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HIGHLIGHTS

• Heat exchange mechanisms for enhancing cooling performance and environmental tolerance are elucidated.

• Challenges in extreme environments, along with the corresponding anti-environmental radiative cooling materials and micro-nano 
structures, are reviewed.

• Valuable insights into enhancing the next generation of radiative cooling for extreme environmental applications are discussed.

ABSTRACT Radiative cooling is a passive thermal management strategy 
that leverages the natural ability of materials to dissipate heat through infrared 
radiation. It has significant implications for energy efficiency, climate adapta-
tion, and sustainable technology development, with applications in personal 
thermal management, building temperature regulation, and aerospace engi-
neering. However, radiative cooling performance is susceptible to environ-
mental aging and special environmental conditions, limiting its applicability 
in extreme environments. Herein, a critical review of extreme environmental 
radiative cooling is presented, focusing on enhancing environmental durability 
and cooling efficiency. This review first introduces the design principles of 
heat exchange channels, which are tailored based on the thermal flow equilib-
rium to optimize radiative cooling capacity in various extreme environments. 
Subsequently, recent advancements in radiative cooling materials and micro-
nano structures that align with these principles are systematically discussed, 
with a focus on their implementation in terrestrial dwelling environments, terrestrial extreme environments, aeronautical environments, 
and space environments. Moreover, this review evaluates the cooling effects and anti-environmental abilities of extreme radiative cooling 
devices. Lastly, key challenges hindering the development of radiative cooling devices for extreme environmental applications are outlined, 
and potential strategies to overcome these limitations are proposed, aiming to prompt their future commercialization.
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1 Introduction

Radiative cooling has the ability to harvest coldness from 
the cold sink of outer space through thermal radiation in a 
passive zero-energy process. Fundamentally, it operates by 
dissipating thermal energy from the surface directly in the 
form of middle infrared (MIR) light while reflecting solar 
irradiance (0.25–2.5 μm) to ensure that the cooling power 
generated by MIR emission exceeds the heating effect of 
absorbed solar energy [1]. Applications of radiative cooling 
span diverse fields, including building energy management, 
where it reduces air conditioning loads and lower energy con-
sumption; high-temperature environments, where it facili-
tates the maintenance of equipment efficiency by mitigating 
overheating issues; and space technologies, where it plays a 
critical role in thermal regulation for satellites, space probes, 
and other extraterrestrial structures [2, 3]. With continuous 
advancements, radiative cooling is emerging as a promising 
pathway to address critical challenges in climate resilience 
and energy consumption.

Recently, the development of radiative cooling materials 
and photonic structures has increasingly centered on their 
practical applications, particularly in extreme environments 
that impose distinct material and performance requirements. 
These environments can be broadly categorized into terres-
trial dwelling environments, terrestrial extreme environ-
ments, aeronautical environments, and space environments, 
each demanding unique design considerations for radiative 
cooling materials and micro-nano structures (Fig. 1). Spe-
cifically, in terrestrial dwelling environments, which are suit-
able for human habitation but subject to external factors that 
can impact material performance, radiative cooling devices 
are required to emit MIR radiation in the primary atmos-
pheric window (AW) range of 8–13 μm, while resisting vari-
ous forms of environmental damage encountered in daily 
life, including bacteria, ultraviolet (UV) radiation, contami-
nation, flames, acid/alkali rain, and particulate matter (PM) 
[4–7]. In terrestrial extreme environments, characterized by 
high temperatures and high humidity, which are unsuitable 
for habitation, it is necessary to introduce additional heat 
exchange pathways, such as secondary atmospheric windows 
(3–5 and 16–25 μm), evaporation, and phase change mecha-
nisms [8–10]. In aeronautical environments, which involve 
high-altitude or high-speed flight where maintaining a low 
infrared signature is essential to avoid detection, keeping 

infrared camouflage is a crucial requirement for radiative 
cooling systems. To minimize the infrared signal intensity, 
radiative cooling in these applications is restricted to non-
atmospheric windows (non-AWs), particularly in the 5–8 μm 
range [11]. In space environments, such as those encoun-
tered by satellites and spacecraft, radiative cooling devices 
offer unparalleled advantages by directly harvesting coldness 
from outer space across the entire MIR spectrum. However, 
for long-term operation, materials deployed in space must 
withstand harsh conditions, such as strong UV radiation, 
cosmic rays, and atomic oxygen exposure [12, 13].

In this review, we start by presenting the fundamental 
thermodynamic concept in the radiative cooling process as 
well as the principle governing the opening and closing of 
heat exchange channels for diverse extreme environmental 
applications. Building on this foundation, we provide an 
overview of diverse radiative cooling systems, emphasiz-
ing material properties and structural formation aimed at 
enhancing environmental tolerance and cooling perfor-
mance. Remarkably, well-designed micro-nano structures, 
engineered by advanced fabrication techniques, enable 
precise spectral manipulation across the entire solar and 
MIR regions, optimizing radiative cooling performance. 
Moreover, the integration of hybrid cooling and additional 
heat exchange mechanisms extends the operational limits of 
radiative cooling systems, particularly in constrained condi-
tions. Lastly, we highlight the remaining challenges in the 
field of extreme environmental radiative cooling (EERC) 
and provide our perspectives on addressing these obstacles.

2  Design Principles of Heat Exchange 
Channels

Heat exchange in thermodynamics occurs between two 
objects at different temperatures, facilitated by the transfer 
of thermal energy. In the cooling management process, this 
exchange involves the inherent properties of the material and 
its interactions with the surrounding environment, including 
the hot solar radiation, the cold outer space, the ambient 
atmosphere, and the latent heat involved in phase changes 
such as evaporation or melting [14–16]. The process of heat 
flow follows the principles of thermodynamic equilibrium, 
where the net cooling power of a system can be represented 
by Eq. (1):
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Pnet represents the net cooling power intensity of the 
surface, which is determined by the balance between vari-
ous mechanisms of heat gain and heat dissipation. Spe-
cifically, a cooling management system absorbs heat from 
solar energy (Psolar), atmospheric radiation (Patm), and 
environmental parasitic heat from conduction and convec-
tion (Pcond+conv), while it dissipates heat through thermal 

(1)
Pnet = Prad + Peva + Pphase change − Psolar − Patm − Pcond + conv

radiation (Prad), evaporation (Peva), and phase change pro-
cesses (Pphase change). An ideal cooler aims to maximize heat 
emission while minimizing heat absorption to efficiently 
reduce surface temperature. This requires a strategic “open-
ing” and “closing” of different thermal channels: (1) open-
ing dissipation channels, such as Prad, Peva, and Pphase change, 
enhances the ability to release heat, rapidly lowering the 
surface temperature; (2) closing absorption channels, such as 
Psolar, Patm, and Pcond+conv, prevents external heat from being 

Fig. 1  Schematic diagram of radiative cooling in different extreme environmental conditions. In terrestrial dwelling environments, radiative 
cooling devices emit in the 8–13 μm AW while resisting environmental damage such as microbes, UV radiation, contamination, flames, acid/
alkali rain, and PM. In terrestrial extreme environments, coolers utilize more AWs (3–5, 8–13, and 16–25 μm) to maintain high performance 
under high-temperature, humid, or arid conditions. In aeronautical environments, thermal radiation is confined to the 5–8  μm range to meet 
infrared camouflage requirements. In space, coolers utilize the entire MIR spectrum and withstand harsh conditions such as strong UV radiation, 
cosmic rays, and atomic oxygen exposure for long-term operation
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absorbed, maintaining lower operational temperatures even 
under intense environmental stress. In this section, we pro-
pose an open/close principle for managing heat dissipation 
pathways. By precisely coordinating the state of each heat 
exchange pathway, the cooling system achieves enhanced 
environmental adaptability and cooling efficiency (Fig. 2).

2.1  Solar Irradiance Process

Solar energy serves as a significant source of heat for 
objects, causing their temperature to rise. Psolar represents 
the heat gain of objects under solar radiation, which can be 
calculated by Eq. (2) [17]:

where I(λ) denotes the solar radiation spectrum, ar (λ, θsun) 
denotes the absorptance of the object at wavelength λ and 
angle θsun. The absorptance defines the proportion of incom-
ing solar radiation absorbed by the material, directly influ-
encing the temperature rise.

Given that peak solar irradiance can exceed 1000 W  m–2, 
even minimal solar energy absorption by cooling systems 
can significantly reduce the effectiveness of radiative cool-
ing. Consequently, enhancing solar reflectance is crucial for 
preventing excessive heat absorption from solar radiation. 
To achieve this, it is necessary to employ specific electro-
magnetic reflection mechanisms to enhance the desired opti-
cal response. One such mechanism is Mie scattering, where 
the reflectivity of the structure is improved by optimizing 
its scattering cross-section. When Mie scattering is stimu-
lated, incident photons are scattered by randomly distributed 
micro-nano units, such as pores, particles, or fibers, with 
sizes comparable to the wavelength of the incoming light 
[18]. In addition to Mie scattering, total internal reflection 
is another key mechanism that can be leveraged. Total inter-
nal reflection occurs when light propagates from an opti-
cally denser medium to an optically thinner medium at an 
angle greater than the critical angle, causing the light to 
be completely reflected back rather than refracted out [19]. 
Furthermore, photonic crystal structures can create photonic 
bandgaps that forbid the propagation of light within specific 
frequency ranges by introducing periodic variations in the 
refractive index [20]. This property enables precise spectral 

(2)Psolar =
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I(�)ar

(

�, �sun
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control, allowing photonic crystals to effectively modulate 
the solar spectrum and minimize unwanted solar absorption.

In practical applications, especially in areas such as archi-
tectural design, automotive coatings, or military camouflage, 
achieving broadband solar reflectance spectral profile may 
not always be the top priority. In these cases, there are loads 
of structurally colored radiative coolers developed to bal-
ance the colorful requirements and cooling performance, 
including  SiO2 metasurfaces and cellulose nanocrystals that 
rely on optical diffraction, as well as multilayer structures 
and nanoparticles that utilize plasmon resonance [21–23].

2.2  Radiative Process

Any object has the ability to transfer heat to the atmos-
phere and outer space through a thermal radiation process, 
and this transfer power can be quantitatively ensured by 
Prad and Patm [24]. Prad is the total radiative power emitted 
by the object per unit area across all wavebands and direc-
tions, as described by Eq. (3):

where εr(λ, θ) represents the emittance of the object at wave-
length λ and angle θ, IBB(λ, T) represents the thermal radia-
tion of a blackbody at temperature T, as described by Eq. (4):

where h represents the Planck constant, k represents the 
Boltzmann constant, and c represents the velocity of light. It 
is deduced that the emittance of the object is an essential fac-
tor governing its thermal radiation dissipation performance. 
To optimize emittance at thermal radiation wavelengths, 
various electromagnetic wave emission mechanisms have 
been proposed to tailor the radiative spectra of materials. 
For example, exploiting the molecular vibrational modes of 
chemical bonds and functional groups is a viable strategy. 
In particular, polymers possess a wide range of chemical 
bonds along their molecular chains, resulting in multiple 
resonant frequencies situated within the MIR region [25]. 
These vibrational resonances enable strong coupling with 
incident MIR photons, contributing to efficient thermal radi-
ation dissipation. Apart from molecular vibrations, certain 
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dielectric materials, such as  SiO2,  Si3N4,  TiO2, and  Al2O3, 
exhibit characteristic optical responses within the Rest-
strahlen band of the MIR spectrum. By incorporating engi-
neered micro-nano architectures, such as periodic gratings 
and spherical nanoparticles, phonon polariton resonance can 
be excited to enhance emission in the desired MIR spectral 
region [26]. Another effective approach is the design of a 
graded-index surface at the air-medium interface. Due to 
the substantial refractive index mismatch between air and 
solid materials, significant Fresnel reflection occurs, which 

limits thermal emissions. By gradually varying the refrac-
tive index across the interface, the impedance mismatch can 
be minimized, thereby suppressing reflection and enhanc-
ing emission. Furthermore, additional electromagnetic reso-
nance mechanisms, including surface-plasmon resonances, 
magnetic resonances, and Fabry-Perot (F-P) resonances, can 
be introduced through the use of metamaterials and multilay-
ered structures [27]. Notably, in a state of thermal equilib-
rium, the emittance of the object is equal to its absorptance 
according to Kirchhoff’s law.

Fig. 2  Schematic diagram of heat exchange channels, including solar radiation, thermal radiation through AWs (3–5, 8–13, and 16–25 μm), 
atmospheric inverse radiation (2.5–3, 5–8, and 13–16 μm), thermal conduction, thermal convection, water evaporation, and phase change cool-
ing (top). The emitter has the corresponding open/close principle of heat exchange channels for different extreme conditions, including terrestrial 
dwelling environments, terrestrial extreme environments, aeronautical environments, and space environments (bottom)
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Patm indicates the influence of atmospheric inverse radia-
tion on objects, as described by Eq. (5):

where Tamb denotes the ambient temperature, and εatm (λ, 
θ) denotes the atmospheric emissivity influenced by mois-
ture and clouds in the air. In several specific wavelength 
ranges, εatm (λ, θ) is near zero. Consequently, the atmosphere 
in these regions is virtually transparent to thermal radia-
tion, which is called atmospheric windows. These atmos-
pheric windows (3-5, 8-13, and 16-25 μm) allow thermal 
radtion from the Earth’s surface to pass directly into space 
[28]. Among that, the wavelength range of approximately 
8–13 μm is the most prominent atmospheric window in the 
MIR region. Within this range, absorption by atmospheric 
gases such as water vapor and carbon dioxide is minimal, 
enabling efficient heat transfer from the ground to space. By 
contrast, the propagation of thermal radiation is hindered in 
other wavebands, known as non-atmospheric windows, due 
to the molecular vibrations of gases such as  CO2 and  H2O 
(Fig. 3a) [29].

In terrestrial dwelling environments, most objects have 
temperatures ranging from − 50 to 80 °C. This corresponds 
to the peak wavelength of the object’s radiation energy fall-
ing within the 8-13 µm range, as explained by Wien’s dis-
placement law (Eq. (6)) [30]:

where λm represents the peak wavelength of the radiation, T 
represents the temperature of the blackbody, and b represents 
the Wien’s displacement constant, at about 0.002897 m K. 
Therefore, it is deduced that high emissivity in the waveband 
of 8-13 μm plays a significant role in maximizing cooling 
efficiency in terrestrial dwelling environments (Fig. 3b).

