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a b s t r a c t

With the notable development of radiative cooling research and the continuous improvement of cooling
effect, its practicability and application range have been widely concerned. However, conventional
radiative coolers typically come in white, which can be undesirable because of aesthetic reasons and the
potential of light pollution. Fortunately, a colored radiative cooler (CRC) has been developed and
demonstrated as a solution that offers both vivid colors and impressive radiative cooling performance. In
this perspective paper, the state-of-the-art colored radiative cooling technologies are reviewed. Starting
with the brief introduction of the fundamental principles of radiative cooling and color appearance, the
mutually restrictive relationship between the color appearance and radiative cooling effect will be dis-
cussed, followed by the balanced design strategies. Then, the emerging materials and structures of
different coolers will be discussed from the point of view of photonic crystal-based, nanoparticle-based,
and fiber-based CRCs. Finally, conclusions and prospects are outlined to further promote the develop-
ment of CRCs.

© 2023 Elsevier Ltd. All rights reserved.
1. Introduction

Owing to the advantages of passivity, high efficiency, and zero
energy consumption, radiative cooling has become a hot topic in
the field of energy-saving and thermal management applications.
For achieving nyctohemeral radiative cooling, there are mainly two
aspects for its physical design: enhancing thermal radiation and
restraining solar absorption of the objects. From the first point of
view, thermal radiation, arisen from random energy level transi-
tions in matter, will appear in any objects which is at finite tem-
perature. Thus, it is the most common way for energy transport.
Based on this, the outer space, at a temperature close to absolute
zero, can be a perfect heat sink. Owing to the low transmittance of
the sky atmosphere, most of the thermal radiation from the objects
on earth to the outer space is blocked. However, in the atmospheric
window (8e13 mm), the atmosphere is highly transparent for
thermal radiation. Moreover, the atmospheric window is basically
consistent with the peak wavelength range of the thermal radiation
of terrestrial objects at normal temperature [1]. Therefore, by
increasing the emissivity of the objects in this specific wavelength
range, a large amount of thermal radiation can be one-way
exported to the deep space, thus greatly enhancing the radiative
heat dissipation of the objects. There are typically two types of
radiators that can realize this purpose. One is the near-black radi-
ator, whose emissivity is high throughout the mid-infrared (MIR)
thermal radiative spectrum. The other is the atmospheric window
selective radiator, whose emissivity is only high in the atmospheric
window. By comparison of these two radiators, the former gains a
relatively high cooling power than the latter but it suffers from
additional atmospheric returned thermal radiation, which restricts
its minimum cooled temperature. Thus, to obtain efficient nycto-
hemeral radiative cooling effect, it is far from enough to only
enhance the thermal radiation of objects and neglect the injection
of solar energy. From the aspect of restraining solar absorption,
unlike thermal radiation of low-temperature terrestrial, the solar
energy is distributed in a short wavelength band (0.3e4 mm), which
makes it possible for an object to strongly reflect solar radiation
while simultaneously exhibit high emissivity within the atmo-
spheric transparent window.

Based on the aforementioned principles, many radiative coolers
with a novel structure have been demonstrated [2e18]. To achieve
better cooling performance, these conventional radiative coolers
usuallymaximize their solar reflectivity by using white materials or
metal mirrors with high reflectivity at the solar spectrum, which in
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turn limits their scope of application with aesthetic considerations.
Actually, high solar reflectivity or white color is not desired in most
applications for aesthetic reasons or potential menace of light
pollution [19]. To address this issue, the research on ‘how to add
different colors on radiative coolers’ is urgently needed. Thanks to
the recent advances of theory and technology in radiators, the
colored radiative cooler (CRC), which simultaneously achieves
specific color appearance and radiative cooling performance, has
been proposed and demonstrated. The CRCs typically have a
wavelength-selectively high absorptivity/reflectivity in the visible
spectrum (0.38e0.76 mm) for exhibiting the desired color. Mean-
while, the solar spectrum excluding the visible wavelengths espe-
cially the near infrared (NIR) wavelengths (0.76e2.5 mm) which
takes up to 51% of solar energy are reflected. In addition, similar to
the conventional radiative coolers, the CRCs can emit strong ther-
mal radiation within the atmospheric transparent window for
effective radiative heat dissipation.

The CRCs are not only a significant scientific achievement in
materials science but also a meaningful milestone in engineering
applications. The CRCs can be better substitutes for commercial
paints for buildings to save the energy consumed by space cooling
and maintain aesthetics, simultaneously [20,21]. With proper CRC
schemes, the cooling set-point of the indoor air conditioning
refrigeration system can be potentially expanded, which is of great
significance of energy saving. Because, for instance, the energy
consumption of indoor cooling has accounted for about 15% of the
total household electricity usage in the USA [22]. As such, CRCs are
also suitable for automotive thermal management. Under the
premise of meeting the requirements of different colors of cars, the
effective radiative cooling performance can not only reduce the
energy consumption of the air conditioner in the car while driving
but also, in particularly, provide thermal protection for the parked
car; thus, preventing material damage and chemical volatilization
caused by high temperature inside the cabin [23]. In addition, CRCs
can also be combined with wearable textiles to fabricate colored
functional clothes for personal thermal management to improve
the thermal comfort of some outdoor staffs, such as traffic police,
fire fighters, construction workers, and so on, who may be exposed
to the sun in a hot weather, thus having a risk of sunburn or heat
stroke [21,24,25]. As such, CRCs can enable the functional clothes to
add the aesthetic characteristic to better cater the market demand.
As a derivative of radiative cooling, CRCs open the specific avenue of
a broad range of applications, which will be a significant turning
point from theoretical research to practical application of radiative
cooling.

In this perspective paper, the recent advances in the topic of
CRCs are reviewed with an emphasis on the emerging materials
and strategies. Most of the structural strategies of CRCs inherit from
the traditional radiative coolers in order to give the readers a
general idea of different types of structural designs of CRCs, we
depict three typical CRCs as shown in Fig. 1aec. Similar to the
traditional radiative coolers, CRCs originate from photonic crystal
materials. By a rational arrangement design of the structure, almost
any ideal spectrum can be realized in photonics crystals, which are
usually regarded as the design paradigm of CRCs (Fig. 1a). Besides
the photonic crystals, the functional nanoparticles dispersed in the
matrix or self-stacked can also achieve a good effect of spectrum
regulation, considering the manufacturing cost and the demand of
a large-scale practical application of CRCs, the nanoparticle-based
CRCs are becoming a new research hotspot (Fig. 1b). In addition,
due to the increasing demand of radiative cooling in personal
thermal management, the colored radiative cooling technology
begins to be incorporated into wearable clothing; thus, the
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fiber-based CRCs have emerged (Fig. 1c). The organization of this
perspective is consistent with the three typical structures
mentioned above. In the main text, firstly, the basic fundamental
principles, which contain radiative cooling and color appearance,
are introduced briefly, followed by a discussion of the key point of
the colored radiative design, i.e. the trade-off between color
appearance and radiative cooling performances. Next, the main
part of the paper is focused on the state-of-the-art CRCs based on
advancedmaterials and strategies like photonic crystal-based CRCs,
nanoparticle-based CRCs, and fiber-based CRCs. Finally, we sum-
marize and discuss the challenges and opportunities in this field
and forecast the future directions in terms of materials, structures,
and a performance trade-off.

