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APPLIED SCIENCES AND ENGINEERING

Protecting ice from melting under sunlight via

radiative cooling

Jinlei Li't, Yuan Liang®t, Wei Li*t, Ning Xu't, Bin Zhu', Zhen Wu', Xueyang Wang', Shanhui Fan®,

Minghuai Wang?*, Jia Zhu">*

As ice plays a critical role in various aspects of life, from food preservation to ice sports and ecosystem, it is desirable
to protect ice from melting, especially under sunlight. The fundamental reason for ice melt under sunlight is related
to the imbalanced energy flows of the incoming sunlight and outgoing thermal radiation. Therefore, radiative
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cooling, which can balance the energy flows without energy consumption, offers a sustainable approach for ice
protection. Here, we demonstrate that a hierarchically designed radiative cooling film based on abundant and
eco-friendly cellulose acetate molecules versatilely provides effective and passive protection to various forms/
scales of ice under sunlight. This work provides inspiration for developing an effective, scalable, and sustainable

route for preserving ice and other critical elements of ecosystems.

INTRODUCTION

Protecting ice from melting under sunlight in a sustainable way is
highly desirable as it entwines several crucial aspects of our lives:
from daily ice/iced food to ice sports and iceberg at high altitudes/
latitudes (1, 2). It is estimated that the cold chain alone, required for
preserving 40% of the world’s food (~400 million tons), is consum-
ing 11% of the global electricity and leading to approximately 2.5%
of the world’s greenhouse gas emissions (3-5). As the first step, it is
essential to examine the energy flows of the ice systems under sun-
light. The representative thermal flows of ice at different latitudes
are summarized in Fig. 1A (text SI and fig. S1) and Fig. 1B. The
diagrams reveal that solar radiation (0.3 to 2.5 um) is the dominating
thermal load, leading to an increase in ice temperature and conse-
quential melt. Meanwhile, mid-infrared radiation (2.5 to 18 um) is
the primary energy stream to offset this trend. Therefore, it is clear
that imbalanced energy flow is directly relevant to ice melt under
sunlight, and it is of great practical significance to explore a sustain-
able pathway to balance them, therefore enabling passive preserva-
tion of various ice systems under sunlight.

Recently, the burgeoning developments in daytime radiative
cooling offer a promising strategy to balance the energy flows (6-16).
In these pioneering works, various intriguing materials and structures
were developed, such as multilayer/patterned photonic structures
(17-19), nanoparticle-based/porous polymer film (20-23), cooling
wood (24), and super-white paints (with solar reflectivity larger than
0.95) (21, 25). Typically, an experimental cooling power of 40 to
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100 W m ™2 and a subambient cooling temperature of 3° to 13°C are
demonstrated during a sunny day.

However, for the purpose of preserving ice under sunlight, there
are several stringent requirements beyond traditional considerations.
First, ice has a much lower temperature compared with most reported
scenarios, and therefore, it demands very high radiative cooling
performance. For example, it is calculated that an increase of net
radiation power from 70 to 110 W m™> can prevent ice/iced food
from melting without additional refrigerated devices (fig. S2 and
detailed in text S2). In addition, for the specific purpose of ice pres-
ervation, it is critical that the radiative cooling materials have to be
extremely abundant and scalable (~million metric tons) with mini-
mized environmental impact (26-28).

In this work, we demonstrate a hierarchically designed film
based on abundant and eco-friendly cellulose acetate (CA). This hi-
erarchical CA film is carefully tailored for achieving high cooling
performance. The intrinsic vibrations of the molecular bonding en-
dow the CA film with broadband and high mid-infrared emissivity
(Fig. 1C), which is desirable for high-performing large-scale cool-
ing, as explained in the model later. Tailored pores act as effective
scattering centers for incoming solar radiation (Fig. 1D). Therefore,
the hierarchically designed CA film is able to minimize the thermal
load on ice under sunlight and realize effective passive protection
for ice systems at different latitudes. CA is chosen to construct the
film as it is eco-friendly and abundant. CA is biodegradable and can
be digested by microorganisms in nature (Fig. 1E) (29-31). Raw CA
is derived from natural cellulose that exists extensively within plant
cytoderm (Fig. 1F) (32, 33).

RESULTS

Design, fabrication, and characterizations of the CA film
Broadband and effective reflection of sunlight is essential for realizing
radiative cooling under sunlight. Our theoretical models (Fig. 2A
and detailed in text S3) reveal that for the CA-based film, a porous
structure with multiscale pores ranging from 500 nm to 3 um sup-
ports strong scattering and reflection of sunlight (wavelength range:
300 nm to 2.5 um). Therefore, we developed a CA molecule-based
scalable film (Fig. 2B) via the roll-to-roll electrospinning technique
(fig. S3). Its microscopic picture is presented in Fig. 2C. It shows
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Fig. 1. Hierarchically designed and eco-friendly CA film for passive protection of ice under sunlight via radiative cooling. Energy transfer process of ice systems at
(A) low/middle and (B) high (>70.5°N) latitudes, respectively, in a unit of watts per square meter. The solar irradiation and mid-infrared emission are the dominant energy
input and output for both scenarios. The unbalanced energy flows lead to the melt of ice. (C to F) Hierarchical designs and life cycle of the porous CA film for realizing

passive ice protection via radiative cooling. (C) The intrinsic molecular vibrations and