Notably, when the relative humidity is very low, atmos-
pheric transmittance in the 16-25 μm range increases signifi-
cantly, transitioning this atmospheric window from translu-
cent to transparent [31]. In terrestrial extreme environments, 
such as the Gobi and desert, the low humidity levels make 
it possible to exploit not only the primary atmospheric win-
dow (8-13) but also secondary windows, including the 3–5 
and 16-25 μm ranges. This enables enhanced radiative heat 
dissipation, which is beneficial for meeting the high cooling 
demands typically encountered under such extreme condi-
tions (Fig. 3c).
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Moreover, in aeronautical environments, where both 
infrared camouflage and radiative cooling are required, low 
infrared emissivity should be maintained in AWs to pre-
vent infrared detectors from detecting strong infrared sig-
nals. Consequently, heat dissipation channels should shift 
from AWs to non-AWs to ensure that the infrared signals 
of objects resemble those of the ambient environment [32, 
33]. Based on the principles of radiative process (Eqs. 
(3), (4) and 5) and Wien’s displacement law (Eq. (6)), the 
higher surface temperatures of objects in aeronautical envi-
ronments cause the peak wavelength of radiation to shift 
to shorter wavelengths compared to terrestrial objects. As 
a result, achieving high emissivity within non-AWs in the 
shortwave region, such as 2.5-3 and 5-8 μm, is crucial for 
effective cooling management in aeronautical environments 
(Fig. 3d). Lastly, in space environments, due to the absence 
of the atmosphere, the power input from the atmosphere can 
drop to zero (Patm = 0). Therefore, thermal radiation across 
the entire MIR region can be directly emitted from coolers 
to outer space. In this case, space cooling devices should 
be designed as ultrabroadband (> 2.5 μm) thermal radiators 
(Fig. 3e) [34].

2.3  Thermal Conduction and Convection Process

Thermal convection is a process that propagates the heat 
from areas of high heat concentration to areas of lower 
heat concentration through the movement of fluids, such as 
gases or liquids. The heat transfer during thermal convec-
tion can be expressed by Eq. (7) [35]:

where Pconv is the heat flux of thermal convection, and hconv 
represents the convective heat transfer coefficient, which 
depends on the properties of the fluid, the flow conditions, 
and the geometric configuration. Ts represents the surface 
temperature of the material. Tamb represents the absolute 
temperature of the fluid far away from the solid surface.

In addition to thermal convection between materials and 
ambient environments, thermal conduction plays a crucial 
role in heat exchange processes. The thermal conduction 
process allows environmental parasitic heat to penetrate 
the material and influence temperature on the opposite 
side. The heat flux within materials can be explained by 
the following equation [36, 37]:

(7)Pconv = hconv

(

T
s
− Tamb

)
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where Pcond is the heat flux of thermal conduction, kcond 
represents the thermal conductivity of the material, and d 
represents the thickness of the material. Tobj represents the 
temperature of the object being cooled. Hence, the total heat 
input through the thermal conduction and convection pro-
cess (Pcond+conv) can be expressed by Eq. (9):

Based on Eq. (9), we can deduce that the efficiency of 
thermal convection and conduction depends on the convec-
tive heat transfer coefficient, the thermal conductivity, the 
material thickness, and the temperature differences between 

(8)Pcond =
kcond

d

(

T
s
− Tobj

)

(9)Pcond + conv = hconv

(

T
s
− Tamb

)

+

kcond

d

(

T
s
− Tobj

)

the object, the surrounding fluid, and the ambient environ-
ment [38].

In high-temperature environments, due to the large tem-
perature difference between ambient environments and 
objects, a high volume of heat flow significantly raises the 
temperature of the cooled object. To counter the challenge, 
cooling management devices in extreme environments such 
as deserts, aeronautical settings, and space must be designed 
with low thermal convection and conduction coefficients 
(Fig. 4) [39–41]. These designs enhance thermal resistance 
to minimize heat transfer between external sources and 
interior objects, thereby reducing the overall heat load on 
the cooling system. However, in space environments, the 
absence of a heat transfer medium eliminates thermal con-
vection. In such cases, designing effective thermal insulation 

Fig. 3  a Atmospheric transmittance in arid and humid conditions, and absorption regions of water vapor and carbon dioxide. The spectral 
requirement of radiative cooling in b terrestrial dwelling environments, c terrestrial extreme environments, d aeronautical environments, and e 
space environments
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materials is crucial to prevent heat flow from exterior sur-
faces into the interior of the object.

2.4  Latent Heat Conversion Process

When the temperature changes, a material undergoes a 
phase transition, during which it either absorbs or releases 
heat in the form of latent heat. This latent heat property 
results in phase change processes that display character-
istics similar to inductance, resisting rapid variations in 
heat flow and stabilizing thermal fluctuations (Fig. 4). For 
cooling management, it is common to employ liquid-to-gas 
or solid-to-liquid phase transitions in the design of cooling 
systems [42, 43].

Water, in particular, is an ideal candidate for the liq-
uid-to-gas phase transition thanks to its high enthalpy 
of evaporation (ΔHeva = 2260 kJ   kg−1) and abundance. 
Through the evaporative process and mass exchange with 
an external medium (e.g., ambient air) in an open system, 
the vapor can carry away a large amount of waste heat to 
the ambient environment. The evaporative cooling (EC) 

power generated by water evaporation (PEC) can be calcu-
lated through the following equation [44]:

where teva is the evaporation time, Δmeva and Aeva represent 
the weight loss and the area of the materials, respectively. 
The term Δmeva

teva⋅Aeva

 indicates the evaporation rate of water, 
which depends on the ambient temperature, relative humid-
ity, and the structural design of the device.

In contrast, phase change cooling leverages the 
solid–liquid transition of phase change materials (PCMs) 
to regulate temperature through latent heat absorption, 
without involving any mass exchange. To prevent leakage 
during operation, PCMs are typically encapsulated within 
a sealed system. The generated cooling power (Pphase change) 
can be calculated using Eq. (11) [45]:

(10)PEC =

ΔHeva ⋅ Δmeva

teva ⋅ Aeva

(11)Pphase change =

ΔHphase change ⋅ mphase change

tphase change ⋅ Aphase change

Fig. 4  Traditional radiative coolers reflect solar energy and emit thermal radiation. Heat dissipation occurs by conduction (blue paths), convec-
tion (gray paths), and thermal radiation (red paths). Insulated radiative coolers have lower thermal conduction and convection coefficients com-
pared to traditional radiative coolers, resulting in higher thermal resistance (blue and gray paths) to block heat flux into the interior. Synergistic 
radiative coolers can resist rapid variations in heat flow through EC or PCM (brown paths). This process is driven by the latent heat generated 
during water evaporation or solid-to-liquid phase change
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where tphase change is the phase change time, mphase change and 
Aphase change represent the weight and the area of the phase 
change materials, respectively.

Evaporation and solid-to-liquid phase change pro-
cesses offer additional heat dissipation channels, enhanc-
ing the cooling performance limits in extreme environ-
ments. Under high-temperature conditions, the latent heat 
of water and PCM can generate greater cooling power, 
effectively reducing the surface temperatures of cooled 
objects [46, 47]. Furthermore, in extreme environments 
with high humidity or cloud cover, the atmospheric win-
dows for radiative cooling may be reduced or even blocked 
[48]. This results in a rapid increase in Patm due to the rise 
in the atmospheric emissivity εatm (Eq. (5)), which reduces 
the overall cooling power. In such scenarios, combining 
evaporation or phase change processes with radiative cool-
ing can help offset these losses.

3  Terrestrial Dwelling Environment

In terrestrial dwelling environments, radiative coolers 
face a variety of extreme environments that affect human 
daily life and material performance, such as UV radiation, 
microorganisms, air pollution, flames, contamination, and 
urban heat islands. In this section, we present an exhaus-
tive summary of four material systems, including organic 
materials, organic-based hybrid materials, inorganic-based 
hybrid materials, and inorganic materials to achieve strong 
environmental endurance under various extreme conditions. 
On the one hand, materials with high-energy covalent and 
metallic bonds possess inherent environmental resistance, 
making them ideal for enhancing the durability of radia-
tive coolers in extreme environments [49]. On the other 
hand, well-designed micro-nano structures have the ability 
to endow materials with particular environmental durabil-
ity [50]. Importantly, these cooling materials possess near 
blackbody emissivity in the primary AW (8–13 μm), which 
contributes to maximum cooling efficiency [51, 52].

3.1  Organic Material

Organic materials used in extreme environments typically 
exhibit inherent resistance to various harsh conditions due 
to their fundamental physical and chemical properties. The 
stability of their molecular structures enables them to endure 

challenges such as acid and alkali exposure, UV radiation, 
and high temperatures [53, 54]. Moreover, the design of 
customized micro-nano structures can enhance their ability 
to repel dust and pollutants [55]. Additionally, the distinct 
vibrational modes of molecular chains provide opportuni-
ties for selective absorption in the MIR range, making these 
materials highly suitable for terrestrial environments [25].

In outdoor and indoor environments, personal cooling 
is required to exhibit different spectral characteristics. In 
indoor settings, heat dissipation requires transparency to 
MIR radiation from the human body, while outdoor cool-
ing efficiency mainly depends on high emissivity within 
the primary AW and high solar reflectivity (Fig. 5a). Wu 
et al. prepared a polyoxymethylene (POM) nanotextile 
through the electrospinning method, which involves a 
cooling mechanism balancing emission and transmission 
modes [54]. The vibrational absorption wavelengths of 
POM predominantly lie within the primary AW. Conse-
quently, it demonstrates a high selective emittance (75.7%) 
in the range of 8-13 μm, with a selectivity of 1.67 (ratio 
of emittance in 8-13 to 4-25 μm). Moreover, the suitable 
nanofiber sizes, random arrangement, and coarse surface 
of the POM nanofibers enhance the sunlight reflectance of 
the POM textile. It reflects nearly 95% of solar energy in 
the 0.3-2.5 μm range and transmits 48.5% of thermal radia-
tion in the 4-25 μm range, supporting personal cooling 
regardless of the environment (Fig. 5b). Beyond its out-
standing cooling effect, the POM textile also demonstrates 
excellent environmental durability, including high UV and 
abrasion resistance. In UV tests, the spectral characteris-
tics of the POM textile remained unchanged after approxi-
mately 417 days of exposure. Similarly, after friction test-
ing, its solar reflectance and mass ratio show no significant 
change. Crucially, it can be used to prepare protective 
clothing with cooling functions. As shown in Fig. 5c, dur-
ing continuous outdoor testing, the POM textile shows a 
superior cooling effect compared to commercial protective 
clothing. The temperature difference between the two areas 
reached approximately 3.0 °C in sunny conditions and 
1.5 °C in cloudy conditions. Wu et al. designed a durable 
multilayer silk textile (MST) to improve the outdoor envi-
ronmental endurance of the resulting silk nanotextile [57]. 
The integration of multilayer specific textiles (commercial 
silk textile, silk nanotextile, and polytetrafluoroethylene 
(PTFE) textile) endows the MST with tolerance in various 
scenarios. After 80 h of UV exposure, the solar reflectance 
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of the MST remained constant, demonstrating its excellent 
UV resistance. Remarkably, the anti-symmetric and sym-
metric stretching vibration absorptions of -CF2 in PTFE 
coincide with the primary AW.

High temperatures pose a significant challenge to 
organic materials, with combustion being especially 
severe. Tian et al. prepared a high-performance mine-
formaldehyde (MF) cooling bulk via hydraulic press and 

thermal annealing [53]. The MF bulk demonstrates effec-
tive sunlight scattering due to the microparticles on its 
diffused surface, thereby achieving a high solar reflectance 
of 0.94. Meanwhile, the molecular vibrations of melamine 
rings and hydroxyl groups lead to a thermal emission of 
0.95 in the primary AW (Fig. 5d). As a thermosetting plas-
tic material, MF exhibits excellent fire-retardant proper-
ties and self-extinguishing capabilities. When ignited at 

Fig. 5  a Schematic of the textile for personal cooling. b Spectral properties of the POM textile across the solar spectrum MIR spectra. Inset 
shows the proportions of emittance, transmittance, and reflectance in the MIR spectrum. c Infrared images of the human body wearing protective 
clothing in three different settings. d Schematic of the nanostructure and cooling principle of the MF bulk (left). Photographs of the MF bulk 
with a white appearance (right). e Schematic diagram of the fire resistance test for the MF bulk and wood. f Optical image of a radiative cool-
ing mask, exhibiting the intense scattering effect during the daytime. g Schematic of the radiative cooling mask with a gradient pore structure. 
h Evaluation of PM filtration performance and comfort of two masks. a-c Reproduced with permission [54].  Copyright 2023, Springer Nature. 
d-e Reproduced with permission [53]. Copyright 2021, Elsevier. f–h Reproduced with permission [56]. Copyright 2022, American Chemical 
Society
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1430 °C for 3 s, the MF bulk has the capacity to extinguish 
within 15 s, while the wood had already turned to ash 
(Fig. 5e). Moreover, the MF maintains virtually unchanged 
solar reflectance and MIR emittance when exposed to 
acidic or alkaline conditions. Additionally, Jung et al. 
fabricated stable polydimethylsiloxane (PDMS) nanofibers 
through coaxial electrospinning, using them as radiative 
coolers for wearable electronics [58]. Due to the intrin-
sic thermosetting properties of PDMS, strong cross-link 
bonds among polymer chains can be formed after curing, 
allowing PDMS nanofibers to maintain the porous struc-
ture at high temperatures. Moreover, the PDMS nanofib-
ers demonstrate high sunlight reflectance (94%) and high 
infrared emittance (96%), attributed to the hierarchically 
porous nanofiber structure and the Si-O-Si and Si-CH3 
stretching vibrations, respectively.

By designing intricate structures, materials can acquire 
enhanced resistance to environmental factors. Liu et  al. 
designed a radiative cooling mask by fabricating heterogene-
ous nanofibrous networks, which effectively combine cooling 
performance with the ability to mitigate PM pollution (Fig. 5f) 
[56]. The cooling layer consists of wrinkled poly(vinylidene 
fluoride-co-hexafluoropropene) (P(VDF-HFP)) nanofib-
ers with a porous structure, effectively achieving sunlight 
reflection and infrared emission (Fig. 5g). The exceptional 
PM capture capacity is attributed to their large surface area 
and tiny pores, which effectively bind to and trap ultrafine 
PM. Compared to the control nanofiber filters that achieve 
69.51% removal, the radiative cooling mask demonstrates a 
30-fold reduction in  PM0.3 leakage (99.02% removal), which 
is equivalent to the N99 mask standard (Fig. 5h). Besides, 
cold environments demand radiative cooling materials with 
strong solar reflectivity and high infrared emissivity to mini-
mize thermal absorption and effectively prevent ice melting. 
Li et al. developed a hierarchically structured film using eco-
friendly cellulose acetate (CA) to achieve high cooling per-
formance [59]. The film combines strong mid-infrared emit-
tance from molecular bond vibrations with tailored pores that 
scatter solar radiation, thereby reducing heat load on ice and 
enabling passive protection across different latitudes. The CA 
film shows a solar reflectance of 0.974 and a mid-infrared 
emittance of 0.92, with a peak in the atmospheric window. 
Under continuous natural sunlight for 5 days, the ice covered 
with the hierarchically designed CA film showed negligible 
melting, while the bare ice completely disappeared, demon-
strating the film’s strong capability to prevent ice loss. Fan 

et al. introduced core–shell composite nanofibers with high 
radiative cooling performance [60]. The unique core-shell 
structure of poly(vinylidene fluoride) (PVDF)@polyethyle-
neimine (PEI) significantly improves properties such as ther-
mal stability and hydrophobicity. It also boasts exceptional 
UV resistance and air permeability to excel across various 
scenarios. Meng et al. reported a durable superhydrophobic 
porous coating with nano-globules (SHPo-ME) designed for 
effective radiative cooling [61]. The interconnected nano-
globules boost surface roughness, resulting in remarkable 
superhydrophobicity with a contact angle rising to 165° and 
a sliding angle reduced to 2.4°. Xu et al. prepared a porous 
PTFE coating with high solar reflectance (94%) and infra-
red emittance (93%) [62]. Notably, the porous PTFE coat-
ing offers an outstanding UV protection factor of 179.15 and 
enables energy harvesting even on rainy days, thanks to the 
PTFE-rich dielectric layer within the harvester.

