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Scalable and hierarchically designed polymer
film as a selective thermal emitter for
high-performance all-day radiative cooling

Duo Li"®, Xin Liu"®, Wei Li
Jiwei Xie* and Jia Zhu®™

Traditional cooling systems consume tremendous amounts of
energy and thus aggravate the greenhouse effect'?. Passive
radiative cooling, dissipating an object's heat through an
atmospheric transparency window (8-13 um) to outer space
without any energy consumption, has attracted much atten-
tion®*. The unique feature of radiative cooling lies in the high
emissivity in the atmospheric transparency window through
which heat can be dissipated to the universe. Therefore, for
achieving high cooling performance, the design and fabrica-
tion of selective emitters, with emission strongly dominant in
the transparency window, is of essential importance, as such
spectral selection suppresses parasitic absorption from the
surrounding thermal radiation. Recently, various materials
and structures with tailored spectrum responses have been
investigated to achieve the effect of daytime radiative cool-
ing®-21°75, However, most of the radiative cooling materials
reported possess broad-band absorption/emission covering
the whole mid-infrared wavelength''>, Here we demonstrate
that a hierarchically designed polymer nanofibre-based film,
produced by a scalable electrostatic spinning process, enables
selective mid-infrared emission, effective sunlight reflection
and therefore excellent all-day radiative cooling performance.
Specifically, the C-0O-C (1,260-1,110cm~") and C-OH (1,239-
1,030 cm~") bonding endows the selective emissivity of 78% in
8-13 um wavelength range, and the design of nanofibres with
a controlled diameter allows for a high reflectivity of 96.3%
in 0.3-2.5um wavelength range. As a result, we observe
~3°C cooling improvement of this selective thermal emitter
as compared to that of a non-selective emitter at night, and
5°C sub-ambient cooling under sunlight. The impact of this
hierarchically designed selective thermal emitter on alleviat-
ing global warming and temperature regulating an Earth-like
planet is also analysed, with a significant advantage demon-
strated. With its excellent cooling performance and a scalable
process, this hierarchically designed selective thermal emit-
ter opens a new pathway towards large-scale applications of
all-day radiative cooling materials.

Compared with a selective thermal emitter, a non-selective
thermal emitter with absorption/emission beyond the atmospheric
transparency window will absorb downward thermal radiation
from the atmosphere and therefore compromise the cooling per-
formance (Fig. la). Theoretical calculation shows that the ideal
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selective emitter allows for a larger temperature drop than that of
the non-selective emitter (Fig. 1b,c). Such a selective emissivity
spectrum has been previously demonstrated using a near-ideal
selective emitter based on a one-dimensional photonic crystal”'.
However, this photonic crystal emitter, fabricated by photolithog-
raphy and electron beam evaporation, has limited scalability.

As emission in the mid-infrared region is typically associated
with molecular bonding, molecular-level design with appropriate
chemical bonding provides a more convenient and scalable path-
way, compared to complex top-down fabrication, to enable narrow
band and selective absorption/emission in the mid-infrared region
for radiative cooling.

It is revealed that vibrational absorptions in the mid-infrared
waveband outside the atmospheric window (8-13pum) are usu-
ally caused by various bond vibrations, including ~-CHO (2,810-
2,710cm™), C=C (1,880-1,785 cm™'), C=0 (1,825-1,725 cm™)
and C-S (weak vibrational peaks at 600-650cm™), as well as S-S
bond vibrations (below 500 cm™!). These bonds should be excluded
for constructing a selective thermal emitter. By contrast, polymers
that have bonds vibrating only at 8-13 pm, such as C-O-C (1,260-
1,110cm™), C-OH (1,239-1,030cm™"), -CF, (1,148cm™) and
Si-O-Si (1,100 cm™), have great potential as an ideal selective ther-
mal emitter. Therefore, among all the polymer films, it is expected
that polyethylene oxide (PEO), which has only C-C, C-O and C-H
bonds, presents a desirable selective absorption band, overlapping
with the atmospheric transparency window (8-13 pm; Fig. 1d).

Besides selective thermal emission in the atmospheric transpar-
ency window (8-13pm), strong reflection of the solar spectrum
(0.3-2.5pm) is also necessary to realize high-performance all-day
radiative cooling. However, a typical PEO film fabricated through
drop-casting is visibly transparent (Supplementary Fig. 1), which can-
not meet the demand for high sunlight reflectance. Nanofibres with
diameters comparable to the wavelength of the solar spectrum can
serve as effective scatterers to enable strong solar reflection (Fig. le).

