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Abstract

:

In the light of the ever increasing dangers of global warming, the efforts to reduce energy consumption by radiative cooling techniques have been designed, but are inefficient under strong sunlight during the daytime. With the advent of metamaterials and their selective control over optical properties, radiative cooling under direct sunlight is now possible. The key principles of metamaterial-based radiative cooling are: almost perfect reflection in the visible and near-infrared spectrum (0.3–3 µm) and high thermal emission in the infrared atmospheric window region (8–13 µm). Based on these two basic principles, studies have been conducted using various materials and structures to find the most efficient radiative cooling system. In this review, we analyze the materials and structures being used for radiative cooling, and suggest the future perspectives as a substitute in the current cooling industry.
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1. Introduction


As the awareness of the dangers of global warming grows, many novel ideas are being put forward to prevent the problem from developing further. Lots of research has been performed to find the method of cooling that minimizes the amount of air pollution and energy consumption in buildings, vehicles, and clothing [1,2,3]. Recently developed approaches are focused on radiative cooling, a technique requiring no energy to lower the ambient temperature, thus considered as a key to help to slow down the disastrous effects of global warming. Radiative cooling is a way of radiating heat into the universe using the transparency window of the Earth’s atmosphere (8–13 µm).



Various nighttime radiative cooling research has been reported by constructing selective emitters in the atmospheric transparency window [4,5,6] but the same techniques are inefficient during the daytime under strong sunlight. Daytime radiative cooling requires the additional condition of reflecting the entire solar spectrum (0.3–3 µm), while maintaining enough thermal radiation in the atmospheric window (Figure 1a) [7,8,9]. The biggest hurdle is that the absorption of solar energy usually far exceeds the possible thermal radiative power [9,10,11,12,13,14,15,16,17]. Metamaterial-based radiative cooling achieves sufficient daytime cooling by being designed to satisfy those exact conditions. Metamaterials are artificial structures which can realize various optical properties that do not exist in nature and have been developed with the advancement of high-level nanofabrication methods to create perfect absorbers, reflectors and spectral filters [18,19,20,21,22,23]. Metamaterial-based radiative cooling entered a new phase after influential research by Raman et al. [14,24,25] optimized the structure design to have optical properties that reflect the solar spectrum and emit thermal energy in the infrared (IR) atmospheric window [26,27]. Daytime radiative cooling was demonstrated with a decrease of 4.9 °C below the ambient temperature (cooling power: 40.1 W/m2) [28]. Follow-up studies have begun to research various shapes and structures of metamaterial-based radiative cooling methods [28,29,30], including biomimetics and the painting of metamaterials directly onto a surface [31,32]. Radiative cooling using phase change materials has also shown the additional function of temperature-dependent smart switching [33].



In this review, we discuss recent theoretical and experimental developments of radiative cooling techniques as an arising tool for energy-free all-day cooling, focusing on the structures and materials. We briefly describe the basic concepts and mechanisms needed to realize radiative cooling. Then we provide details of various investigations based on their experimental results from each structure and material. Finally, we provide the future perspectives and a discussion of radiative cooling. We expect this review to deliver insight into the concepts of radiative cooling and explore the advanced functionalities and applications which are useful for the cooling industry, such as in buildings, vehicles, and the functional clothing industry.




2. Principles of Radiative Cooling


2.1. Basic Theory


To realize radiative cooling, two main concepts should be understood. First, from thermodynamics, it is known that heat will spontaneously flow from a hot to a cold body. Therefore, heat from high-temperature terrestrial bodies (~300 K) can always flow towards a low-temperature sink, the biggest and lowest of all being outer space (3 K) [29]. Second, there is a transparent window in the atmosphere (8–13 µm) that can be used to exchange heat between the Earth and outer space in the form of infrared radiation. Radiative cooling exploits these concepts to achieve energy-free cooling. An ideal radiative cooling system would have 100% reflectance over the whole solar spectrum while simultaneously having 100% thermal emission in atmospheric window (Figure 1b). By optimizing a metamaterials design these two conditions can be satisfied, so passive, energy-free cooling can be achieved.