3.2  Organic-based Hybrid Material

Although several organic materials possess excellent envi-
ronmental resistance, the majority of organic materials are 
susceptible to environmental influences that can lead to 
performance degradation. In contrast, inorganic materials 
inherently offer superior resistance to harsh environmental 
conditions [63]. Therefore, organic-based hybrid materi-
als, comprising an organic matrix integrated with inorganic 
additives, have become an effective strategy for enhancing 
radiative cooling performance in extreme environments. 
In these hybrid systems, the organic component serves as 
the primary structural framework, enabling the formation 
of micro-nano structures for tailoring optical properties. 
Meanwhile, the inorganic additives act as functional enhanc-
ers, not only improving environmental durability but also 
contributing to strong absorptivity in the 8-13 μm range 
through phonon polariton resonance. Furthermore, benefit-
ing from the micro-nano structures (fibers, particles, and 
pores) constructed from organic frameworks and inorganic 
components, the hybrid systems effectively scatter sunlight 
and achieve high solar reflectance [64]. Consequently, the 
integration of diverse materials and structures enables pre-
cise spectral regulation and imparts multiple characteristics 
to radiative cooling systems, making them more robust in 
extreme environments.
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Attributing to the properties of the added inorganic par-
ticles, radiative cooling systems can exhibit admirable anti-
microbial properties to protect human health and maintain 
unpolluted surfaces. Heng et al. designed a mechanically 
soft microfluidic smart mask system (EBCare), employing 
a tandem cooling strategy that combines hydrogel evapora-
tion with radiative cooling (Fig. 6a) [65]. The core structure 
of EBCare consists of a ceramic alumina-polymer hybrid 
metamaterial, which boasts excellent thermal conductiv-
ity and optimal radiative cooling characteristics. Addition-
ally, the evaporation of water from the agarose hydrogel 
naturally draws heat from the surroundings. Significantly, 
incorporating Ag nanoparticles into the hydrogel not only 
imparts potent antimicrobial properties but also enhances 
the biocompatibility of EBCare for prolonged on-body use 
(Fig. 6b). During both indoor and outdoor nighttime tests, 
the EBCare device achieved a temperature drop of about 
7 °C compared with radiative cooling materials and 10 °C 
compared to non-radiative cooling masks, outperform-
ing regular fabric masks and those with a single cooling 
method. In addition to Ag particles, photocatalytic parti-
cles are widely employed for antimicrobial purposes. Cai 
et al. developed a layered composite nanofiber film made of 
thermoplastic polyurethane (TPU) and ZIF-8 nanoparticles 
[67]. The film exhibits impressive antibacterial properties 
under solar illumination due to active radicals generated 
by the photocatalytic properties of ZIF-8. The electrospun 
film combines a hierarchical structure of randomly stacked 
polymer fibers with scattering nanoparticles of ZIF-8, syn-
ergistically enhancing the sunlight reflectance of the film 
to 97%. Meanwhile, the intrinsic imidazole ring of ZIF-8 
enhances infrared emittance to 93%. Aluminum-doped zinc 
oxide (AZO) nanomaterials possess strong oxidizing and 
photocatalytic properties, enabling them to achieve a steri-
lization effect. Li et al. incorporated AZO nanoparticles into 
PVDF nanofibers to form a large-scale and flexible passive 
daytime radiative cooling textile with high-efficiency anti-
bacterial and UV-shielding properties [68]. These fabricated 
textiles exhibit a solar reflectance of 0.92 and a MIR emit-
tance of 0.9. Moreover, for outdoor radiative coolers, fungi 
or mold growth can damage the materials and reduce cooling 
performance, making antimold protection essential for the 
long-term reliability of radiative coolers. Xin et al. devel-
oped a radiative cooling film by hot-pressing  SiO2 particles 
and poplar catkins, forming a compact three-dimensional 
random network [69]. The multiscale scattering units ensure 

high solar reflectance, while cellulose contributes to mid-
infrared emission via molecular vibrations. The antimicro-
bial property of the poplar catkin-derived film comes from 
the dense  SiO2 layer, which prevents mold contact and inhib-
its its growth by blocking oxygen. After 35 days at 16 °C, 
the mold growth on the poplar catkin-derived film was much 
slower than on wood. Chen et al. prepared a cooling ligno-
cellulosic material by growing  SiO2 microspheres on the 
surface of delignified nanocellulose [70].  SiO2 microspheres 
not only enhance IR emittance due to their phonon polariton 
resonance but also inhibit combustion because of their excel-
lent insulating properties. Importantly, this material exhib-
its outstanding resistance to mold growth. In a simulated 
outdoor environment (28 °C, soil, stump, water, and mold), 
lignocellulosic bulk and pure wood fiber bulk were tested 
for mildew resistance over 20 days. The lignocellulosic bulk 
showed almost no mold growth, while the pure wood fiber 
bulk was covered with mold.

Some classic inorganic nanoparticles, such as  SiO2,  TiO2, 
 ZrO2, and  Si3N4, generally have both MIR emission-enhanc-
ing and anti-environmental abilities. Li et al. reported a 
micro-sandwich-structured ultra-high-molecular-weight pol-
yethylene (UHMWPE) film composed of layered polymer, 
pores, and  SiO2 microspheres embedded within the pores 
[71]. The micro-sandwich pores, which exhibit the intense 
Mie scattering effect, are created by extracting liquid paraffin 
microdroplets and stabilized by the embedded  SiO2 micro-
spheres, enabling the film to reflect 99.1% of solar energy. 
The incorporation of  SiO2 microspheres also provides 
desirable MIR emittance of 92.6% and enhances thermal 
stability. Additionally, the film demonstrates excellent resist-
ance to UV exposure and acidic environments, attributed 
to its highly oriented molecular chains, high crystallinity, 
and high UV reflectance. Furthermore, the porous surface 
endows the film with effective anti-contamination perfor-
mance against both dry dust and liquid pollutants. Zhang 
et al. embedded  SiO2 microparticles into PTFE nanofibers 
to form a radiative cooling nanofiber membrane [72]. The 
membrane exhibits a MIR emittance of 95.8% and a solar 
reflectance of 95.4%. The surface protrusions on the nanofib-
ers enhance the hydrophobic properties of the membrane. 
Additionally, the strong thermal and chemical stabilities of 
monoclinic  ZrO2 microparticles impart corrosion and disso-
lution resistance to the inorganic dielectric particle-polymer 
composite [73]. To address the limitations of single-parti-
cle doping, dual-particle doping approaches are proposed. 
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Cai et al. designed a cellulose composite film that incor-
porates  TiO2@K2Ti6O13  (TiO2@PT) hybrid nanofillers as 
functional modifiers to enhance cooling performance and 
provide UV resistance [74].  TiO2@PT not only preserves 
the strong ultraviolet absorption capability of  TiO2, but also 
further enhances the radiative cooling performance of the 
composite film through the high solar reflectivity and strong 
infrared emissivity of PT. The film reflects 97.6% of solar 
irradiance and exhibits a high infrared emittance of 95%. 

Through introducing  SiO2 and  Si3N4 nanoparticles, Yang 
et al. developed a bidirectional asymmetric film composed 
of a PE/SiO2/Si3N4 top layer for selective emission, a melt-
blown polypropylene (MB-PP) middle layer for solar reflec-
tion and a PDMS bottom layer to broadband absorption of 
thermal radiation from the human body [75]. Thanks to this 
well-designed structure, the film can simultaneously reflect 
94% of solar energy, emit 82% of thermal radiation toward 
outer space via the primary AW, and absorb 80% of thermal 

Fig. 6  a Schematic of the smart EBCare, which possesses cooling and sensing functions. b Schematic of the EBCare cooling mechanism. c 
Schematic of wearable fabrics, with the vertical region occupying the majority, in an urban scenario (left). Optical and infrared images of typi-
cal scenarios where terrestrial objects function as heat sources (right). d Schematic of the structure and heat transfer mechanism of SSHF (left). 
Thermal radiation processes between SSHF, the skin, and the external environment (right). e Emittance selective ratio and calculated cooling 
power of PMP and other materials. f Calculated cooling power for SSHF, broadband, and selective emitters. g SSHF exhibits outstanding stabil-
ity over 1000 tensile test cycles. h Photograph of a male longicorn beetle (left). Schematic of bioinspired films, where ceramic particles are inte-
grated into a PDMS matrix with dense micropyramidal arrays (right). i Spider-silk-inspired nanocomposites with improved mechanical proper-
ties and UV resistance. a, b Reproduced with permission [65].  Copyright 2024, AAAS. c-g Reproduced with permission [51]. Copyright 2024, 
AAAS. h Reproduced with permission [19]. Copyright 2020, PNAS. i Reproduced with permission [66]. Copyright 2022, Wiley–VCH
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radiation from human bodies. Additionally, the film main-
tains its near-pristine spectral properties after accelerated 
aging and UV exposure tests.

Apart from particles, inorganic nanotubes and nanowires 
are commonly used to improve the properties of organic 
matrices. In an urban scenario, there is a large amount of 
thermal radiation from territory objects, such as the ground, 
buildings, and other infrastructure, which results in reduced 
cooling efficiency (Fig.  6c). To address this, Wu et  al. 
designed an infrared spectrally selective hierarchical textile 
(SSHF) consisting of a polymethylpentene (PMP) fibrous 
layer, silver nanowires (AgNWs), and wool fabric (Fig. 6d) 
[51]. The surface PMP fibers, with a broad size distribution, 
enable efficient wideband scattering across the entire solar 
spectrum. Due to the presence of only C–C, –CH2, –CH, and 
–CH3 bonds, PMP shows high selective absorption in the pri-
mary AW range. Additionally, the bottom wool fabric absorbs 
thermal radiation from the skin, while the middle AgNW 
layer blocks MIR photons transmitted from the PMP layer 
and conducts heat. Consequently, the SSHF has a primary 
AW spectral selectivity ratio (the ratio of average emissivity 
in the primary AW to the average emissivity in the 2.5-8 and 
13-20 μm ranges) of 2.23 and an average primary AW emit-
tance of 0.85 (Fig. 6e). According to the theoretical calcula-
tions, the SSHF demonstrates higher cooling power than the 
broadband textile at any angle (Fig. 6f). Therefore, the SSHF 
can deliver significant cooling performance in urban areas, 
effectively countering the urban heat island effect. Beyond 
the excellent cooling performance, the SSHF demonstrates 
UV aging resistance, self-cleaning capabilities, and excellent 
mechanical performance (Fig. 6g). In addition, Li et al. pre-
pared a film through coaxial electrospinning, with strontium 
barium titanate nanorods (BST NRs) as the core layer and 
TPU as the shell layer [76]. By utilizing the UV-blocking 
and free radical scavenging capabilities of BST NRs, the film 
exhibits outstanding resistance to UV exposure. Moreover, the 
incorporation of high refractive index BST NRs compensates 
for the reduction in reflectivity due to their UV absorption.

Numerous organisms thrive in extreme environments, 
evolving unique biological structures. These adaptations 
provide valuable insights and inspiration for the design of 
extreme environmental radiative coolers. Inspired by the 
brilliantly golden longicorn beetles, Zhang et al. developed 
a flexible hybrid photonic film for high-performing radiative 
cooling [19]. The bioinspired film consists of a micropyra-
mid periodic array of PDMS, which encapsulates randomly 

distributed spherical  Al2O3 particles, achieving high solar 
reflectance (95%) and excellent MIR emittance (96%) 
(Fig. 6h). Furthermore, the cooling film exhibits superhy-
drophobicity, resisting contamination attributed to the high 
surface roughness formed by the micropyramid structure. 
Inspired by spider silk, Yao et al. prepared a nanocompos-
ite by wrapping the  K2Ti6O13 nanofibers into polyethylene 
oxide (PEO) fibers (Fig. 6i) [66]. The nanocomposite exhib-
its a high thermal emission of 91% in the primary AW and 
a high solar reflectance of 94%. Since  K2Ti6O13 can absorb 
high-energy UV photons and convert them into relatively 
harmless heat, it imparts excellent UV resistance to the film. 
As the duration of outdoor irradiation increased, the film 
preserved its high scattering structure of fiber connections 
and numerous pores, ensuring sustained high  Rsolar. Inspired 
by the distinctive biostructure of Dictyophora, Zhou et al. 
developed an innovative radiative cooling film by combining 
hollow microparticles with a porous polymer [77]. By incor-
porating  TiO2 microparticles, the film is effectively shielded 
from UV light. The rough surface and fluorine-containing 
branched chains impart excellent hydrophobic properties and 
dirt resistance to the film.

3.3  Inorganic-Based Hybrid Material

Inorganic-based hybrid coatings, characterized by an inor-
ganic phase as the dominant component, exhibit strong envi-
ronmental resistance due to the inherent stability of inor-
ganic materials. The high volume of inorganic fillers forms 
the backbone of the micro-nano structure, providing desir-
able solar reflectance and MIR emittance while enhancing 
protection for the organic binder and internal components in 
harsh conditions. The organic component mainly functions 
as a binder or cross-linking agent, maintaining structural 
integrity and supporting the overall optical performance. 
By varying the composition of inorganic fillers and organic 
binders, diverse structures can be designed to optimize both 
durability and thermal energy dissipation [78, 79].