2. Fundamental principles

Literally, there are two evaluation indices of colored radiative
cooling, namely the cooling effect and color appearance, which will
be introduced briefly in this section.

2.1. Radiative cooling

The energy exchange between the CRC and the external envi-
ronment via thermal radiation is illustrated in Fig. 1d, where Rvis is
the designed reflectivity in the visible spectrum for color exhibi-
tion, RNIR is the reflectivity in NIR wavelengths, which is high for
reducing solar heat, εMIR represents the emissivity in the MIR
spectrum, which is high for radiative cooling. A designed reflec-
tivity in the visible spectrum aims to yield a specific color, while the
NIR wavelengths are highly reflected for reducing solar absorption,
and high emissivity in the MIR spectrum is used for maximizing
radiative cooling performance. More specifically and quantitatively,
the net cooling power density, Pcool, can be expressed as [11]:

PcoolðTÞ¼ PradðTÞ� PatmðTambÞ� PsolarðqÞ � Pcondþconv (1)

Where, T and Tamb represent the temperature of the CRC and
ambient, respectively, and q is the angle of radiation. Prad(T) rep-
resents the outward radiation power density of the CRC, which can
be calculated as

PradðTÞ¼
ð
dU

ð∞

0

IBBðT; lÞεðl; qÞcos qdl (2)

Where,
R
dU ¼ R p

=

2
0 dq sin q

R 2p
0 d4 is the angular integral over a

hemisphere, IBBðT ; lÞ ¼ 2hc2

l
5ehc=lkBT�1

is the spectral radiance of a black

body at temperature T, where l is the wavelength, h is the Planck's
constant, c is the light speed, and kB is the Boltzmann constant, and
εðl; qÞ is the emissivity of the CRC. Based on Kirchoff's law, the
emissivity of the CRC is equal to its absorptivity under circum-
stances of thermal equilibrium. Patm(Tamb) is the power density of
the atmospheric radiation absorbed by the CRC, which is given by

PatmðTambÞ¼
ð
dU

ð∞

0

IBBðTamb; lÞεðl; qÞεatmðl; qÞcosðqÞdl (3)

Where, εatmðl; qÞ ¼ 1� tðlÞ1=cos q is the emissivity of the atmo-
sphere, and here, tðlÞ is the atmospheric transmittance in the
zenith direction [26]. Psolar(q) stands for the solar energy absorption
of the CRC, which can be calculated by [27,28]



Fig. 1. The schematical diagram of a) photonic crystal, b) nanoparticle, and c) fiber-based CRCs. d) The schematic showing the interaction between external radiation and self-
radiative properties of CRCs. e) Radiative characteristic curves of different ideal radiators. CRC, colored radiative cooler.
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PsolarðqÞ¼G

ð∞
0
εðl; qÞIAM1:5ðlÞdlð∞
0
IAM1:5ðlÞdl

(4)

where, IAM1.5(l) denotes the standard AM 1.5 spectrum of solar
radiation, and G is the total solar irradiance, which is about 1 kW/
m2 [29]. However, the actual solar irradiance Ga always changes
under different circumstances or at different times. Thus, the
calculation of solar irradiance in an actual situation is usually pre-

ceded by the addition of a correction term as Ga
G Psolar [29]. In

addition to radiative factors, non-radiative factors, including ther-
mal convection and thermal conduction, also affect the radiative
cooling effect, and the corresponding power density is

Pcondþconv ¼hcðTamb� TÞ (5)

Where, hc ¼ hcond þ hconv combines the equivalent non-radiative
heat-transfer coefficients of thermal conduction and convection.
Equations (1)e(5) are the typical procedure of the evaluation of the
radiative cooling performance, and more attention should be paid
to control the solar energy absorption. In the daytime, the actual
solar irradiance can reach about 800e1,100 kW/m2, which is almost
two to three times the total thermal radiation of terrestrial objects
at room temperature. Therefore, protection against solar radiative
energy is the key to achieve daytime radiative cooling, especially
for CRCs, which have to sacrifice part of the cooling capacity in the
solar spectrum for color appearance.

2.2. Color appearance

The color appearance of different objects mainly depends on
two ways, one is active color and the other is passive color. The
active color originates from the luminescence process of self-
luminous materials, such as a fluorescent lamp [30], upconver-
sion materials [31,32], a light emitting diode [33e35], etc. These
materials can be transformed into an excited state after being
3

stimulated, and the energy of the excited state will be released as
electromagnetic waves in a visible band, eventually. Different ma-
terials require different stimuli for active color appearance, such as
electroluminescence [36e38], photoluminescence [39,40], ther-
moluminescence [41,42], etc. These strategies for active color
appearance can form different colors without the absorption of the
external solar energy, which is an excellent method for CRCs.
However, these self-luminous materials still suffer from their
operating conditions of additional stimuli, which greatly limit their
application in CRCs, and few studies have been reported in this field
so far. As for passive color, it is the most common way for color
appearance in nature, which depends on two forms. The first one is
pigmentary color, which refers to the color produced by the ab-
sorption or reflection of light by a single substance such as pig-
ments. The other is the structural color, which results from the
interference of light scattered by judiciously distributed nanoscale
or microscale structures [43]. Though the pigmentary color pro-
duced by ordinary pigments is a good choice for color appearance,
the radiative properties of pigments are poorly selective and diffi-
cult to control, which will lead to extra solar energy absorption and
thus impairs or even disrupts the radiative cooling function in CRCs.
By contrast, the structural color supported by photonic crystal- or
particle-based structures is more applicable to CRCs because the
judiciously optical structures can achieve a high solar spectral
selectivity, which makes it possible for them to exhibit specific
colors while reflecting the extra solar energy, thus achieving a
better function of radiative cooling.

After the definition of the structures for color appearance, the
quality of the color should to be evaluated. The ability of human to
recognize different colors mainly counts on the synergistic inter-
action of the spectral reflectivity spectrum from the objects, the
spectral intensity of the light source, and the sensitivity of the three
cone cells in human eyes. In CIE systems, the sensitivities of the
three cone cells are denoted by the optical primary color matching
functions, xðlÞ, yðlÞ, and zðlÞ [44]. Further, the stimulus values of
the primary colors, i.e. the tristimulus values, X, Y and Z, can be
calculated as
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X¼100

ð
sðlÞRðlÞxðlÞdlð
sðlÞyðlÞdl

(6)

Y ¼100

ð
sðlÞRðlÞyðlÞdlð
sðlÞyðlÞdl

(7)

Z¼100

ð
sðlÞRðlÞzðlÞdlð
sðlÞyðlÞdl

(8)

Where, s(l) is the spectral power distribution of the illuminant and
R(l) is the spectral reflectivity of the objects. For self-luminous
materials, R(l) is defined as 1. The lightness of the color can be
simply determined by the parameter Y, while the chromaticity is
determined by the normalized parameters, x, y, and z

x¼ X
X þ Y þ Z

(9)

y¼ Y
X þ Y þ Z

(10)

z¼ Z
X þ Y þ Z

(11)

