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Anisotropic Hygroscopic Hydrogels with Synergistic 
Insulation‑Radiation‑Evaporation for High‑Power 
and Self‑Sustained Passive Daytime Cooling
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HIGHLIGHTS

• Inspired by human skin structure, an anisotropic synergistically performed insulation-radiation-evaporation cooler is developed by lev-
eraging a dual-alignment structure both internal and external to the hydrogel.

• The coordinated thermal and water transport through multiscale engineering contributed to high-power synergistic passive cooling 
in the day and water self-regeneration at night.

• The cooler achieved an impressive cooling power of 311 W  m−2 and an average sub-ambient cooling temperature of ~8.2 °C under 
direct sunlight.

ABSTRACT Hygroscopic hydrogel is a promising evaporative-
cooling material for high-power passive daytime cooling with water 
self-regeneration. However, undesired solar and environmental heat-
ing makes it a challenge to maintain sub-ambient daytime cooling. 
While different strategies have been developed to mitigate heat gains, 
they inevitably sacrifice the evaporation and water regeneration due 
to highly coupled thermal and vapor transport. Here, an anisotropic 
synergistically performed insulation-radiation-evaporation (ASPIRE) 
cooler is developed by leveraging a dual-alignment structure both 
internal and external to the hydrogel for coordinated thermal and 
water transport. The ASPIRE cooler achieves an impressive average 
sub-ambient cooling temperature of ~ 8.2 °C and a remarkable peak 
cooling power of 311 W  m−2 under direct sunlight. Further examining 
the cooling mechanism reveals that the ASPIRE cooler reduces the 
solar and environmental heat gains without comprising the evaporation. Moreover, self-sustained multi-day cooling is possible with water 
self-regeneration at night under both clear and cloudy days. The synergistic design provides new insights toward high-power, sustainable, 
and all-weather passive cooling applications.
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1 Introduction

The demand for effective and sustainable cooling technolo-
gies has grown significantly in recent years driven by the 
increasing need for energy-efficient solutions and the chal-
lenges presented by global warming [1, 2]. Passive cooling 
strategies leverage various heat transfer mechanisms, includ-
ing radiation, conduction, and convection, to remove heat 
from space and maintain comfortable temperatures without 
reliance on electricity [3–8]. They have emerged as promis-
ing alternatives to traditional air-conditioning systems, offer-
ing the potential to reduce energy consumption and envi-
ronmental impact [9–17]. Evaporative cooling is a simple 
passive cooling technique that exploits the high vaporiza-
tion enthalpy of water to achieve effective cooling [18–20]. 
Hygroscopic hydrogels made from hydrophilic polymers and 
hygroscopic salts are promising candidates for evaporative 
cooling because of the high cooling power arising from the 
evaporation of water stored inside the hydrophilic network 
[21, 22]. The hygroscopic salts can also absorb moisture 
from the surrounding environment to achieve water self-
regeneration. However, this moisture absorption inevita-
bly lowers the evaporative-cooling power, which is further 
negated by the heat absorbed from the environment and solar 
radiation when exposed under the sunlight. Therefore, it is 
challenging to achieve daytime sub-ambient cooling with 
hygroscopic hydrogel [23].

Recent attempts have been made to combine radiative 
cooling with evaporative-cooling hydrogels to mitigate solar 
heating [24–31]. Radiative cooling is an effective way to 
reduce the solar heat gain by emitting long-wavelength infra-
red (LWIR) to the cold outer space through the atmospheric 
transparent window (8–13 μm) while effectively reflect-
ing the solar irradiation (0.3–2.5 μm) [32–41]. Radiative-
cooling films made from cellulose acetate, poly(vinylidene 
fluoride-co-trifluoroethylene) (P(VDF-TrFE)) and poly 
(vinylidene fluoride-co-hexafluoropropene) (P(VDF-HFP)) 
have been placed at the top surface of hygroscopic hydrogels 
to construct bilayer coolers, reducing the energy absorption 
from sunlight [25, 27, 29]. While the top layer enhanced 
solar reflectivity to mitigate solar heat gain, the porous, thin 
film could not properly isolate the environmental heat from 
the hydrogel, leading to conductive heat transfer from the 
hot environment to the cool hydrogel surface. Such heat 
gains not only reduced the overall cooling power but also 

compromised the cooling time by fast depleting waters in 
the hydrogel, negatively affecting the sub-ambient cooling 
performance.

To inhibit the environmental heating, a thermally insu-
lated evaporating strategy has been developed by integrat-
ing an aerogel on top of the hydrogel to form a bilayer 
cooler. A transparent silica aerogel with half the thermal 
conductivity of air effectively retarded heat transfer to the 
underlying hydrogel, resulting in a 400% increase in the 
cooling time [28]. Solar-reflective aerogels made from 
polymers such as polyethylene (PE) [26] and cellulose 
[42] were also developed, serving as thermal barriers 
between the underlying hydrogel and external environment 
to shield solar and environmental heating [43–45]. While 
this high thermal resistance was desired for reduced heat 
gain, it also generated significant vapor transport resist-
ance between hydrogel surface to ambient due to tortuous 
pore channels in the aerogel. Such high vapor transport 
resistance in turn reduced evaporative-cooling power espe-
cially at high relative humidity (RH). Consequently, the 
net cooling powers of aerogel-hydrogel bilayer coolers 
were generally lower than 100 W  m−2 when the RH was 
greater than 40% despite the reduced heat gain [26]. In 
addition, the insulated evaporating strategy has not been 
used for hygroscopic hydrogels. This is because the high 
thermal resistance induced by the aerogel also lowered the 
temperature and increased the RH at the surface of under-
lying hydrogel [46], making it difficult to sustain effec-
tive daytime evaporation in the presence of hygroscopic 
salts. The hydrogel coolers required external water supply 
system for regeneration, adding extra complexity and reli-
ance on precious water resources. It is still challenging to 
achieve high thermal resistance and low vapor resistance 
simultaneously because of the highly coupled thermal 
and water mass transport, significantly limit the practical 
applications of hygroscopic hydrogels for high-power and 
self-sustained cooling especially under high RH condi-
tions (e.g., cloudy days). The existing random, isotropic 
porous networks in hydrogels and aerogels were designed 
separately for their respective functions of evaporation and 
thermal isolation, unable to reconcile to above trade-offs.

Here, we developed an anisotropic synergistically 
performed insulation-radiation-evaporation (ASPIRE) 
cooler for all-weather, self-sustained, and multi-day pas-
sive sub-ambient cooling. The ASPIRE cooler comprised 
a dual-alignment structure both internal and external to a 
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hygroscopic hydrogel, mimicking that of the sweat gland-
hair structure in human skin to achieve coordinated thermal 
(including radiation and conduction) and water (including 
liquid and vapor) transport. Internally, vertically aligned 
hydrophilic polyvinyl alcohol (PVA) networks were devised 
for unimpeded water liquid transport within the hydrogel, 
demonstrating effective evaporation at a lower temperature 
and higher humidity than the isotropic structure. Such wid-
ened operation windows allowed the incorporation of LiCl 
in the hydrogel for water self-regeneration at night with-
out compromising the effective evaporation during the day. 
Externally, a vertically aligned hydrophobic aerogel hav-
ing composite cell walls of hexagonal boron nitride (h-BN) 
nanosheets and crosslinked PVA were constructed, blocking 
radiative and conductive thermal transfers without compro-
mising water vapor transport through the vertical channels. 
We systematically optimized the multiscale structures of 
the ASPIRE cooler to overcome the trade-off between ther-
mal and water transport resistance, realizing significantly 
reduced heat gain with minimum impact on evaporative 
cooling during the daytime and water self-regeneration at 
night. We demonstrated high-power, continuous daytime 
sub-ambient cooling under various weather conditions, 
offering promising potential for all-weather, round-the-clock 
cooling applications.