2.2. Appropriate Conditions and Related Formula


The important parameters for radiative cooling power are: the radiating materials area A, temperature T, spectral and angular emissivity e(λ,θ), and the ambient temperature Tamb. The net radiative cooling power, Pn⋅r⋅c Pcoolcan be expressed as:


Pn⋅r⋅c(T)=Prad(T)−Patm(Tamb)−Psun−Pc⋅d+c⋅v



(1)







The radiated power from thermal emission in the atmospheric window, Prad(T), can be expressed as:


Prad(T)=A∫dΩ⋅cosθ∫0∞dλ⋅IB⋅B(T,λ)⋅e(λ,θ)



(2)




where ∫dΩ=2π∫0π/2dθsinθ is the angular integral over a hemisphere, IB⋅B(T,λ)=(2hc2/λ5)⋅[ehc/λkBT−1]−1 is the spectral radiance of a blackbody at temperature T, h is Planck’s constant, kB is the Boltzmann constant, c is the speed of light in vacuum, and λ is the wavelength.



The absorbed power from the opaque atmospheric thermal radiation, Patm(Tamb), can expressed as:


Patm(Tamb)=A∫dΩ⋅cosθ∫0∞dλ⋅IBB(Tamb,λ)⋅eatm(λ,θ)



(3)







While the solar power absorbed by the device, Psun, can be expressed as:


Psun=A∫0∞dλ⋅e(λ,θsun)⋅IAM1.5(λ)



(4)




where IAM1.5(λ) is the solar illumination intensity. Using Equations (3) and (4) and applying Kirchhoff’s law of thermal radiation, i.e., substituting absorptivity with emissivity, the angle dependent atmosphere emissivity e(λ,θ) can be expressed as:


eatm(λ,θ)=1−t(λ)1/cosθ



(5)




where t(λ) is the atmospheric transmissivity in the zenith direction. The power loss caused by heat transfer through conduction and convection can expressed as:


Pc⋅d+c⋅v(T,Tamb)=Ahtot(Tamb−T)



(6)




where htot is the combination of the non-radiative heat coefficients, hc⋅d (conduction) and hc⋅v (convection), which occur from the contact between the radiative cooling material and the external surface.



Pn⋅r⋅c(T) is the total net radiative cooling power calculated by subtracting the power that flows into the cooler from the power that is radiated out. Energy-free daytime radiative cooling is achieved when the heat radiated out to space is larger than the heat absorbed from the sunlight, atmospheric radiation, and other non-radiative mechanisms. In order to optimize the radiative cooling power, it is necessary to minimize Psun, Patm, and Pc⋅d+c⋅v, while selectively emitting thermal radiation in the transparent atmospheric window to maximize Prad.





3. Photonic Metamaterials for Real-Life Applications


3.1. Metamaterial-Based Radiative Cooling Using a Film Structure


Raman et al. [28] used a one-dimensional photonic film consisting of seven alternating layers of hafnium dioxide (HfO2) and silicon dioxide (SiO2) of varying thicknesses on top of a 200 nm silver (Ag) substrate (Figure 2a). This radiative cooling film, consisting of one reflective layer and one emissive layer, was able to achieve cooling to 4.5 °C below the ambient temperature, proving the feasibility of daytime radiative cooling. Film-format radiative cooling has been an active research topic since 2014, with many advances shown in Reference [34]. Subsequent studies selected other materials to find the optimum elements for radiative cooling. Chen et al. [29] utilized layers of silicon nitride (Si3N4), silicon (Si), and aluminum (Al) components (Figure 2b) to achieve an ideal selective thermal emitter in the atmospheric window. Importantly, by placing their device in a vacuum chamber that was shielded from direct sunlight, all parasitic losses from conduction and convection from the air, and radiation and conduction from the back of the device itself were minimized to almost zero. On average, a 37 °C temperature reduction below ambient was achieved. The final film-type structure [35] was constructed with layers using all the key elements from previous research [36]. This film was made up of multiple layers of SiO2 and titanium dioxide (TiO2) on an Al or Ag layer (Figure 2c), thereby consisting of low- and high-index materials to utilize their emission spectra and high absorption caused by the phonon-polariton resonance. Using this simple, easy-to-manufacture layered film design, the ability to lower the temperature to 5 °C below ambient with a radiative cooling power of 100 W/m2 was demonstrated. These studies showed that the thickness of the emissive layer is important, and the surrounding environment plays a key role in cooling power.



