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Daytime radiative cooling with high solar reflection and mid-infrared emission offers a sustainable way
for cooling without energy consumption. However, so far sub-ambient daytime radiative coolers typically
possess white/silver color with limited aesthetics and applications. Although various colored radiative
cooling designs have been pursued previously, multi-colored daytime radiative cooling to a temperature
below ambient has not been realized as the solar thermal effect in the visible range lead to significant
thermal load. Here, we demonstrate that photoluminescence (PL) based colored radiative coolers
(PCRCs) with high internal quantum efficiency enable sub-ambient full-color cooling. As an example of
experimental demonstration, we develop a scalable electrostatic-spinning/inkjet printing approach to
realize the sub-ambient multi-colored radiative coolers based on quantum-dot photoluminescence.
The unique features of obtained PCRCs are that the quantum dots atop convert the ultraviolet–visible
sunlight into emitted light to minimize the solar-heat generation, and cellulose acetate based nanofibers
as the underlayer that strongly reflect sunlight and radiate thermal load. As a result, the green, yellow and
red colors of PCRCs achieve temperatures of 5.4–2.2 �C below ambient under sunlight (peak solar irradi-
ance >740 W m�2), respectively. With the excellent cooling performance and scalable process, our
designed PCRC opens a promising pathway towards colorful applications and scenarios of radiative
cooling.

� 2022 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

As traditional cooling systems consume 15% of global electricity
and account for 10% of global greenhouse gas emissions, it is desir-
able to develop passive cooling technologies [1–3]. Recently, day-
time radiative cooling, through reflecting most of the sunlight
power and simultaneously dissipating heat to outer space in the
atmospheric transmission window (8–13 lm) without any energy
consumption, has attracted much attention [4,5]. A variety of day-
time radiative cooling designs, such as photonic structures [6,7],
hybrid metamaterial films [8–10], and porous polymer structural
materials [11–14], have been demonstrated. However, so far sub-
ambient daytime radiative coolers under direct sunlight (the aver-
aged peak solar irradiance of midday is above 700Wm�2 in the hot
regions on Earth) [15–19], only possess white or silver colors. This
is because so far only white or silver colors can have reflection
above 90% across the solar spectrum (Rsolar > 0.9) [6,20], one of
the key requirements for sub-ambient cooling. As we know, while
the white or silver colors based radiative cooling can have various
applications, they also have aesthetic and functional limitations,
and might cause potential health issues for human eyes [21,22].

It is therefore ideal to pursue colored radiative coolers with a
wide color gamut and chroma, while still maintaining superior
sub-ambient cooling performance. However, despite significant
effort on the designs of colored radiative coolers based on chemical
absorbers (pigments, dyes, etc.) [23,24], photonic structures [25–
32], and photoluminescent materials [33–38], it is very challenging
to achieve the sunlight reflectivity above 0.9, because showing the
desired color leads to the inevitable absorption of the visible spec-
trum (0.4–0.74 lm), and consequential solar thermal effect which
increases thermal load.

In this article, we reveal that sub-ambient full-color radiative
cooling can be realized through highly efficient photolumines-
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cence, which converts the absorbed photons into re-emitted light
efficiently, with minimized solar-thermal effect. As an example of
experimental demonstration, we report that sub-ambient full-
color radiative coolers based on efficient quantum-dot photolumi-
nescence can be achieved through a scalable electrostatic-
spinning/inkjet printing method. The obtained PCRC consists of
an underlayer made of cellulose acetate (CA) nanofibers film and
a top layer containing a colorant of photoluminescent perovskite
quantum dots (Fig. 1a–c). Under sunlight illumination, the top
layer absorbs and emits visible light of the desired color, while
the underlayer maximizes the backscattering of sunlight transmit-
ted by the top layer and radiates heat due to the high mid-infrared
emission (Fig. 1d). More importantly, we achieve multicolor pat-
terned PCRCs at large scale (Fig. 1c), combining scalable roll-to-
roll electrospinning to synthesize the CA nanofibers (Fig. 1a), with
the commercialized inkjet printing to coat the perovskite quantum
dots with high quantum efficiency on the CA nanofibers (Fig. 1b).
2. Materials and methods