In which, x and y are used as horizontal and vertical coordinates,
respectively, to locate corresponding chromaticity in the CIE 1931
color space. However, in the colored radiative cooling, the differ-
ence between the actual structure color and the target color is also
an important parameter to evaluate the effect of colored radiative
cooling. Thus, another CIE LAB color space which is able to identify
the color difference is introduced, where L represents the lightness,
a represents redness and greenness, and b represents yellowness
and blueness. The tristimulus values, X, Y, and Z, can be transformed
into L, a, and b by the following equations [45]

L¼116f ðY = Y0Þ � 16 (12)

a¼ 500½f ðX =X0Þ� f ðY =Y0Þ� (13)

b¼200½f ðY =Y0Þ� f ðZ = Z0Þ� (14)

Where, X0, Y0, and Z0 are the tristimulus values corresponding to
white, and

f ðsÞ¼

8>>>><
>>>>:

t
1
3，t >

�
24
116

�3

�
841
108

�
t þ 16

116
，t �

�
24
116

�3
(15)

then, the color difference between two colors can be obtained as

DE¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDLÞ2 þ ðDaÞ2 þ ðDbÞ2

q
(16)

Here, the radiative properties of four ideal radiative coolers,
including conventional radiative coolers and colored radiative
coolers, are presented in Fig. 1e for intuitively demonstrating the
differences between different coolers. Radiator A is a broaden band
4

cooler with high emissivity in the entire MIR spectrum, while
radiator B is a narrow band selective radiator with emissivity only
high in the atmospheric transparent window. Owing to the strong
reflectivity within the solar spectrum, the conventional radiative
cooler A and B possess high cooling power with a white color. The
other two ideal CRCswith a passive color are created by introducing
a selective absorption peak in the visible spectrum of the radiator A
and B for color appearance, which, in turns limits the cooling po-
wer. The restrictive correlation and balanced trade-offs between
the color appearance and the cooling effect are discussed in the
next section in details.

3. Color appearance vs. radiative cooling

A common CRC can be divided into a radiative cooling module
and a color appearance module. The former mainly determines the
cooling performance, while the latter manipulates the color. The
existing CRCs can be classified into photonic crystal-based, nano-
particle-based, and fiber-based coolers. Some excellent works
based on a multilayer photonic crystal have found that the color
display and radiative cooling performance of a CRC are mutually
restricted. It is reasonable because the requirement of reflectivity in
the visible waveband is contrary for the color display and radiative
cooling. Radiative cooling requires as large reflectivity in the visible
band as possible to limit input solar radiation. However, a vivid
color requires a specific reflectivity spectrum to display color. For
example, a magenta structural color needs a reflectivity dip, also an
emissivity peak at 500 nm, which will lead to more solar radiation
absorption, weakening or even damaging the radiative cooling
performance. Our work further explores their relation by taking the
AgeSiO2eAg multilayer color display module as an example [46].
As shown in Fig. 2a, we compared a conventional white-color
radiative cooler consists of the SiO2/TiO2 photonic crystal with a
light-magenta-color one with the color display module added. The
former can maintain a subambient temperature of 12.76 �C, while
9.44 �C for the latter. Both the emissivity spectrum as well as the
power of energy inflowand outflow recorded in the table show that
the increase of input solar radiation in the visible band is dominant
in the competing role between the color display and radiative
cooling. Fig. 2c shows the corresponding color types under different
steady-state temperatures, which not only provide reference for
practical application but also demonstrate what roles the key pa-
rameters play in controlling color and cooling, with the conclusion
that the upper Ag layer thickness mainly influences the radiative
cooling effect, while the SiO2 layer thickness controls the color
display. Additional discovery comeswith Fig. 2b that the reflectivity
of the visible band can be divided into peak-type and valley-type
according to the thickness of the Ag layer (dAg) and SiO2 layer
(dSiO2

), with great differences in their radiative cooling perfor-
mance and color display. However, no matter which mode is, the
brightness of color and radiative cooling performance have a sig-
nificant positive correlation, as depicted in Fig. 2d, which points out
an intuitive relation between them. Faced with the dilemma be-
tween color appearance and radiative cooling, there is no choice
but compromise between the richness of color and cooling power.
Either way, the key is to design a delicate structure and manipulate
the solar radiation absorption properly.

4. Photonic crystal-based CRC

With the development of advanced design and fabrication
technology, photonic crystals have been widely used in radiative
coolers [47]. As for CRCs, the photonic structures are usually divided
into two parts, which are used to adjust the radiative cooling
properties and color appearance, respectively. By a rational



Fig. 2. a) A typical CRC structure and its performance. b) Peak-type and valley-type reflectivity in the visible band. c) The color and steady-state temperature with different
structural parameters. d) Correlations between the lightness and temperature difference between ambient and the cooler [46]. CRC, colored radiative cooler.
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distribution of the periodic structure, including the patterned
structure and multilayered structure in photonic crystal schemes,
the special radiative properties in CRCs can be achieved. Owing to
the structural diversity and the easily combinative characteristic,
photonic crystals have great potential of improving the colored
radiative cooling effect.
4.1. Patterned CRC

Patterned photonic crystals, a branch of the optical meta-
materials, are a good platform for tailoring the complex spectral
properties in radiative cooling as well as structural colors due to
their high structural degree of freedom [48]. It has been demon-
strated that metal-dielectric metamaterials can exhibit some
intriguing optical properties [49,50]. Inspired by this, researchers
have proposed various radiative coolers based on the metal-
dielectric metamaterials [6,12,51,52]. Among them, Rephaeli et al.
5

firstly presented a metal-dielectric photonic crystal with a high
reflectivity in the solar spectrum and a high emissivity within the
atmospheric windowby using a double-layer quartz-silicon carbide
(SiC) patterned photonic crystal combined with a chirped multi-
layered reflector [12]. As shown in Fig. 3a, the quartz and SiC were
designed and placed as the top two layers of the cooler to realize
strongly selective thermal emission in the atmospheric window, so
as to maximize the radiative cooling power. Simultaneously, a one-
dimensional (1D) photonic crystals-based reflector consisting of
alternating layers of TiO2 and MgF2 was introduced below the
quartz-SiC structure to minimize the absorbed solar radiation.
Consequently, the calculated net cooling power of this structure
excesses 100 W/m2. Similar to the former concept, Hossain et al.
fabricated a patterned photonic crystal consisting of a symmetri-
cally shaped conical metamaterials pillars array (Fig. 3b), where
each pillar is composed of alternating layers of Ge and Al, reaching a
nearly ideal emission within the atmospheric window [6]. As a



Fig. 3. a) A daytime radiative cooler consisting of quartz-SiC thermally emitting photonic crystal layers [12]. b) The SEM image of the CMM pillars [6]. c), d) Schematic and
emissivity/absorptivity spectra of the colored CRC [53]. CMM, conical metamaterial; CRC, colored radiative cooler; SEM, scanning electron microscope.
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result, this structure demonstrated the ability to cool down 12.2 �C
and 9 �C below the ambient temperature at nighttime and daytime,
respectively, even in the presence of convective and conductive
heat exchange. These are some typical patterned photonic crystals
only with a view to radiative cooling.