The next generation of research was carried out in a new paradigm, with the concept of introducing a dielectric spacer. By having a lossless dielectric spacer, the photonic bandgap can be regulated to perform wavelength-selective, temperature-modulated emission. The earliest research consisted of thermally switchable vanadium oxide (VO2) and Al on either side of a dielectric spacer [37] (Figure 2d). When the temperature of the VO2 is below 67.85 °C, the structure is highly reflective, thereby minimizing solar absorption. On the other hand, above 71.85 °C the VO2 acts as a metal and forms a Fabry–Perot cavity with a high, broadband emissivity around the atmospheric window region, providing a radiative cooling effect due to the enhanced thermal emission. The radiative power increases from 38 W/m2 to 242 W/m2 after the VO2 phase transition. Both wavelength-selective and temperature-modulated emittance were shown.



The subsequent research focused on daytime radiative cooling using polymers. The first experimental demonstration of radiative cooling using polymers [38] consisted of a 4 inch, 500 µm thick SiO2 wafer with a 100 µm thick polydimethylsiloxane (PDMS) film as a top layer and a 120 nm thick Au film as a back reflector (Figure 2e). The PDMS layer is transparent to the wavelengths needed to be reflected and emits over a range larger than the atmospheric window. Although it absorbs extra atmospheric radiation, it was shown that at lower temperatures, cooling resulting in a drop of 8.2 °C below ambient temperature under direct sunlight can be achieved. The following studies by Yang et al. [39] demonstrated radiative cooling consisting of a polytetrafluoroethylene (PTFE) and Ag film on Si (Figure 2f). Through the high reflectance of PTFE, from ultraviolet to near-IR wavelengths (0.2–2.5 µm), in combination with the reflecting metal and the emitting Si, radiative cooling to 11 °C below the ambient temperature was achieved. High humidity limits the emission power as it closes the atmospheric window. To investigate the effects of humidity, Suichi et al. [40] used a film consisting of four layers (Figure 2g), an Al layer that acts as a mirror and the remaining layers selected based on phonon resonances. SiO2 serves to selectively emit thermal radiation in the atmospheric window, while the top SiO2 and polymethyl methacrylate (PMMA) layers are designed to optimize the multiple interference effects for enhanced thermal radiation. Although this research could not overcome the problems that warm and humid conditions cause for daytime radiative cooling, their research offered a perspective solution for practical applications in warm and humid areas. Namely, by only maximizing thermal radiation in the first atmospheric window and by minimizing radiation everywhere else, including the second atmospheric window (at 16–25 µm) as high humidity acts to close this window completely. In using polymers for radiative cooling, the polymer layer plays an important role in assisting the conventional reflection and emission layers.




3.2. Metamaterial-Based Radiative Cooling Using Nanostructures


Nanophotonic structures can be designed to prevent sunlight absorption by increasing the reflectance in the sunlight-concentrated spectrum (0.3–3 µm) and can be simultaneously designed for maximum emissivity in the atmospheric window (8–13 µm). Raphaeli et al. [41] suggested the possibility of daytime radiative cooling with a nanophotonic structure. The design was comprised of two thermally emitting photonic crystal layers of silicon carbide (SiC) and quartz on top of a broadband solar reflector consisting of bilayers of magnesium fluoride (MgF2) and TiO2 with varying periods, on an Ag substrate (Figure 3a). The dielectric layer acts as a reflector which minimizes solar absorption while the 2D photonic crystal structure acts as a selective thermal emitter. This design showed a decrease of almost 5 °C below the ambient air temperature. Zhu et al. [42] used an SiO2 photonic crystal absorber for radiative cooling (Figure 3b). Silicon oxide was chosen because it exhibits a strong phonon-polariton resonance in the atmospheric window region. The absorber was a square-lattice photonic crystal with a periodicity of 6 µm, made by etching 10 µm-deep air holes into a double-sided 500 µm polished fused silica wafer. When placed under direct sunlight, this device managed to reduce the temperature by 13 °C from ambient.