2.1. Preparation of the PCRCs

2.1.1. Preparation of perovskite quantum dots CsPbX3 (X = Br, I)
Firstly, 0.407 g Cs2CO3, 20 mL octadecne (ODE), and 1.5 mL oleic

acid were mixed in a 50 mL three-necked flask and heated to 120
�C under the protection of N2 and kept for 20 min to form cesium
oleate. Secondly, octadecene (10 mL), oleamine (2 mL), oleic acid
(1 mL) and PbX2 (0.376 mmol) (the specific proportion depends
on the color of the sample required, such as green: PbBr2
(0.13 g); yellow: PbBr2 (0.084 g), PbI2 (0.07 g); red: PbBr2
(0.0414 g), PbI2 (0.1218 g)), were added to a 50 mL three-necked
flask and heated to 120 �C under the protection of N2 for 20 min
to completely dissolve PbX2. Then heated to 150 �C for 5 s, 1 mL
of the above cesium oleate solution was quickly added and cooled
in an ice bath to form CsPbX3. Lastly, the cooled solution was cen-
trifuged after adding ethanol or acetone with a volume ratio of 1:1.
After centrifugation, the supernatant was poured out and the pre-
cipitation (CsPbX3) was dissolved in cyclohexane for later use.
2.1.2. Preparation of CA/CsPbX3 film
The CA fibrous network was fabricated via electrospinning. Ace-

tone and dimethyl formamide (DMF) were mixed with a volume
ratio of 1:4. Then 17 wt% of CA powder was dissolved in the mix-
ture. The electrospinning was done with a tip-to-collector distance
of 15 cm, a voltage difference of �18 kV, and a mass flow rate of
0.4 mL h�1. The prepared CsPbX3 suspension (0.00887 g mL�1)
was sprayed onto CA film surfaces. The amount of sprayed solution
is 1.5 mL cm�2. Finally, a hydrophobic agent (1H, 1H, 2H, 2H-
perfluorooctyltrichloro) was sprayed onto CA/CsPbX3 film to form
the PCRC.
2.2. Material characterizations of the PCRCs

The micro-images of the PCRC were captured by scanning elec-
tron microscopy (SEM, MIRA3, TESCAN). The photoluminescence
quantum yield of PCRCs was investigated by (Steady-state tran-
sient fluorescence spectrometer FLS980 Attenborough). A UV–
vis–NIR spectrophotometer (UV-360, SHIMADZU) equipped with
an integrating sphere (ISR-310) was used to measure the sunlight
reflectivity spectrum of samples. The mid-infrared emissivity spec-
trum and Fourier transform infrared spectra of PCRC/CA nanofibers
film were measured with a Fourier transform infrared (FTIR) spec-
trophotometer (Nicolet iS50R, Thermo Fisher) equipped with an
integrating sphere (4P-GPS-020-SL, Pike).
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2.3. Cooling performances of the PCRCs

The PCRC temperature was monitored by K-type thermocou-
ples. The cooling power was obtained by monitoring the heating
power of the Kapton heater by a power meter (66205, Chroma).
The heating load with a constant power was applied by the Kapton
heater with a temperature feedback circuit. The temperature feed-
back circuit heats the colored radiative cooler to the ambient tem-
perature. And the measured heating power is the compensated
cooling power. The sunlight power was measured by a solar radia-
tion meter (TBQ) or a portable solar power meter (1333R, TES). The
ambient temperature and relative humidity were monitored by a
temperature and humidity recorder in a shelter (Tuolaisi Co.,
ltd.). The infrared images were taken using an infrared camera
(Fluke tix580).

3. Results and discussion

In order to achieve sub-ambient cooling for a PCRC, one must
consider the radiative thermal load of a PCRC with a specific color
from a perspective of energy balance. Fig. 1e shows the ideal spec-
trum for a PCRC that can absorb and emit light. The net radiative
thermal load of the PCRC in general can be written as:

Pnet ¼ Pvisible
sun þ Pinfrared

sun � Pcooling: ð1Þ
Pcooling is the net radiative cooling power in the absence of sunlight.
As calculated by Rephaeli et al. [20], the maximum power for radia-

tive cooling is about 150 W m�2 at 298 K. Pinfrared
sun is the absorbed

power density from the infrared part of the solar spectrum (0.7 to

2.5 lm), which is 453 W m�2 for AM 1.5 spectrum. Pvisble
sun is the

net absorbed power from the visible and ultraviolet part of the solar
spectrum (0.28 to 0.7 lm).

For the PCRC, in addition to absorption in specific visible and
ultraviolet bands, some of the absorbed energy is re-emitted in vis-
ible light. So, the net absorption of visible light is the absorbed

energy (Pvisble
absorption) minus the emitted energy (Pvisble

emssion). g is the total
energy conversion efficiency of photons which is derived from the
PL internal quantum yield (more calculations can be found in Sup-
plementary materials Note 1).