Taking the extra color appearance into consideration, Zhu et al.
introduced a general approach for producing a daytime CRC based
on a double-layer patterned photonics crystal [53]. As shown in
Fig. 3c and d, the patterned cooler can be divided into two func-
tional units. At the bottom is the colored unit (Fig. 3c), which is
composed of a periodic array of Si nanowires on an Al substrate. The
structure color can be changed by tuning the side length and
periodicity of the Si nanowires as the Si nanostructure can exhibit
different colors by their geometric properties [54]. The other
radiative cooling unit, periodic array quartz bars stacked on the top
of the Si nanowires, is transparent in the solar spectrum, while
preserving high emissivity within the atmospheric window
(Fig. 3d). Thus, the whole structure can effectively achieve radiative
cooling while barely affecting its color quality. For the first time,
radiative cooling has been studied in conjunction with the color
performance. This study has put forward a new research idea for
radiative cooling, which has made a great contribution to its
development in applications.

4.2. Multilayered CRC

Although patterned structures can facilitate the design of the
stringent radiative properties in radiative cooling, the complicated
structures raise huge difficulties for manufacturing and subsequent
applications. A multilayered structure, a 1D photonic crystal con-
sisting of alternating layers of different materials, is a good
approach to simplify the structural design in radiative cooling,
which improves the feasibility of manufacturing and application of
6

the coolers [55]. The subambient radiative cooling was first ach-
ieved by Raman et al. based on a multilayered structure. The cooler
consists of seven alternating layers of hafnium dioxide (HfO2) and
SiO2, on top of a 200 nm Ag substrate deposited on a 200 mm Si
wafer, which reflects 97% of the solar energy while strongly emit-
tingwithin the atmospheric window [11]. It has been demonstrated
that the cooler can exhibit a 4.9 �C subambient temperature when
exposed to direct sunlight. In order to further optimize a multi-
layered radiative cooler and improve its cooling effect, Kou et al.
demonstrated a polymer-coated fused silica mirror, which consists
of fused silicawater sandwiched by a polydimethylsiloxane (PDMS)
top film and an Ag back reflector [9]. This simple scheme is able to
reflect most of the incident sunlight, while regarded as a near-black
radiator in the MIR spectrum, thus, achieving 8.2 �C and 8.4 �C
subambient temperatures in daytime and nighttime, respectively.

Based on previous researches, the color function of radiative
cooling has been realized by using a similar multilayered photonic
crystal. Song et al. fabricated a multilayered CRC with subtractive
primary colors (i.e. yellow, cyan, and magenta) [56]. The schematic
of themultilayered CRC is shown in Fig. 4a, it consists of SiO2/silicon
nitride (Si3N4) selective emitters (SEs) possessing high emissivity
within the atmospheric transparency window on the top and an
Ag/SiO2/Ag metal-insulator-metal (MIM) scheme for the color
appearance on the bottom. In the MIM scheme, different colors can
be obtained by varying the thickness of the insulator layer to tune
the interference effect in 1D-stacked layers. In outdoor experi-
ments, the multilayered CRC has shown excellent radiative cooling
at an average temperature, 3.9 �C, lower than the ambient tem-
perature. In addition, the multilayered CRC exhibits a certain de-
gree of softness due to its ultrathin structural features, which
makes it an effective cooling material for wearable electronics.
After combined with an Al foil and encapsulated with PDMS, the
flexible radiative cooling material shows a strong flexibility. As



Fig. 4. a) The structure and temperature variation of the multilayered CRC during the daytime [56]. b) The structure of the CRC, and simulated temperatures of the conventional
cooler and CRCs [29]. c) Cross-section SEM images and absorptivity/emissivity spectra of the cold photonic structure and the hot photonic structure [63]. CRC, colored radiative
cooler; SEM, scanning electron microscope.
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demonstrated in the smart watch cooling tests, the temperature of
the watchband covered with the flexible radiative cooling material
is 5e11 �C, lower than the bare one when exposed to the sunlight,
which verifies that the CRC is also effective in the thermal man-
agement of wearable electronics. Though the MIM scheme can
produce different colors via an interference absorption peak, it still
suffers from the dearth of color options, i.e. only three subtractive
primary colors can be obtained owing to the single absorption peak
supported by MIM. To extend the gamut of CRC, it is necessary for
the color display module to produce more absorption peaks.
Fortunately, some recent works have proved that multilayer
structures consist of several MIM structures can produce multiple
interference peaks [57,58]. Inspired by this, Blandre et al. proposed
a CRC with extended gamut [59]. Similar to the multilayered CRC
mentioned above, the CRC is composed of a SE on the top and a
color display module on the bottom, inwhich the SE is composed of
a SiO2 layer with a cubic SiO2 grating array on the top, which greatly
enhances the emissivity of SiO2 in the atmospheric window. In the
color display module, a double MIM scheme is applied, which
consists of two HfO2 layers sandwiched between three Ag layers.
Owing to the multiple interference effect, two absorption peaks
have been obtained in the visible spectrum, which can be tuned by
varying the thickness of the Ag or HfO2 layer. In this way, CRCs with
various colors can be achieved, which greatly expands their appli-
cation domain.

Most CRCs sacrifice a large amount of the cooling effect to
display a specific color, and the color is still light or uneven with
7

strong angular dependence. A Tamm structure can be a candidate to
fix this problem. Optical Tamm states are confined optical modes
that occur at the interface between two highly reflective structures,
which have risen as an effective strategy for light confinement.
Under optical Tamm states, a specific reflectance dip can be easily
controlled to obtain a pure color. Moreover, a Tamm structure has
the advantage of low dependence on an incident angle, can thus
can be utilized to fabricate angle-insensitive absorption structures
[60]. Li et al. proposed a CRC under optical Tamm resonance with
high-purity subtractive primary colors [29]. As shown in Fig. 4b, the
cooler is composed of a conventional SiO2eSiNeSiO2 SE and a
Tamm structure consists magnesium fluoride (MgF2)/SiC on the top
of the Ag film [61,62]. By optimizing the layered material thickness
distribution in the Tamm structure, the selective reflectivity in the
visible spectrum can be obtained for high-purity color appearance,
while high emissivity is preserved within the atmospheric window.
Moreover, the angular performance evaluation indicates that the
cooler can keep the initial hue well sustained even until the inci-
dent angle reaching 70�. In thermal calculation, the cooling power
of CRCs can reach 44e52 W/m2, resulting in a 5e6 �C subambient
temperature. The high-purity color and the effective radiative
cooling are achieved simultaneously in the Tamm structure, which
brings a new idea in CRC design.

The color of an object is only affected by its radiative properties
in the visible spectrum, in this way, the radiative thermal load of
objects can be tuned by adjusting the radiative properties of the NIR
and MIR spectrum while preserving the same color. As shown in
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Fig. 4c, Fan et al. discussed the tunable range of the theoretical
radiative thermal load of objects with the same color for radiative
cooling or heating issues and demonstrated the theory by experi-
ment [63]. The authors calculated the theoretical limit values of the
radiative thermal load in different colors and found a wide tunable
range over the entire color spacewith aminimum of 680W/m2 and
a maximum of 866 W/m2. Based on these findings, they fabricated
two multilayered samples with drastically different radiative
thermal loads while maintaining the same pink color by different
structure designs. The pink radiative cooler is tailored to reflect
solar energy as much as possible while strongly emitting in the
entire MIR spectrum, whereas the radiative properties of the pink
radiative heater are exactly opposite. Outdoor experiments show
that the cooler is 22.6 �C colder than the normal pink paint sample,
whereas the heater is 25 �C hotter than the paint sample, which
elucidates great potential of CRCs in photonic thermal management
and thermoelectric applications.