Song et  al. demonstrated an anti-aging cooling paint 
(AACP)-based coating composed of hydrophobic rutile  TiO2 
nanoparticles [80]. As shown in Fig. 7a, the nanostructure 
with suitable packing density (ϕ) and liquid–solid contact 
fraction (f) can simultaneously achieve excellent radiative 
cooling and anti-soiling performance. To prepare the desired 
nanostructure, the nanoparticles (NPs) centered at 0.3 μm 
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with a broad size distribution are selected to induce strong 
Mie scattering and enhance micro-/nano-scale roughness. 
Moreover, perfluorooctyltrichlorosilane (PFOTS) is grafted 
onto the surface of  TiO2 NPs via silanization to introduce 
fluoride components, thus reducing the surface energy of 
the AACP coating (Fig. 7b). Thanks to the high refractive 
index of  TiO2 and the strong scattering effect, the AACP 
possesses high reflectance (~ 0.93) in the solar radiation 
spectrum. Notably, the well-designed structure and grafting 
PFOTS allow the AACP to resist soiling for a prolonged 
period, making the coating maintain nearly unchanged 
radiative cooling efficiency (Fig. 7c). In the primary AW, 
the emittance of the AACP is enhanced by the collective 
stretching vibrations of C-F, C-C, Si-O, and Si-O-Si bonds 
in PFTOS. Moreover, the AACP can resist UV damage due 
to the absence of polymer binders. After outdoor aging, the 
AACP remained superhydrophobic with an apparent water 
contact angle of above 150° and a roll-off angle of above 5° 
(Fig. 7d). When contaminated with excessive pollutants, the 
contamination can quickly slide off the surface of the AACP, 
thereby achieving the self-cleaning effect (Fig. 7e).  TiO2 can 
also be effectively used for the cooling and UV protection 
of skin, Xu et al. incorporated rutile  TiO2 nanoparticles of 
various sizes into a commercial cream to achieve both high 
UV absorptance and high solar reflectance (Fig. 7f) [81]. 
 TiO2 nanoparticles with a broad size distribution induce a 
strong Mie scattering effect, imparting the sunscreen with a 
high solar reflectance of 90.19% (Fig. 7g). Combined with 
a high MIR emittance of 92.9%, the sunscreen demonstrates 
exceptional temperature reduction of 2.3-6.1 °C for the 
human skin. Additionally,  TiO2 particles with an appropri-
ate bandgap can absorb UV energy through the generation 
and recombination of electrons and holes, thereby reducing 
UV-induced damage to the skin (Fig. 7h). When exposed to 
high-energy UV radiation, the radiative cooling sunscreen 
demonstrates an excellent UV-shielding effect, with a low 
transmissivity of 4.86% in the UV waveband. Apart from 
 TiO2 particles, classic inorganic materials such as  SiO2, 
 Al2O3, and  BaSO4, are widely utilized in extreme environ-
mental applications [84. 85]. For instance, Li et al. proposed 
a radiative cooling coating formulated by combining alu-
mina and sodium methylsilicate in a specific ratio [85]. The 
coating is fully inorganic, solvent-free, and features a simple 
fabrication process that only requires curing at room tem-
perature after being applied to the substrate. At a thickness 
of 0.4 mm, the coating achieves a solar reflectance of 96.2% 

and an infrared emittance of 92.1%, corresponding to a theo-
retical cooling power of 109 W  m−2. It also exhibits excel-
lent resistance to UV aging and environmental degradation.

The integration of various inorganic materials leverages 
their diverse environmental resistance and radiative cooling 
capabilities, enabling superior long-term cooling applica-
tions in various extreme environments. Li et al. designed a 
composite structure with a polyethersulfone (PES) cooling 
layer at the bottom, a  TiO2 nanoparticle layer in the middle, 
and an  Al2O3 nanoparticle layer on top (Fig. 7i) [82]. The 
PES film features a highly porous structure with uniform 
microscale honeycomb pores distributed throughout, ena-
bling strong scattering in the solar spectral range (Fig. 7j). 
The dual-particle cooler, composed of UV-reflective  Al2O3 
and UV-absorbing  TiO2 layers, ensures strong UV protec-
tion and solar reflection. Moreover,  Al2O3 nanoparticles can 
be pretreated to achieve superhydrophobicity, imparting the 
cooler with self-cleaning capability. Thus, the dual-particle 
cooler exhibits exceptional resistance to UV radiation and 
soiling (Fig. 7k). Additionally, structurally modified parti-
cles, such as  TiO2@SiO2 core–shell nanospheres and ZnO@
ZIF-8 core-shell materials, are widely integrated into organic 
binders to simultaneously enhance emittance in the primary 
AW, solar reflectance, and environmental durability [86, 
87]. Liu et al. reported modified rutile  TiO2@SiO2 nano-
spheres in commercial fluorocarbon resin matrix to achieve 
cooling [86]. The  TiO2@SiO2-based coating achieves 93% 
solar reflectance and 94% emittance in the primary AW. 
The  TiO2@SiO2 spheres are further modified with perfluo-
rooctyltrimethoxysilane (PFS) to reduce the surface energy, 
thereby imparting anti-contamination and UV-tolerance 
properties. Kang et al. designed a polymer coating with 
polyhedral ZnO@ZIF-8 and methyl silicone resin [87]. The 
ZnO@ZIF-8/methyl silicone resin coating features polyhe-
dral morphology and unoriented pores for enhancing light 
scattering in the solar spectrum and MIR emittance in the 
8–13 μm range. Furthermore, the coating maintains optical 
performance after prolonged solar irradiation and thermal 
exposure, demonstrating excellent thermal stability.

3.4  Inorganic Material

All-inorganic materials are considered ideal for radiative 
cooling in harsh environments due to their stable chemical 
structures. However, this stability also results in the high 
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rigidity of inorganic molecular bonds, making it challeng-
ing to fabricate interconnected micro-nano structures that 
combine environmental tolerance with spectral manipula-
tion. To address these challenges, various methods have been 
proposed to construct diverse all-inorganic nanostructures, 
including sintering, self-assembly, and electrospinning, 

enabling the development of advanced optical properties 
and enhanced environmental resistance [88–90].

Zhao et al. designed a radiative cooling glass by incor-
porating glass and  Al2O3 particles into a paintable slurry. 
Upon thermal annealing, a porous glass framework at the 
micron scale with  Al2O3 nanoparticles is formed (Fig. 8a, 

Fig. 7  a Schematic of hydrophobic and scattering effects with varying ϕ and f. b Schematic of PFOTS structure (left), TEM image demonstrat-
ing the fluoride component grafted onto the  TiO2 NP surface (right). c After the soiling test, the soiled ACCP coating maintained an almost 
unchanged solar reflectance. d Wetting behavior of the AACP after being exposed outdoors for 6 months. e Pollutants fall onto the ACCP coat-
ing and slide off, demonstrating outstanding self-cleaning function. f Conceptual design of radiative cooling sunscreen. g Solar reflectance of 
the radiative cooling sunscreen. h Mechanism of UV absorption by  TiO2 nanoparticles. i Schematic of the three-layer PES-TiO2-Al2O3 cooler. 
j SEM image of the PES-TiO2-Al2O3 cooler. k Photograph of the PES-TiO2-Al2O3 cooler before and after UV exposure. a-e Reproduced with 
permission [80].  Copyright 2022, Springer Nature. f–h Reproduced with permission [81]. Copyright 2025, American Chemical Society. i-k 
Reproduced with permission [82]. Copyright 2024, Wiley–VCH
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b) [91]. Glass particles serve as a binder to form a robust 
porous framework, while high melting point α-Al2O3 par-
ticles act as anti-sintering agents, preventing full densifi-
cation and promoting porosity. The cooling glass achieves 
over 96% solar reflectance and ~ 95% MIR emittance due to 
dual-scale high-bandgap scatterers and infrared-active glass 
particles. When coupled with a transparent protective layer, 
the glass also demonstrates strong environmental stability 
and anti-fouling performance (Fig. 8c). Moreover, the glass 
shows outstanding flame resistance, enduring 1000 °C flame 
shocks for ~ 10 s without changes in microstructure or opti-
cal reflectance. (Fig. 8d). The cooling glass also has the abil-
ity to maintain optical performance under various ambient 
conditions, encompassing UV exposure, water immersion, 
and soiling (Fig. 8e). Lin et al. drew inspiration from beetles 
and engineered alumina particles via phase inversion and 
sintering to fabricate a cooling ceramic (Fig. 8f) [92]. The 
phase inversion process yields a polymer-rich membrane 
that forms an anisotropic porous network carrying alumina 
particles. The subsequent sintering process facilitates the 
bonding of alumina particles, leading to the formation of a 
cooling ceramic with a well-preserved porous architecture. 
The cooling ceramic realizes 99.6% solar reflectance due 
to the strong scattering of the multi-dispersed pore system 
and 96.5% primary atmospheric emittance attributed to the 
vibrations of Al-O bonds. Moreover, the ceramic can with-
stand temperatures exceeding 800 °C and enables rapid cool-
ing through the synergistic effects of radiative and evapo-
rative cooling (Fig. 8g). Additionally, the ceramic can be 
designed to resist surface contamination by impregnation 
with organosilicon compounds, while its dense all-inorganic 
structure inherently provides excellent UV resistance.

Different from particle bonding under high-temperature 
conditions, Lin et al. reported an inorganic binder derived 
from perhydropolysilazane (PHPS) and developed a nar-
rowband emitter consisting of a  SiOxNy layer positioned 
between a reflective substrate and a monolayer of  SiO2 
microspheres (Fig. 8h) [52]. The  SiO2 microspheres were 
deposited onto the surface using an adapted Langmuir-
Schaefer self-assembly method and adhered through a 
PHPS-derived binder, forming an inorganic emitter resem-
bling white paper (Fig. 8i). The  SiOxNy layer exhibits inher-
ent wavelength-selective emission in the 8-13 µm range, as 
the vibrational modes of Si-O and Si-N bonds fall within this 
range. Additionally, the monolayer of  SiO2 microspheres fur-
ther enhances infrared emittance through selective emission 

mechanisms. Consequently, the film achieves a high infra-
red-selective emittance of 94.6% while exhibiting a spectral 
selectivity ratio of 1.46 between the 8-13 µm and the entire 
waveband (Fig. 8j). Due to its all-inorganic hydrophobic 
structure, the emitter demonstrates exceptional resistance 
to UV exposure and water, ensuring prolonged durability. 
Banik et al. developed a dip-coated planar polymer emitter 
from polysilazane, with a 5 μm silicon oxycarbonitride coat-
ing that exhibits 0.86 emittance in the 8-13 μm range [93]. 
The structure, which incorporates a transparent polymer and 
a silver mirror, reflects 97% of solar irradiation and reduces 
heat absorption outside this range. Another classic inorganic 
material, MgO, is also a great candidate for extreme envi-
ronmental radiative cooling. Wang et al. developed a gradi-
ent nanoporous MgO ceramic using dry-pressing molding 
and pressureless sintering [94]. The MgO-based ceramic 
achieves 96% solar reflectance and 95% selective emittance 
in the primary AW, aided by phonon polariton resonance 
and nanopore scattering. Owing to the Reststrahlen band 
of MgO in the 13-25 µm range, the ceramic achieves high 
spectral selectivity of 1.69. Furthermore, with the outstand-
ing mechanical strength, environmental durability, and self-
cleaning performance, it is well-suited for building space 
cooling applications.

Beyond particle-embedded and porous architectures, 
inorganic fiber structures provide an effective strategy for 
achieving flexibility and freestanding properties, rendering 
them highly adaptable to diverse surfaces. Tsai et al. fabri-
cated scalable superhydrophobic silica metafibers (sh-SMF) 
through electrospinning and fluorosilane surface modifica-
tion [95]. The ceramic sh-SMF shows ~ 90% emittance in the 
primary AW due to strong Si-O phonon resonances, along 
with thermal stability (> 1200 °C) and resistance to acid 
rain and UV. Fluorosilane modification further enhances its 
superhydrophobicity, imparting self-cleaning and anti-mil-
dew performance. Apart from  SiO2 fibers, Xin et al. fabri-
cated a flexible alumina fiber membrane via electrospinning 
technology for radiative cooling applications [89]. The hier-
archical fiber membrane structure synergistically combines 
the exceptional anti-aging performance, UV resistance, and 
high-temperature stability of inorganic materials with the 
intrinsic flexibility characteristic of fibrous structures. Tian 
et al. synthesized ultralong hydroxyapatite (HAP) fibers 
with high aspect ratios using a solvothermal method [90]. 
HAP fibers can self-assemble into bundles and interweave 
to form a porous network, which efficiently enhances solar 
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reflectance through strong backscattering while absorbing 
MIR radiation via the molecular vibrations of phosphate 
radicals  (PO4

3−). Notably, HAP fibers can maintain their 
optical properties even at 800 °C, demonstrating exceptional 
thermal stability.

In summary, different materials in terrestrial dwelling 
environments correspond to various extreme conditions. 
Table 1 provides a clear comparison of the materials, their 
properties, and associated extreme environments.

Fig. 8  a Schematic of the radiative cooling glass coating. b Glass-Al2O3 particle slurry in ethanol exhibits excellent fluidity. c Radiative cool-
ing glass with an enhanced protective layer exhibits excellent anti-pollution performance. d Cooling glass coating is subjected to flame shock 
at 1000 °C for about 10 s. e Solar reflectance of the radiative cooling glass coating before and after water immersion, UV exposure, and soiling 
tests simulating a hot and humid environment. f Photograph of the Cyphochilus specimen showing its white appearance (left). SEM images of 
the cooling ceramic sample with a hierarchical porous structure (right). g Changes in surface temperature as the samples are contacted by water 
droplets at 5-s intervals. h Schematic of the inorganic emitter. i Optical image of the inorganic emitter, which has a white appearance. j Spec-
tral characteristics of the inorganic emitter in the solar and infrared bands. a-e Reproduced with permission [91].  Copyright 2023, AAAS. f-g 
Reproduced with permission [92]. Copyright 2023, AAAS. h-j Reproduced with permission [52]. Copyright 2022, Wiley–VCH
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4  Terrestrial Extreme Environment

In addition to the extreme conditions encountered in ter-
restrial dwelling environments, there are diverse terrestrial 
extreme environments unsuitable for human habitation, par-
ticularly high-temperature or high-humidity regions such as 
deserts and tropical rainforests [96, 97]. In these environ-
ments, it is challenging to achieve efficient cooling man-
agement solely through radiative cooling via the primary 
atmospheric window. Therefore, it is necessary to incor-
porate additional heat exchange channels to enhance the 
overall cooling management performance [98–101]. In this 
section, we explore the enhancement of these additional heat 
exchange channels, encompassing thermal radiation through 
secondary atmospheric windows, thermal conduction and 
convection, evaporation, and phase change mechanisms, to 
improve cooling efficiency. Moreover, various micro-nano 
structures and materials are employed to precisely control 
the opening and closing of these additional heat exchange 
channels.

4.1  Dual-Selective Emitter

Beyond the widely recognized primary AW in the 8-13 µm 
waveband, there are secondary AWs (3-5 and 16-25 µm 
ranges) allowing thermal radiation from terrestrial objects 
to escape into outer space. By utilizing these secondary 
AWs, the dual-selective emitter gains additional radiative 
dissipation channels and achieves a higher upper limit of 
cooling performance, making it well-suited to meet the 
growing cooling demands in extremely hot and dry envi-
ronments [102]. In this section, we comprehensively discuss 
the design of dual-selective emitters in terms of material 
properties and structural configuration.

