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Supplementary Notes
[bookmark: OLE_LINK101]Note S1 Calculation of cooling power
To better understand the cooling mechanism of the ASPIRE cooler, we calculate the sub-ambient net cooling power, , and its constituent components.  is calculated as


where  is the cooling powers arising from water evaporation,  is the power radiated out by the sample,  is the absorbed power from atmosphere,  is the absorbed solar power,  is the nonradiative heat transfer power from the conductive and convective heat exchange with the environment.
The cooling power induced by evaporation () is calculated according to:

where  is the enthalpy of water vaporization (2400 J g-1) at a temperature of ~40 °C,  and  are the weight loss and area of the hydrogel in the ASPIRE cooler, and t is the evaporation time.
The net radiative cooling power () is calculated by [S1, S2]:

The power radiated out by the sample is calculated as

where  is the spectral radiance of a blackbody,  is the surface temperature of the sample,  is the spectral and angular emissivity of the sample surface, and is the hemisphere angular integral.
The absorbed power from atmosphere is calculated as

where  is the ambient temperature,  is the emissivity of atmosphere and equals to .
The solar absorption is calculated as

where  represented the solar irradiance.
The nonradiative heat transfer power is calculated as

[bookmark: _Hlk150631590]where  and  are the thickness and thermal conductivity of the aerogel, h is the convective heat transfer coefficient. Here we take h = 5.7 W m-2 K-1 for all the samples assuming natural convection [S3, S4].
Note S2 Calculation of solar-weighted reflectance and LWIR emissivity
The solar-weighted reflectance () in the range of 0.3-2.5 μm is defined as [S5]:

where  is the ASTM G173 AM 1.5 Global Tilt spectrum and  is the measured reflectance spectrum of the sample.
The average thermal emissivity () in the LWIR atmospheric transparent window (8-13 μm) is defined as:

[bookmark: OLE_LINK8][bookmark: OLE_LINK81]where  is the spectral radiance of a blackbody and  is the spectral emissivity of the sample surface.
Note S3 Simulation of sorption and desorption in hygroscopic hydrogels
We utilize a generalized two-concentration model to understand the kinetics of the desorption behaviour of hygroscopic hydrogels with different pore structures as reported in the previous works [S6, S7]. The vapor transport in hydrogel micropores and liquid transport in polymer networks were coupled at the interface. During the desorption process of the hydrogels, vapor is released to the micropores and diffuses to the ambient driven by a difference in vapor pressure between the liquid-gas interface and the ambient. This leads to a localized decrease in water concentration and an increase in polymer concentration during desorption, facilitating the transfer of liquid from high to low concentration regions. The consequent varying water content results in the expansion of micropores in the hydrogels and the shrinkage of the whole hydrogels. The vapor and liquid transport within the hygroscopic hydrogels during desorption are delineated by two coupled diffusion equations, where the molar vapor concentration in the air (C) and the molar water concentration in the hydrogel relative to its dry volume (n) as functions of position and time, are governed by


where , , and  are the local volume fractions of solid (i.e., the polymer network), liquid, and gas phase, respectively.  is the initial volume fraction of the gas phase, x is the coordinate along the hydrogel thickness direction, and t is time.  and  are the effective diffusivities of vapor and liquid transport and are defined in detail in equation (12) and (13). R is the gas constant, and T is the absolute temperature of hydrogel.  is the standard state saturated vapor pressure of water at T and  is the effective activity of the water in the sorbent.  is the shape factor of a single micropore and  is the micropore number density of the hydrogel.
The effective vapor diffusivity inside the hydrogels accounts for the additional resistance to vapor transport due to the porous structure, which is given by [S6, S7]

[bookmark: OLE_LINK7][bookmark: OLE_LINK107]where  is the vapor diffusion coefficient in air and  is the tortuosity of the hydrogels. For the randomly porous hydrogel with numerous random micropores, we take the same   as the previous models [S7, S8]. For the vertically aligned hydrogel, we modified to reflect the low tortuosity of the transport pathways enabled by the vertically aligned pore walls and channels and considered an identical condition with a theoretically minimum vapor transport resistance by setting its tortuosity  [S7], when the interconnected micropores are well-aligned along the thickness direction.
[bookmark: OLE_LINK108][bookmark: OLE_LINK106]Equation 11 is coupled with equation 10 through liquid conservation. The gradient of water chemical potential propels the liquid transport and induces volumetric change in the polymer network due to the nonuniform water distribution in the hydrogel’s polymer network. The liquid diffusivity  accounting for liquid transport in the hydrogel is derived from Biot’s theory of poroelasticity by coupling the water chemical potential with the elastic energy of the hydrogel, for the randomly porous hydrogel [S6, S9, S10],