Combining the designs at the molecular level and nanoscale
mentioned above, we synthesize PEO films composed of ran-
dom nanofibres as daytime radiative coolers through a scalable
roll-to-roll electrospinning method (Fig. 1f and Supplementary
Video). Specifically, this hierarchically designed PEO film demon-
strates desirable properties for radiative cooling, with an average
selective emittance of 78% in the wavelength range of 8-13 pm and
a high reflectance of 96.3% in the sunlight region (0.3-2.5 pm).
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Fig. 1| The theoretical analysis and fabrication process of the selective thermal emitter. a, The schematic of the radiative heat transfer process of a
selective and a non-selective thermal emitter. Both the selective and non-selective thermal emitters highly reflect sunlight and emit strongly through
the atmospheric window. The selective thermal emitter has a suppressed absorption of thermal radiation from the surroundings compared to that of
the non-selective emitter. b, The mid-infrared spectrum of an ideal selective thermal emitter (blue line) and a non-selective thermal emitter (red line).
¢, Net cooling power as a function of the emitter temperature. The calculation is based on a typical atmospheric transmittance (blue line in Fig. 2g) and
parasitic heat transfer coefficient h=0W m=2K-". d, Schematic of infrared emission by bond vibrations of the PEO molecular chain. Grey ball, C atom;
blue ball, O atom; white ball, H atom. e, Effective scattering of micro- and nano-structures of the es-PEO film. f, Schematic of the scalable fabrication

process, roll-to-roll electrospinning.

As electrostatic spinning with significant advancement provides
a scalable process to fabricate nanofibres'®*, a modified roll-to-roll
electrostatic spinning method is developed and applied to produce
the hierarchically designed PEO film (Supplementary Fig. 2; details
in Methods). Figure 2a shows a roll of electrostatic spinning PEO
(es-PEO) film that was produced, which is several metres long, a
quarter metre wide and 500 pm thick (Supplementary Fig. 3). Its white
colour illustrates the strong scattering of visible light, which is ascribed
to the multilayer structure of randomly stacked nanofibres with
diameter sizes broadly distributed (centred at ~800 nm; Fig. 2b,c). As
corroborated by the scattering efficiency calculation of the PEO nano-
fibre as a function of diameter size across the solar spectrum using
Mie theory (Fig. 2d), the obtained nanofibre with the diameter dis-
tributed in the 500-1,200nm range can strongly scatter the sunlight
(especially in the 0.3-1.2 pm wavelength range, which covers most of
the solar wavelength range). Another feature of PEO that is ideal for
radiative cooling is that it has negligible material absorption loss over
the entire solar wavelength range (Fig. 2e and Supplementary Fig. 4).
The strong sunlight reflection by these multilayer random PEO nano-
fibres is confirmed by the calculations based on Mie theory together
with Chandrasekhar radiative transfer theory (Fig. 2f). Figure 2g
shows the optical spectrum of the es-PEO film, with a high reflectiv-
ity of more than 96.3% in the sunlight region, high emissivity of 78%
in the wavelength region 8-13pm and low emissivity outside the
atmospheric transparency window; ideal for all-day radiative cooling.
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To experimentally verify the radiative cooling performance of the
hierarchically designed es-PEO film, we performed a continuous
outdoor measurement of the temperature and cooling power on a
clear day at Nanjing. As shown in Fig. 3a,b, the device consists of an
acrylic shell covered with a layer of Al foil to reflect the radiation from
the surrounding buildings, a foam insulation sample stage, a heater
and a layer of infrared-transparent wind cover polyethylene (PE)
film (Supplementary Fig. 5), consistent with previous studies®. In
the daytime, the es-PEO film shows a sub-ambient temperature drop
of |AT|~5°C even under the peak solar intensity of near 900 W m~2
at noon (Fig. 3c and Supplementary Fig. 6). The corresponding cool-
ing power of the es-PEO film reaches as high as 110 Wm™ (Fig. 3d).
This experiment confirms that the obtained es-PEO film stands out
as a high-performance radiative cooling material during the daytime.