By combining polymers characterized by molecular vibra-
tions confined to multiple AWs, Wu et al. demonstrated a 
hierarchical POM-PTFE bead-like fibrous film deposited 
on an Al foil substrate, serving as an efficient dual-selec-
tive thermal emitter (Fig. 9b) [28]. The film emits thermal 
radiation exclusively via AWs, thereby maximizing cooling 
efficiency while minimizing the absorption of atmospheric 
inverse radiation (Fig. 9a). Specifically, POM exhibits strong 
molecular vibrations in the 8–13 μm range due to the absorp-
tion of C-O-C bonds, while PTFE demonstrates pronounced 
vibrational absorption in the 16-25 μm range attributed to 

C-F bonds (Fig. 9c). Notably, neither polymer exhibits sig-
nificant absorption in the non-AW infrared range. Hence, 
the emitter exhibits an emittance of 83.2% in primary AW 
and 67.5% in 16-25 μm AW, while maintaining relatively 
high emittance in the 3-5 µm range. Moreover, it exhibits 
high reflectance in other MIR regions with low atmospheric 
transmittance, significantly reducing the impact of atmos-
pheric inverse radiation (Fig. 9d). Besides, the random fiber 
arrangement and high reflectivity of Al foil result in a high 
solar reflectance (95.4%) in the solar radiation region, ena-
bling the dual-selective emitter to possess outstanding cool-
ing performance in deserts (Fig. 9e). During the peak heat 
and dryness of the day, the dual-selective emitter achieved 
the greatest subambient temperature drop of 7.9-9.5 °C, 
significantly outperforming the non-selective PVDF (4.2-
5.8 °C) and mono-selective POM (4.8-6.8 °C) (Fig. 9f). 
Moreover, the dual-selective emitter shows a tensile strength 
of 8.2 MPa and exceptional UV resistance, remaining stable 
after 300 h of intense UV irradiation testing.

Apart from the inherent selective molecular vibrations 
of materials, ordered nanophotonic structures such as pho-
tonic crystals and metamaterials can enable highly selec-
tive radiative cooling through precise spectral manipula-
tion. Mira et al. presented radiative coolers consisting of 
three dielectric layers (SiN, SiC, and  SiO2) and an Ag 
back reflector (Fig. 9g) [103]. They employed a genetic 
algorithm to investigate dielectric materials and select 
the optimal thickness. The resulting design exhibits high 
emittance in the ranges of 8-13 and 16-25 μm, leading to 
exceptional cooling performance across various environ-
ments, particularly in arid conditions. Notably, the radia-
tive cooler exhibits a highly angle-dependent emittance 
in the 16-25 μm AW, which is beneficial to reducing the 
absorption of ground emissions and improving the radia-
tive cooling efficiency (Fig. 9h). Additionally, Yin et al. 
developed an emitter composed of triangular prism meta-
materials deposited on a multilayer film for radiative cool-
ing (Fig. 9i) [104]. The surface patterned structure consists 
of two triangular prisms on  Si3N4 and  TiO2 films, acting as 
the absorption layer. The  SiO2 metamaterial layer controls 
the extended absorption band, with its geometry affecting 
the peak position. The bottom slit of the triangular prisms 
improves thermal emission in the 16-25 μm AW, while 
the  Si3N4 layer enhances absorption in the 8-13 μm AW 
(Fig. 9j). Moreover, a nine-layer interlaced structure of 
 TiO2 and  MgF2 with optimized thicknesses serves as a 
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reflector to prevent solar heating. As a result, the emitter 
exhibits high absorption in the 8–13 μm AW (98.56%) 
and 16–25 μm AW (96.31%), while solar band reflection 
exceeds 93%.

4.2  Thermally Insulated Cooler

Under extremely high-temperature conditions, the signifi-
cant temperature difference between the ambient environ-
ment and objects induces environmental parasitic heat flow, 
thereby compromising cooling efficiency. To mitigate this 
effect, thermally insulated radiative coolers are employed 
to obstruct the conduction and convection pathways [105]. 
Furthermore, the radiative cooling functionality is incor-
porated in thermal insulators to dissipate the accumulated 
heat, thereby reducing overall heat gain and enhancing the 
effectiveness of cooling management [106, 107]. Notably, 

due to the significant influence of environmental factors such 
as medium and flow rate on heat convection, controlling it 
remains a challenge. Therefore, thermally insulated cool-
ers are typically designed with low thermal conductivity to 
minimize heat transfer from the surface to the interior.

Zhong et al. developed a thermal insulating cooler (TIC) 
composed of hierarchically hollow PVDF microfibers, which 
simultaneously enable radiative cooling and thermal insu-
lation to mitigate external heat gain (Fig. 10a) [108]. As 
shown in Fig. 10b, hollow structures are crucial for ther-
mal insulation because of the low thermal conductivity of 
air and the additional phonon scattering at solid–air inter-
faces, which further breaks heat transfer pathways through 
solids. The TIC demonstrates a thermal conductivity of 
14 mW  m−1  K−1 at room temperature, even lower than that 
of air (Fig. 10c). Notably, the TIC also exhibits superior 
radiative cooling performance, thanks to the combination 

Fig. 9  a Schematic of radiative heat exchange in three types of radiative coolers. b Schematic of the POM-PTFE film. c Molecular vibration of 
POM and PTFE in the MIR range. d Spectral characteristics of a POM-PTFE film on Al foil in the 0.3-25 μm range. e Photograph of the cooling 
test in the desert. f Temperature variations of the three emitters from 10 AM to 3 PM. g Emissivity spectrum of the designed coolers. h Contour 
plot showing the average emissivity of the designed cooler as a function of angle variation. i Three-dimensional schematic of an emitter featur-
ing patterned  SiO2 metamaterials on a multilayer. j Electric field distribution at the resonant positions (11.1 and 25 μm). a-f Reproduced with 
permission [28].  Copyright 2024, Springer Nature. g-h Reproduced with permission [103] Copyright 2021, Elsevier. i-j Reproduced with per-
mission [104] Copyright 2021, IOP Publishing
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of micro-nano scattering structures and the intrinsic MIR 
absorptivity of PVDF. Specifically, it achieves 94% solar 
reflectance and 94% MIR emittance, leading to a tempera-
ture drop of around 9 °C under 900 W  m−2 sunlight. In addi-
tion to hollow fibers, the sponge structure is an ideal choice 
for thermal insulation benefiting from its abundant nanopo-
res. Qin et al. introduced a vapor exchange method to fabri-
cate particle-based P(VDF-HFP) sponges with an ultralow 
thermal conductivity of 48 mW  m−1  K−1 (Fig. 10d) [109]. 
The P(VDF-HFP) sponge possesses a high MIR emittance 
of 95.6% because of the various thermal vibrational modes 
while reflecting 94.5% of solar radiation due to a strong 
Mie scattering effect stimulated by nanoparticles (Fig. 10e). 
Thus, the sponge can maintain a surface temperature of 
around 30 °C when exposed to a 40 °C surrounding. Beyond 
the impressive cooling properties, the sponge demonstrates 
outstanding mechanical strength and hydrophobicity, mak-
ing it suitable for hot and humid environments (Fig. 10f). 

Zhou et al. reported a porous PDMS sponge through a facile 
template-casting method [111]. With the low thermal con-
ductivity of 60 mW  m−1  K−1, excellent solar reflectance of 
93%, and high MIR emittance of 96%, the PDMS sponge 
achieves a cooling power of 43.17 W  m−2 and a subambient 
temperature reduction of 4.6 °C under 1 sun illumination, 
meeting the stringent cooling management requirements in 
tropical areas.

Aerogel is characterized by high porosity and low den-
sity, making it one of the best thermal insulation materials. 
Drawing inspiration from the structural whiteness in butter-
flies, Cai et al. designed a cellulose nanocrystal aerogel grat-
ing (CAG) with tailored metasurfaces for effective cooling 
(Fig. 10g) [110]. The CAG exhibits low thermal conductivity 
(29 mW  m−1  K−1) due to its high porosity. Moreover, the 
metasurfaces effectively scatter sunlight, granting the CAG 
an exceptional solar reflectance of 0.974. In the MIR region, 
the phonon polariton resonances of  SiO2 nanoparticles and 

Fig. 10  a SEM image of TIC with a hierarchical microfibrous structure. b Schematic of the heat exchange process of TIC. c Thermal conduc-
tivity of TIC (even lower than air) and the control samples. d Optical image of a sponge with the ability to reflect sunlight and emit infrared 
radiation. e Reflectance spectrum of the sponge. f Contact angle measurements of the sponges. g Bioinspired strategy and cooling mechanism 
schematic of the CAG. h Microstructure of CAG before and after UV exposure. i Simulated annual cooling energy in Nanjing using the CAG. 
a-c Reproduced with permission [108].  Copyright 2021, American Chemical Society. d-f Reproduced with permission [109]. Copyright 2024, 
Wiley–VCH. g-i Reproduced with permission [110]. Copyright 2023, Elsevier
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the bond vibrations of the cross-linked network synergisti-
cally improve the infrared emittance of CAG to 0.94. Further-
more, the UV reflection property and stable chemical bonds 
(Si-O-Si and Si-O-C) of CAG confer exceptional UV resist-
ance. After 8 h of UV exposure, the CAG maintained its sta-
ble topological metastructures (Fig. 10h). As the CAG shows 
excellent and durable cooling performance, it significantly 
contributes to energy conservation in buildings, particularly 
during hot seasons (Fig. 10i). Han et al. prepared a radia-
tive cooling coating by utilizing synthesized porous calcium 
silicate  (CaSiO3) powder as the carrier for  SiO2 aerogel [36]. 
The porous structure and wide bandgap of  CaSiO3 enable 
strong solar reflection, while Si-O vibrations in  SiO2 aerogel 
and  CaSiO3 boost MIR emittance (8–13 μm). Additionally, 
 SiO2 aerogel with intrinsically high porosity can lower ther-
mal conductivity to 85.4 mW  m−1  K−1. Combined with the 
radiative cooling functionality, the coating saves 70 kWh of 
electricity compared to commercial white coatings in hot cli-
mates. In addition to blocking the external heat input, internal 
heat dissipation can further improve cooling performance. 
Yang et al. developed a bilayer cooling film by placing a poly-
ethylene (PE) aerogel layer on top of a commercial PDMS 
film [112]. The PE aerogel with 97.9% porosity efficiently 
reflects sunlight and provides insulation against external 
heat, with an impressively ultralow thermal conductivity of 
32 mW  m−1  K−1. The PDMS film can extract the heat from 
the substrate and dissipate it via thermal radiation. Moreover, 
the PE aerogel is transparent to thermal radiation, thereby 
preserving the unobstructed radiation channels. Benefiting 
from the synergy between asymmetric thermal conduction 
and radiative cooling, the film can realize the subambient 
temperature drop of 5–6 °C under solar irradiance intensity 
exceeding 1000 W  m−2 in urban environments.

4.3  Evaporative Synergistic Cooler

Evaporative cooling plays a critical role in boosting cooling 
performance in terrestrial extreme environments by utilizing 
the evaporative heat exchange channel. Through continuous 
water-vapor interactions with the surrounding air, evapora-
tive synergistic cooling delivers substantial thermal regu-
lation in scenarios where radiative cooling alone is insuf-
ficient, such as under high-temperature or high-humidity 
conditions [44, 113]. In this section, we discuss the design 

strategies of evaporative synergistic coolers, including sys-
tems based on hydrogels and hygroscopic particles.

Hydrogels are commonly used in evaporative cooling sys-
tems, featuring a layered structure that includes a top radia-
tive cooling layer and a bottom hydrogel layer. This design 
effectively integrates radiative cooling with evaporative 
cooling, enhancing overall cooling performance. Li et al. 
proposed a tandem structure with a cellulose acetate (CA) 
nanofibrous network placed on top of a poly(vinyl alcohol) 
(PVA)-CaCl2 hydrogel layer (Fig. 11a) [48]. The top layer 
of the CA nanofibrous network effectively reflects sunlight, 
while molecular vibrations facilitate high MIR emission. 
Additionally, the PVA-CaCl2 hydrogel underlayer features 
numerous micropores, providing extensive pathways for 
moisture collection at night and water evaporation in the 
daytime (Fig. 11b). Based on the calculations, the tandem 
cooler outperforms both radiative cooler and evaporative 
cooler over a wide range of operating temperatures, par-
ticularly in high-temperature conditions (Fig. 11c). Moreo-
ver, under cloudy conditions, the tandem radiative cooler 
exhibits a lower temperature than the radiative coolers due 
to the beneficial effects of evaporative cooling (Fig. 11d). In 
addition, Hu et al. combined a PDMS top layer with a hydro-
gel bottom layer to prepare a radiative–evaporative bilayer 
cooler [115]. Benefiting from the combined advantages of 
two cooling mechanisms, the bilayer cooler outperforms 
single radiative or evaporative coolers. On hot sunny days, 
the bilayer cooler can generate a maximum cooling power 
of 424.4 W  m−2. This value can increase to 650.6 W  m−2 in 
cloudy weather.

Single-layer hydrogels can integrate evaporative cool-
ing and radiative cooling within the same layer by utilizing 
intrinsic properties or incorporating dopants. Galib et al. 
prepared a photonic hydrogel to achieve hybrid radiative 
and evaporative cooling [9]. The hydrogel can be prepared 
by simply using atmospheric moisture to convert sodium 
polyacrylate (PAAS) powder into a film. In the presence of 
moisture, hydrogel bonds form between PAAS molecules, 
creating a robust cross-linked network (Fig. 11e). Therefore, 
the PAAS powder can transform into a large-area film with 
a white appearance and excellent mechanical performance 
(Fig. 11f). The PAAS hydrogel harvests atmospheric water 
at night and evaporates it during the day to boost cooling 
efficiency. Its porous structure reflects sunlight, while poly-
mer chain vibrations enhance MIR emission. The hybrid 
cooling mechanism allows the PAAS hydrogel to achieve 
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a temperature 7 °C lower than that of dry PAAS under 
920  W   m−2 solar radiation and partly cloudy weather. 
Hu et  al. incorporated superhydrophobic silica aerogel 
(SHBSA) particles with micron and nanopores into a PVA 
matrix to fabricate a hierarchical porous hydrogel (HPHG) 
(Fig. 11g) [114]. The introduction of SHBSA and porous 
structures effectively increases multiple scattering, achieving 
approximately 90% reflectance in the solar radiation region. 
Moreover, the SHBSA possesses the capacity to enhance 
MIR absorption through the vibration of the Si–O–Si bond. 
The hierarchically porous structure enhances evaporation 
enthalpy, slows the evaporation rate, and further improves 
the durability of the HPHG. By combining efficient radiative 

and evaporative cooling, the HPHG generates an overall 
cooling power of 201 W  m−2. As the HPHG with the water 
content of 80 wt% is lightweight and hydrophobic, it can 
be made into a cooling vest for personal thermal regula-
tion at extremely high temperatures (Fig. 11h). Apart from 
silica aerogel, Fei et al. dispersed  BaSO4 particles into a 
PVA hydrogel matrix to facilitate cooling performance 
[113]. In environments with high temperature above 33 °C, 
strong solar intensity around 1140 W  m−2, and high humid-
ity exceeding 60%, the cooler can achieve a temperature 
reduction of approximately 6 °C and generate an impres-
sive cooling power of about 350 W  m−2, which is 6–10 times 
greater than that of a radiative cooler in tropical climates. 