2  Experimental Section

2.1  Materials

PVA  (Mw = 89,000–98,000) was supplied by Sigma-Aldrich. 
CMC  (Mw = 250,000) and h-BN (99.9%, ~ 500 nm) were pur-
chased from Macklin. Chemicals including MTMS (98%), 
glutaraldehyde (50% in water), lithium chloride (LiCl, 99%) 
and hydrochloric acid (HCl, 37%) were supplied by Aladdin.

2.2  Preparation of the VBN/XCP Aerogel

The VBN/XCP aerogel was fabricated by unidirectional 
freeze-casting. Typically, 1 g PVA powders were added 
into 9 mL deionized (DI) water and stirred at 90 °C for 
2 h to obtain a homogeneous 10 wt% PVA solution. 0.25 g 
CMC powders were dissolved in 9.75 mL DI water at room 
temperature to yield a 2.5 wt% CMC solution. Meanwhile, 
MTMS was hydrolyzed in DI water to obtain a 3  wt% 

MTMS solution. Next, PVA-CMC mixture solution with a 
polymer concentration of 1.5 wt% was made by mixing the 
above PVA and CMC solutions. The mixture was stirred 
for 2 h before adding the same mass of MTMS solution for 
crosslinking to obtain the mixture solution with a polymer 
concentration of 0.75 wt%. Subsequently, h-BN nanosheets 
were introduced into the mixture solution under ultrasonica-
tion for 2 h. Finally, the homogeneous solution was poured 
into a plastic mold placed on top of a metal cold source in 
direct contact with liquid nitrogen for unidirectional freeze-
casting. The freeze-casting samples were dried in a freeze 
dryer for at least 48 h to obtain the aerogels.

2.3  Preparation of V‑PVA‑LiCl Hydrogel and ASPIRE 
Cooler

Glutaraldehyde (1.4 vol% of DI water, 50 wt%) and HCl 
(0.5 vol% of DI water, 1 M) were added to PVA solution 
(10 wt%) as an initiator and crosslinking agent for gelation, 
respectively. The PVA gel was quickly frozen at − 40 °C 
by unidirectional freeze-casting using a bottom cold source 
before full gelation and then thawed in DI water at room 
temperature. This freeze-thawing process was repeated five 
times to enhance the structural integrity of hydrogel. The 
V-PVA-LiCl hydrogel was obtained by immersing the hydro-
gel in a LiCl aqueous solution to load the moisture absor-
bent. The VBN/XCP aerogel and V-PVA-LiCl hydrogel were 
stacked in tandem to form the ASPIRE cooler.

2.4  Characterizations

The morphologies of VBN/XCP aerogels and V-PVA-LiCl 
hydrogels were characterized using SEM (Hitachi TM3030 
and VEGA3 TESCAN). The water contact angle was meas-
ured using a drop shape analyzer (Krüss DSA 100). The 
chemical composition of VBN/XCP aerogel was analyzed 
using an XPS spectrometer (Kratos Axis Ultra DLD) and a 
FTIR spectrometer (Bruker). The porosity of the aerogel was 
determined by P =

(
1 −

�

�0

)
× 100% , where � is the density 

of aerogel calculated by weighing the sample and measuring 
its volume,  �0 is the solid density estimated from the 
weighted-average densities of PVA (1.27 g  cm−3), CMC 
(1.60  g   cm−3), MTMS (1.90  g   cm−3), and h-BN 
(2.25 g  cm−3) for a given h-BN loading. The thermal con-
ductivity of VBN/XCP aerogels were measured using a hot 
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disk thermal constants analyzer (Hot Disk TPS 2500 S). The 
solar reflectance was determined using a UV–visible-NIR 
spectrometer (Perkin Elmer Lambda 1050) equipped with 
an integrating sphere in the range of 0.25–2.5 µm. The infra-
red emissivity spectrum was measured with a FTIR spectro-
photometer (Nicolet iS50R, Thermo Fisher Scientific) 
equipped with an integrating sphere. The evaporation behav-
iors of samples were observed by a differential scanning 

calorimeter (Mettler Toledo DSC3) in nitrogen atmosphere 
at a flow rate of 50 mL   min−1, and the ramping rate of 
5 K  min−1. The test of moisture adsorption/desorption of the 
V-PVA-LiCl hydrogel was carried out in a custom-made 
constant temperature and humidity chamber.

2.5  Outdoor Cooling Performance Test

We took measurements under direct sunlight with a custom-
made test box having an open window of 5 × 5  cm2 facing 
toward the sky. The sample with the same size of 5 × 5  cm2 
was placed in the box with all faces except the top insu-
lated with an EPS foam covered by aluminum foils to reflect 
surrounding radiation. A porous PE membrane was placed 
above the sample to minimize the convection from surround-
ing environment while allowing vapor escape. The sunlight 
power was measured and recorded by a portable solar power 
meter (1333R, TES). The ambient RH was monitored by a 
humidity data logger (BENETECH Co. Ltd.). Temperatures 
of ambient and samples were measured and recorded using 
K-type thermocouples (CENTER 309). The ambient tem-
perature was recorded using the thermocouple covered by 
aluminum foil with an open structure to avoid heating from 
sunlight while allowing sufficient convection. Mass varia-
tion of hydrogel was measured using an electronic balance.

3  Results and Discussion

3.1  Design Principles of ASPIRE Cooler

We designed the ASPIRE cooler with two goals, namely, 
(i) a high cooling power in the daytime and (ii) water self-
regeneration at night. For the first one, the daytime sub-
ambient cooling power, Pc , is determined by

where Pevap and Pnet_rad are the evaporative-cooling and 
net radiative-cooling powers, respectively (see Note S1 
for details). Further subtracting the external heat gains 
( Pheatgain ), the cooling powers arising from water evapora-
tion ( Pevap ) and radiative emission through the LWIR win-
dow ( Prad ) are negated by powers of heat gains through (i) 
solar absorption ( Psolar ), (ii) absorption of radiation emit-
ted by the surrounding atmosphere ( Patm ), as well as (iii) 
conduction and convection from surrounding environment 
( Penv = Pcond + Pconv ). For most non-selective emitters (i.e., 
Patm is considered constant) under natural convection (i.e., 
Pconv is considered constant), the key to achieving a high 
cooling power lies in reducing the solar and conductive 
heat gain without undermining the evaporation and LWIR 
emission. For the second goal of water self-regeneration, 
hygroscopic salts need to be incorporated in the hydrogel 
without affecting daytime evaporation under reduced heat 
gains, necessitating fast water transport within the hydrogel.

Based on the above, Fig. 1a shows the design principles 
in terms of thermal and mass transport which include: (i) 
high radiative thermal resistance between hydrogel and envi-
ronment for high LWIR emission ( Prad ) and low solar heat 
gain ( Psolar ); (ii) high conductive thermal resistance between 
hydrogel and environment for low environmental heat gain 
( Penv ); (iii) low water vapor transport resistance between 
hydrogel and environment for a high evaporative-cooling 
power ( Pevap ); and (iv) low water liquid transport resistance 
within the hydrogel for maintaining effective evaporation 
in the presence of hygroscopic salts under low temperature 
and high humidity induced by the high thermal resistance.