To further evaluate the cooling difference of the es-PEO film as
a result of selective thermal emission, we chose a dyed-black fabric
with non-selective thermal emission in the mid-infrared region for
comparison (Fig. 3e). The tests were carried out at night to exclude
the effect of sunlight. It is obvious that the es-PEO film is consistently
~3°C cooler compared to the dyed-black fabric sample throughout
the test (Fig. 3f and Supplementary Fig. 7), and ~7°C below ambi-
ent temperature. All the results consistently suggest that the prepared
es-PEO film has an excellent cooling performance as a result of selec-
tive thermal emission. For future real-world applications, durability
is an important parameter of radiative cooling materials. Chemical
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Fig. 2 | The structures and optical properties of es-PEO. a, A photo of an es-PEO thin film produced by roll-to-roll electrospinning. The thickness of the
film is 500 pm. b, Scanning electron microscopy images of random nanofibres of the es-PEO thin film. ¢, The statistical distribution of the diameters of the
PEO fibres demonstrated in b. d, Simulation of the scattering efficiency of PEO nanofibres over the wavelength range of 0.3-2.5 pm with the fibre diameter
varied from 100 to 2,000 nm. a.u., arbitrary units. e, The complex spectral refractive index (n+ik) of PEO in the solar wavelength range. Inset: optical
image of transparent PEO film fabricated through drop-casting method). f, Theoretical reflectance spectrum of es-PEO. g, Spectral UV-visible-infrared
reflectance/emittance of a 500 pm es-PEO film (black line) presented against the AM1.5 solar spectra and the atmospheric transparency window.

cross-linking proves to be effective to improve the durability of our
PEO-based selective thermal emitter (Supplementary Fig. 8).

It is expected that this es-PEO film with selective thermal emis-
sion is advantageous at a large scale. For example, the temperature
of Earth is essentially balanced by absorbing radiation from the sun
(6,000K) and emitting thermal radiation to the cold outer space (3K)
simultaneously (Fig. 4a). As the unique feature of radiative cooling
is that it can send the heat to space through an atmospheric trans-
parency window (8-13 pm), radiative cooling is considered a tech-
nical solution to alleviate global warming-*. The es-PEO film with
selective infrared emittance and high scalability is particularly ideal
for this purpose. By placing the radiative materials in a desert that is
dry and hot (temperatures as high as ~323 K) and has a low popula-
tion density, the potential energy savings and laying area size can be
calculated. The es-PEO film with selective emittance is more effec-
tive compared to one with non-selective emittance (Supplementary
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Fig. 9). When the temperature drop is higher, the es-PEO selective
emitter shows higher cooling power than that of the non-selective
thermal emitter (Fig. 4b; AP=P, e~ Pronselecive)- FOr tempera-
tures reaching 305K, the data show that the surface area required
when laying the es-PEO selective emitter is 1.17 X 10’ km? (Fig. 4c),
while that required with the non-selective emitter is 1.51 X 10”km?
(~30% more); the difference is the equivalent of laying the material
over the entire Gobi and Rub Al Khal deserts (Fig. 4d).

Earth-like planets, which typically possess rock, metals, water
and a thin atmosphere, and have similar mass, size and temperature
to Earth?®, are considered potential candidates for future space colo-
nization. However, a higher temperature at their surface compared
to the Earth (288 K) impedes the survival of life. As a typical example,
the planet Kepler-62e, which is located in the Kepler-62 system and
has a similar orbit and atmospheric composition as Earth™, shows a
much high surface temperature® (340 K; Fig. 4e).
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Fig. 3 | Cooling performance of a selective emitter es-PEO film, in comparison with a non-selective emitter. a, Set-up of the real-time measurement of
the radiative cooling performance. b, Schematic of the set-up for testing the radiative cooling power and cooling temperature. ¢,d, Real-time temperature
(e) and cooling power (d) data of the outdoor experiment with the es-PEO film in Nanjing (date, 11 December 2019, UTC+8). e, Mid-infrared emittance
spectra of the measured es-PEO film and the control sample of a dyed-black fabric. f, Night-time temperatures of two cooling samples compared with

ambient temperature (date, 14 September 2019, UTC+8).

According to modelling of the radiation intensity of Kepler-62
(ref. **; Supplementary Fig. 10), a thermal emitter can be used to reg-
ulate the surface temperature of Kepler-62e to a more habitable tem-
perature range. The emission spectra of thermal emitters vary from
non-selective to ideally selective (spectral tuning process shown
in Supplementary Fig. 11). Figure 4f shows the theoretical cooling
performance of thermal emitters with various emission spectra, in
which the es-PEO film (mean) can cool Kepler-62e from 340K to
295K (the temperature reduction is 45K) while the non-selective
emitter (78%) has a temperature drop of only 33K. This example
once again illustrates that our hierarchically designed selective ther-
mal emitter shows a better cooling performance compared with a
non-selective thermal emitter. More importantly, the selective ther-
mal emitter has great potential to cool the planet Kepler-62e to the
ideal temperature of 288 K (the same temperature as Earth), and the
emitter with a limited emission spectrum can even reach a cool-
ing temperature limit of 244 K (Fig. 4f), showing great potential in
making Earth-like planets habitable.