Displaying deep colors (such as black) while maintaining sub-
ambient temperature is still challenging for the state-of-the-art
CRC. Recently, Jeon et al. proposed a radiatively intertwined non-
equilibrium system that may solve the conflict between color
appearance and radiative cooling [64]. This system consists of an
outer-most spectrally selective filter, a selective heat transfer layer
in the middle, and a thermal emitter at the back of the objects to be
cooled. It ensures that the internal emitter can release radiative
heat to outer space but to be insulated from the radiative and non-
radiative heat sources outside. As a proof of concept, an even-black
cooler, which absorbs 646 W/m2 of solar power, could be cooled
down to a maximum 6.9 K of subambient temperature during the
daytime. This system has expanded the diversity of color aesthetics
as well as the commercial feasibility of conventional CRCs.

5. Nanoparticle-based CRC

As the dimension of a material shrinks from a macroscopic scale
to a microscopic scale, its optical properties may be slightly
changed [28]. For instance, the phonon-polariton resonances in
bulk SiO2 can lead to a reflection peak. However, this effect can be
converted into a strong absorption in SiO2 nanoparticles, which
makes it easy to meet the radiative properties demands in CRCs by
regulating the nanoparticle geometry properties. What's more,
compared with complex photonic crystal structures, nanoparticle-
based structures are also more processable. Due to the flexible and
adjustable radiative properties and the easy-to-craft merit,
nanoparticle-based materials have become one of the ideal mate-
rials for CRCs.

5.1. Nanoparticles/matrix CRC

Introducing randomness into the photonic system is an effective
way to amplify spontaneous thermal emission [65,66], which
makes a nanoparticle/polymer a potential candidate material for
radiative cooling. The nanoparticles can be regarded as randomly
distributed optical resonators when encapsulated with polymers;
meanwhile, polymeric matrix is attractive for scalability and
economy [67,68]. Yang et al. fabricated a glass-polymer hybrid film
for daytime radiative cooling [14]. The film is composed of a SiO2/
polymethylpentene emitter, which is highly emissive within the
entire atmospheric window owing to the phonon-enhanced
Fr€ohlich resonances of the SiO2 nanoparticles, and an Ag back
reflector. Although the Ag can be an excellent material in radiative
cooling for its high solar reflectivity, it is too expensive for further
applications. The light-scattering air nanovoids, which we also
classify as nanoparticles, can eliminate this problem while keeping
effective radiative cooling performance. Yang et al. reported a
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simple and scalable process for fabricating hierarchically porous
poly(vinylidene fluoride-co-hexafluoropropene) [P(VdF-HFP)HP]
coatings [10]. The induced micropores and nanopores in the poly-
meric matrix efficiently backscatter sunlight and enhance emission
in the MIR spectrum. What's more, the porous coatings facilitate
incorporating dyes, which show immense potential in colored
radiative cooling.

To further implement the colored function of the radiative
cooler, after two years, Yang et al. demonstrated colored and
paintable bilayer coatings [69]. As shown in Fig. 5a, the top layer is
the normal commercial paints, which selectively absorb sunlight
for desired color appearance, while the underlayer is a porous
P(VdF-HFP) or titanium dioxide (TiO2)/polymer composite mem-
brane, which is aimed at maximizing the backscattering of the
sunlight transmitted by the top layer. Thus, the other visible and
NIR light can be strongly reflected, while the polymer materials and
colored paints are ideal emitters for their intrinsic high emissivity
in the MIR spectrum. Compared with conventional monolayer
cooling paints, bilayer CRCs attain higher NIR reflectivity and can
stay cooler by as much as 3e15.6 �C when exposed to strong sun-
light. By introducing conventional paints in the structural design,
bilayer CRCs can achieve a wide range of color selection. However,
the normal commercial paints are not ideal materials for color
appearance since the colorant in paints is absorptive in the NIR
spectrum, which is not only profitless to color but also detrimental
to radiative cooling performance.

In order tomitigate the color absorptive loss in radiative cooling,
the highly selective narrowband absorption in the visible spectrum
is required. In Fig. 5b, Drevillon et al. proposed a coating composed
of nanoparticles embedded in a SiO2 matrix applied on an Ag
reflector [70]. Owing to the localized surface plasmon resonances,
the SiO2 matrix embeddedwith Ag-based nanoparticles can exhibit
ideal narrow absorption peaks in the visible spectral region, while
SiO2 is highly emissive within the atmospheric window. It is found
that the coatings embedded with plain Ag nanoparticles and SiO2
core-Ag shell nanoparticles are able to exhibit yellow and sub-
tractive primary colors with a proper particle size, respectively.
Similar to the subtractive color mixing process, multiple absorption
peaks in the visible spectrum can be obtained when nanoparticles
with different geometries are mixed. Thus, various colors can be
achieved in CRCs, like green, purple, and red. For a specific color, the
saturation is in competition with the radiative cooling effect as
purer colors represent higher corresponding absorption peaks in
the visible region. Based on the nanoparticles/matrix structure, the
CRC provides a very intuitive way to control the color over a wide
range, while greatly reducing the negative effect of color absorption
on radiative cooling.

The highly selective absorption spectrum can restrain the ab-
sorption of solar energy in the process of color appearance for CRCs;
however, due to the mechanism of passive color, the object will
absorb a certain amount of solar energy in any case, which in turn
deteriorates its radiative cooling effect. Based on this issue, Lee et al.
creatively proposed multifunctional layers with a simultaneous
active light-emitting color and radiative cooling function [71]. The
CRC is composed of a substrate upon which a thin Ag film is
deposed and a SiO2 coated-CsPbX3 (X ¼ Br, I) nanocrystals/PDMS
(CPB@PDMS) composite layer. The CsPbX3 perovskite nanocrystals
can emit bright and colorful light under ultraviolet (UV) or blue
illuminationwith a high photoluminescence quantumyield [72,73],
which makes them a highly suitable material for CRCs with active
color. In the CPB@PDMS layer, the content of the CsPbX3 nano-
crystals has been carefully controlled, allowing it to be highly
transparent at visible wavelengths and exhibit sufficient color in-
tensity under UV light. In the outdoor experiments, the CRCs ach-
ieved a 6e7.4 �C subambient temperature drop, as shown in Fig. 6a.



Fig. 5. a) The porous P(VdF-HFP) CRC, TiO2/polymer CRC, and monolayer coating with different colors [69]. b) Structure and opto-thermal properties of CRCs with different colors
[70]. CRC, colored radiative cooler.
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The multifunctional CRC adopts active luminescence as the method
for color appearance without degrading its cooling performance,
which opens a new avenue for the CRC design [74]. However, it is
still in a development stage, and many problems remain unsolved.
For example, self-luminous materials require additional stimuli,
which means extra energy consumption, and the luminous effect of
the materials is only significant at night but not at day.