The existing strategies utilized bilayer structures con-
sisting of either porous film-hydrogel or aerogel-hydrogel, 
as shown in Fig. 1b, c. Internally, the random networks in 
hydrogels created twisted pathways for water diffusion, 

(1)
Pc = Pevap + Pnet_rad = Pevap + Prad − Pheatgain = Pevap + Prad −

⎡
⎢⎢⎢⎣

�
Psolar + Patm

�
⏟⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏟

Radiative

+ Penv
⏟⏟⏟

Non−radiative

⎤
⎥⎥⎥⎦
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unable to yield effective evaporation when hygroscopic 
salts were introduced especially at low temperature and high 
humidity underneath cooling materials [25, 46]. Externally, 
the porous film on the hydrogel (Fig. 1b) provided high radi-
ative thermal resistance because of its strong LWIR emission 
and solar reflection. However, the thin, porous film imparted 
rather low conductive thermal resistance, unable to insulate 
the hydrogel from environmental heating. By contrast, the 
aerogel-hydrogel architecture (Fig. 1c) induced high conduc-
tive thermal resistance thanks to the excellent thermal insu-
lation of aerogel layer, but failed to provide effective radia-
tive thermal resistance due to mediocre emissivity in the 
LWIR wavelengths (8–13 µm) and reflectivity in the solar 
wavelengths (0.3–2.5 µm). The thick aerogel having iso-
tropic pores also imposed significant vapor diffusion resist-
ance which inevitably reduced evaporation. These limita-
tions highlight the fundamental challenge of using isotropic 
structures to concurrently achieve high thermal resistance 
through radiation and conduction together with low water 
transport resistance through vapor and liquid diffusion due to 
highly coupled thermal and mass transport. A new structural 

design is necessary to realize synergistically managed ther-
mal and water transport for reducing the heat gains without 
compromising the evaporation and water self-regeneration.

Inspired by the skin structure with vertical sweat glands 
and hairs for effective heat dissipation, we developed an 
ASPIRE cooler by leveraging a dual-alignment structure 
both internal and external to the hygroscopic hydrogel to 
achieve coordinated thermal and water transport, as shown 
in Fig. 1d. The ASPIRE cooler comprised a hydrogel “sweat 
gland” and an aerogel “hair”, mimicking the functions of 
skin structure for enhanced evaporation and reduced heat 
gain. Internally, the PVA-LiCl hydrogel containing vertically 
aligned, hydrophilic PVA chains, hereafter designated as 
V-PVA-LiCl hydrogel, was designed to provide unimpeded 
water diffusion in the hydrogel, affording effective cooling 
even with the presence of LiCl in the daytime as well as 
water self-regeneration at night [47]. Externally, the aerogel 
“hair” composed of vertically aligned, hydrophobic h-BN in 
a crosslinked carboxymethylcellulose (CMC)-PVA (XCP) 
matrix, hereafter designated as VBN/XCP aerogel, stands 
between V-PVA-LiCl hydrogel and ambient. The VBN/XCP 

Fig. 1  Design principles of skin-inspired ASPIRE cooler. a Thermal balance of a hybrid insulative, radiative, and evaporative-cooling system. 
Existing bilayer design of b film-hydrogel and c aerogel-hydrogel architectures for evaporative cooling. d Schematic of the multiscale structural 
design of ASPIRE cooler inspired by human skin structure with the vertically aligned sweat glands and hair
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aerogel was designed to have high LWIR emissivity, high 
solar reflectivity, and low thermal conductivity for enhanced 
radiative and conductive thermal resistance between hydro-
gel and environment, contributing to a high emission power 
( Prad ) with reduced solar ( Psolar ) and environmental ( Penv ) 
heat gain. Meanwhile, the hydrophobicity and vertical pore 
channels of VBN/XCP aerogel ensured low vapor diffusion 
resistance for water evaporation, minimizing the impact on 
the evaporative-cooling power ( Pevap ) of underlying hydro-
gel. The coordinated high thermal (including conduction and 
radiation) transport resistance and low water (including liq-
uid and vapor) transport resistance gave rise to a synergistic 
insulation-radiation-evaporation cooling mechanism, achiev-
ing a high cooling power in the day without compromising 
water regeneration at night for all-weather, self-sustained, 
and multi-day cooling.

3.2  Fabrication and Morphologies of the ASPIRE 
Cooler

The dual-alignment structure was obtained by the directional 
freeze-casting technique, as illustrated in Fig. 2a. The freeze-
casting is a scalable process through techniques such as addi-
tive freeze-casting and interface welding, which is crucial for 
practical applications [44, 48–53]. We fabricated a large-size 
ASPIRE cooler by the versatile freeze-casting technique to 
demonstrate its potential for scalable applications (Fig. S1). 
Given the different hydrophilicity required, different types of 
crosslinking were created. The external alignment required 
hydrophobicity to avoid resistance to vapor transport. There-
fore, trimethoxymethylsilane (MTMS) was added into the 
mixture solution of PVA, CMC, and h-BN to chemically 
crosslinking PVA for hydrophobic modification [54, 55]. 
The water contact angle of 142° (inset of Fig. 2a) further 
confirmed the excellent hydrophobicity of the aerogel aris-
ing from the reaction between hydrophilic hydroxyl groups 
in PVA/CMC and MTMS. In contrast, hydrophilic alignment 
was desired internally to allow water retention inside the 
hydrogel. As such, the PVA solution was freeze-thawed mul-
tiple cycles to achieve physical crosslinking for the desired 
vertically aligned chains without affecting the hydrophilicity 
of the hygroscopic hydrogel. The contact angle measure-
ment on the hydrogel showed fast absorption of the water 

droplet, suggesting highly hydrophilic pores [56]. The two 
alignment structures were finally stacked in tandem to obtain 
the ASPIRE cooler, as shown in Fig. 2b. The dual-alignment 
structures were firmly connected through strong adhesion 
(Fig. S2) because of interfacial interactions between the 
hydrogel and aerogel [25, 57], as shown in Fig. 2c. The 
bilayer structure still maintained good structural stability 
during the evaporation or swelling process, thanks to the 
strong interfacial adhesion and highly porous and compressi-
ble aerogel that reversibly changed its dimension with hydro-
gel (Fig. S3). The two layers maintained strongly adhered 
under both bending and twisting loads (Fig. S4), indicating 
robust flexibility and mechanical integrity when applied onto 
surfaces with different curvatures.

The scanning electron microscopy (SEM) images show a 
highly porous cross section (Fig. 2d) formed by vertically 
aligned cell walls for the aerogel “hair” (Fig. 2e). The cell 
walls were rather smooth and flat because of the presence of 
two-dimensional (2D) h-BN sheets. VBN/XCP aerogels with 
different macroscopic shapes and thicknesses could be eas-
ily fabricated by the versatile freeze-casting technique (Fig. 
S5a). It is worth noting that the combination of CMC and 
PVA prevented the shrinkage to maintain a high porosity of 
VBN/XCP aerogel after freeze-drying (Fig. S5b). Figure 2f, 
g shows the internal alignment, featuring porous microchan-
nels with an average pore diameter of approximately 10 μm 
formed by aligned PVA skeletons in the thickness direction. 
The hydrogel cell walls appeared rougher and more fibrous 
than those in the aerogel hair because of the crosslinked 
polymer chains. The dual alignment both internal and exter-
nal to the hydrogel together with their vast differences in 
hydrophobicity allowed coordinated optimization of ther-
mal (radiative and conductive) and water (liquid and vapor) 
transport, synergistically contributing to a high cooling 
power in the day and water self-regeneration at night.