For the vertically aligned hydrogel, is given by [11]

where  and  are the Poisson ratio and the shear modulus of the hydrogel, respectively.  is the dynamic viscosity of water.  is the permeability of the nanoporous polymer, which is a function of . The common form of  is adopted as [S8, S9]

where  is a constant related to the geometric properties of the hydrogel nanopores.
We considered the following initial and boundary conditions:




where RH is the ambient relative humidity. In the top surface, the hydrogel was considered equilibrium with the ambient and the vapor concentration is  and no liquid diffuse out of the hydrogel at 𝑥 = H. It was assumed that the bottom layer was insulated from the ambient so there is no vapor and liquid diffusion at 𝑥 = 0. 
Then we used the above model to calculate the mass changes of the vertically aligned hydrogel (V-PVA-LiCl) and randomly porous hydrogel (R-PVA-LiCl) during desorption and compared the model results with the experimental data to understand the mechanism for the improved evaporation of the vertical structure, as shown in Figs. 3C and S5.
Table S1 Properties of hydrogel used in the simulation
	[bookmark: OLE_LINK110]Property
	Value

	Initial thickness H
	5 mm

	Initial micropore radius ()
	5 µm

	Shear modulus (G)
	[bookmark: OLE_LINK111]100,000 Pa [S12]

	Poisson ratio ()
	0.2 [S11]

	
	8  10-20 m2 [S8]

	Density polyvinyl alcohol
	1300 kg/m3


Note S4 Effect of h-BN loading on density and mechanical properties
Despite the high solar reflectance and improved hydrophobicity at high h-BN loading, excessive amount of h-BN was deleterious to the ultralow density, which was essential to achieving low vapor transport resistance. As shown in Fig. S15, the ultralow density of XCP aerogel (20.85 mg cm-3) was rapidly increased when the h-BN loading exceeded 10 wt%, doubled to 42.15 mg cm-3 at 50 wt%. The increasing density was due to the shrunk pores at high h-BN loading (Fig. S14) because the addition of h-BN made the cell walls brittle, leading to collapsing cell walls during freeze-drying. Additionally, the weakened cell walls also gave rise to reduced compressive moduli of the aerogels when the h-BN loading was increased beyond 10 wt% (Fig. S16). The moduli were reduced to even lower than that of neat XCP aerogel at high h-BN loadings of 40 and 50 wt%. The impaired mechanical robustness at high h-BN loading was detrimental to practical cooling applications. 

