is

L _Ja (T D) d2
[y 1op(T,2) d2

(2)
where I, (T,4) and e(4) are the blackbody radiation intensity and the measured

spectral emittance of the sample, respectively (4 is wavelength).

The Ip,(T,A) can be calculated from

4mc?h 1
Ibb (T’ A) = 15 2mthce (3)
eAkBT -1

where c, h, and kg are the speed of light (3x10® m s™!), the reduced Planck constant

(1.055%1073* J s), and Boltzmann constant (1.381x10°2* J K1), respectively.

Thermal transfer simulations

The thermal transfer simulations were performed using COMSOL Multiphysics
software. We simulated the emulgel structure using a three-dimensional (3D) model.
The heat conduction simulations were confined to a 40 cm x 40 cm % 40 cm cubic

region within the emulgels. Spheres dispersed in emulgels were randomly generated
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and represented PCM. Based on prior measurements of the emulgels, the thermal
conductivity of the polymer framework within BOP20 was set to 1 W m™ K'!, while
that within B8P20 was set to 10 W m™' K. The PCM was uniformly assigned a thermal
conductivity of 0.2 W m™' K™ and a latent heat of 216 J g”!'. A constant temperature of
353 K (80 °C) was applied to the bottom surface, while all other surfaces were
configured as thermally insulated. Fig. 3f corresponds to the cross-sectional result of

the simulation at y = 0.

Interpretation of the capillary forces in MetaGel during the drying
process.

During the drying process of MetaGel, the evaporation of the solvent creates a liquid-
vapor interface within the nanopores of the polymer network. The resulting capillary

pressure (AP) can be described by the Young-Laplace equation.

_ 2ycos6

AP

(4)

where y is the surface tension of water, 0 is the contact angle, and r is the radius of the

r

pore. This capillary pressure exerts a large inward compressive stress on the gel
skeleton. As the gel network is physically compressed, the distance between polymer
chains is drastically reduced. This forced proximity overcomes steric hindrance,
allowing for the reestablishment of inter-chain and interfacial hydrogen bonds.[?!

The capillary forces change significantly over time during the drying process. As drying
progresses, the water content decreases, causing the gel network to shrink and the

average r to continuously decrease. According to the Young-Laplace equation, AP
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increases inversely with the decreasing pore size. Thus, the compressive force
strengthens over time, accelerating densification and hydrogen bond formation. The
capillary force reaches its maximum before the complete depletion of the water. Once
the water has fully evaporated, the liquid-vapor interface disappears, and the dynamic
capillary forces cease, leaving behind a structurally locked and highly hydrogen-
bonded network.

Temperature affects the evaporation rate of water. At higher temperatures, rapid
evaporation causes a sharp increase in capillary forces over a very short time. This fast
drying can lead to severe stress gradients across the MetaGel, potentially causing non-
uniform structural transformation or even micro-cracking at the surface. Conversely,
drying at a lower, controlled temperature allows for a slower, more uniform buildup of
capillary forces, which gives the polymer chains sufficient time to rearrange and re-
establish strong hydrogen bonds without structural defects.

The factors influencing the oven-drying process include not only temperature and
drying time but also wind speed. Gong’s group discovered that as the drying time
increases, the hydrogel's microstructure is continuously oriented and its internal
hydrogen bonds are altered. This process has an impact on the material's strength and
toughness.*! Majidi’s group found that different drying times had a large effect on the
conductivity of conductive hydrogels.[¥] As a result, we believe that adjusting the drying

airflow rate or applying a temperature gradient over time could yield interesting results.
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102  Figure S4. Preparation of the phase change emulgel via thermally initiated

103 polymerization at 70 °C for 2 h. Photos of the oil-in-water emulsion before

104  polymerization (left) and the resulting emulgel (right).
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107 Figure SS. The role and combination of components in the MetaGel.
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111 Figure S6. Cross-sectional SEM image of the emulgel and the expanded version.
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Figure S8. XRD patterns of paraffin, the emulgel, and the hydrogel.
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Figure S9. Flexible mechanism of the emulgel at room temperature.
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124  Figure S10. The FESEM image of the h-BN sheets. The diameter of h-BN is within 5

125  and 10 pm.

126
127 Table S1. BXP20 Recipes
BOP20 B2P20 B4P20 B6P20 B8P20  B10P20
Continuous Phase (g)
PVA
(St %) 15.00 15.00 15.00 15.00 15.00 15.00
h-BN 0.00 2.00 4.00 6.00 8.00 10.00
AM 1.00 1.00 1.00 1.00 1.00 1.00
AA 3.00 3.00 3.00 3.00 3.00 3.00
PEGDA 0.20 0.20 0.20 0.20 0.2 0.2
Glycerol 3.00 3.00 3.00 3.00 3.00 3.00
H,0 17.70 15.70 13.70 11.70 9.70 7.70
KPS 0.10 0.10 0.10 0.10 0.10 0.10
Total 40.00 40.00 40.00 40.00 40.00 40.00
Dispersion Phase (g)
Paraffin 20.00 20.00 20.00 20.00 20.00 20.00
128