3.3  Internally Low Water Transport Resistance 
for Enhanced Evaporation and Regeneration

The internal alignment in the V-PVA-LiCl hydrogel was 
designed to provide high evaporative-cooling power and 
fast water regeneration even under a low-temperature and 
high-humidity condition because of the presence of top 
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Fig. 2  Fabrication and structural characterization of ASPIRE cooler. a Schematics of the construction of internal and external alignments. Inset 
pictures show a water contact angle of 142º for the external alignment structure while a quick absorption of water in the internal alignment 
structure with no droplet remaining during the contact angle measurement. b Photograph of the ASPIRE cooler. c Photograph showing strong 
adhesion between internal and external alignment structures. d Top-view and e side-view SEM images of the external alignment structure. f 
Top-view and g side-view SEM images of internal alignment structure
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radiative-cooling aerogel [46]. The multiscale structures 
of the V-PVA-LiCl hydrogel were optimized as shown in 
Fig. 1d. At the nanoscale, the hydrogel was composed of 
hydrophilic PVA chains as solid framework and hygroscopic 
LiCl as moisture sorbents. The LiCl concentration was opti-
mized by immersing freeze-thawed PVA hydrogel in LiCl 
solutions of different concentrations [58] to achieve a bal-
ance between high water uptake and evaporation rate (see 
Fig. S6 for details). Microscopically, the vertically aligned 
microchannels (Fig. 2f, g) provided unimpeded pathways 
for water transport. The lowered water transport resistance 
within the hydrogel facilitated evaporation, reducing the 
temperature and increasing the humidity necessary to gen-
erate effective evaporation even in the presence of hygro-
scopic salt. Macroscopically, the thickness of the hydrogel 
was optimized to ensure long efficient evaporation (see Note 
S5, Fig. S7 for details). A 5-mm-thick hydrogel maintained 

high and stable water evaporation rates thanks to the bal-
ance between high water content inside the hydrogel and low 
liquid transport resistance, allowing for continuous effective 
evaporation and long cooling time throughout the daytime.

The importance of vertically aligned structure in reduc-
ing water transport resistance was probed by comparing the 
water evaporation performance of V-PVA-LiCl hydrogel to 
that of a randomly porous PVA-LiCl (R-PVA-LiCl) hydrogel 
(Fig. 3a, b). The R-PVA-LiCl hydrogel with numerous ran-
domly distributed micropores was made by simply freezing 
the PVA solution in a refrigerator followed by thawing in the 
LiCl solution (Fig. 3b). The samples were tested at 40 °C 
and 40% RH, as shown in Fig. 3c. The V-PVA-LiCl hydrogel 
exhibited a 16.2% higher evaporation rate (0.366 kg  m−2  h−1) 
than the random counterpart (0.315 kg  m−2  h−1), suggesting 
a faster water evaporation in the aligned structure than the 
random one. The vertically aligned structure of V-PVA-LiCl 

Fig. 3  Water evaporation and regeneration performance of V-PVA-LiCl hydrogel. a, b Schematics showing the mechanisms for better liquid and 
vapor transport in the V-PVA-LiCl hydrogel than the random one. c Model and experiment results of mass changes of V-PVA-LiCl and R-PVA-
LiCl hydrogel measured at 40 °C and 40% RH. d Evaporation rates and calculated cooling powers of the two hydrogels for different RH at the 
same humidity of 40% RH. e Evaporation rates and calculated cooling powers of the two hydrogels for different RH at the same temperature of 
40 °C. f Mass changes measured during consecutive evaporation (at 40 °C, 40% RH) and regeneration (at 25 °C, 80% RH) of V-PVA-LiCl and 
R-PVA-LiCl hydrogels
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contained 1D channels for both liquid diffusion along the 
pore walls and vapor diffusion through the pore channels, 
both of which may contribute to better evaporation perfor-
mance than randomly porous hydrogel [59, 60]. To elucidate 
whether the faster evaporation of our V-PVA-LiCl hydrogel 
than conventional R-PVA-LiCl was dominated by improved 
vapor diffusion or accelerated water diffusion, we utilized 
a generalized two-concentration model to understand the 
desorption behavior of hygroscopic hydrogels with differ-
ent pore structures (see Note S3 for model details) [59, 60]. 
Following the model developed by Díaz-Marín et al. [59, 
60], we modified the effective vapor diffusivity and liquid 
diffusivity for the vertical structure to reflect the low tortuos-
ity of the transport pathways for water vapor and liquid in 
V-PVA-LiCl (Fig. 3a, b). We used the models to calculate 
the mass change during evaporation and compared with the 
experimental data, as shown in Fig. 3c. The model prediction 
agreed well with experimental results, where the vertically 
aligned hydrogel showed about 17.3% higher water evapora-
tion rate than the randomly porous one. To further under-
stand the dominant mechanism for the improved evapora-
tion of the vertical structure, we calculated the mass change 
of V-PVA-LiCl hydrogel by using only the effective vapor 
diffusivity of vertical structure (i.e., the liquid diffusivity 
was considered as the same to the random structure). In this 
case, the evaporation rate of V-PVA-LiCl was only 5.9% 
higher than R-PVA-LiCl (Fig. S8), meaning that enhanced 
vapor transport was not the main cause for the high evapora-
tion rate. By contrast, when the liquid diffusivity of vertical 
structure was applied to the model, the evaporation rate of 
V-PVA-LiCl was 13.2% higher than that of R-PVA-LiCl. 
This means that enhanced water transport was the dominant 
mechanism for the improved evaporation performance in the 
vertical structure.

To further verify if the hydrogel could maintain evapora-
tion at low temperatures and high RH for sustained cool-
ing for the bilayer cooler, we evaluated the evaporation 
performance of the V-PVA-LiCl hydrogel under different 
temperatures and RH. Figure S9a shows the mass changes 
of V-PVA-LiCl hydrogels at different temperatures under a 
constant 40% RH, and the corresponding evaporation rates 
and evaporative-cooling powers ( Pevap ) were calculated and 
compared with those of R-PVA-LiCl hydrogels, as shown 
in Fig. 3d. It is noted that the theoretical enthalpy of water 
was used in calculating the cooling power because of its 

negligible difference from the measured value by differen-
tial scanning calorimetry (DSC) (Fig. S10). The V-PVA-
LiCl hydrogel showed 20% to 35% higher cooling powers 
than the R-PVA-LiCl counterpart depending on operation 
temperatures thanks to the improved water diffusion in the 
vertical structure, maintaining a positive cooling power of 
56 W  m–2 at a temperature as low as 20 °C. Notably, the 
V-PVA-LiCl hydrogel maintained positive cooling powers at 
high humidities of up to 85% RH, as shown in Figs. 3e and 
S9b. In comparison, R-PVA-LiCl hydrogel started to absorb 
moisture from the environment at a high humidity of 85% 
RH, unable to maintain effective evaporation. The R-PVA-
LiCl hydrogel also showed consistently inferior evaporation 
rates and cooling powers than the V-PVA-LiCl counterpart 
under the same condition. The above analyses indicate the 
adaptability of the V-PVA-LiCl hydrogel to a lower tempera-
ture and higher RH than the random counterpart for effective 
evaporation as the bottom layer in the bilayer ASPIRE cooler 
thanks to the reduced liquid transport resistance through the 
vertical structure.

In addition to evaporation, the water regeneration perfor-
mance was evaluated at 25 °C and 80% RH after 200-min 
continuous evaporation at 40 °C and 40% RH, as shown in 
Fig. 3f. The V-PVA-LiCl hydrogel showed a faster mass 
change than the random one during regeneration, giving 
rise to a 17% higher water uptake rate in the former. The 
faster water evaporation and uptake of V-PVA-LiCl than 
its random counterpart confirmed reduced water transport 
resistance in the thickness direction facilitated by the verti-
cal structure [61].