In conclusion, we demonstrate a hierarchically designed
(molecular level and nanoscale), high-performance radiative
cooling material with a strong selective emittance in the atmo-
spheric transparency window. This PEO-nanofibre-based film
is scalable and produced via a roll-to-roll electrospinning pro-
cess. It shows a high reflectance in the sunlight region because of
its disordered photonic structure with innumerable nanofibres,
and a selective emittance in the mid-infrared region due to its
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specific bond vibrations. Both real-time temperature measure-
ments and theoretical calculations confirm the superior cooling
performance of the PEO film compared to a non-selective ther-
mal emitter. This selective thermal emitter provides a more via-
ble pathway for alleviating the global warming of the Earth and
for temperature regulating an Earth-like planet. It provides new
routes for developing large-scale and high-performing radiative
cooling technologies towards an energy-efficient and sustain-
able society. In addition, it can inspire more molecular/chemi-
cal designs and an interdisciplinary effort for advanced photonic
materials and devices.
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Methods

Fabrication of es-PEO film. First, the solution of 10wt% PEO was obtained

by intermittently adding PEO powder to acetonitrile. The mixture of PEO and
acetonitrile was stirred. The resulting PEO solution was electrospun at a voltage of
18KV, a spinning distance of 18 cm, a feeding rate of 4mlh~" and using a 20-gauge
needle tip. The collector of the electrospun nanofibres consisted of a couple of
rotation drums, a belt and a lap of nonwoven fabric, and the rotation speed was
100 r.p.m. The production rate can be enhanced for an industry-scale process, and
we anticipate that the yield of es-PEO film can reach as high as 600 m* per day
using electrospinning with wire electrodes.

Cross-linking of PEO and polypropylene glycol (PPG). First, a mixed solution
of 10wt% PEO and PPG was obtained by adding PEO and PPG sequentially to
acetonitrile. The mass ratio of PEO and PPG was 1:1. The mixture of PEO, PPG
and acetonitrile was stirred at 110 °C. After stirring evenly and cooling to room
temperature, dicumyl peroxide was added as a cross-linking agent to the mixed
solution. Afterwards, the resulting mixed solution was used to electrospin the film
at a voltage of 18kV. UV light was applied to the obtained PEO-PPG film under
the protection of nitrogen for 30 min.

Optical characterization of es-PEO film. The spectroscopic performance of

the es-PEO film was characterized separately in the UV to near-infrared (0.3-
2.5pm) and mid-infrared (2.5-20 pm) wavelength ranges. In the first range, the
optical reflectance spectrum was measured using an UV-visible-near-infrared
spectrophotometer (UV 3600, Shimadzu) equipped with an integrating sphere
model (ISR-3100). For the second range, a Fourier transform infrared spectrometer
(Nicolet IS50, ThermoFisher) and a gold integrating sphere (IntergatIR MIR, Pike)
along with a mercury cadmium telluride (MCT-B) detector and KBr beam splitter
were used together to measure the absorption spectra. Transmission spectra
(0.3-2.5pm) were obtained by the UV-visible-near-infrared spectrophotometer
(UV 3600, Shimadzu) equipped with an integrating sphere model (ISR-3100),
with the PEO cooling film placed at the mouth of the integrating sphere.

Microscopy measurement. The surface morphology of the es-PEO cooling film
was characterized by a scanning electron microscope (TESCAN MIRA3).

Refractive index measurements. Refractive index measurements of PEO films
were taken by an RC2 XI+.

Outdoor radiative cooling performance measurements. We tested the real-time
temperature and cooling power using two set-ups simultaneously on the roof of

a building at Nanjing University (32°3"18.8” N, 118°46’ 33.2" E). In each set-up,

a piece of cooling sample with a size of 17.5cm X 9.4 cm was used. The cooling
power test set-up had a heater with a feedback control system to maintain ambient
temperature. The two test set-ups were placed on a platform at a height of 1 m
over the ground. A moisture recorder was placed beside the set-up to record the
moisture during the test period.
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Theoretical thermal calculation of the emitter. We used a simple model to
analyse the energy balance of the thermal emitter, with several parts to the
radiation: the emitted thermal radiation from the thermal emitter (P,,,), the
absorbed thermal radiation from the atmosphere (P,,), the heat transfer by
thermal conduction and thermal convention (P.,,,.,) and the absorbed thermal
radiation from sunlight (P,,,; P, =0 during night-time). The energy balance
equation is as follows:

tm

Pne(—cooling = Prad — Patm — Psolar — Peond+conv

The temperature reduction of the thermal radiation reached a steady state when
the net cooling power P, cqoing = 0. The steady-state temperature of the selective

thermal emitter is much lower than that of the non-selective thermal emitter.

Data availability

All relevant data are included in the manuscript and Supplementary Information.
More detailed protocols, calculations and analysis are available from the authors
upon request.
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