Note S5 Effect of hydrogel thickness on the cooling performance
We investigated the effect of hydrogel thickness on the evaporation behavior and cooling performance by fabricating three V-PVA-LiCl hydrogels of different thicknesses, i.e., 2.5 mm, 5 mm and 10 mm. We compared the mass changes of underlying hydrogels of the three thickness at the same ambient temperature of 40 °C and RH of 40% in an environment chamber for eight hours. As shown in Fig. S4, with the thickness increasing from 2.5 to 10 mm, the evaporation rate for the first hour of hydrogels decreased slightly from 0.393 to 0.344 kg m-2 h-1. Compared to the evaporation of the 2.5-mm-thick hydrogel which slowed down after about 5 hours because of limited water content inside the hydrogel, the 5- and 10-mm-thick hydrogels demonstrated remarkable stability in maintaining evaporative cooling throughout the 8-hour test duration. Therefore, to achieve a balance between high evaporative cooling power and long cooling time, the 5-mm-thick V-PVA-LiCl hydrogel was optimized for the ASPIRE cooler, which is also consistent with the discussion of the hygroscopic hydrogels in the reported literature [S6, S7].
Note S6 Effect of aerogel thickness on the cooling performance
We probed into the effect of aerogel thickness on the cooling performance. We fabricated three VBN/XCP aerogels of different thicknesses, i.e., 2.5 mm, 5 mm and 10 mm, and their corresponding ASPIRE coolers. 
First, the effect of aerogel thickness was investigated without solar irradiation to isolate the role of conductive thermal resistance. We compared the temperatures of underlying hydrogels at the same ambient temperature of 40 °C and RH of 40% in an environment chamber (Fig. S18, Figure 4H). The V-PVA-LiCl hydrogel without the top aerogel layer showed a temperature similar to ambient, but 3.4 to 4.8 °C higher than those covered by the aerogel. This observation confirms the effective thermal insulation brought by the aerogel. The thin aerogel with a thickness of 2.5 mm imposed less conductive thermal resistance than its thicker counterparts, giving rise to higher temperatures of the former ASPIRE cooler. The ASPIRE cooler with a 10-mm-thick aerogel demonstrated similar equilibrium temperature as that with a 5-mm-thick aerogel. This was attributed to the competing effect of aerogel thickness on thermal and vapor resistance, where the thicker aerogel induced higher thermal resistance but also more resistance to vapor diffusion. 
[bookmark: OLE_LINK120][bookmark: OLE_LINK116][bookmark: OLE_LINK109]Then, we further investigated the effect of aerogel thickness under 1 kW m-2 of simulated solar irradiation. The hydrogels with top aerogel layer showed much lower temperature than that without aerogel, owing to the high LWIR emittance and excellent solar reflectance of the VBN/XCP aerogel layer for much enhanced radiative thermal resistance between hydrogel and ambient. Similar to the case without solar irradiation, the thinnest aerogel with a thickness of 2.5 mm performed the worst with the highest temperature amongst the three because of its relatively low conductive thermal resistance. Surprisingly, the 5-mm-thick VBN/XCP aerogel led to an even lower temperature of the underneath hydrogel than its 10-mm-thick counterpart (Fig. S18). Given both thicknesses yielded negligible differences of radiative heat transport properties, including both LWIR emissivity (Fig. S12) and solar reflectance (Fig. S11), the inferior cooling performance of the thicker sample was attributed to its higher resistance to vapor transport than the thinner one despite its better conductive thermal resistance. Based on the above optimization, the 5-mm-thick VBN/XCP aerogel was selected for the ASPIRE cooler considering the balance between high thermal and low vapor transport resistance, giving rise to reduced radiative and conductive heat gain without undermining the evaporation.
To better understand the working mechanism, we further measured the temperature of three points along the depth of the ASPIRE cooler during evaporation in the constant temperature and humidity chamber (40 °C, 40% RH) with solar irradiation of 1 kW m-2, as shown in Fig. S22. The temperature decreased from the top to the bottom along the thickness. The temperature of the top surface (T3) gradually approached the ambient temperature over time, while those at the bottom of hydrogel (T1) and aerogel-hydrogel interface (T2) grew slowly and remained much lower than T3, attributing to the high thermal resistance of the top VBN/XCP aerogel and the effective evaporation of the bottom hydrogel. Thus, the vapor evaporated from the hydrogel layer could escape through the vertically aligned pores of the aerogel layer and would not condense on its pore walls because of the constantly higher temperature of the top layer.
[bookmark: OLE_LINK2]Supplementary Figures
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Fig. S1 Photograph of ASPIRE cooler with lateral dimensions of 15×15 cm2
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Fig. S2 a Adhesive stress versus displacement curve. b Photographs of ASPIRE cooler before and after adhesion test (scale bars: 1 cm). The adhesive strength between the hydrogel and aerogel was 1.5 kPa, close to those of hydrogels reported in the literature [S13, S14]
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Fig. S3 Schematic and photographs of dimensional change of the ASPIRE cooler during the evaporation and regeneration process (scale bars: 1 cm)


[image: ]
Fig. S4 Photograph showing strong adhesion between aerogel and hydrogel layers under a bending and b twisting conditions


[image: ]
Fig. S5 a Photographs of VBN/XCP aerogels of different shapes. b Photographs showing different shrinkages of aerogels made from different polymer matrices. All samples contained MTMS. The h-BN/PVA aerogel showed a stronger shrinkage than h-BN/CMC and VBN/XCP aerogels
[image: ]
[bookmark: OLE_LINK3]Fig. S6 Mass changes of V-PVA-LiCl hydrogels during a evaporation at 40 °C, 40% RH and b regeneration at 25 °C, 80% RH. Different V-PVA-LiCl hydrogels designated as “V-PVA-LiCl-XX” were prepared by immersing the hydrogels in LiCl solutions of different concentrations, where “XX” indicates the concentration of LiCl solution. For example, “V-PVA-LiCl-10” means the hydrogel is prepared by immersing in a 10 wt% LiCl solution.
[bookmark: _Hlk152580562][bookmark: OLE_LINK93]The effects of LiCl concentration on the water evaporation and uptake rates are shown in Fig. S2. With the increasing LiCl concentration to 30 wt%, the evaporation rates of hydrogels decreased from 0.661 to 0.240 kg m-2 h-1 whereas the average uptake rates increased from 0 to 0.182 kg m-2 h-1 over 12 h. To achieve a balance between evaporative cooling during the day and rapid moisture absorption at night, a moderate evaporation rate was desired because there may not be enough water retained in the hydrogel to sustain long-term evaporative cooling if the evaporation is fast. Therefore, the hydrogel made from 20 wt% LiCl solution was used for further optimization and demonstration unless otherwise specified.
[image: ]
Fig. S7 Mass changes of V-PVA-LiCl hydrogels of different thicknesses (i.e., 2.5 mm, 5 mm and 10 mm) at 40 °C and 40% RH.