3.4  Externally High Thermal but Low Vapor Trans‑
port Resistance for Reduced Heat Gain and High 
Cooling Power

The external alignment aims to reduce heat gain without 
affecting evaporation and regeneration by imposing high 
thermal resistance but low vapor resistance between hydro-
gel and environment. To achieve the above performance, we 
designed the VBN/XCP aerogel for the following desired 
properties [62]: (1) high radiative thermal resistance with 
high LWIR emissivity ( �LWIR ) and solar reflectance ( Rsolar ) 
for high Prad and low Psolar (Note S2); (2) high conduc-
tive thermal resistance with a low thermal conductivity for 
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reduced Penv ; and (3) a low vapor transport resistance with 
excellent hydrophobicity to minimize the impact on vapor 
diffusion for a high evaporation cooling power ( Pevap ) in 
the day and water self-regeneration at night. The desired 
multifunctionalities were synergistically realized through a 
multiscale design paradigm, as shown in Fig. 1d.

3.4.1  High Radiative Thermal Resistance and Hydropho-
bicity

The starting material to construct external alignment was 
PVA, the same used in the hygroscopic hydrogel. The 
desired radiative thermal transport requires wavelength-
dependent optical absorption, which were achieved by 
optimizing molecular crosslinking between PVA chains 
and engineering nanostructured PVA cell walls (Fig. 4a) 
[63]. Since the molecular vibrational frequencies largely 

Fig. 4  Radiative, conductive, and vapor transport of the VBN/XCP aerogel. a Solar and LWIR absorption spectra of XCP and VBN/XCP aero-
gels. b FTIR spectra of CP, XCP, and VBN/XCP aerogel. c SEM images of XCP and VBN/XCP aerogels. d Solar-weighted reflectance and 
thermal conductivities of VBN/XCP aerogels with different h-BN loading. e Photographs of wetting states and water contact angles of VBN/CP 
aerogels with and without MTMS crosslinking. f Temperature differences between hot stage and VBN/XCP aerogel surface plotted against stage 
temperatures. Inset shows an IR image of the VBN/XCP aerogel on the hot stage with a temperature of 60 °C. g Comparison of key properties of 
VBN/XCP aerogel with other common radiative-cooling or insulation materials. h Temperatures of ASPIRE coolers with VBN/XCP aerogels of 
different thicknesses during evaporation at 40 °C and 40% RH. i Mass changes of V-PVA-LiCl hydrogel measured at 40 °C and 40% RH when 
covered without and with different aerogels
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determine the IR emissivity in organic materials, it is 
essential to create molecular bonds with vibrational fre-
quencies matching the LWIR wavelengths. CMC was 
chosen together with PVA to construct a CMC-PVA (CP) 
aerogel by directional freeze-casting (see Fig. S11 for the 
optimization of CMC-PVA concentration). The Fourier-
transform infrared microscopy (FTIR) spectrum of CP 
aerogel exhibited high absorption in the LWIR wavelengths 
(shaded area in Fig. 4b) due to the stretching of C-O bonds 
peaked at 1025 and 1058  cm−1, beneficial to a high LWIR 
emissivity [64, 65]. To widen the spectral overlap between 
molecular vibration and the LWIR wavelengths, molecu-
lar crosslinking was further created by using MTMS as 
crosslinkers to construct a crosslinked CP (XCP) aerogel, 
forming covalent bonds between MTMS and PVA/CMC 
whose molecular vibration matched the LWIR frequencies. 
As shown in Fig. 4b, after crosslinking, new prominent 
peaks appeared at 778, 1025, and 1126  cm−1, correspond-
ing to the molecular vibrations of Si–O–C and Si–O–Si 
bonds [66]. The vibrational peaks of these bonds spanned 
in the entire LWIR region (shaded area), further enhancing 
the LWIR emissivity [62].

After optimizing the LWIR emissivity by molecular 
crosslinking, we proceed to improve the solar reflectance 
through engineering the nanostructured cell walls using h-
BN nanosheets as fillers (Fig. S12). 2D h-BN nanosheets 
were incorporated into the mixture solution of PVA, CMC, 
and MTMS for freeze-casting into a VBN/XCP aerogel 
with nanostructured cell walls [67, 68]. The X-ray photo-
electron spectrometer (XPS) survey spectrum of the VBN/
XCP aerogel showed additional peaks corresponding to B 
(at 188 eV for B 1s) and N (at 397 eV for N 1s) compared 
to the XCP aerogel, confirming the presence of h-BN (Fig. 
S13). The increasing h-BN loading resulted in increasingly 
rougher cell wall surfaces arising from nanostructured com-
ponents (Fig. 4c). Such nanostructured cell walls contain-
ing h-BN nanosheets had a significant effect on the solar 
reflectance, as shown in Figs. 4d and S14. The XCP aerogel 
achieved only 81% solar reflectance, which was significantly 
improved with the increasing h-BN loading, exceeding 95% 
at an h-BN loading of 20 wt% and reaching 98% at 50 wt% 
of h-BN. This enhancement was attributed to the strong 
scattering effect of 2D h-BN [69] and the nanostructured 
walls consisting of ceramic fillers and organic matrices with 
largely different refractive indices [70]. It should be noted 
that the incorporation of h-BN did not adversely affect the 

high emissivity. As shown in Fig. 4b, the FTIR spectrum of 
VBN/XCP aerogel showed new peaks at 1330 and 780  cm−1 
corresponding to the B-N bond bending and in-plane B-N 
bond stretching, respectively, but those vibrational peaks in 
the LWIR frequencies remain unchanged. Indeed, the LWIR 
emissivity of VBN/XCP aerogels was kept over 95% regard-
less of the h-BN loading (Fig. S15).

In addition to improved LWIR emissivity and solar reflec-
tivity, molecular crosslinking and nanostructure engineering 
also led to excellent hydrophobicity. As shown in Fig. 4e, 
the BN/CP aerogel without MTMS crosslinking was super 
hydrophilic and easily wet with water. After crosslinking 
by MTMS, the VBN/XCP aerogel exhibited a contact angle 
142°, indicating a hydrophobic surface thanks to the Si–O–C 
bonds created due to the hydrolysis of MTMS and subse-
quent reaction of silanol groups in MTMS and hydroxyl 
groups in PVA/CMC (Fig. 4b). The effect of h-BN content 
on the hydrophobicity was further investigated, as shown in 
Fig. S16. The increasing h-BN amount also further raised 
the water contact angle from 133.8° to a saturated value of 
142° beyond 20 wt% h-BN loading because of the hydro-
phobic h-BN and roughened cell walls (Fig. S17) [71]. The 
improved hydrophobicity of the VBN/XCP aerogel not only 
ensured durability during long-term outdoor applications but 
also minimized the impact on evaporation [27, 72].

Despite the high solar reflectance and improved hydro-
phobicity at high h-BN loading, excessive amount of h-
BN was deleterious to the ultralow density and mechani-
cal properties (see Note S4 for details). Balancing the high 
solar reflectance over 95% (Fig. 4d), low density (Fig. S18), 
and mechanical robustness (Fig. S19), an h-BN loading of 
20 wt% was the optimal. Given the high optical transmit-
tance and absorption of the hydrogel (Fig. S20), the VBN/
XCP aerogel could effectively block the radiative thermal 
transfer between hydrogel and environment to minimize the 
solar heating ( Psolar ) and maximize the outgoing radiative 
power ( Prad).