Pvisible
sun ¼ Pvisible

absorption � Pvisible
emission; ð2Þ

Pvisble
emission ¼ gPvisible

absorption: ð3Þ
Therefore, combining all three terms in Eq. (1) as discussed

above, we can see that in principle PCRC can possess the same color
but significantly different net radiative thermal loads due to differ-
ent internal quantum efficiencies. We calculate the tunable range
of thermal loads for all colors of PCRC under sunlight by using
Eq. (1) and exploring the metamerism effect (Supplementary mate-
rials Note 1 for more details). Fig. 1f shows the tunable range of
thermal loads as the colors change from purple to red, with the
lightness L = 60, saturation Cab = 60, and hue angle hab = arctan
(b/a) from 360� to 0�. It is noted that the thermal loads of the green,
blue and red PCRCs can be below zero (corresponding to sub-
ambient cooling), only when the PL internal quantum yields of
PCRCs are above 0.73, 0.62, and 0.80, respectively (Fig. S1 online).

We also carried out the study over the entire color space (Fig. S2
online) with all other colors. The minimum radiative thermal loads
of all PCRCs can be less than zero, which means all colors can
achieve net cooling power based on the high photon conversion
efficiency. Based on the thermal load of PCRCs, the cooling
temperature of colored surfaces under typical outdoor conditions
was studied by balancing Pnet with non-radiative heat loss
Pcond+conv = hc(T � Tamb), where hc is the non-radiative heat



Fig. 1. Fabrication, structure, and mechanism of PCRC. (a) Schematic of the electrostatic-spinning setup for producing CA nanofibers film. (b) Schematic of the process for
inkjet printing with photoluminescence colorants. (c) The photograph of multicolor PCRC with sunrise using electrostatic-spinning/inkjet printing. (d) Schematic of the
bilayer PCRC design that consists of the photoluminescent colorant (perovskite quantum dots) and CA nanofibers film. The photoluminescent colorant absorbs and emits
visible wavelengths to achieve the desired color. The CA nanofibers film reflects any sunlight transmitted by the top layer and radiates energy out. (e) The ideal absorptivity/
emissivity spectra of PCRCs. AM 1.5 G solar spectrum (orange shaded area), and atmosphere transmittance (light blue shaded area) are plotted for references. (f) Tunable net
thermal load of PCRCs with fixed lightness (L = 60), saturation (Cab = 60), and hue angle (hab = arctan(b/a) from 360� to 0�), as a function of the PL internal quantum yield (from
0 to 1). (g) Tunable temperature range of common colors under a typical non-radiative heat dissipation condition hc = 12 Wm�2 K�1, as a function of the PL internal quantum
yield (from 0 to 1).
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coefficient considering both conduction and convection. In this cal-
culation, we assumed a typical hc = 12 W m�2 K�1 (1 m s�1 wind
speed), Tamb = 25 �C. Fig. 1g shows the cooling temperatures of
most common colors. For example, the green PCRC can achieve a
maximum of �7.7 �C below ambient temperature, in contrast to
the fact that a conventional green cooler typically reaches 44 �C
(19 �C above the ambient temperature) even with consideration
of metamerism, near-infrared solar absorption, and radiative cool-
ing [25] in an outdoor environment under sunlight. Our theoretical
results indicate that the high photon conversion efficiency is vital
for achieving sub-ambient cooling of all the PCRCs.

As an example of demonstration to realize sub-ambient cooling,
CsPbX3 quantum dots were chosen as photoluminescent colorants
due to their high-quantum-yield photoluminescence [39,40]. We
developed three primary colors of green, yellow, and red PCRCs
by adjusting the cesium lead halide quantum dots composition
through the scalable manufacturing process above [41] (details of
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the CsPbX3 quantum dots synthesis are given in the methods sec-
tion and Fig. S3 online). However, to fully realize the potential high
photon conversion efficiency of CsPbX3 quantum dots in the
obtained PCRCs, there are several fundamental challenges that
need to be overcome. First of all, the CsPbX3 quantum dots are
not stable in the air, severely diminishing the photon conversion
performance [42–44]. Secondly, the CsPbX3 quantum dots can
easily agglomerate to compromise their quantum efficiency [45].
Here, we synthesized CA film of randomly stacked nanofibers with
diameter sizes broadly distributed as the underlayer through elec-
trostatic spinning, to strongly scatter sunlight (Fig. 2a). Then we
coated CsPbX3 quantum dots on the CA film through a scalable
inkjet printing method, which enable uniform distribution of
CsPbX3 without obvious agglomeration (Fig. 2b). A hydrophobic
layer (1H, 1H, 2H, 2H-perfluorooctyltrichloro) was subsequently
sprayed on the CA/CsPbX3 film to isolate water molecules in the
air (Fig. 2c), stabilizing the CsPbX3 quantum dots. Moreover, it is