Considering the above-mentioned limitations, Lee et al. further
optimized the structure and functionality of the CRC [75]. As shown
in Fig. 6b, they proposed a multilayered structure, in which the Ag
and zinc oxide (ZnO)/PMMA layers are used as the solar reflective
9

layer and the silica-embedded perovskite nanocrystals layer on the
top serves as the chromogenic layer. Unlike their previous work
[71], the content of the perovskite nanocrystals in the chromogenic
layer is relatively high so that the composite material itself can
exhibit a certain color, thus achieving the function of color
appearance in daytime. Meanwhile, the perovskite nanocrystals
can effectively decease the light-to-heat conversion by solar ab-
sorption owing to their photoluminescence behavior [76,77], which
means that the solar heat absorbed by the chromogenic layer can be
partially converted to photon and emit again, thus increasing the
radiative cooling performance of the CRC in daytime. The fabricated



Fig. 6. a) The schematic and performances of the CRC [71]. b) Schematics and photographs of the CRC with and without the chromogenic layer, and their daytime radiative cooling
performance [75]. c) CRCs and their surface temperature distribution [78]. CRC, colored radiative cooler.
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CRCs with different colors can exhibit a subambient cooling tem-
perature of 1.7e4.2 �C, which further proves the validity of the
proposed structure. In order to improve the feasibility process and
reduce processing costs of the CRC, in the next year, they proposed
a new structure and technological process [78]. As shown in Fig. 6c,
the CRC is composed of two functional layers, the chromogenic
layer on the top and the solar reflective layer on the bottom. The
colored radiative cooling function of the CRC follows the funda-
mental principle of their last work [75], i.e. the light-to-photon
conversion of quantum dots in the chromogenic layer. What's
more, they have made great improvements to the technological
process. The reflective layer consists of hollow SiO2 nanoparticles
with high solar reflectivity and various polymer binders, which will
be first dissolved in an organic solvent and then deposited in a
target surface via spray coating. Then, the cooper (Cu)-based
quantum dots dissolved in chloroform can also be deposited on the
reflective layer via spray coating on the reflective layer to generate
different colors. The choice of these colloidal nanoparticle materials
and spray processes enables the CRC to be low-cost, facile, and
conducive to large-scale production. The results of the outdoor
experiment demonstrated that the CRC can exhibit a 0.51e3.25 �C
subambient temperature drop, and when compared to commercial
coatings, the CRC can achieve a temperature drop of 5 �C.

The aforementionedwoks haveproved that photoluminescence-
based CRCs are effective in practical outdoor applications. But there
is still a lack of research on the theoretical limit of their cooling
power and color gamut range,which is important for identifying the
performance bounds of photoluminescence-based CRCs. Facing
with this problem, Min et al. investigated the radiative cooling
10
power limits of CRCs with different colors [79]. Based on the pro-
posed design method of the linear-algebraic description of
metamerism, they succeeded in demonstrating that the optimized
wavelength photoluminescence conversion in the visible spectrum
can enable the CRCs with any desired color in the entire absorptive
color space while maintaining daytime subambient cooling perfor-
mance. The optimized spectral characteristics are realized by pho-
toluminescence colorants, which can be used as functional fillers to
be combined with many existing nanoparticle-based radiative
coolers to enhance their cooling and color performance
[10,14,69,70]. In thermal calculation, the optimized photo-
luminescence colorant-based CRCs of highest-chroma red, green,
and blue can achieve subambient steady-state temperatures, while
the optimized non-photoluminescence colorant-based CRCs can
only reach above-ambient temperatures. The temperature differ-
ence between these two kinds of coolers is greater than 9.5 K for all
three colors, demonstrating the importance of introducing photo-
luminescence colorants into CRCs.

5.2. Nanoparticles-stacked CRC

In order to simplify the process for large-scale applications and
improve the adaptability of CRCs to surfaces with different geom-
etries, nanoparticles stacking has become an effective functional
structure [80]. Bao et al. fabricated double-layer coatings for radi-
ative cooling by using spraying coating methods [3]. The coatings
are composed of a reflective TiO2 particle layer and an emissive SiO2
or SiC particle layer on the bottom, which has exhibited great
radiative properties for radiative cooling. The TiO2eSiO2 coatings
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have achieved 90.7% reflectivity in the solar spectrum and 90.11%
emissivity with the atmospheric transparent window. In addition
to exhibiting the intrinsic radiative properties of material particles,
the nanoparticles-stacked structure with a rational particle size can
exhibit different iridescent colors originating from the Bragg
diffraction, showing great potential in CRCs [81,82].

In most colored radiative cooling research studies, the way of
coloration by selective absorption has been served as a paradigm.
However, this absorption-based coloration, anyhow, leads to the
heating of the coolers, thus decreasing its cooling effect. To break
this bottleneck, Lee et al. designed colloidal opals assemblies for
colored radiative cooling based on the Bragg reflective coloration,
which successfully gets rid of the limitations of the absorption-
Fig. 7. a), b) Photographs and reflectivity of colloidal opals assemblies CRCs with different
performance of different CRCs under direct sunlight [83]. CRC, colored radiative cooler, SEM
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based strategies [83]. As shown in Fig. 7a, the opals are assem-
bled from SiO2 colloidal nanospheres by a simple drop-casting
process. Owing to the similarity between the size of the nano-
spheres and the wavelength of the visible light, the opals can be
regarded as photonic crystals in the region. Hence, by adjusting the
size of the nanospheres, the opals can exhibit different colors
resulting from Bragg's diffraction instead of selective absorption
[81,82]. The corresponding normal reflection spectra in Fig. 7b
further support that these colors originate from a diffractive
reflection. In addition, in the MIR spectrum, the opals will be
converted to a homogenous medium due to their deep-
subwavelength-scale property, which enhances heat emission in
the atmospheric window. Thus, the opals feature the color
colors and SEM images of the reddish, greenish, and bluish opals. c) Radiative cooling
, scanning electron microscope.
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preserving and radiative cooling effect, simultaneously. As shown
in Fig. 7c, in the outdoor experiments, the opals effectively reduce
the temperature of the substrate, c-Si, by as much as 13 �C, showing
great potential in colored radiative cooling applications.

However, the above-mentioned nanoparticles-assembled CRCs
rely on the use of monodisperse nanoparticles, which are chal-
lenging in cost-effective production. Taking a step forward, Zhu
et al. demonstrated that a scalable and sustainable CRC can be
realized by using cellulose nanocrystals as the raw material of a
structurally colored film [84]. By coating cellulose nanocrystal films
onto a porous, highly scattering ethylcellulose layer, a broadband
Fig. 8. Fiber-based CRCs: a) Design schematics. b) Visible reflectivity and MIR transmissivity.
by cotton and different CRCs [95]. CRC, colored radiative cooler; MIR, mid-infrared.
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solar reflection and vibrant structural colors were achieved,
simultaneously. Moreover, these CRCs can be manufactured by the
commercial roll-to-roll process, which offers a low-cost and sus-
tainable way to realize a daytime CRC.

6. Fibers-based CRC

Radiative cooling fibers for personal thermal management are
an emerging topic, which have exhibited great potential for
improving human comfort and energy saving for space heating/
cooling [85,86]. When the targets go from artificial objects to
c) Photographs with good wearability. d) Infrared images of bare skin and skin covered
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human beings, the radiative properties demands and base mate-
rials of CRCs are slightly different. In 2015, Chen et al. proposed an
important concept of infrared-transparent visible-opaque fabric for
personal thermal management [87]. Unlike the conventional radi-
ative coolers with high emissivity, the infrared-transparent visible-
opaque fabric is highly transparent in the MIR spectrum since the
human skin is regarded as an ideal emitter (ε ¼ 0.98) [88]. From the
perspective of the structure, the non-wearable radiative cooling
Table 1
Representative compilation of key parameters and performances for CRCs.