3.4.2  High Conductive Thermal Resistance

In addition to radiation, a low thermal conductivity is also 
required to provide high conductive thermal resistance from 
the ambient for reduced environmental heat gain ( Penv ). The 
effect of h-BN loading on the thermal conductivity of VBN/
XCP aerogel is shown in Fig. 4d. The aerogel showed a 



 Nano-Micro Lett.          (2025) 17:240   240  Page 12 of 21

https://doi.org/10.1007/s40820-025-01766-5© The authors

highly anisotropic thermal conductivity because of the ver-
tically aligned pore structure (Fig. S17) [44, 54, 73, 74]. 
The thermal conductivity in the transverse to alignment 
direction decreased first to 16.12 mW  m−1  K−1 when the 
h-BN loading was increased to 20 wt%, and then rose with 
the increasing h-BN loading because of the significantly 
increased densities. At the optimal loading of 20 wt% in 
terms of radiative transport, the thermal conductivity trans-
verse to alignment was below that of air (0.024 W  m−1  K−1), 
and that in the alignment direction was approximately 
110 mW  m−1  K−1, lower than those of polymer films. The 
high conductive thermal resistance induced by the VBN/
XCP aerogel was further demonstrated by measuring the 
surface temperature response when an aerogel sample with 
dimensions of 5 cm × 5 cm × 0.5 cm was placed on a hot 
stage. The temperature  difference (ΔT) between the hot 
stage and aerogel surface reflected the thermal resistance, 
as presented in Fig. 4f. Increasing the stage temperature 
from 20 to 60 °C resulted in an increase in ΔT from 0 to 
26.3 °C, revealing superior thermal resistance of the VBN/
XCP aerogel against higher temperatures. An IR image of 
the VBN/XCP aerogel in the inset of Fig. 4f indicated a 
distinctive temperature difference from the hot stage at a 
temperature of 60 °C, visually confirming the high thermal 
resistance. Such high conductive thermal resistance pre-
vented external heat from flowing back to the cool hydro-
gel underneath, providing reduced environmental heat gain 
( Penv).

In comparison with other common radiative-cooling or 
insulation materials, the VBN/XCP aerogel demonstrates 
the most comprehensive radiative and conductive thermal 
transport properties, as shown in Fig. 4g. Compared to ther-
mally insulating foams or aerogels, the VBN/XCP aerogel 
outperformed in terms solar reflection and LWIR emission. 
For example, a commercial  SiO2 aerogel had low reflec-
tivity (82%) while an expanded polystyrene (EPS) foam 
showed low emissivity (37%), both of which were signifi-
cantly lower than the VBN/XCP aerogel. On the other hand, 
solar-reflective coatings or films showed decent solar reflec-
tance of 93.5%, but their thermal insulation performance 
was mediocre with relatively high thermal conductivities 
of 155 mW  m−1  K−1. Combining a high solar reflectance 
of 96.5%, high LWIR emissivity of 97%, and low ther-
mal conductivities of 16.12 mW  m−1  K−1 (transverse) and 
110 mW  m−1  K−1 (alignment), the VBN/XCP aerogel served 
as an excellent candidate to generate both high radiative and 

conductive thermal resistance between hydrogel and ambient 
for achieving a high net cooling power.

3.4.3  Low Vapor Transport Resistance

Another key requirement is a low vapor transport resistance 
between hydrogel and ambient so that it does not affect the 
evaporation and regeneration. The thickness of aerogel is an 
important parameter as a large thickness could increase the 
vapor transport resistance. To demonstrate the counterbal-
ancing effect of aerogel thickness on the thermal and vapor 
transport, we compared the temperatures of underlying 
hydrogels covered by aerogels of different thicknesses (see 
Note S6 and Fig. S21). As shown in Fig. 4h, when no solar 
radiation was applied, the temperature of underlying hydro-
gel decreased with the increasing thickness of the aerogel 
layer, confirming the effective thermal insulation brought 
by the aerogel. The temperature started to plateau when the 
thickness was higher than 5 mm, which was attributed to the 
competing effect of aerogel thickness on thermal and vapor 
resistance, where the thicker aerogel induced higher ther-
mal resistance but also more resistance to vapor diffusion. 
When solar irradiation was applied, the temperature even 
increased when the thickness is larger than 5 mm. Given 
both thicknesses of 5 and 10 mm yielded negligible differ-
ences in terms of radiative properties, including LWIR emis-
sivity (Fig. S15) and solar reflectance (Fig. S14), the higher 
temperature of the thicker sample was attributed to its higher 
resistance to vapor transport than the thinner one despite 
its better conductive thermal resistance [26]. Based on the 
above optimization, the 5-mm-thick VBN/XCP aerogel was 
selected for the ASPIRE cooler due to the balanced thermal 
and vapor transport.

Furthermore, we investigated the impact of pore alignment 
in the top VBN/XCP aerogel on the evaporation performance 
of the ASPIRE cooler, as shown in Fig. 4i. The placement 
of VBN/XCP aerogel on top of the hydrogel marginally 
decreased its steady-state evaporation rate from 0.366 to 0. 
328 kg  m−2  h−1 by 10%. This trivial reduction in evaporation 
rate suggests a negligible effect of VBN/XCP aerogel on the 
evaporative-cooling power ( Pevap ) because of the low resist-
ance to vapor transport through the vertically aligned pore 
channels. With a randomly porous BN/XCP (RBN/XCP) 
aerogel (Fig. S23) of similar density and porosity (Fig. S24a) 
as the top layer, however, the evaporation rate was reduced 
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significantly to 0.265 kg  m−2  h−1 (Fig. 4i), 19.2% lower than 
its vertical counterpart because of the more tortuous pathways 
in the former. A more significant drop in the evaporation rate 
to 0.179 kg  m−2  h−1 was observed when a commercial  SiO2 
aerogel was used as the top layer. This was due to the random 
porous structure and the lower porosity of  SiO2 aerogel than 
both RBN/XCP and VBN/XCP aerogels (Fig. S24a), impart-
ing larger resistance to vapor transport. The above compari-
son highlights the important role of vertically aligned pore 
channels and ultralow density in reducing the vapor transport 
resistance for maintaining the high evaporation rate of the 
bilayer structure, which was essential to the high evaporative-
cooling power. By the same token, the regeneration rate of 
bilayer structure was the highest when the VBN/XCP aerogel 
was used as the top layer (Fig. S24b). At a temperature of 
25 °C and 80% RH simulating the night weather condition, 
the bilayer cooler containing VBN/XCP aerogel spontaneously 
absorbed water at a rate of 0.218 kg  m−2  h−1 in the first hour, 
higher than both RBN/XCP and  SiO2 aerogel counterparts. It 
was fully recovered to its initial weight after about 500 min, 
providing excellent water regeneration performance to elimi-
nate the reliance on external water supply.

To summarize, the radiative, conductive, and vapor trans-
port between hydrogel and environment were coordinated 
optimized through tailoring multiscale structures including 
vertically aligned pores, nanostructured cell walls, and molec-
ular crosslinking, giving rise to high solar-weighted reflec-
tance ( Rsolar ) of 96.5% and LWIR emissivity ( �LWIR ) of 97% 
(Fig. 4a), low thermal conductivities of 16.12 mW  m−1  K−1 
(transverse) and 110 mW  m−1  K−1 (alignment) (Fig. 4d), excel-
lent hydrophobicity (Fig. 4e), a well maintained evaporation 
rate (Fig. 4i), and an ultralow density of 24.36 mg  cm−3 (Fig. 
S18). The above synergistic insulation-radiation-evaporation 
properties led to reduced heat gain of the resulting ASPIRE 
cooler with marginal impact on evaporation and regeneration, 
allowing continuous cooling under different weather condi-
tions without external water supply for real-world applications.

3.5  Continuous Sub‑Ambient Cooling Performance 
under Clear Weather Conditions

Outdoor cooling tests were conducted to experimentally 
demonstrate the passive sub-ambient cooling performance of 
the ASPIRE cooler in terms of two key performance metrics, 
namely (1) sub-ambient cooling temperature, ΔT, and (2) 

cooling power, Pc . ΔT measures the temperature difference 
between the cooler and ambient, which is a direct indicator 
of the effectiveness of passive cooling. Pc is determined by 
Eq. (1), where the evaporating ( Pevap ) and radiative ( Prad ) 
cooling powers are partly offset by heat gain from environ-
mental conduction and convection ( Penv ), solar absorption 
( Psolar ), and atmosphere absorption ( Patm).