129



130 Table S2. DSC heating and cooling characteristics of BXP20s and paraffin

AHp,
(J/g)

He

Sample  Tm(°C) T (°C) (AJ /o n (%) n* (%)

2990 21656 2347  215.12
Paraffin ) g9 +0.62 +0.46 +1.14 100.00-100.00

31.16 146.66 16.70 146.22
BOP20 +1.50 ¥2.71 +0.79 +2.34 67.72 70.18

30.54 131.04 18.11 131.39
B2P20 +0.83 +1.89 +0.55 +1.42 60.51 65.57

30.33 125.23 19.29 126.63

B4P20 +0.43 +4.40 +0.64 +4.35 >7.83 61.54
29.94 117.06 19.66 116.98

B6P20 +0.32 +1.73 +0.25 +1.22 >4.05 3797

BP0 29.74 111.86 22.14 112.04 51.65 54.79

+0.50 +2.50 +0.57 +2.64

29.80 105.96 22.22 107.41
B10P20 +0.30 +2.69 +0.17 +3.45 48.93 >1.95

131  m is calculated according to the AHm of paraffin and BXP20s and n* is calculated

132 according to the paraffin loading of BXP20s in the formula (Table S1).
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Figure S11. Optical microscope images of the emulsions and FESEM images of the
emulgels with different h-BN loadings. As the content of h-BN increases, the layered

heat conduction pathways become more pronounced.

Figure S12. Images of an emulgel loading with 500g at 10°C.
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144  Figure S14. The comparison of elastic modulus of BOP20 and B8P20 at different

145  testing temperatures.
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149  Figure S15. Comparison of the fracture strains of BOP20 and B8P20 at different testing

150  temperatures.
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Figure S16. The images show the shape stability of BOP20 and B8P20. The leakage
trace of the paraffin is on the respective filter papers after being heated at 60 °C for 60

min. A 500g weight was applied to the each composite after 30 min.
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Figure S17. The images show the shape stability of BOP20, B2P20, B4P20, B6P20,
and B10P20. The leakage trace of the paraffin is on the respective filter papers after
being heated at 60 °C for 60 min.
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164 Figure S18. FTIR spectra of h-BN and the emulgels with different h-BN contents.
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173 Figure S20. The phase change temperature of paraffin and the emulgels with varying

174  h-BN concentrations.
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185 Table S3. DSC heating and cooling characteristics of BOP20 and B8P20 after cycles.

Sample Cycles T, (°C) AHn (J/g) T, (°C) AHc (J/g)
0 31.16 146.66 16.70 146.22
50 29.04 141.80 18.22 141.70
BOP20 100 31.49 139.50 16.92 138.22
150 31.14 141.36 17.35 140.74
200 30.09 137.56 17.82 137.45
0 29.74 111.86 22.14 112.04
50 29.91 114.53 22.65 115.11
B8P20 100 30.11 113.61 22.72 113.32
150 290.14 116.19 22.93 116.26
200 29.36 115.36 22.94 114.92
186
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189  Figure S22. TGA curves of paraffin and the emulgels with varying concentrations of
190  h-BN under a N> atmosphere. The residual mass corresponds to the concentrations of
191  h-BN.

192
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195 Figure S23. Contact angle measurements of BOP20 and B8P20 using water and oil.

196
197  Figure S24. Photographs obtained during the tensile test. The samples were separated

198  at the midpoint.
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208  Table S4. Thermal conductivity and thermal conductivity enhancement characteristics

209  of the BXP20s.

h-BN content Thermal Thermal
Sample in the dried sample conductivity conductivity
(%) (Wm' K" enhancement (%)

BOP20 0.00 0.3010.01 /
B2P20 6.56 0.54+0.01 82.69
B4P20 12.31 0.74£0.01 149.01
B6P20 17.39 0.86+0.03 190.83
B8P20 21.92 1.00£0.01 238.16
B10P20 25.97 1.1540.02 289.62
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216  Figure S25. Forward-looking infrared camera images of BOP20 and B8P20 placed on

217  acold stage at 10 °C for 20 min. The samples were equilibrated to 40 °C before testing.
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Figure S26. Curves of temperature decrease of BOP20 and B8P20 placed on a cold
stage at 10 °C for 20 min.
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Figure S27. Schematic diagram of the interfacial thermal resistances in the MetaGel

during thermal management.
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Figure S28. The photographs of the B8P20 attached to various building models.
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233
234  Figure S29. The internal heater temperature variation curves of different groups. The

235  overlapping curves confirmed comparable heating conditions among the different

236 groups.
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239  Figure S30. Comparison of the mean solar reflectance and average atmospheric-
240  window emittance of the PVDF-HFP film and the MetaGel.
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Figure S31. Reflectance spectra at AM1.5 solar spectrum (0.3-2.5 um) and emissivity

spectra at atmospheric window (8-13 um) of the emulgels with varying h-BN contents.
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Figure S32. The mean reflectance at AM1.5 solar spectrum (0.3-2.5 um) of the

emulgels with varying h-BN contents.
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Figure S33. Enhancement mechanisms of reflectance and emittance of the MetaGel

compared with the PVDF-HFP film.