CRC classification Materials description Subambient temperature
values

Col
valu

Photonic crystals AgeSiO2eTiO2

multilayer
~10 K at noon when
Tamb ¼ 298 K, hc ¼ 5 W/(m2$K) (#F

Si nanowires and
quartz bars on Al
substrate

Max. 18 K at noon when
Tamb ¼ 300 K, hc ¼ 12W/(m2$K) (#F

SiO2eTiO2 multilayer Avg. 4.4 K at noon Tra

AgeSiO2eSi3N4

multilayer
Avg. 3.9 K at noon

(#B
(#4

AgeSiO2eHfO2

multilayer with surface
pattern

Avg. net cooling power ¼ 37W/
m2 at noon (#E

(#D
AgeSiO2eSiNeMgF2
eSiC multilayer

Max. 6 K at noon when
Tamb ¼ 303 K, hc ¼ 6 W/(m2$K) (#F

(#0
SieSiO2eTiO2

multilayer
Do not fulfill subambient
temperature at noon (#E

Ge-ZnS multilayer,
polystyrene covered by
Al foil, PDMS substrate

Avg. 3.5 K, Max. 6.9 K under
646 W/m2 solar irradiance (#8

Nanoparticles Commercial paints with
VDF-HFP or TiO2/
polymer composite

Max. 15.6 K at noon when
hc ¼ 5e7 W/(m2$K) (#2

(#F
SiO2 core-Ag shell
nanoparticles and plain
Ag nanoparticles
embedded in SiO2 and
PDMS

Max. net cooling
power ¼ 114 W/m2 at noon

Wid
num

Ag deposed film, SiO2

coated CsPbX3

nanocrystals/PDMS
composite

Avg. 6e7.4 K under ~700 W/m2

solar irradiance and hc ¼ 8 W/
(m2$K)

(#0

Phosphors with TiO2/
BaSO4 powders

Avg. 0.6e2.5 K
(#A
(#8

Ag and ZnO/PMMA,
silica-embedded
perovskite nanocrystals

Avg. 1.7e4.2 K under 900W/m2

solar irradiance (#A
(#D

Quantum dots, hollow
SiO2 nanoparticles/
polymer binder

Avg. 0.51e3.25 K under 886 W/
m2 solar irradiance (#F

Plasmonic sphere, SiO2

stacked microspheres
Avg. 1.9 K under ~881 W/m2

solar irradiance (#C
(#D

Self-assembled silica
opals on a Si wafer

Max. 15 K at daytime
(#D
(#5

CNC coated on porous
EC-base layer

Avg. 1.4 K at noon under 900W/
m2 solar irradiation, max. 15.4 K
at night

(#5
(#B

Fibers Polyethylene Provide sufficient cooling when
Tamb ¼ 300 K

Tra

Inorganic pigment
nanoparticles (Prussian
blue, Fe2O3, Si) and
Polyethylene

Avg. 1.7 K
(#5
(#C

Note: ‘/’ indicates that data is not shown in the reference. Tamb and hc represent the ambie
are the abbreviation for maximum and average, respectively.
Abbreviations: CRC, colored radiative cooler; PDMS, polydimethylsiloxane; CNC, cellulos
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structures above are no longer applicable in personal thermal
management. Inspired by a knitted sweater, the woven textile has
been identified as an ideal candidate for its excellent air perme-
ability and stretch properties [25]. Polymer materials such as
polyethylene and polycaprolactam (nylon) stand out by the virtue
of their high MIR transmissivity and plasticity, which make them
easy to be processed into fibers and textiles. Further, by com-
pounding light-scattering nanoparticles, such as air pores and ZnO,
ors and their RGB color
es in hexadecimal)

Manufacturing techniques Year & Ref. No

FF9FF)
/ 2021 [46]

FCAC4)
/ 2013 [53]

nsparent Electron beam evaporation
deposition

2022 [55]

CB55E), (#AA6971),
E8AB3)

Electron beam deposition,
Plasma-enhanced chemical
vapor deposition

2018 [56]

7B6BA), (#9DADEB),
CFFBF)

/ 2020 [59]

EE648), (#FD5BF2),
0EAFF)

/ 2019 [29]

379B6)
Electron beam deposition 2018 [63]

C1F1C), (#181616)
Magnetron sputtering 2023 [64]

02123), (#2B51C0),
AEE0E), (#E34952)

Phase inversion 2020 [69]

e color tunability by
erical calculation

/ 2020 [70]

3A903), (#DF0E05)
Thermal evaporation, spin-
coating

2020 [71]

4B77D), (#A5C0A3),
DB7A3), (#D1A48F)

Scrape and bake 2022 [74]

7A19E), (#E0D7C4),
DD09A), (#CEA475)

Hot injection, sputtering,
coating

2021 [75]

9F6BF), (#A85E43)
Spray coating 2021 [78]

FCACE), (#E0DDCE),
7D2CF), (#DDD9DA)

Sticking 2022 [80]

86B55), (#4E818D),
58AD7)

Solvent varying, solvent
evaporation

2020 [83]

D4E90), (#83913A),
83453)

Blade-coating, roll-to-roll
deposition

2022 [84]

nsparent / 2015 [87]

27EAC), (#C78E73),
DC1A3)

Mixed via compounding,
extrusion

2019 [95]

nt temperature and convective heat transfer coefficient, respectively. Max. and Avg.

e nanocrystal.
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into the PE matrix fiber, the woven textiles can exhibit great radi-
ative cooling performance even under direct sunlight due to their
high solar reflectivity and MIR transmissivity [4].

In order to bring the radiative cooling technology into the
wearable market, color control is an indispensable part as color
selection is one of the most important factors in the wearable
market [89]. However, owing to their high absorption in the MIR
spectrum, the conventional organic dyes are unsuitable for fiber-
based CRCs [90,91]. Therefore, the inorganic pigment nano-
particles have become ideal dyes in fiber-based CRCs for their
nanoscale size, which have neglectable effect on the radiative
properties of colored polymer mixtures in MIR wavelengths [92].
Additionally, on the basis of Mie theory, the dielectric or semi-
conductor with a high refractive index can achieve strong resonant
light scattering within the visible spectrum by proper particle size
regulation [93,94]. Thus, different colors can be obtained by con-
trolling their nanoscale geometries. As shown in Fig. 8a and b, Cui
et al. fabricated fiber-based CRCs by compounding inorganic
pigment (Prussian blue, red iron oxide, or yellow silicon) nano-
particles into a PEmatrix, whichwas then extruded into continuous
and mechanically strong fibers for the knitting of colored textiles
[95]. The diameter of these pigment nanoparticles ranges from 200
to 1,000 nm, which has little influence on the MIR transmissivity of
PE while maintaining vivid colors. Additionally, with three primary
color pigments, arbitrary colors can be obtained by mixing them in
a proper ratio. The infrared images of the wrist covered by different
fiber-based CRCs are shown in Fig. 8c and d. By efficiently trans-
mitting human thermal radiation, the CRCs achieve a passive
cooling effect of 1.6e1.8 �C compared with the cotton textile. The
fiber-based CRCs set the foundation for radiative cooling technol-
ogy in personal thermal management and make it closer to prac-
tical wearable applications.