Fig. 2. Structural and optical characterizations of the PCRC. (a) High-magnification scanning electron microscopy (SEM) image of the PCRC. (b) The high-resolution SEM image
of CA/CsPbX3 fibers. The CsPbX3 quantum dots are evenly distributed on the surface of the CA fibers. (c) Contact angles of CA/CsPbX3 before coating hydrophobic layer (left)
and after coating hydrophobic layer (right). It clearly suggests that CA/CsPbX3 before coating hydrophobic layer is hydrophilic, as it only takes 1 s for water drop to infiltrate
into surface, while CA/CsPbX3 after coating hydrophobic layer becomes hydrophobic. (d) The steady-state photoluminescence spectra of the green, yellow, and red PCRCs. (e)
Photon conversion efficiencies of the green, yellow, and red PCRCs. (f) The chromaticity of the green, yellow, and red PCRCs shown in the CIE 1931 color space. (g) The
visible sunlight absorptivity spectra of the green, yellow, and red PCRCs. (h) The sunlight reflectivity spectra of the green, yellow, and red PCRCs. (i) The mid-infrared
emissivity spectrums of the green, yellow, and red PCRCs.
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noteworthy that O-Pb bonding can be formed between the CA and
CsPbX3 (Fig. S4 online) [45–48], further increasing the stability of
CsPbX3 quantum dots.

To examine the optical performance of the obtained CA/CsPbX3

PCRCs, we carried out the PL test of PCRCs. It shows that the peaks
of green, yellow and red PCRCs are 520, 540, and 650 nm, corre-
sponding to the cutoff wavelengths of absorption (Fig. 2d and g).
To quantitatively measure the conversion efficiency of PCRCs from
absorbed light energy to emitted light, we calculated the photon
conversion efficiency for each color of PCRC by measuring the PL
internal quantum yield. The average PL internal quantum yield of
green, yellow, and red PCRCs is 0.73, 0.68, and 0.83, respectively
(more details about calculations can be found in Supplementary
materials Note 2 and Figs. S5–S8 online). The calculated photon
conversion efficiencies of green, yellow, and red PCRCs
are � above 50%, as shown in Fig. 2e. In other words, >50% of the
absorbed sunlight energy is emitted in the visible desired color
band, which greatly reduces the solar-heat generation and enables
sub-ambient cooling performance under sunlight.
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The positions of the green, yellow and red PCRCs in the CIE 1931
color diagram disclose the differences in color properties (Fig. 2f).
The solar reflection spectra of PCRCs show high reflectivity (mostly
above 90%) in other solar wavelength ranges except for visible
absorption for desired colors (Fig. 2h). The weighted reflectivity
of green, yellow and red PCRCs for the solar spectrum (0.28–
2.5 lm) are 0.89, 0.87, and 0.82, respectively (the weighted reflec-
tivity of the single CA film is 0.975, Fig. S9 online). Combining with
their high photon conversion efficiencies above, the equivalent
effective reflectivity of green, yellow and red PCRCs are all higher
than 0.9. The mid-infrared emissivity spectrum in Fig. 2i verifies
that the obtained PCRCs also possess an average high mid-
infrared emissivity of 0.95 in the atmospheric transparent window
(8–13 lm). Consequently, the high solar reflectivity and mid-
infrared emissivity of the obtained PCRC lay a solid foundation
for achieving sub-ambient radiative cooling.

To experimentally verify the passive radiative cooling perfor-
mance of the PCRCs, we performed an outdoor temperature mea-
surement via the setups shown in Fig. 3a and b. Here, the white