The outdoor test setups are shown in Fig. 5a with details 
provided in Experimental Section. The test was first carried 
out on a clear day in Hong Kong for 24 h (from 10:30 July 
25 to 10:30 July 26, 2023) with a peak sunlight intensity 
of ~ 900 W  m−2 at noon (Fig. 5b). We compared the cool-
ing performance of bilayer ASPIRE cooler to those of its 
constituents, namely the VBN/XCP aerogel and the V-PVA-
LiCl hydrogel. The VBN/XCP aerogel represented a radia-
tive cooler with good thermal insulation but no evaporative 
cooling, whereas the V-PVA-LiCl hydrogel functioned as an 
evaporative cooler with little radiative cooling and no insula-
tion. The comparison is therefore to highlight the necessity 
of ASPIRE cooler to achieve effective sub-ambient cool-
ing through a synergistic insulation-radiation-evaporation 
mechanism. The ΔT for the three coolers were obtained by 
monitoring their temperature changes during the test, as 
shown in Fig. 5c, d. The temperatures of the three coolers 
rose with the increasing solar irradiation intensity and cor-
responding ambient temperature during the day (Fig. 5d). 
The V-PVA-LiCl hydrogel evaporative cooler alone, despite 
its rapid water evaporation, only showed ΔT of ~ 3 °C from 
11:00 to 14:00 under a solar intensity of ~ 900 W  m−2 and 
a RH of ~ 48%, primarily due to its high solar (Fig. S20) 
and environmental heat gains. In comparison, the VBN/XCP 
aerogel radiative cooler alone obtained an average ΔT of 
3.6 °C under the same weather condition. Although radia-
tive cooling was slightly more effective than evaporation on 
clear days because of the unblocked atmosphere transparent 
window, the overall cooling performance was still mediocre 
due to the absence of evaporation. In contrast, the ASPIRE 
cooler demonstrated an impressive average ΔT of 8.2 °C and 
a maximum ΔT of 11.4 °C during solar peak intensity from 
11:00 to 14:00 (Fig. 5c), surpassing those of its individual 
constituents. This highlights the synergistically achieved 
insulation-radiation-evaporation in the ASPIRE cooler and 
its superior cooling performance over conventional radiative 
and evaporative coolers. We also compared the cooling per-
formance of ASPIRE cooler to two commercially available 
materials, a  SiO2 aerogel and an acrylic-coated EPS foam 
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(Fig. S25) as that of the ASPIRE cooler. The temperature of 
the  SiO2 aerogel was much higher than the ambient because 
of its relatively high solar absorption. The coated EPS foam 
exhibited slightly better sub-ambient cooling than the VBN/
XCP aerogel due to its low thermal conductivity, high solar 
reflectance, and efficient LWIR emission from the acrylic 
coating. However, the closed pores in EPS foam impeded 
vapor transport, rendering it unsuitable for bilayer cool-
ing structures. Without evaporative-cooling capability, the 
acrylic-coated EPS foam showed ~ 5 °C higher temperature 
than the ASPIRE cooler.

In addition to cooling in the day, the ASPIRE cooler 
also showed water self-regeneration at night for continu-
ous sub-ambient cooling without external water supply. 
The water self-regeneration capability is demonstrated in 
the mass change profile of the ASPIRE cooler during the 
24-h test, as shown in Fig. 5d. The mass reduced first during 
the day because of evaporation, while it started to increase 
after sunset due to the absorption of moisture from the air. 
After around 12 h from 19:30 to 7:30, the water capacity 
of ASPIRE cooler was fully recovered to the original state. 
This self-regeneration led to continuous sub-ambient cooling 
the next day (Fig. 5d) with similar cooling performance for 

Fig. 5  Sub-ambient cooling performance and synergistic insulation-radiation-evaporation cooling mechanism of the ASPIRE cooler. a Sche-
matic and photograph of the experimental setup used to measure the cooling performance in the outdoor test. The scale bar is 10 cm. b Solar 
power and RH during the test. Inset shows a photograph of the clear sky without any clouds. c Sub-ambient cooling temperature, ΔT, during the 
test. d Temperatures of ASPIRE cooler, radiative cooler (i.e., VBN/XCP aerogel), evaporative cooler (i.e., V-PVA-LiCl hydrogel), and ambient, 
as well as the mass change of ASPIRE cooler during the test. e Contributions of evaporative and radiative-cooling powers to the total cooling 
power of the ASPIRE cooler. f Contributions of various cooling mechanisms to the total cooling powers of ASPIRE, radiative, and evaporative 
coolers. g Passive cooling power of ASPIRE cooler compared with others under different solar flux. Detailed data can be found in Table S2
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the ASPIRE cooler. By contrast, the V-PVA-LiCl hydrogel 
alone showed even higher temperatures above the ambient 
in the next morning (Fig. 5d), suggesting a significant water 
loss and failing to self-regenerate at night when there was 
no externally aligned aerogel. The essential roles of the 
externally aligned aerogel in avoiding water depletion in 
the V-PVA-LiCl hydrogel are twofold. First, the V-PVA-
LiCl hydrogel alone experienced significant water loss after 
several h of exposure to sunlight (Fig. S26a), difficult to 
maintain a long cooling time. The externally aligned aero-
gel having excellent thermal resistance resulted in reduced 
heat gain, preserving water in the hydrogel for sustained 
evaporation (Fig. S26b). Second, the externally aligned 
aerogel brought down the temperature of ASPIRE cooler 
to 1.5 °C below the ambient at night (Fig. 5d) because of 
its radiative-cooling effect. This effect led to an increase 
in the effective RH near the hydrogel because of the lower 
temperature, facilitating efficient moisture harvesting from 
air for water self-regeneration in the ASPIRE cooler [46, 
75]. On the contrary, the lack of water self-regeneration in 
the V-PVA-LiCl hydrogel was mainly attributed to its high 
temperature at night, even higher than ambient (Fig. 5d), 
in lieu of the radiative-cooling capability. Compared to the 
V-PVA-LiCl hydrogel with significant water depletion in the 
day and a lack of self-regeneration at night, the externally 
aligned aerogel allowed the ASPIRE cooler to perform con-
tinuous cooling without the need for water supply.

3.6  Synergistic Cooling Mechanism of the ASPIRE 
Cooler

To understand the contribution to the excellent sub-ambient 
cooling temperature of the ASPIRE cooler, the net radiative-
cooling power ( Pnet_rad ), evaporative-cooling power ( Pevap ), 
and the total cooling power ( Pc ) were calculated based on 
the temperatures and evaporation rates obtained from the 
outdoor test (see Note S1 for details). It is noted that the net 
radiative-cooling power, Pnet_rad = Prad − Pheatgain , includes 
the contribution of both insulation and radiation by taking 
into account both radiative and non-radiative heat gains. As 
shown in Fig. 5e, the average net radiative-cooling power at 
noon is around 112 W  m−2. In comparison, the evaporative-
cooling effect of the ASPIRE cooler is more pronounced, 
reaching a maximum of 199 W   m−2. Consequently, the 
ASPIRE cooler achieved a remarkable total cooling power of 

311 W  m−2, with 64% attributed to evaporation and 36% to 
radiation and insulation. This means that evaporative cooling 
was the dominant cooling mechanism in the ASPIRE cooler.