The first research on antenna type structures was carried out by Hossain et al. [43], where a conical-shaped, anisotropic, multilayer metal dielectric metamaterial (CMM) was used (Figure 3c). The CMM pillars consisted of alternating layers of germanium (Ge) and Al on an Si substrate. By selecting Ge and Al, the CMM pillars have dispersive properties and anisotropic, ultra-broadband, spectrally selective, near unity absorption of unpolarized light [32,44,45,46,47]. As a result, a reduction of 12.2 °C below the ambient temperature under direct sunlight was achieved. Wu et al. [48] followed up this research by designing two-dimensional antenna composed of a low-loss alternating aluminum oxide (Al2O3) and SiO2 multi-layer structure (Figure 3d). This exhibits near ideal unity IR emissivity and solar reflection. This design can theoretically obtain a tremendous radiative cooling effect of 47 °C below the ambient temperature but is complicated to fabricate. The most recent research using antenna structures by Cho et al. [30] demonstrated thermal radiation using different materials. Tungsten (W) thermal emitters have a high emissivity over a broad range of wavelengths and angles, and maintain this property at temperatures up to 1300 K (Figure 3e). They found that as the aspect ratio of the cone increases, the emission improves. Radiative cooling using W on the Earth is possible, but it is likely to be more useful for applications where extreme heat-resistance is needed, such as space travel. However, the most important aspect of this research was the novel use of laser interference lithography (LIL) for fabrication. Laser interference lithography has advantages such as high throughput, large-scale manufacturing possibilities, cost-effectiveness, and cleanliness [49,50,51], all of which have a considerable influence on the possible commercialization of radiative cooling applications.



A simple structure is important for the commercialization of radiative cooling [52,53]. Zou et al. [54] demonstrated the simplest radiative cooling structure which consists of a two layered metasurface (Figure 3f). A phosphorus-doped n-type silicon substrate was used for the required emissivity at IR frequencies. To enhance the emissivity and reflect the unwanted solar radiation, the Ag layer and doped silicon formed a dielectric resonator (DR) metasurface. Powerful cooling was realized by using the magnetic dipole resonance of the DR to achieve wide-angle broadband emission in the atmospheric window. This design showed a temperature decrease of 10.29 °C and 7.36 °C for night and daytime radiative cooling, respectively. Qu et al. [55] demonstrated a tunable nanodisk double-band thermal emitter made from the phase change material Ge2Sb2Te5 (GST) (Figure 3g). They showed that as the GST is tuned from its amorphous to crystalline phase, two thermal emission peaks can be tuned, one at 5.4–7.36 µm and one at 7.56–10.01 µm. The advantage of using phase change properties is that the same structure can be used for radiative cooling in two different atmospheric window regions (3–5 µm and 8–13 µm). Follow-up research by Sun et al. [56] used aluminum-doped zinc dioxide (AZO), SiO2, Al, and Si. Aluminum-doped zinc dioxide was selected for its properties as a transparent conducting oxide that can achieve a plasmonic response in the IR region (Figure 3h). More recently, Hervé et al. [57] and Liu et al. [58] created designs to control the thermal emission spectrally and directionally using gratings that can regulate the surface phonon-polariton resonance. The focus was on the thermal control of gratings on multi-layer structures that consist of boron nitride (BN), SiC, and SiO2 [57] (Figure 3i). This structure has an emissivity peak in the atmospheric window and near perfect reflectivity over the solar spectrum. Using a 2D grating with emission peaks of around 100% for unpolarized light and emission at all angles, a decrease to 5 °C below the ambient temperature was achieved. Wu et al. [59] used a VO2 and SiO2 grating to create a thermally switchable Fabry–Perot-like cavity (Figure 3j). By optimizing the geometric parameters of the metamaterial and controlling the temperature of the phase change material, the emission peak can be tuned to the atmospheric window. The radiative cooling power can be thermally controlled to produce a four-fold increase when the device temperature is above the phase change temperature of VO2. Using this property, VO2 has shown the ability of passive smart switching, i.e., increasing the cooling power at higher temperatures.



Jia et al. [60] demonstrated radiative cooling using nanospheres. A polarization-independent double-layer nanoparticle crystal with emission in the near-IR region was designed (Figure 3k). If the metallic nanoparticle crystal can be properly oxidized, a natural dielectric layer can be formed which results in an enhancement of the selective emission in the atmospheric window.