Fig. 3. Sub-ambient cooling performance of the PCRCs. (a) The sectional schematic of the experimental setup used to test the cooling performance. The PE film and foam are
used to minimize the impact of the surroundings. (b) The photograph of the setup of the PCRCs’ cooling performance tests in a clear day. (c) The power of incident sunlight
and (d) temperature profiles of the green, yellow, and red PCRCs in Nanjing, China (32�3025.0200N, 118�46044.3600E, October 3, 2021). (e) Temperature reductions of the green,
yellow, and red PCRCs (Tambient � Tsample). (f)–(h) Power of incident sunlight and the cooling power of the green, yellow, and red PCRCs in Nanjing, China (32�3025.0200N,
118�46044.3600E, November 16, 2021).
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radiative cooler is set as the control group. In Fig. 3c–e, we moni-
tored the temperature profiles of the green, yellow, and red PCRCs
via thermocouples on a clear day with peak solar irradiance
>740 W m�2 (the averaged peak solar irradiance of midday is
above 700Wm�2 in the hot regions on Earth [15–19]) and an aver-
aged ambient temperature of �37.5 �C (the humidity during mea-
surement is shown in Fig. S10 online). Sub-ambient temperature
(Tambient –Tsample) is an important indicator to evaluate the cooling
performance of a radiative cooler. It is observed that the green, yel-
low and red PCRCs enable mean sub-ambient cooling temperatures
of �5.4, �3.4, and �2.2 �C, respectively (Fig. 3d, e). Notably, the
excellent sub-ambient cooling performance of the PCRCs is stable
over a long period of time, as shown in Figs. S11–S13 (online). To
further evaluate the radiative cooling performance, we subse-
quently monitored the cooling power at ambient temperature for
all PCRCs, The cooling power of green, yellow, and red PCRCs are
�51.7, �36.9, and �25.6 W m�2 with peak solar irradiance
>720 W m�2 (Fig. 3f–h) and at an ambient temperature/relative
humidity of �18 �C/40% (the ambient temperature/humidity dur-
ing measurement are shown in Fig. S14 online). Moreover, we per-
formed a comparison between the radiative cooling performance
of our fabricated PCRCs and the previously reported colored radia-
tive coolers (Table S1 online). All these results consistently confirm
that our designed PCRC stands out as a high performing colored
radiative cooling material during the daytime.
1878
It is noteworthy that our designed PCRCs can be realized on dif-
ferent matrix materials through the inkjet printing process, which
is crucial for practical applications. As an experimental demonstra-
tion, we print the emblem of Nanjing University on various flexible
white radiative cooling substrates like CA film, cotton, and
polyvinylidene fluoride (PVDF) film (Fig. 4a–d). Colored radiative
cooling devices can be widely applied for cooling buildings, out-
door facilities, and personal devices. Here we examine the cooling
performance of the designed PCRC as an outdoor colorful tent. We
observed a temperature reduction of �4 �C for the PCRC based tent,
compared to a commercial tent with the same color, under a mean
sunlight intensity of �800 W m�2 (Fig. 4e, f; the ambient condi-
tions during measurements are presented in Fig. S15 online and
the solar reflectivity spectrum of the commercial tent is shown
in Fig. S16 online). Fig. 4g presents the infrared images of the com-
mercial tent and PCRC based tent with the same color under a clear
sky during 20 min in Nanjing, China (see Fig. S17 online for
detailed meteorological information). The images show that the
temperature of the PCRC tent stays lower than that of the commer-
cial tent. In addition, PCRC paints can be used on building paints.
As shown in Fig. S18 (online), PCRC paints can achieve almost
the same color as commercial paints. And under direct sunlight
(700 Wm�2), the temperatures of PCRC paints are 2.2–4.6 �C lower
than conventional paints. It further illustrates the superior cooling
ability of our proposed PCRCs under practical conditions.



Fig. 4. Potential applications of the PCRCs. (a) The Photograph of the PCRC fabric during inkjet printing. (b–d) Optical photographs of PCRC fabric with the emblem of Nanjing
University using inkjet printing, including green (b), yellow (c), and red (d). (e) Photograph of PCRC based green tent and commercial green tent. (f) Temperature variation of a
commercial green tent and a PCRC based green tent, running the same application under the same environmental conditions in Nanjing, China (32�3025.0200N, 118�46044.3600E,
March 15, 2022). (g) Infrared images of a commercial green tent and a PCRC based green tent under sunlight (800 W m�2) (32�3025.0200N, 118�46044.3600E, March 24, 2022).
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4. Conclusion

In summary, we demonstrate the colored radiative cooling
based on efficient photoluminescence with sub-ambient full-
color radiative cooling performance. Through a scalable
electrostatic-spinning/inkjet printing process, which leads to ver-
satile compatibility, the PCRCs can be integrated into various prod-
ucts for different scenarios, such as tents and flexible color
patterned fabrics. It is expected that this superior cooling perfor-
mance, vivid colors together with scalable processes will greatly
expand the application scenarios of passive radiative cooling.
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