Fig. 11  a Schematic of the tandem cooling design. b Photographs of the frontal and cross-sectional views for the tandem cooler (left). SEM 
images of the top CA fibrous network and the bottom PVA-CaCl2 hydrogel (right). c Calculated cooling power for the tandem, evaporative, 
and radiative cooling. d On cloudy days with a 200 W  m−2 heat load, the tandem cooler consistently outperforms the radiative cooler in cool-
ing performance. e Cooling mechanism of PAAS photonic hydrogel (top). Schematic of PAAS photonic hydrogel formation via hydrogel bond 
cross-linking (bottom). f Optical photograph of PAAS photonic hydrogel. g Schematic of HPHG synthesis and its chemical structures. h Cooling 
effect of HPHG in hot environments, including optical and infrared images. a-d Reproduced with permission [48].  Copyright 2022, AAAS. e–f 
Reproduced with permission [9]. Copyright 2023, Springer Nature. g-h Reproduced with permission [114]. Copyright 2024, Elsevier
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Furthermore, the cooler still maintained subambient tem-
peratures even during rainy conditions.

In addition to hydrogels, other material systems can 
be employed to achieve evaporative cooling. Liu et  al. 
introduced a hybrid passive cooling composite utilizing a 
metal–organic framework (MOF) [116]. The optically opti-
mized MOF-801(Zr) block 450 nm light, enhancing visible 
(VIS) light scattering through small MOFs and abundant 
MOF–polymer interfaces. Moreover, the hierarchically 
porous structure further enhances solar scattering, result-
ing in a sunlight reflectance of 0.98. The functional groups 
of MOF-801 (Zr) raise infrared emissivity to 0.96, while 
its microporosity improves evaporative cooling efficiency. 
Consequently, the composite reduces temperatures by over 
25 °C compared to natural cooling when applied to outdoor 
heavy-load power equipment. Fan et al. developed a meta-
fabric with a hydrophobic styrene-b-(ethylene-co-butylene)-
b-styrene (SEBS) nonwoven inner layer and a hydrophilic 
SEBS/PPO-PEO-PPO(F127)/Al2O3 outer layer, integrating 
Janus wettability with radiative and evaporative cooling. Its 
efficient moisture transport (0.31 g h⁻1 evaporation rate and 
1220% transport index) enables up to 1 mL h⁻1 of sweat 
to evaporate for skin cooling [117]. Gu et al. developed a 
bilayer cooling textile with asymmetric wettability, made 
of banana cellulose aerogel and TPU nanofibers doped with 
ZnO nanoparticles. It has high solar reflectance (91.3% in 
0.37–2.5 μm) and infrared emittance (90.2% in 8–13 μm) 
[118]. The textile also promotes directional sweat transport, 
boosting evaporative cooling and preventing discomfort.

Despite the excellent performance of evaporative syner-
gistic coolers, their cooling efficiency remains insufficient 
in several terrestrial extreme environments. To address this 
issue, a viable approach is to integrate radiative cooling, 
evaporative cooling, and thermal insulation for enhanced 
cooling management. Inspired by camel fur, Wang et al. 
reported a physically foamed TPU porous elastic fiber and 
assembled the fibers into a fabric [119]. The novel fabric 
enables efficient unidirectional water transfer, producing 
an evaporative cooling effect on the body. With a thermal 
conductivity of 48 mW  m−1  K−1, 98.7% solar reflectance, 
and 97.2% mid-infrared emittance, it generates a net cooling 
power of 300 W  m−2 during daytime exposure to direct sun-
light, with performance further improving at higher ambi-
ent temperatures. In addition, drawing inspiration from the 
cactus’s adaptation to dry and high-temperature conditions, 
Xu et al. designed a bilayer cooler consisting of a  ZrO2/

PTFE-polylactic acid (PLA) aerogel and a LiBr@PAAm 
hydrogel [120]. The aerogel blocks environmental parasitic 
heat while achieving radiative cooling due to the intrinsic 
molecular vibrations and porous structure. Besides, after 
adding  ZrO2 and PTFE particle coatings, the cooling per-
formance of the aerogel is further enhanced, exhibiting a 
solar reflectance of 0.95, an infrared emittance of 0.94, and 
an ultralow thermal conductivity of about 42 mW  m−1  K−1. 
Moreover, the appropriate amount of LiBr enhances the 
hygroscopicity of the hydrogel, thereby improving its evap-
orative cooling capability. Compared to the hydrogel, the 
bilayer cooler exhibits a lower water evaporation rate, ena-
bling sustained and efficient cooling management even in 
more extreme environments.

4.4  Phase Change Synergistic Cooler

Unlike evaporative synergistic cooling, which relies on 
continuous water loss to drive cooling, PCMs function as 
thermal buffers, offering transient rather than sustained 
cooling. PCMs absorb heat during the solid-to-liquid phase 
transition process, effectively stabilizing the temperature of 
the protected object and delaying thermal rise. However, 
once the PCM has completely melted, its latent heat capac-
ity is exhausted. Beyond this point, any additional heat input 
causes a temperature increase in the material [121]. To over-
come this limitation, PCMs can be integrated into radiative 
cooling systems. During melting, the PCM absorbs part of 
the incoming heat, reducing the thermal burden on the radia-
tive component. This synergistic interaction results in lower 
steady-state and peak surface temperatures than what could 
be achieved with radiative cooling alone [122]. In particular, 
the use of PCMs helps moderate the thermal profile of the 
system, reducing temperature fluctuations and improving 
overall thermal stability.

Integrating a phase change layer into radiative cooling 
devices allows simultaneous radiative and phase change 
cooling (Fig. 12a). To prevent PCM leakage, it is common to 
use an organic or inorganic matrix to encapsulate the PCMs 
within the phase change layer. Qin et al. demonstrated a 
dual-function cooler assembled from P(VDF-HFP) film and 
a composite of expanded graphite (EG) encapsulating fatty 
alcohol (FA) [121]. Owing to the phase change mechanism 
of EG@FA, it can absorb heat through the melting process 
when thermal shock occurs, protecting objects from thermal 
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accumulation and high-temperature damage. Once the ther-
mal shock is removed, the stored heat is gradually released 
during the freezing process of EG@FA (Fig. 12b). Moreo-
ver, the cooler possesses great radiative cooling performance 
with solar reflectance of 95.9% and MIR emittance of 93.4%. 
Therefore, the dual-function cooler exhibits efficient thermal 
shock resistance, particularly in extreme environments sub-
jected to high-power-density thermal shocks. Under a heat 
flux of 2000 W  m−2, the dual-function cooler is capable of 
generating approximately 860 W  m−2 of net cooling power 
and realizing a maximum temperature drop of 39 °C com-
pared to a traditional radiative cooler. Even when the heat flux 
increases to 3000 W  m−2, it can still rapidly reduce the tem-
perature of objects (Fig. 12c). Wang et al. reported a compos-
ite film with both phase change heat absorption and radiative 
cooling functions [123]. They selected octadecane  (C18H38) 
as an effective PCM and designed cross-linked networks using 
olefin block copolymer and SEBS additives to prevent leak-
age. The radiative cooling layer, positioned on top, consists of 
 BaSO4 nanoparticles embedded in a polymethyl methacrylate 
(PMMA) matrix (Fig. 12d). The composite film exhibits a 
high phase change enthalpy of 138 kJ  kg−1, a solar reflectance 
of 0.94, and an emittance of 0.96 in the primary AW. Thus, 
the energy device based on the bifunctional film exhibits sig-
nificant yearly energy-saving potential for buildings in various 
terrestrial climate zones worldwide, particularly in near-equa-
torial regions characterized by high temperatures and humid-
ity (Fig. 12e). Apart from the matrix packaging method, par-
ticle packaging is another feasible approach to protect PCMs. 
In this method, PCMs are enclosed within a thin solid shell to 
form core–shell microcapsules. Gu et al. fabricated a cooling 
membrane with a polyvinyl butyral (PVB) fiber layer on top 
and a PVB-PCMC layer on the bottom [125]. The PCMC is 
composed of a  C20H42 core and a PMMA shell, providing a 
total latent heat of 124.3 J  g−1 when the doping level reaches 
70 wt%. Crucially, the latent heat of PCMC is only slightly 
decreased even after undergoing 100 heating-cooling cycles. 
At a high temperature of around 43 °C, the temperature of 
the PVB composite fabric remained consistently below the 
ambient temperature, closely approximating the human body 
temperature (around 35 °C).

Due to the additional interfacial contact resistance 
between the phase change layer and the radiative layer, the 
heat transfer path is inevitably extended, which, in turn, 
affects the phase change response speed and cooling effi-
ciency. Additionally, the dual-layer structure also increases 

the volume and weight, making it difficult to meet the 
requirements of lightweight application scenarios. To over-
come these limitations, researchers have developed doped 
single-layer structures that integrate both radiative cooling 
and phase change functionalities. In these designs, PCMs are 
encapsulated within microcapsules or matrices, similar to 
those in bilayer structures, to prevent leakage and maintain 
functionality. Tang et al. reported a cascaded heteroporous 
nanocomposite film (HENF), in which solar spectra reflec-
tion-phase microcavities are densely dispersed within the 
infrared emission-phase matrix. In this matrix, hexagonal 
boron nitride (h-BN) is assembled and embedded into the 
microcavities, forming a rough inner layer (Fig. 12f) [100]. 
Notably, a polydocosyl acrylate network with crystalliza-
tion–melting properties is incorporated into the emission-
phase matrix, thereby imparting the additional thermal 
absorption function based on radiative cooling (Fig. 12g). 
The HENF with phase transition properties enables the ther-
mal absorption function to range from 45.7 to 63.2 °C, with 
a latent heat of 93.2 J  g−1, which is suitable for extremely 
high-temperature environments. Importantly, after 50 heat-
ing-cooling cycles, it continues to exhibit stable phase tran-
sition behavior (Fig. 12h). Jiang et al. integrated thermal 
insulation and phase change properties into a radiative cooler 
to enhance its cooling performance [126]. They construct 
a porous PDMS@BN structure to reduce heat conduction 
while achieving the desired spectral properties. Octadecane, 
used as a phase change material, is loaded into the porous 
skeleton to compensate for performance loss under hot or 
humid conditions. The porous foam achieved a temperature 
drop of over 10 °C under an ambient temperature of 70 °C. 
Zhang et al. prepared a  SiO2-PCMC/gelatin-hydroxyethyl 
cellulose composite aerogel [127]. The phase change micro-
capsule is composed of n-octadecane and a PMMA shell, 
providing a latent heat of 129.9 J  g−1 for the enhancement 
of passive cooling. Moreover, the aerogel possesses great 
spectral properties with solar reflectance exceeding 92% and 
infrared emittance of over 95% as well as an ultralow ther-
mal conductivity of 49.81 mW  m−1  K−1. Thanks to the phase 
change, radiative cooling, and thermal insulation mecha-
nisms, the aerogel maintains a low surface temperature of 
around 48 °C when heated by an 80 °C hot plate. Notably, 
the content of PCMs in single-layer structures needs to be 
carefully optimized to achieve a balance between spectral 
performance and latent heat storage capacity.
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The core-shell fibrous structure is another effective way 
to encapsulate PCMs for achieving synergistic cooling. 
Yan et al. employed core-shell fibers with a CA shell and a 
polyethylene glycol (PEG) core to form the personal cool-
ing textile (Fig. 12i) [124]. The micro-nano fiber networks 
and the formed pores enhance solar light scattering, while 

the intrinsic vibrations of CA and PEG contribute to high 
MIR emissivity. Furthermore, the solid-liquid phase tran-
sition of PEG facilitates efficient heat storage. This stored 
heat acts as an additional cooling source, effectively com-
pensating for the reduced radiative cooling efficiency in hot 
and humid conditions. When placed on the heat stage, the 

Fig. 12  a Schematic of bifunctional cooling and conventional radiative cooling. b Heat transfer model for the melting and freezing processes 
of PCMs to enhance thermal shock resistance. c Temperature curves of coolers exposed to varying thermal shock power densities. d Schematic 
of the dual-functional film. e Yearly energy-saving potential of buildings across various terrestrial climate zones globally. f Schematic illustra-
tion of the structural design of the HENF. g Thermal adaptive radiative cooling characteristics of the HENF. h DSC curves and phase change 
enthalpy of the HENF sample after 50 heating and cooling cycles. i Schematic diagram and TEM image of the fibers. j Infrared thermal images 
of different textiles during the heating process. k Temperature data of skin, cotton, textile cooling layer, and ambient environment at 65.3% rela-
tive humidity. a-c Reproduced with permission [121].  Copyright 2024, Wiley–VCH. d-e Reproduced with permission [123]. Copyright 2024, 
Wiley–VCH. f-h Reproduced with permission [100]. Copyright 2024, Wiley–VCH. i-k Reproduced with permission [124]. Copyright 2024, 
Elsevier
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textile without PEG heated linearly from 15.2 to 44.9 °C, 
while PEG-enhanced textiles maintained a temperature of 
about 34 °C for 430 s owing to the excellent heat storage 
capacity of PEG (Fig. 12j). Additionally, with the increase 
in relative humidity, the cooling effect induced by the heat 
storage of PEG is further improved. At a relative humidity 
of 65.3%, the PEG-enhanced textiles can provide an addi-
tional 3.9 °C temperature reduction compared with textiles 
without PEG (Fig. 12k). Zhu et al. employed coaxial elec-
trospinning to develop a heat dissipation fibrous membrane 
by radiative and phase change cooling, in which n-octade-
cane acts as the core phase change material, while poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)/tetraethyl 
orthosilicate (TEOS) prepolymer forms the shell [128]. The 
n-octadecane in the core–shell structure demonstrates excel-
lent cyclic thermal stability, enduring 50 consecutive phase 
change cycles while maintaining a consistent phase change 
temperature and latent heat. By combining the two cooling 
mechanisms, the fibrous membrane exhibits excellent cool-
ing performance. Under an average solar radiation intensity 
of approximately 1000 W  m−2 and an extremely high ambi-
ent temperature above 50 °C, the fiber membrane can realize 
a cooling power greater than 90 W  m−2. However, core-shell 
fibrous structures have their own limitations. Due to geomet-
ric constraints, the encapsulation efficiency of PCMs in such 
micro-nano structures is inherently restricted, leading to a 
lower phase change enthalpy.

5  Aeronautical Environment

Due to the infrared stealth requirements in aeronautical 
environments, radiative coolers must emit thermal radia-
tion within the non-AWs rather than the AWs. Therefore, 
an ideal aeronautical radiative cooler should exhibit near-
perfect emittance in the 2.5-3 and 5-8 μm ranges while main-
taining high reflectance in the 8-13 μm range. To achieve 
this, nanophotonic structures, such as multilayer films and 
metamaterials capable of inducing photonic crystal effects 
or electromagnetic resonances, are designed to precisely 
manipulate the MIR spectrum [129, 130]. Additionally, ther-
mal insulation materials are integrated to further lower the 
surface temperature of aeronautical devices, thereby reduc-
ing infrared signal intensity and enhancing camouflage per-
formance [131].