[image: ]
[bookmark: OLE_LINK85][bookmark: OLE_LINK53]Fig. S8 Model results of mass changes of V-PVA-LiCl and R-PVA-LiCl hydrogel considering different effective vapor diffusivity and liquid diffusivity of vertical and random structure at 40 °C and 40% RH
[image: ]
[bookmark: OLE_LINK4]Fig. S9 a Mass changes of V-PVA-LiCl hydrogels at different temperatures with the same 40% RH. b Mass changes of V-PVA-LiCl hydrogels at different RH at the same temperature of 40 °C
[image: ]
[bookmark: OLE_LINK83][bookmark: OLE_LINK84]Fig. S10 a Thermograms and b corresponding vaporization enthalpy of water in pure water, V-PVA hydrogel, and V-PVA-LiCl hydrogel. The magnitudes of the DSC signal were proportional to the heat flow during the measurements. As the DSC results shown in Fig. S7, the measured enthalpy of water was 2412 J g-1, very close to the theoretical value of 2400 J g-1, indicating the accuracy of our measurements. The vaporization enthalpy of water in the V-PVA hydrogel was 2095 J g-1, much lower than that of pure water, due to influence of hydrogel network on the evaporation process. In comparison, the vaporization enthalpy of water in the V-PVA-LiCl hydrogel was increased to 2458 J g-1 because of the loading of hygroscopic salt. This value was very close to that of pure water measured by DSC (2412 J g-1) as well as the theoretical value of water (2400 J g-1).  Given the small difference of ~ 2% between the measured enthalpy of water in the V-PVA-LiCl hydrogel and the theoretical value of water, we calculated the evaporative cooling power of the V-PVA-LiCl hydrogel using the theoretical vaporization enthalpy of the pure water.

[image: ]
Fig. S11 a The densities and porosities of VBN/XCP aerogels with different CMC-PVA concentrations. b Absorptivity/emissivity spectra of the corresponding VBN/XCP aerogels. Considering the porosity and optical performance, a CMC-PVA concentration of 0.75 wt% was used to construct the aerogel so that a high porosity (98.5%), high LWIR emissivity (>0.95), and strong solar reflection can be achieved simultaneously
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Fig. S12 SEM image of h-BN nanosheets as fillers for VBN/XCP aerogels
[image: ]
Fig. S13 XPS survey spectra of XCP and VBN/XCP aerogels.

[image: ]
Fig. S14 Reflectance spectra of a 10-mm-thick and b and 5-mm-thick VBN/XCP aerogels of different h-BN loadings. c Solar-weighted reflectance () of different thicknesses and h-BN loadings
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[bookmark: OLE_LINK30][bookmark: OLE_LINK1][bookmark: OLE_LINK103]Fig. S15 Thermal emissivity spectra of a 10-mm-thick and b 5-mm-thick VBN/XCP aerogels of different h-BN loadings. c The calculated LWIR emissivity () of VBN/XCP aerogels of different thicknesses and h-BN loadings
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Fig. S16 Water contact angles of VBN/XCP aerogels with different h-BN loadings

[image: ]
Fig. S17 Top- and side-view SEM images of the VBN/XCP aerogels with different h-BN loadings
[image: ]
Fig. S18 Densities and porosities of VBN/XCP aerogels with different h-BN loadings
[image: ]
Fig. S19 a Stress-strain curves and b compressive moduli of VBN/XCP aerogels with different h-BN loadings
[bookmark: OLE_LINK70][image: ]
Fig. S20 a Optical transmittance and b reflectance spectra of V-PVA-LiCl hydrogel
[image: ]
Fig. S21 Temperature variation of ASPIRE coolers with VBN/XCP aerogels of different thicknesses during evaporation at 40 °C and 40% RH with and without solar irradiation of 1 kW m-2
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Fig. S22 Temperature variation of three points, T1, T2, and T3, along the depth of the ASPIRE coolers during evaporation at 40 °C and 40% RH with solar irradiation of 1 kW m-2. T1, T2, and T3 correspond to the bottom of the hydrogel, the aerogel-hydrogel interface, and the top of the aerogel, respectively
[bookmark: OLE_LINK71][image: ]
Fig. S23 SEM image of RBN/XCP aerogel
[image: ]
Fig. S24 a The densities and porosities of VBN/XCP, RBN/XCP, and commercial SiO2 aerogel. b Mass changes of the hydrogels covered by different aerogels during evaporation (at 40 °C, 40% RH) and regeneration (at 25 °C, 80% RH). The mass of hydrogel covered by SiO2 aerogel after regeneration is higher than the initial value because of the water absorption by the hydrophilic aerogel
[bookmark: OLE_LINK91][image: ]
Fig. S25 a The solar intensity and RH during the outdoor cooling performance test on Sep 27, 2023, in Hong Kong, China. b The temperatures of ASPIRE cooler, VBN/XCP aerogel, commercial SiO2 aerogel, and acrylic-coated EPS foam of the same size during the outdoor test