120

o
8; 9.0 942 927 995 ggg 89.9
o 80
o
s
£ 40
5
0
Q;Q

Figure S34. The average emittance at atmospheric window (8-13 pm) of the emulgels

with varying h-BN contents.
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264  Figure S35. The transmittance of the PVDF-HFP film and MetaGel at atmospheric

265  window (8-13 pum).
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268  Figure S36. Optical photograph of the device for cooling performance test on May 29,
269 2025, Wuhan, China.
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Figure S37. The schematic illustration of the specific test device for cooling

performance test on May 29, 2025, Wuhan, China.
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Figure S38. The wind speed and humidness in Wuhan, China from 08:00 to 18:00 on

May 29, 2025.
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Figure S39. The average temperature charts of the bare model, the PVDF-HFP film

and the MetaGel in Wuhan, China, from 08:00 to 18:00 on May 29, 2025.
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Figure S40. The cooling power curves of the B§P20 sample from 7:00 to 11:00 AM
(Sipsongpanna, China on March 25, 2024).

To elucidate the cooling contribution of the phase change layer, we conducted an
outdoor cooling power assessment of the B§P20 sample. The testing apparatus was
based on a method established in a previous study, in which electrical energy supplied
to a polyimide heater was converted into Joule heat to maintain the sample at the
ambient temperature. The cooling power of phase change composite (PCC) was
illustrated in Fig. S40, revealing an average power of 144.9 W m over 4 h. The solar
irradiation intensity, wind speed and relative humidity were recorded in Figs. S41 and
S42. The results were categorized into four distinct phases. Phase 1, occurring from
7:00 to 8:35 AM, was characterized by ambient temperatures remaining below 20 °C
during which the PCM remained inactive, yielding an average power of 80.6 W m=.
Phase 2, spanning from 8:35 to 9:15 AM, approached the initial melting temperature of
the paraffin, prompting the surface material to commence melting and resulting in a
temperature platform. During this phase, the power output increased to 158.5 W m™.

Phase 3, from 9:15 to 10:20 AM, witnessed a gradual rise in surface temperature,
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accompanied by the rapid melting of the PCM, leading to a significant increase in
cooling power to 285.5 W m2. Subsequently, in Phase 4, from 10:20 to 11:00 AM, the
phase change process reached completion, with the radiative cooling power of the phase
change layer diminishing to 61.0 W m™. Given that the solar reflectance of BSP20 was
approximately 83%, the empirical data aligned with our initial hypotheses,
underscoring the pronounced contribution of the PCM to the overall cooling

performance.
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Figure S41. The curves of ambient and sample temperatures and irradiation intensity
during the cooling power test of B8P20 in Sipsongpanna, China from 07:00 to 11:00
AM on March 25, 2024.
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315  Figure S42. The wind speed and humidness in Sipsongpanna, China from 07:00 to
316  11:00 AM on March 25, 2024.
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320  Figure S43. The curves of ambient and sample temperatures and irradiation intensity
321  during the cooling power test of MetaGel in Wuhan, China from 08:30 to 16:30 on
322  November 1, 2024.
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Figure S44. The wind speed and humidness in Wuhan, China from 08:30 to 16:30 on
November 1, 2024.
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Figure S45. The cooling power curves of the PVDF-HFP film and the MetaGel
throughout the day (from 8:30 to 16:30 on November 1, 2024 in Wuhan, China). The

integration interval for cooling power calculations was 1 minute.
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Figure S46. The comparison chart of average cooling performance and mean cooling

powers between the PVDF-HFP film and the MetaGel.

Figure S47. The cyclic bending and stretching performance of the emulgel at different

temperatures.

At temperatures below the melting point of the PCM (T < Tw), the sample exhibited a
slight elongation after 50 cycles (Figs. S47 bl and b2). This phenomenon could be
attributed to the fact that a portion of the mechanical stress was stored within the

composite network and could not be completely dissipated. When the sample was
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subsequently heated above the melting temperature (T > Tn), the phase transition was
triggered, allowing the trapped internal stress to be released (Fig. 21). Conversely, when
the cyclic tests were conducted at temperatures exceeding the melting point (T > Th),
the internal PCM was in a liquid state, providing high flexibility and mobility to the
emulgel. We found that after 50 cycles, the shape of the emulgel remains virtually
unchanged, with almost no residual strain or structural degradation observed. Overall,
these cyclic tests indicate that MetaGel possesses robust durability and shape stability
across both temperature regimes. Concerning the precise ultimate fatigue limit, we
hypothesize that the material can endure several thousand cycles due to its highly

flexible polymer network.
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Figure S48. Reflectance spectra at AM1.5 solar spectrum (0.3-2.5 um) and emissivity

spectra at atmospheric window (8-13 pm) of h-BN, BOP20, and B8P20.
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emittance at atmospheric window (8-13 pum) of h-BN, BOP20, and B&P20.
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