3.3. Metamaterial-Based Radiative Cooling Using Random Particles


Most of the previous studies have focused on proving the concept of and improving the efficiency of radiative cooling. However, after the feasibility of efficient daytime radiative cooling had been proven, methods of using random particles to increase the manufacturing speed and cost efficiency in the light of commercialization have been proposed [61,62]. The concept of random particles for radiative cooling uses the nanosphere design introduced in the previous section; however, by arranging the nanospheres randomly, the need for complicated structures and precise fabrication disappears. Gentle et al. [63] conducted research consisting of a top layer of a mixture of SiC and SiO2, selected for their emissivity in the atmospheric window and a bottom layer made up of an Al plate to reflect solar radiation (Figure 4a). Bao et al. [7] showed that by using densely packed TiO2 particles on top of densely packed SiC or SiO2 particles, all on an Al substrate can be used for radiative cooling purposes (Figure 4b). This design was able to produce an 8 °C reduction below the ambient temperature in a region with high humidity. The subsequent experiments were conducted with coatings that added extra elements to existing emitters to achieve better selective emissivity. Hueng et al. [64] used a simple double-layer design consisting of an acrylic resin embedded with TiO2 and black carbon particles (Figure 4c). The emissivity of single nanospheres was calculated and TiO2 particles with radii of 0.2 µm were found to be the optimum size, with important properties of 90% reflectance and around 90% emissivity. Using this design, the emissivity of a surface can be greatly improved by applying the coating. This random-particle embedded coating can theoretically decrease the temperature from ambient to 22 °C and 45 °C, at daytime and nighttime respectively.



Lu et al. [65] applied a unique fabrication method of modified silica sol-gel imprinting, which makes it possible to increase the durability of the device for real-life applications (Figure 4d) with an average emissivity measured to be greater than 96% in the atmospheric window region. This method could be utilized in radiative cooling applications such as textiles [66,67,68]. Fu et al. [69] complemented the previous research by utilizing a manufacturing method that is suitable for mass production. A porous anodic aluminum oxide membrane made using fast and scalable chemical methods was proposed (Figure 4e). This membrane has high emissivity in the atmospheric window with almost 0% absorption over the solar spectrum. Aluminum was chosen for the porous random structure due to having a highly acoustic resonance in the atmospheric window. Air holes made in the chemical reaction can also help to decrease the dielectric constant of the material, therefore improving the impedance matching with the surrounding air [70]. This design was used to produce a modest 2.6 °C reduction of the temperature below ambient. Using this manufacturing method, inexpensive, and large-scale radiative cooling can be achieved.



Zhai et al. [71] and Zhang et al. [72] demonstrated efficient day and nighttime radiative cooling using a randomized, glass-polymer hybrid metamaterial consisting of SiO2 microspheres randomly distributed in the matrix material of polymethylpentene (PMP) (Figure 4f). This kind of metamaterial, made by polymeric photonics is significantly growing in the field due to the attractiveness of its cost and large-scale manufacturing possibilities [10,15,24,46]. This polymer matrix metamaterial with encapsulated SiO2 microspheres of ~4 µm has almost 0% loss in the solar spectrum. These experiments utilized a second atmospheric window (at 16–25 µm) for additional atmospheric radiation. The microspheres emit thermal energy through the atmospheric window due to strong Fröhlich phonon resonances. A 50 µm thick film containing a 6% volume of SiO2 microspheres was fabricated. Backed with a 200 nm thick Ag coating, the film showed an average IR emissivity of over 93% and reflection of the solar irradiance of almost 96%. An average radiative cooling power of over 110 W/m2 over the continuous 72 h experiment periods were recorded. With this average radiative cooling power, the device can cool to more than 10 °C below the ambient temperature, which is sufficient for commercialization. This design has several other advantages. It is possible to use roll-to-roll manufacturing to fabricate 300 mm wide sheets at a rate of 5 m/min, allowing for the application to large-scale surfaces such as cars and buildings. The polymer metamaterial is lightweight and easy to laminate on curved or geometrically complicated surfaces. Polymethylpentene also has excellent mechanical and chemical resistance, therefore suitable for outdoor use. Finally, the strongly scattering and non-specular optical response of this metamaterial will prevent back reflected glare, which can have fatal visual effects for people and interfere with airplanes.