5.1  Multilayer Structure

Multilayer structures are commonly utilized to manipulate 
the ultrabroad spectrum, spanning from the visible to the 
infrared range, to realize multispectral camouflage and cool-
ing effects. This unique architecture satisfies the different 
camouflage requirements of both the infrared and visible 
ranges, while also promoting effective radiative heat dissipa-
tion in the non-AWs [132]. Importantly, the integration of 
stacked layers has the capacity to further broaden the ranges 
of spectral manipulation, enabling compatibility with radar 
and laser stealth [133].

Qin et al. developed a multilayer structure with excellent 
visible and infrared camouflage, as well as radiative cool-
ing performance. This structure exhibits high emittance 
in 2.5-3 and 5-8 μm regions, low emittance in other MIR 
wavelengths, and low reflectance in the VIS and near-infrared 
(NIR) spectra (Fig. 13a) [130]. To prepare it, they stacked 
two  Al2O3/Ge layers of different thicknesses, a ZnS layer, a 
GST layer, and a Ni layer (Fig. 13b). In the VIS waveband, 
the intrinsic absorption of the Ge layer and the  Al2O3 anti-
reflection layer leads to a high absorption (Fig. 13c). In the 
NIR range, the GST layer transitions into a lossy medium, 
leading to the absorption of incident photons in this region. 
In the two radiative cooling wavebands (2.5-3 and 5-8 μm 
ranges), light is partially absorbed by the GST layer and 
completely absorbed by the next Ni layer. As a result, the 
sample exhibits a high average emittance of 74.2% in the 
2.5-3 μm waveband and 47.3% in the 5-8 μm waveband. In 
other infrared ranges, both the electric field and resistive 
loss are suppressed, leading to low emittance in these ranges 
(Fig. 13d). Peng et al. developed a four-layer film with alter-
nating Ag and Ge to achieve efficient radiative cooling and 
infrared stealth [134]. Through the intrinsic thermal radiation 
of the ultrathin Ag film and the impedance matching of two 
Ge films, the multilayer film displays selective emittance of 
82% in the 5-8 µm range. Additionally, other infrared pho-
tons are reflected by the bottom Ag substrate, causing the 
low emittance of 18% and 31% in the 3-5 and 8-14 µm AW, 
respectively. Zhang et al. designed a Ge/ZnS 1D heterostruc-
ture photonic crystal using a genetic algorithm [135]. The 
optimal design achieves a low emittance of 4.6% and 19% in 
the ranges of 3-5 and 8-14 µm, respectively. Meanwhile, the 
crystal can dissipate heat in the 5-8 µm region due to the high 
emittance of over 57%.
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Apart from modulation in the infrared and visible bands, 
many aeronautical coolers are able to manipulate spectra 
across different wavelengths to achieve multi-wavelength 
camouflage in various scenarios. Zhu et al. fabricated a mul-
tilayer structure to meet the multiple spectral requirements 

[133]. The structure is composed of a Ge/ZnS multilayer 
emitter for VIS/laser/MIR camouflage and radiative cooling, 
along with a Cu-ITO-Cu metasurface for microwave absorp-
tion (Fig. 13e). The alternating Ge and ZnS layers form a 1D 
photonic crystal with bandgaps in the 3-5 and 8-14 µm AWs, 

Fig. 13  a Schematic of the conventional visible-to-infrared detection bands, signal sources, and spectra of an ideal cooler for aeronautical envi-
ronments. b Schematic of multilayer structure for camouflage. c Designed multilayer structure deposited on the Si substrate. d Spectrum of the 
sample and Cr reference. e Schematic of the multispectral camouflage film. f Electric field and resistive loss in the ZnS/Ge emitter at different 
wavebands. g Schematic of the selective emitter combined with a thermally insulating aerogel for high-temperature infrared stealth. h Contri-
bution to infrared signal reduction from thermal insulation (orange), low emittance in 8–14 μm AW (red), and high emittance in the 5–8 μm 
non-AW (blue) at various object temperatures. i Structure design of the insulated selective emitter and normalized electric field intensity at 6 
and 11 μm. a-d Reproduced with permission [130].  Copyright 2023, Springer Nature. e-f Reproduced with permission [133]. Copyright 2021, 
Springer Nature. g-i Reproduced with permission [40]. Copyright 2020, Springer Nature
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resulting in reflectance values of 0.89 and 0.88, respectively 
(Fig. 13f). Notably, the narrow band low reflectance at the 
laser detection wavelength of 10.6 µm is achieved with the 
5th–7th Ge/ZnS layers, as the photonic bandgaps are dis-
rupted by these three layers. At another laser detection wave-
length of 1.55 µm, the photons are absorbed by the Ge layers 
due to intrinsic loss. In the heat dissipation region (5-8 µm), 
the light can transmit the photonic crystal and be absorbed by 
the lossy silica substrate, resulting in a high absorptance of 
0.61. For the microwave X-band, the combined structure can 
achieve a return loss below − 8.25 dB. In addition, this group 
designed a device with thermal insulation, radiative cooling, 
and IR camouflage properties by combining silica aerogel 
and a Ge/ZnS multilayer (Fig. 13g) [40]. According to the 
theoretical calculations, the infrared signal intensity can be 
significantly reduced through the manipulation of the thermal 
conduction and convection channel, the atmospheric channel, 
and the non-atmospheric channel (Fig. 13h). By optimizing 
the thicknesses of the multilayer structure, the selective emit-
ter can reflect about 95% of infrared radiation in the 8-14 µm 
band and emit approximately 58% of thermal radiation in the 
5–8 µm band (Fig. 13i). When heated by a high-temperature 
object at 600 °C, the selective emitter can achieve a radiation 
temperature of 11.7 °C lower than that of highly reflective 
stainless steel. Jiang et al. designed a multilayer structure and 
optimized the structural parameters depending on a genetic 
algorithm [136]. The structure comprises seven layers made 
from five materials  (SiO2, Ge, ZnS, Pt, and Au), with a total 
thickness of 3.735 µm. Owing to the asymmetric Fabry–Perot 
(F-P) resonance and the absorption of Pt, the multilayer 
structure possesses high emittance at laser-detected wave-
lengths and in the non-AW, while reflecting MIR light in the 
3-5 μm and 8-14 μm ranges via the metal layer.

5.2  Metamaterial

Metamaterials and their 2D counterpart, metasurfaces, pos-
sess the ability to manipulate multiple wavelengths [137, 
138]. Through employing well-designed metal patterns and 
dielectrics, various electromagnetic resonances, such as 
surface plasmonic resonance, magnetic resonance, and F-P 
resonance, can be induced to achieve high emittance in the 
5-8 µm non-AW and low emittance in the 3-5 and 8-13 µm 
AWs. Remarkably, by combining nanostructures of differ-
ent scales, metamaterials and metasurfaces can be endowed 

with radar and laser stealth, making them well-suited for 
aeronautical environments [139, 140].

Inspired by four butterfly species (Cymothoe excelsa, 
Danaus chrysippus, Palla violintens, and Mimathyma 
schrenckii), which exhibit broadband reflection splitting, Liu 
et al. developed a bilevel bioinspired metamaterial (BBM) 
that combines visible manipulation, laser stealth, and MIR 
selective radiation (Fig. 14a) [141]. The BBM is composed 
of dual-deck Pt disks, a  SiO2 intermediate layer, and a bot-
tom Al reflector (Fig. 14b). The BBM exhibits large scatter-
ing angles and excellent ultralow specular reflectance (8.2%) 
across the 0.8-1.6 μm range due to the enhanced reflection 
splitting effect of the biological microstructure, which effec-
tively reduces multiple laser echo signals. By modulating the 
thickness of the  SiO2 middle layers and the period of Pt disks 
in the lower deck, diffraction and film interference interac-
tions generate intriguing structural colors. Moreover, dual 
magnetic polaritons are induced by the interaction between 
the Pt disks and the bottom Al reflective substrate, leading 
to high absorption in the non-AW (5–8 µm) and at the laser 
detection wavelength (10.6 µm). Compared to the reference, 
which has an average absorptance of around 40% at 8-13 µm, 
the BBM exhibits a 9.6 °C lower apparent temperature, as 
measured by the thermal imager, indicating reduced infra-
red signal intensity in the 8–13 µm waveband. Addition-
ally, the BBM displays a higher apparent temperature upon 
the addition of a 10.6 µm filter, further demonstrating an 
intense absorption at this wavelength (Fig. 14c). Similar to 
embedded metal patterns, Qin et al. prepared a hierarchical 
metamaterial (HMM) by integrating a frequency-selective 
emitter (FSE) with a microwave absorber (MA) (Fig. 14d) 
[142]. The MA layer consists of Cu patterns embedded in 
an FR-4 spacer, along with a Cu ground plane. The FSE 
layer comprises periodically arranged metal-dielectric-
metal metasurfaces. The supercell of the metasurface is a 
rudder-shaped nickel pattern composed of a ring and four 
rods symmetrically nested on it. The FSE layer exhibits 
outstanding high-absorptivity and wide-angle performance 
for both TM (Transverse Magnetic) and TE (Transverse 
Electric) polarization modes by coupling propagating sur-
face plasmonic resonance and localized surface plasmonic 
resonance (Fig. 14e). Overall, the HMM shows low average 
surface emittance in the range of 3-5 μm (0.25) and 8-14 μm 
(0.26), while exhibiting higher average surface emittance in 
the non-AW of 5-8 μm (0.86).
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Fig. 14  a Four butterflies show a reflection splitting effect in the 0.6–0.8 μm range, which can inspire low specular reflectance for NIR detection 
lasers. b Schematic of the work principle of BBM, demonstrating the emission peaks at 5–8 μm and 10.6 μm. c Measurement diagram and infra-
red images of the reference and BBM. d Schematic of the structure of HMM. e Emittance of FSE at varied incident angles (TM and TE modes, 
left and right, respectively). f Schematic of the ML-enabled inverse design for optimizing structural parameters. g Schematic of metasurface 
for dual-wavelength camouflage (left). Simulated backscattering intensity at 1.06 μm and magnetic field intensity distribution at 6 μm (right). h 
Schematic of the structure of photonic crystal (left). SEM and photograph of photonic crystal (right). i Emitted powers by the sample in the 3–5, 
5-8, and 8-14 μm ranges at varied temperatures. j Radiation temperature of the photonic crystal and bare silica captured by infrared cameras in 
the ranges of 3–5 and 8–14 μm. a-c Reproduced with permission [141]. d-e Reproduced with permission [142].  Copyright 2022, Wiley-VCH. 
Copyright 2023, Wiley-VCH. f-g Reproduced with permission [143]. Copyright 2023, Wiley-VCH. h-j Reproduced with permission [144]. Cop-
yright 2021, Elsevier
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Ordered pore array structures can also be utilized to pre-
cisely manipulate the MIR spectrum. Liu et al. developed a 
metasurface compatible with laser and infrared stealth, as 
well as efficient radiative cooling, through a machine learn-
ing-enabled (ML-enabled) inverse design method (Fig. 14f) 
[143]. The finally generated metasurface features a Ge hole 
array on top and an Al film at the bottom, with an AZO layer 
separating them (Fig. 14g). At a laser detection wavelength 
of 1.06 µm, the metasurface achieves a specular reflectance 
of less than 10% due to the reflection splitting effect which 
deflects the reflection into high angles. In the MIR range, the 
surface-plasmon polariton is stimulated at the interface of the 
Ge and AZO layers, leading to a broad absorption peak in the 
range of 5–8 µm, with a maximum above 94% and a full width 
at half maximum exceeding 1.8 µm. Dang et al. introduced a 
multi-functional device by combining three functional mod-
ules (Fig. 14h) [144]. The top module, a 2D photonic crystal 
on a silicon substrate (ZnO/Ag/ZnO/SiO2), manipulates vis-
ible and MIR light. The module shows low emittance in the 
detected range (3-5 and 8–14 μm) due to the intrinsic reflec-
tion of silver. A 2D periodic aperture array induces extraordi-
nary optical transmission (EOT), allowing MIR light within 
5–8 μm to penetrate the  SiO2 layer and be absorbed through 
phonon polariton resonance. Additionally, visible transmit-
tance is enhanced by large apertures and F-P resonance in 
the remaining continuous ZnO/Ag/ZnO structure. The visible 
camouflage module provides optical concealment, and the 
bottom thermal insulator reduces heat conduction from high-
temperature targets. The device generates considerable radia-
tive cooling power in the region of 5–8 μm, with the emitted 
power contribution through this region increasing significantly 
as the temperature rises, indicating the ability of infrared cam-
ouflage under high-temperature conditions (Fig. 14i). When 
tested with an infrared camera, the device exhibits a lower 
radiation temperature and reduces infrared signal intensity in 
the detected range (Fig. 14j).

Zhou et al. employed multilayer structures to design a 
metasurface for wavelength-selective absorption [145]. The 
metasurface comprises two metal–dielectric–metal resonators 
on a flexible polyimide substrate. The top Ag film and the bot-
tom Ag reflective layer are employed to suppress the thermal 
radiation in the AWs (3–5 and 8–14 μm). Additionally, the 
Ag/MgF2/Ag/MgF2 disk metasurface has the ability to excite 
magnetic resonance in the 5–8 μm range, enabling absorption 
of thermal radiation in the non-AW. Deng et al. proposed a 
wavelength-selective scattering metamaterial (WSSM) with 

a chess-like configuration containing two-unit cells [146]. 
Unit cell I and unit cell II both consist of two Bragg reflec-
tors (BR) with Ge/ZnS multilayer structures and a ZnS top 
layer with different thicknesses. The well-designed  BR1 and 
 BR2 can form forbidden bands to achieve high reflectance in 
the regions of 3-5 and 8-14 μm. For the 5-8 µm band, the 
low reflectance originates from the destructive interference 
between the two structures, allowing most of the energy to be 
absorbed by the substrate. In addition, the WSSM can achieve 
reflection splitting at 8-12 μm and thin-film destructive inter-
ference effect at 1.06 and 1.55 µm, causing exceptional laser 
stealth performance.