To further probe the effect of heat gains on the cooling 
powers, the powers of solar and environmental heat gains, 
Psolar and Penv , were separately calculated and their con-
tributions to the total cooling power are compared among 
three coolers, as shown in Fig. 5f. The evaporative cooler, 
i.e., V-PVA-LiCl hydrogel, generated a low total cooling 
power of 79.5 W  m−2 despite its high evaporative-cooling 
power ( Pevap = 244 W  m−2) due to an enormous heat gain 
of 302.5 W  m−2. The heat gains arose from solar absorp-
tion ( Psolar = 288 W  m−2) due to low sunlight reflection 
and environmental heating ( Penv = 14.5 W  m−2) due to lack 
of thermal insulation. In comparison, the radiative cooler, 
i.e., VBN/XCP aerogel, exhibited a much lower heat gain 
of only 40 W  m−2 than the evaporative cooler, giving rise 
to a higher total cooling power of 101 W  m−2 even with 
no evaporation. The high solar reflectance and low thermal 
conductivity of VBN/XCP aerogel were responsible for the 
ultralow solar ( Psolar = 31.5 W  m−2) and environmental ( Penv 
= 8.5 W  m−2) heating, respectively, collectively contributing 
to an overall low heat gain. Nonetheless, the cooling power 
was still unsatisfactory due to the lack of evaporation. By 
contrast, the total cooling power of ASPIRE cooler reached 
311 W  m−2, significantly higher than radiative or evapora-
tive cooler acting alone. The high cooling power of ASPIRE 
cooler was attributed to an ultralow heat gain of 40 W  m−2 
( Psolar = 31.5 W  m−2 and Penv = 8.5 W  m−2) inherited from 
the externally aligned aerogel without comprising the high 
evaporative-cooling power of the internally aligned hydrogel 
( Pevap = 210 W  m−2), corroborating the synergistic insu-
lation-radiation-evaporation cooling mechanism thanks to 
the high solar reflectance, low thermal conductivity, and 
unimpeded water liquid and vapor transport of the ASPIRE 
cooler.

The cooling power was further compared with the other 
passive cooling system, especially those water self-supply 
systems [25, 76], as shown in Fig. 5g and Table S2. The 
radiation-dominant coolers such as P(VDF-HFP) coat-
ing and PMMA film showed limited cooling powers of 
less than 150 W  m−2 because of the thermodynamic limit 
of radiative cooling. For evaporation-dominant cool-
ers, including hygroscopic hydrogel and film, the cool-
ing power typically increased with the increasing solar 
power because of the enhanced evaporation. However, 
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the net cooling powers were still lower than 300 W  m−2 
even under high solar irradiance (1000 W  m−2) because 
of the heat gains from increasing solar absorption. The 
hybrid bilayer coolers comprising thermal insulators or 
radiative coolers on top of evaporators improved ther-
mal resistance, resulting in higher cooling powers than 
the individual coolers. Nonetheless, the existing hybrid 
coolers could only achieve either solar radiative or envi-
ronmental conductive heat isolation, and the evaporation 
could also be impaired by the top layers due to the random 
porous structures. These drawbacks limited the cooling 
power to lower than 250 W  m−2, especially for the water 
self-regeneration systems for passive sub-ambient cooling 
where the presence of hygroscopic salts further inhibited 
evaporation. By contrast, the ASPIRE cooler we developed 
achieved an exceptional cooling power of 311 W  m−2 at a 
solar intensity of 900 W  m−2, much higher than the exist-
ing bilayer coolers. The significant improvement in pas-
sive cooling performance was attributed to the synergistic 
insulation-radiation-evaporation arising from the simul-
taneous high thermal and low water transport resistance 

of multiscale-engineered, dual-alignment structures [26, 
33, 75, 77–86].

3.7  All‑Weather, Self‑Sustained Multiday Cooling 
Performance

Compared to clear weathers, the sub-ambient cooling under 
cloudy conditions is more challenging because of the limited 
radiative cooling due to the blockage of atmosphere trans-
parent window as well as the reduced evaporative cooling 
arising from the high humidity. To demonstrate the effective 
all-weather cooling performance of the ASPIRE cooler, we 
also carried out the outdoor test on a cloudy day. The RH 
and solar radiation during the test are shown in Fig. 6a. The 
solar power fluctuated during the day because of the inter-
mittent blockage of sunlight by clouds. The RH was kept 
higher than 40% during the whole test due to the low solar 
intensity. Figure 6b shows the temperature profiles of the 
three coolers compared to the ambient temperatures dur-
ing the test. Clouds block the atmospheric window, making 

Fig. 6  All-weather, self-sustained multi-day cooling performance of ASPIRE cooler. a Solar intensity and RH of a cloudy day (Sep 4, 2023, in 
Hong Kong, China) when the outdoor cooling performance test was carried out. Inset shows a photograph of the cloudy sky taken during the 
test. b Temperatures and c sub-ambient cooling temperatures (ΔT) of the three coolers. d Solar intensity and RH during the continuous test for 
48 h from 19 to 21 September 2023, in Hong Kong, China. e Temperatures variations of the ASPIRE cooler and ambient during the continuous 
48-h test
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it challenging for radiative coolers to achieve sub-ambient 
cooling as effectively as on clear days. Consequently, the 
temperatures of the VBN/XCP aerogel showed little dif-
ference from the ambient temperatures, suggesting an inef-
fective passive cooling of radiative coolers under cloudy 
conditions. By contrast, the V-PVA-LiCl hydrogel achieved 
a lower temperature than ambient, indicating more effec-
tive evaporative than radiative cooling in cloudy days. The 
ASPIRE cooler maintained the lowest temperature among 
the three, approximately 5.5 °C below ambient (Fig. 6c). 
These results clearly demonstrate the ability of ASPIRE 
cooler to achieve significant sub-ambient cooling under dif-
ferent weather conditions. We further investigated the con-
tinuous cooling performance of the ASPIRE cooler for two 
consecutive days. The corresponding RH and solar power 
are shown in Fig. 6d. The ASPIRE cooler consistently main-
tained sub-ambient cooling temperatures of 7.8 °C during 
the day without the need for external water supply, demon-
strating great potential for long-term practical applications 
(Fig. 6e). It’s worth noting that the VBN/XCP aerogel well 
maintained its high solar reflectance and LWIR emissivity 
even after 7-day exposure to the environment in outdoor 
cooling applications (Fig. S27). In addition, during the two 
24-h outdoor tests with the same ASPIRE cooler carried out 
about 140 days apart, the ASPIRE cooler maintained stable 
self-sustained daytime cooling with similar cooling perfor-
mance (Fig. S28). The average sub-ambient cooling temper-
ature during solar peak intensity is 8.1 and 7.9 °C, respec-
tively, for the two tests, indicating its excellent long-term 
stability and durability for outdoor practical applications.

4  Conclusions

In summary, we developed an ASPIRE cooler with syner-
gistic insulation-radiation-evaporation in the day and water 
self-regeneration at night, delivering simultaneous high pas-
sive cooling power, long cooling time, all-weather, and self-
sustained multi-day cooling performance without needing for 
external water supply. The synergistic passive cooling and 
water regeneration were achieved by coordinated thermal and 
water transport through multiscale engineering a dual-align-
ment structure, achieving simultaneous high radiative and con-
ductive thermal resistance and low liquid and vapor transport 
resistance. The coordinated thermal (including conduction and 
radiation) and water (including liquid and vapor) transport in 

the ASPIRE cooler induced a synergistic insulation-radiation-
evaporation cooling mechanism where a low heat gain was 
inherited from the externally aligned aerogel without com-
prising the evaporation and regeneration of internally aligned 
hydrogel. The synergistic cooling mechanism generated a 
cooling power of 311 W  m−2 under direct sunlight, surpassing 
existing hybrid coolers and giving rise to an impressive aver-
age sub-ambient cooling temperature of ~ 8.2 °C. The ASPIRE 
cooler also exhibited continuous daytime passive cooling with 
water self-regeneration at night under both clear and cloudy 
days, showing great potential for all-day and all-weather cool-
ing applications.
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