At this point, most advanced radiative cooling methods are similar to the previous study in that they use PMP but are more suitable for real-life applications by being combined with paint. This is generally done by modifying the pigment components in commercial white solar reflective paint [14] to include 200–250 nm TiO2 particles or hollow spheres of relatively low refractive index, with sizes ranging from 50 to 150 µm. However, these materials both have their inherent drawbacks for radiative cooling purposes; TiO2 particles show high mid-IR emissivity but also high absorption of ultraviolet (UV) wavelengths which accounts for 5% of the total solar intensity, while the hollow spheres are not as good at scattering sunlight as TiO2. Atiganyanun et al. [73] demonstrated that using low-index SiO2 microspheres (Figure 4g) significantly outperformed commercial solar reflective white paint for daytime cooling. The low index particles maximize the optical scattering in the solar spectrum and enhance thermal emission in the atmospheric window; the solar radiation is dispersed in the microsphere coating, and heat is emitted from the surface through mid-IR emission. This microsphere-based coating on a black substrate can lower the temperature below ambient by about 12 °C in the daytime, without the need for expensive silver coatings. At peak performance, the SiO2 microsphere coating achieves a substrate temperature that is 7 °C lower than commercial paint. The average temperature of the coated substrate is 4.7 °C lower than the average temperature of the substrate coated with commercial paints during intense solar radiation (11:00–16:00). At night (21:00–07:00) both the microsphere coating and the commercial paint keep the substrate temperatures about 4 °C below the ambient temperature. This result shows that the two films have similar radiation properties at mid-IR, but the microsphere coating has excellent scattering properties in the solar spectrum compared to commercial paints. The most recently reported random particle-based radiative cooling technique by Mandal et al. [74] uses porous poly(vinylidene fluoride-co-hexafluoropropene) (P(VdF-HFP)HP) (Figure 4h). In this research, by using a scalable phase inversion-based method, a simple to manufacture, inexpensive porous polymer-based radiative cooler was fabricated. The radiative cooling power of P(VdF-HFP)HP can lower the temperature to 6 °C below the ambient temperature and can be coated directly onto any existing material. The reported results are from microscale-sized spheres and fill fraction coatings, which are not yet fully optimized. After the particle size is optimized for sunlight scattering, even greater radiative cooling power under direct sunlight will be possible. In contrast to the previously discussed studies, the random particle-based techniques do not require expensive processing steps or materials and can be applied to almost any surface in a paint format. Therefore, this easy and scalable process, utilizing random particles, is a possibility for low-cost, easy-to-apply coatings that can be used for radiative cooling.





4. Discussion and Perspective


Early research showed that photonic structures can be used for radiative cooling by optimizing their properties to achieve good selective spectral emissivity while using a metallic back reflector to reflect the solar irradiance. Simple layers of micro and nanoscale films were fabricated and tested to prove the concept of all-day radiative cooling. Cooling of around 5–10 °C was achieved by most of these simple designs. As an added degree of freedom, phase change materials were exploited for radiative cooling purposes. The GST can be used to selectively tune the emission into one of the two transparent atmospheric windows as the material changes from its crystalline to amorphous phase, allowing thermal control of the cooling power. The phase change between metal and insulator of VO2 was used with a dielectric spacer layer to create either a broadband reflecting material or a Fabry–Perot cavity between the back reflector and the metallic VO2, where the emission wavelength can be controlled by simply varying the thickness of the dielectric spacer. This allows the control of radiative cooling to be switched on or off at a specific temperature and could be an extremely useful technique to exploit in real-life situations.



By structuring the surface of nanophotonic materials, enhancements in the reflection and emission responses can be tailored for radiative cooling. A large variety of shapes and designs have been probed to find the most effective solution. Nanorods, cones, disks, and gratings have all been utilized to prove the usefulness of nanophotonic designs for radiative cooling, demonstrating similar cooling powers as simple film-type structures, but with the added complexity comes an increase in the selectivity in the emission and reflection spectra, which can prove useful for areas with high humidity and adverse weather conditions. As a proof of concept, using a vacuum chamber to eradicate parasitic heat gains from the surrounding area and surfaces, all-day sub-zero cooling with an average temperature 37 °C below ambient have been shown. Photonic structures have been proved as a possible way to create all-day radiative cooling devices, they are inherently difficult to be applied to real-life situations due to the cost, lack of scalability, and difficulty of the fabrication techniques needed to produce them. At the moment, nanophotonic structures would need to be fabricated in labs using expensive, time-consuming, and difficult methods such as nanolithography, electron-beam lithography, and electron beam evaporation. This makes it almost impossible to simply add the desired radiative cooling properties to already existing, imperfect structures and materials as the substrates for the required fabrication methods should be flat. In addition, complex three-dimensional structure fabrication techniques are still lacking, which limits the complexity of the producible nanostructures. These boundaries on the production of nanophotonic-structure-based all-day radiative cooling are the key hurdles that must be overcome to allow the commercialization of this technology to consumers.