6  Space Environment

Compared to conventional terrestrial and aeronautical 
environments, space environments are characterized by 
their vacuum conditions. In space environments, the cool-
ing surface must endure harsh cosmic conditions, includ-
ing stronger solar intensity, UV radiation, cosmic rays, 
and atomic oxygen exposure [147–149]. Intensive solar 
irradiation can cause significant temperature rises, lead-
ing to material fatigue and thermal stress. UV radiation, 
meanwhile, degrades micro-nano-structured surfaces, 
resulting in embrittlement, discoloration, and optical 
performance loss. Notably, UV radiation can decompose 
molecular oxygen into atomic oxygen, a highly reactive 
species that aggressively oxidizes and erodes exposed 
materials. Cosmic rays, comprising high-energy electrons, 
heavy ions, and protons, possess enough energy to break 
chemical bonds, accelerating material aging and compro-
mising structural integrity [150, 151]. On the other hand, 
the absence of atmosphere allows the cooling surface to 
fully utilize the whole thermal radiation waveband. As 
a result, middle infrared heat dissipation channels with 
wavelengths greater than 2.5 μm are fully opened for space 
cooling devices [152, 153]. Lastly, the spacecraft surface 
should be endowed with thermal insulation properties 
to maintain a stable and suitable temperature inside the 
spacecraft [154].

Ibekwe et al. reported a polymeric nanofibrous film 
composed of PTFE and PEO for space radiative cooling 
(Fig. 15a) [155]. Thanks to nanoscale features (nanofibers 
and nanobeads) fabricated by the electrospinning method 
(Fig. 15b), this hybrid fibrous film achieves a maximum 
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reflectance of over 99% at air mass 0 (AM0) and a MIR 
emittance of 81.42% when the thickness exceeds 3300 μm. 
The thicker film also exhibits great heat resistance to block 
objects from excessive heating. More importantly, due to 
the stable carbon–fluorine bonds in PTFE and its high UV 
reflectance, the optical performance is retained after a UV 
radiation dosage of 3.11 MJ  m−2 (Fig. 15c). Under atomic 
oxygen exposure, the film can maintain a white appearance 
and distinctive nanostructures, indicating the excellence of 
atomic oxygen resistance. Ordered periodic structures hold 
significant potential for precise spectral manipulation, ena-
bling broadband thermal radiation. Xiao et al. developed 
a distributed Bragg reflection consisting of 18 alternating 
layers of three materials (SiN,  SiO2, and  Ta2O5) [157]. 
 Ta2O5 is to enhance absorption in the 13–25 μm range 
and improve reflection in the UV–visible region due to its 
high extinction coefficient above 13 μm and high refrac-
tive index in the UV–visible range. Combined with an Al 
mirror reflector, the optical solar reflector (OSR) possesses 
around 0.1 solar absorptance and around 0.75 broadband 
emittance in the range of 2.5–30 μm, with an ultrathin 
thickness of 2.088 μm. The multilayer structure can be 
fabricated on the flexible PI substrate or silicon substrate, 
with all materials capable of withstanding temperatures 
up to 350 °C, making them suitable for harsh space envi-
ronments. Ding et al. designed  SiO2 micropillar arrays 
that suppress infrared reflection (8–13 μm) and enhance 
emittance from 0.79 to 0.94 via surface phonon coupling 
[158]. Outdoor tests showed a daytime cooling of 5.5 °C 
under 843.1 W  m−2 solar irradiance. The structures were 
successfully replicated on optical solar reflectors. As a 
promising alternative or supplement to orbital satellites, 
stratospheric airships face a major challenge of overheat-
ing. To tackle this, Fu et al. designed a multilayer nanopar-
ticle–polymer metamaterial envelope for airships, featur-
ing a hierarchical structure that includes a UV-blocking 
top layer, a nanoparticle composite layer  (TiO2, far-infra-
red ceramic powder, and fluorescent brightener in a TPU 
matrix) for solar reflection and gas barrier functions, and 
a Kevlar fiber layer for mechanical reinforcement [159]. 
The flight experiments verified the cooling performance 
of the MNPM envelope, which exhibited a maximum tem-
perature 15.4 °C lower than that of the silica/Ag group in 
the stratosphere.

Apart from MIR spectrum design, the addition of ther-
mal conduction channels can further improve the thermal 

management performance of space radiative cooling devices. 
Lan et al. developed a large-area universal radiative cool-
ing silica aerogel (UCSA) to constrain thermal conduc-
tion, reflect solar energy, and emit thermal radiation in the 
2.5–25 μm band [41]. UCSA has the capacity to keep its low 
volatile constituents after ultra-high vacuum and tough ther-
mal cycling (Fig. 15d). Compared to electrospun polyethyl-
ene oxide membrane (PEOM) and quartz fiber membrane 
(QFM), the UCSA exhibits the most excellent broadband 
solar reflection (99.1%) and MIR emission performance 
(90%). This is due to the synergistic effect of nanobeads 
and nanofibers. Moreover, UCSA is designed as a satellite 
protective layer to isolate heat and block the cosmic rays 
(Fig. 15e). According to the flame exposure experiment, 
UCSA can withstand direct exposure to a frontside tempera-
ture of 831.4 °C while maintaining a significantly lower tem-
perature of around 100 °C on the backside, demonstrating 
extraordinarily high-temperature thermal insulation perfor-
mance. Additionally, UCSA maintains its optical properties 
and cooling performance after damp heat (DH) and UV pre-
conditioning tests with no changes in appearance. Chen et al. 
designed an all-inorganic phosphoric acid-based geopoly-
mer (PGEO) paint with an amorphous geopolymer network 
(− Si − O − Al − O − P − O −) [156]. This unique structure 
achieves a moderately high refractive index and extinction 
coefficient within the broad MIR region, endowing the paint 
with approximately 95% MIR emittance (Fig. 15f). Different 
from the organic binder, the paint can achieve self-adhesion 
through low-polymeric P-O tetrahedral units to form a rough 
and porous network structure, showing a bright white sur-
face and realizing over 90% solar light reflectance (Fig. 15g). 
When exposed to space proton radiation, the PGEO coat-
ing displays great spectral stability compared to organic-
ZnO radiative cooling coating (Fig. 15h). In addition, the 
all-inorganic composition allows the coating to experience 
only a slight decrease in MIR emittance even at 1200 °C. 
Chen et al. introduced a dual-layer coating that possesses 
both anisotropic thermal conductivity and radiative cooling 
performance [154]. The in-plane alignment of the top-layer 
hexagonal boron nitride (h-BN) flakes enables the coating 
to conduct heat within the plane and insulate heat outside 
the plane (Fig. 15i). The hybrid phonon polaritons contrib-
uted by the top h-BN layer and bottom alumina  (Al2O3) 
layer enable the coating to absorb most MIR radiation with 
a low thickness over the whole thermal wavelength range 
(Fig. 15j). It is noteworthy that the significant difference 
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in thermal conductivity between the vertical and horizontal 
directions effectively transfers heat from the front surface 
facing the sun to the backlit side facing the cold universe 

while insulating the interior (Fig. 15k). Furthermore, proton 
irradiation from the universe has no significant impact on the 

Fig. 15  a Schematic of electrospun PTFE-PEO coating for cryogen storage in space. b SEM images of nanofibers. c Spectral hemispherical 
reflectance of the samples before and after UV exposure. d Schematic of the design method of UCSA (top). Photograph of large-area UCSA and 
its mass changes after the thermal vacuum outgassing test (bottom). e UCSA provides a promising cooling approach for thermal management in 
spacecraft applications. f The 3D network structure of the geopolymer (left). The refractive index of metakaolinite and the PGEO (right). g Pho-
tograph and SEM image of the PGEO coating surface. h Solar reflectance of PGEO and organic coatings before (dashed) and after (solid) space 
proton irradiation. i Schematic of the h-BN/Al2O3 dual-layer coating. j Schematic illustration of the heat transfer process. k Simulated emittance 
cross-sections of the bilayer h-BN/Al2O3 coating in the 0.2–20 μm range with different h-BN layer thicknesses. a-c Reproduced with permission 
[155].  Copyright 2024, American Chemical Society. d-e Reproduced with permission [41]. Copyright 2024, Wiley–VCH. f-h Reproduced with 
permission [156]. Copyright 2020, American Chemical Society. i-k Reproduced with permission [154]. Copyright 2021, Elsevier
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chemical structures of h-BN and  Al2O3, allowing the coating 
to retain reflectance above 0.75 at a wavelength of 500 nm.

7  Challenges and Outlooks

In this review, we comprehensively overview the design 
principles behind extreme environmental cooling man-
agement and summarize the specific opening and closing 
requirements for heat exchange channels under a range 
of extreme conditions. This includes input heat channels 
capturing solar energy, atmospheric inverse radiation, and 
environmental parasitic heat, and output heat channels, 
encompassing mechanisms such as thermal radiation, water 
evaporation, and phase change latent heat [107, 114, 160]. 
While the previous sections have detailed recent advance-
ments and specific strategies tailored for terrestrial dwelling, 
terrestrial extreme, aeronautical, and space environments, a 
summary of the persistent challenges and future perspec-
tives is essential to guide the development of next-generation 
EERC.

7.1  Current Challenges in Extreme Environmental 
Radiative Cooling

Despite recent milestones in the area of extreme environ-
mental cooling management, several key challenges hinder 
the widespread applications of these technologies.

(1) Limited multi-environment adaptability: Most radiative 
cooling systems are designed to adapt to only one or 
two specific scenarios, which significantly limits their 
commercial applications. In practice, such systems 
often operate in environments exposed simultaneously 
to UV radiation, flames, biological contamination (e.g., 
mold or bacteria), particulate matter, and corrosive rain 
(acidic or alkaline) [49, 78, 91, 161]. Existing materi-
als and structures lack the robustness to maintain con-
sistent performance under these combined stresses, 
hindering their long-term durability and reliability in 
real-world settings. Moreover, many high-performance 
EERC designs struggle with substrate compatibility 
while maintaining desired optical properties. These 
issues restrict mass production and drive up manufac-
turing costs.

(2) Lack of dynamic environmental responsiveness: 
Extreme environments generally exhibit dynamic 

transformation characteristics, such as temperature 
fluctuations between hot days and cold nights in desert 
regions, alternating rainy and dry seasons in tropical 
areas, or variations in solar radiation between sunlight 
and shaded sides [162–164]. Most EERC systems are 
passive and static, lacking the ability to adapt in real 
time.

(3) Insufficient performance: In scenarios involving exces-
sive heat input or the forced closure of heat dissipation 
pathways, existing EERC systems may not provide suf-
ficient thermal dissipation beyond the absorbed heating 
power. In such cases, reliance on radiative, conductive, 
evaporative, or latent heat transfer channels becomes 
insufficient, limiting the effectiveness of EERC in 
extreme environments.

7.2  Constructive Countermeasures and Future 
Outlooks

Addressing these challenges requires multidisciplinary 
efforts focusing on material innovation, structural design, 
and system integration. Based on the research reviewed, 
several constructive countermeasures and outlooks for the 
next-generation EERC can be proposed (Fig. 16).

(1) Development of multi-environmental durability and 
substrate compatibility: EERC systems are required 
to integrate multi-functional protection, including UV 
resistance, flame retardancy, antimicrobial properties, 
particulate matter removal, and self-cleaning capabili-
ties. Multilayered and hierarchically structured designs 
combining organic and inorganic materials can provide 
tailored protection while maintaining cooling perfor-
mance. For example, micro-nano structures can endow 
materials with hydrophobic properties, significantly 
enhancing their resistance to humidity, icing, or con-
tamination [165]. Yong et al. constructed hierarchical 
microstructures on a PTFE substrate through femtosec-
ond laser processing, resulting in a superhydrophobic 
surface capable of maintaining underwater gas trans-
port and stability under challenging conditions [166]. 
Meanwhile, EERC should be compatible with both 
rigid and flexible substrates while retaining freestand-
ing functionality. To achieve this, scalable fabrication 
techniques, such as roll-to-roll fabrication, electrospin-
ning, and coating methods, offer promising pathways to 
enable large-area, cost-effective production and facili-
tate seamless integration into everyday infrastructure 
[25, 167].
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(2) Tunable spectral manipulation: The next-generation 
EERC should be capable of dynamically modulating 
solar and MIR spectra in response to ambient condi-
tions. Under cooling demand, the system exhibits high 
solar reflectance and MIR emittance to minimize heat 
absorption while maximizing cooling efficiency. Con-
versely, under heating demand, low solar reflectance 
and MIR emittance are preferred to retain thermal 
energy [168]. Beyond temperature regulation, materi-
als with tunable spectral properties enable visible and 
infrared camouflage. Modulating visible reflectance 
allows surfaces to blend into diverse environments, 
such as forests, deserts, or skies, by shifting surface 
color [169]. Likewise, dynamic infrared emittance 
plays an important role in infrared concealment, par-
ticularly in complex and variable environments such 
as the day–night cycle or terrain transitions between 
jungles and deserts [170]. Additionally, in space appli-

cations such as solar panels, dynamic spectral regu-
lation improves operational stability and efficiency. 
When exposed to direct solar radiation, solar panels 
must efficiently transmit useful wavelengths for energy 
harvesting while reflecting excess solar energy and 
emitting broadband thermal radiation to prevent over-
heating [171, 172]. In contrast, when the spacecraft 
transitions to the shaded side, where solar energy is 
absent, it becomes necessary to maximize the absorp-
tion of any available solar radiation and minimize ther-
mal emission to capture solar energy and conserve heat 
[173]. To achieve these, various regulation strategies 
can be employed, including mechanical, liquid-based, 
thermal, and electrical controls, enabling the adjust-
ment of solar reflectance, transmittance, and MIR emit-
tance [174–178]. For instance, Sun et al. demonstrated 
a transparent smart radiative panel with an AZO layer, 
 SiO2 spacer, and patterned  VO2 [179]. An array of  VO2 

Fig. 16  Schematic illustration of prospects for next-generation EERC
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squares forms a metasurface that enhances visible light 
transmittance to 0.62 and achieves thermal emittance 
contrast (Δε) of 0.26, making it well-suited for space 
applications.

(3) Hybrid cooling strategies: To improve the unit power 
of EERC systems, it is essential to introduce alterna-
tive heat exchange mechanisms. Photoluminescence 
can convert absorbed UV energy into visible-range 
fluorescence or phosphorescence, thereby mitigating 
UV-induced heating [180]. Its emission peaks can be 
tuned to produce various colors, enabling esthetically 
appealing surfaces without compromising radiative 
cooling [181]. In contexts where stealth or camouflage 
is desired, these materials can be engineered to match 
specific spectral backgrounds while still effectively 
rejecting solar heat. Beyond these benefits, photolu-
minescent materials enhance overall UV resistance by 
converting harmful UV radiation, thereby reducing 
UV-induced degradation and extending service life in 
extreme environments [182]. Additionally, endother-
mic reactions can store excess heat as chemical energy, 
providing supplementary cooling to improve adaptabil-
ity in harsh environments. Remarkably, endothermic 
reactions can be reversed into exothermic reactions, 
releasing stored heat to the radiative cooling surface 
to increase its temperature. The reversible chemical 
process presents a promising approach for achieving 
dynamic thermal management [183, 184].

We hope that this review will be beneficial to under-
standing the relationship between customized heat dissipa-
tion channels and extreme environmental cooling manage-
ment performance, and provide guidance and insights for 
their future development, helping to drive innovations that 
will address the ongoing challenges in the field of extreme 
environmental cooling management.
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