7. Conclusions and prospects

Over few decades of development, radiative cooling technology
has gradually become mature, whether in view of the cooling
performance or the manufacturing process. However, there are still
bottlenecks in the practical applications for its color deficiency.
Faced with this problem, colored radiative cooling technology has
attracted a lot of attention in recent years, and some outstanding
research works have emerged. In this perspective paper, we give a
review of the state-of-art CRCs with an emphasis on the emerging
materials and strategies. Firstly, the basic physical concept of
radiative cooling and colored radiative cooling is introduced, fol-
lowed by the numerical fundamental principles for the perfor-
mance of CRCs. Then, we investigate the relationship between the
color appearance and the radiative cooling effect in CRCs and give
our own strategy to balance these two indicators. Finally, based on
the structure classification, CRCs can be mainly divided into three
types, photonic crystal-based CRCs, nanoparticle-based CRCs, and
fiber-based CRCs, which are discussed in detail in each section.

Table 1 collects the representative performance and key pa-
rameters from the above-mentioned research studies. It is seen
that, similar to the traditional ‘white’ radiative coolers, CRCs have
also shown remarkable daytime cooling abilities, although their
vivid colors slightly hinder themaximal attainable cooling power. It
is also worth noticing that the materials and manufacturing stra-
tegies are many and varied, which gives us a wide design freedom
for fabricating colorful radiative coolers to meet the distinct
application requirements. In general, all these emerging progresses
of colored radiative cooling have advanced this concept and put it
close to practical applications, significantly.

Here, we point out four potential directions to further promote
the research, development, and applications of CRCs.
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First, a machine learning algorithm is an efficient way to
accelerate the structure optimization with a specific physical
property, which has been widely applied in thermotics, optics, and
mechanics [96e101]. By defining a specific property flag, the ma-
chine learning algorithm can quickly find the structure closest to
the aimed property, even among a large number of candidates
[102]. The structure design of CRCs is not an easy task since there
are many variables affecting its cooling and color performance. For
instance, the layer material types and distribution of multilayered
CRCs and the particle types and geometries of nanoparticle-based
CRCs are all important parameters in structural design, which
makes it hard to find the optimal structure by manual or empirical
filtering. In addition, in the future, the structural variables in CRCs
can be further increased for a better colored radiative cooling effect,
which makes it an arduous task to search the optimal structure. In
this regard, by combiningmachine learning with radiative property
calculation, the process of structural optimization can be effectively
accelerated to achieve the ideal CRC design with a more complex
structure and better performance. In this method, the most
important is the definition of the property flag, which needs to
balance the mutually restrictive relationship between color
appearance and radiative cooling in a CRC.

Second, in many colored radiative cooling research studies,
conventional pigments are widely used for color appearance due to
their low cost and ease-of-processing. However, these pigments are
not actually suitable for radiative cooling since their absorptivity in
the UV and NIR spectrum sacrifices a huge radiative cooling power.
The ideal pigment should exhibit highly selective absorption to
reduce solar energy. In the past decade, highly selective absorption
pigments have been investigated, including the pigments based on
an dielectric film and TiO2 nanoparticles by Smith et al. [103,104]
and the studies on solar spectral optical properties of pigments by
Levinson et al. [105,106]. Based on these inspirations, Chen et al.
succeeded in enhancing the reflectivity of CRC in the NIR spectrum
by replacing the commercial blue paint to a Sudan blue colorant,
thus further improving the radiative cooling effect [69]. Never-
theless, these pigments still suffer from poor efficiency, color
distortion, or UV absorption, which blocks their application in CRCs.
Hence, the ideal selective pigment, which maximizes its reflectivity
in the UV and NIR spectrum while maintaining a vivid color, is
eagerly in demand.

Third, in addition to radiative coolers with vivid colors, the ef-
forts on developing visibly transparent radiative coolers (VTRCs)
are booming recently [107,108]. Broadly speaking, transparency is
also a kind of color and is highly demanded in the radiative cooling
applications toward transparent objects, such as the windows of
buildings and vehicles, and coatings that preserve the original
colors of objects. An idea VTRC should feature high visible light
transparency, high NIR reflectance, as well as high emissivity
within the atmospheric window, simultaneously. The function of
visibly transparent but NIR reflective can be realized by twomeans:
i) wide bandgaps semiconductors, such as indium tin oxide and
fluorine-doped tin oxide [109]; ii) dielectric-metal-dielectric com-
posite structures, such as ZnO/Ag/ZnO and TiO2/Cu/TiO2 [110e112].
The transparent emitters are mainly made of organic polymers,
such as PMMA, polycarbonate, and ethylene-vinyl acetate [113,114].
For instance, Jin et al. reported on a VTRC window by combining a
multilayer stack of AgeSiO2 and a uniform layer of PDMS, which
achieved high visible transparency (>60%), IR reflectivity (>89%),
and thermal emissivity (>95%). Consequently, this window can
lower the interior temperature by asmuch as 7 �C [115]. Despite the
significant progress, achieving high visible transmission always
accompanies the considerable sacrifice of a high NIR reflection or
high thermal emissivity. Therefore, there is still a long way to go
before a perfect VTRC is developed.
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Last but not least, for colored radiative cooling, as a technology
facing the consumer market, besides its functional performance, its
reliability in practical application is also very important. Recently,
many CRCs with good performance actually face various reliability
problems in real application scenarios. For the metal-based CRCs,
the metal materials are easy to be oxidized and fail in the air, and in
the outdoor applications, rain seepage will also accelerate the
corrosion of metal [116]. Moreover, the surface pollution of a CRC
will also bring great challenges to its practical applications. The
attachment of dust pollutants in the outdoor environment will
destroy the selective reflectivity of the CRC in the solar wavelength
[117]. The reliability research of traditional ‘white’ radiative cooler
has been advanced in recent years, including wear resistance, hy-
drophobicity [118], corrosion resistance, fire resistance [119], and
radiative cooling performance of materials in different weathers
[120]. However, there are few research studies on the reliability of
CRCs. Compared with a traditional ‘white’ radiative cooler, CRCs
havemore stringent requirements on reliability because in addition
to the requirements of radiative cooling, there are also re-
quirements on color appearance, which makes the study of the
reliability mechanism more complicated. Recently, Liu et al. re-
ported on a colored ZrO2-PVDF bilayer coating with subambient
radiative cooling performance, self-cleaning, and weather-
resistance properties [121]. Apart from the subambient tempera-
ture drop of about 3 �C, these red bilayer CRC coatings demonstrate
prominent anti-blots properties after water scouring since the low
surface energy substance, PVDF, endows the super-hydrophobicity
with a water contact angle of above 150�. This reminds us that the
reliability of CRCs can be divided into two key points, one is the self-
cleaning of the radiative cooling component and the other is the
preservation of the colored structure. The former requirement is
just the same as a traditional radiative cooler, and the latter can be
achieved by providing extra encapsulation strategies. Take a pho-
toluminescent nanocrystals-based color layer as an example,
coating an extra silica protective layer onto the nanocrystal surface,
the oxygen/moisture resistance of these colored nanoparticles can
be enhanced; thus, improving their stability under harsh outdoor
environments [122]. Overall, reliability is definitely a crucial issue
on the road to the practical application of CRCs, which is a virgin
land worth exploring.
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