In just a few short years, new state-of-the-art radiative cooling technology has overcome these barriers by introducing random-particle-based methods that are easy to fabricate and apply to any surface. By introducing nanospheres into already existing solar radiation reflective paint, the emissive properties of the chosen material can be used to improve the cooling properties. As the addition of the nanospheres and the application of the paint to a surface basically create a random arrangement of the material, the size, material, and filling factor of the nanospheres should be optimized to improve the efficiency of this technique. Early studies have shown radiative cooling to around 10 °C lower than the ambient temperature, proving their worth as a radiative cooling method.




5. Conclusions


Energy-free all-day radiative cooling has been proven by using metamaterials as the base for the necessary selective emission and reflection spectra needed. Metamaterial-based radiative cooling in a variety of formats has been proven, from simple multilayer films and complicated nanostructured surfaces to randomly arranged nanospheres. Of all the methods reviewed here, the nanosphere design is the one of choice for future commercialization due to its large-scale production capabilities, and ease of fabrication and possibility of application to any existing surface. The choice of material and optimization of the nanosphere size and filling fractions need to be investigated more to produce the most efficient radiative cooling device possible. By using a paint-based format for the application of the nanospheres, large areas of uneven, rough, and even curved surfaces could be easily covered, so cars, buildings, and other large structures could benefit from the energy-free radiative cooling effect. More research into producing colorful paints would need to be done, which would inherently cause a loss of efficiency as the need for reflecting all solar irradiance would need to be compensated for to be able to produce a color. Incorporating phase change materials that can switch the radiative cooling on and off at specific temperatures could also be a fruitful avenue of research, as human beings are most comfortable around room temperature.



Comprehensive experiments and research into the effects of humidity, dust, and pollutants in the air on the efficiency of radiative cooling should be done to understand how to optimize radiative cooling devices in different areas of the world. In some cases, high humidity causes the second atmospheric window to be completely closed, so a radiative cooling device that emits in that window would lose its efficiency in humid countries. The ability to switch between different selective emission responses at will would be a great improvement and step towards everyday use of energy-free radiative cooling. The biggest cooling effects have been shown under very precise conditions, where the losses due to conduction and convection of the surrounding air, and radiation from the surrounding surfaces were minimized using a vacuum chamber. This proves that after the design of a radiative cooling device has been optimized in terms of reflection and emission spectra, there are still large gains to be had in the prevention of these parasitic losses from the surrounding areas.



The application of passive, energy-free all-day radiative cooling to structures, devices, and even clothing would be able to facilitate significant savings in global cooling energy consumption, which would not only be of great benefit for consumers, it would have definite positive effects on the prevention of air pollution and global warming.
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Figure 1. Schematic of the main concepts of metamaterial-based radiative cooling. (a) Schematic of the basic principles of radiative cooling. (b) Ideal reflection and emission properties for radiative cooling. 
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Figure 2. Schematics of various metamaterial film structures used for radiative cooling. Each design has a different layered structure: (a) HfO2/SiO2 multi-layer on Ti [28], (b) Si3N4/Si/Al on Si [29], (c) SiO2/TiO2 multi-layer on a metallic Al/Ag reflector [35], (d) VO2 with a dielectric spacer on Al [37], (e) PDMS/SiO2 on Ag [38], (f) PTFE/Ag on Si [39], and (g) SiO2/PMMA/SiO2 on Al [40] have been reported. 
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Figure 3. Various metamaterial-based radiative cooler structures: (a) metal-dielectric lattice structure [41], (b) photonic crystal structure [42], (c) conical shape array [43], (d,e) antenna structures [48,30], (f–h) metasurfaces [54,55,56], (i,j) gratings [57,59], and (k) sphere arrays [60] have been reported. 
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Figure 4. Various random particle-based designs for radiative cooling: (a,b) SiC/SiO2 mixture [63,7], (c) acrylic resin in TiO2 [64], (d) SiO2 random antenna-shaped particles [65], (e) random porous structure [69], (f,g) SiO2 microparticles [71,73], and (h) porous polymer [74] were reported. 
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