[image: ]
Fig. S26 Photographs of a V-PVA-LiCl hydrogel and b ASPIRE cooler after being exposed under sunlight for 6 hours during the outdoor cooling performance test

[image: ]
Fig. S27 Absorptivity/emissivity spectra of the corresponding VBN/XCP aerogels before and after prolonged exposure in the outdoor cooling applications
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[bookmark: _Hlk190106485]Fig. S28 a The solar intensity and RH during the continuous test for 24 hours from 10:30 October 31 to 10:30 November 1, 2024, in Hong Kong, China. b Temperatures variations of the ASPIRE cooler and ambient during the continuous 24-hour test. c The solar intensity and RH during the continuous test for 24 hours from 10:30 March 19 to 10:30 March 20, 2025, in Hong Kong, China. d Temperatures variations of the ASPIRE cooler and ambient during the continuous 24-hour test
Supplementary Tables
[bookmark: OLE_LINK102][bookmark: OLE_LINK198]Table S2 A summary of passive cooling materials and their cooling performance
	[bookmark: OLE_LINK197]Passive coolers
	Materials
	Experimental location
	Solar intensity
(W m-2)
	RH
(%)
	Pc
(W m-2)
	ΔT
(°C)
	Refs.

	Radiation-dominant coolers
	Cooling wood
	Cave Creek, Arizona
	500
	/
	56
	4
	 [S15]

	
	PE aerogel
	San Pedro de Atacama, Chile
	1123
	0-4
	96
	13
	 [S16]

	
	Porous P(VdF-HFP)
	Chattogram, Bangladesh
	750
	~35
	83
	3
	 [S17]

	
	
	Phoenix, USA
	890
	/
	96
	6
	

	
	Al2O3/TiO2/PDMS
	Chicago, USA
	699
	/
	39.1
	5.2
	 [S18]

	
	AACP paint
	Chengdu, China
	920
	30~40
	95
	3.8
	 [S5]

	
	PMMA film
	Shanghai, China
	900
	45-50
	85
	6.0-8.9
	 [S19]

	
	PT@PEO
	Nanjing, China
	550
	10-25
	92
	8
	 [S20]

	
	Glass-polymer/Ag
	Cave Creek, Arizona
	300
	/
	120
	/
	 [S21]

	
	
	/
	900
	/
	93
	/
	

	
	PVDF/TEOS/Silica
	Shanghai, China
	1000
	~20
	61
	6
	 [S22]

	
	PDMS/metal
	[bookmark: OLE_LINK79]Buffalo, USA
	850
	~50
	120
	2-6
	 [S23]

	
	VBN/XCP aerogel
	[bookmark: OLE_LINK78]Hong Kong, China
	900
	~48
	112
	3
	This work

	Evaporation-dominant ccoolers
	PAM-CNT-CaCl2 hydrogel
	/
	1000
	60
	295
	10
	 [S24]

	
	MIL-101(Cr) coating
	/
	1000
	/
	281
	8.6
	 [S25]

	
	Li-PAAM hydrogel
	/
	1000
	28
	81
	/
	 [S26]

	Hybrid systems
	CaCl2@MOF-801 coating
	Hong Kong, China
	1000
	60-70
	297
	/
	 [S27]

	
	CA/PVA-CaCl2 hydrogel (TRE)
	Nanjing, China
	980
	~20
	220
	10
	 [S28]

	
	P(VDF-HFP)/Li-PAAm hydrogel  (BPP)
	Yinchuan, China
	800
	~30
	151
	7
	 [S29]

	
	PEA/PAH (ICER)
	Cambridge, MA, USA
	772
	44
	96
	9.3
	 [S3]

	
	NPs/NADES@PAAm/PVA
	Guangzhou, China
	700
	~31
	210
	15.3
	 [S30]

	
	PAAS film
	Buffalo, USA
	800
	30~50
	190
	5
	 [S31]

	
	ASPIRE cooler
	Hong Kong, China
	900
	~48
	311
	8.2-11.4
	This work
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