(D) porous structure endow the CA film with high mid-infrared emissivity and solar

reflectivity, respectively. Therefore, the thermal loads on the ice systems are substantially reduced with the hierarchically designed film. (E) At the end of the life cycle, the
hierarchically designed CA film can be decomposed by the natural microorganism to reproduce CA (right). (F) The abundant raw materials of the hierarchically designed

CA film can be derived from the cytoderm of natural plants.

that nanofibers connect and form multiple pores with sizes in the
same range as the theoretical design (fig. S4), ideal for scattering
sunlight. The reflectivity spectrum of the hierarchically designed
CA film in Fig. 2D (left, before the break) confirms that weighted
reflectivity is as high as 0.974 for the solar spectrum (AM 1.5G).
High mid-infrared emissivity is critical to send heat flow to the
cold universe (3 K) to realize radiative cooling. Organic macromol-
ecules offer a convenient knob for tailoring the mid-infrared emission,
as every molecular bonding corresponds to specific mid-infrared
vibration wavelengths (34-36). Besides, deformation, together with the
amorphousness of macromolecular chains, is beneficial to broaden
and enhance these vibrations (37, 38). For the CA film, the multiple
bonding of C—O and C—O—C of CA molecules (fig. S5) provides a
strong mid-infrared emission at the atmospheric transparent window
(8 to 13 pum). In addition, the relevant bonding of OH, C=0, and

Li et al., Sci. Adv. 8, eabj9756 (2022) 11 February 2022

CH, contributes to high emissivity across the rest of the mid-infrared
bands. As our expectations, the mid-infrared emissive spectrum in
Fig. 2D (right, after the break) verifies that the hierarchically designed
CA film has a broadband mid-infrared emissivity of 0.92 with an
emissive peak at the atmospheric transparent window. This broad-
band mid-infrared emissivity is ideal for cooling large-scale ice at
high altitudes, as explained in the modeling experiment later.

With the desired optical properties for CA film achieved via hi-
erarchical designs, we next measured the cooling temperature and
cooling power of the hierarchically designed CA film to evaluate its
radiative cooling performances. Here, the cooling temperature is
defined as the temperature reduction of the film from the ambient
temperature. A cooling power of up to ~110 W m™2 and a cooling
temperature of ~12°C are realized by the hierarchically designed CA
film under direct sunlight irradiation (Fig. 2E; theoretical estimation

20f8



SCIENCE ADVANCES | RESEARCH ARTICLE

A
B
2
g
Q
£
8
el
o
o]
o
0.5 1 15 2 25
Wavelength (um)

D 1+ E150 15 1.50 F

1.0 ‘-l-rrl‘l'g- 1'0:,;- o 8 =E " Slider
o > L1.25 =
= 0.8 08 9 o =
= £ 31001 105 =
|5} 5 = © =
2 06 063 g 8-1002’
< - CA film sl 2 £ s
3 04 Alfilm 4e 5 - ) -
o} X £ £504 s 5 91075 ©
(%] —A- White paper 02 S 3 £ o}

021 -o-PET-AI-PE 25 8 Power of sunlight - S H

©los0 :
0 0 . 5
—T—T—FF T T —T 0 T T T r T 0 e
0.0051.015 5 10 1520 12:00 13:00 14:00 15:00 16:00 Portable and flexible bag
Wavelength (um)
G H I
~ 30 3
T 3001 —e— PET-AI-PE ———— ' s
= ~ 20 1 Al film < 3
< I White paper 8 —a— White paper |
& 200 Al film o 101 —=—CAfim -
= I PET-AI-PE 5
> I CA film ® 0 T-----mm-mm- A achraremay oo oo oo CA film Al film
o 1004 5 1 :
& S 49 : :
5 g : :
= 04 H H
[ : :
g 201 : :
g A :
-100 , -30 - . . .
'0‘\ f . . . . .
O \&@« @ 10:00 12:00 14:00 16:00  18:00 White paper PET-ALPE
=N @\6’

Fig. 2. Outdoor ice/iced-food preservation at low/middle latitudes. (A) Theoretical analysis of the pore’s scattering effect on the incident sunlight. The color bar rep-
resents reflectivity. (B) A photograph of the hierarchically designed CA film. (C) An SEM image of the hierarchically designed CA film. (D) Solar reflectivity (left axis, before
the break) and mid-infrared emissivity (right axis, after the break) spectra of the hierarchically designed CA film. The spectra of white paper, Al film, and PET-AI-PE film are
shown for comparison. (E) Cooling performance under sunlight referring to the ambient of the hierarchically designed CA film. (F) A photograph shows that the hierar-
chically designed CA film is tailored into a homemade portable and flexible bag specifically for outdoor ice/iced-food preservation. The pink bar is a slider. (G) Energy
flows of ice/iced food wrapped by different packing materials. (H) The temperature evolutions (left axis) of the iced food with different packing ways under sunlight.
(1) Photographs of the ice creams after ~80 min of sunlight exposure (~540 W m™2). Scale bar, 2 cm. The hierarchically designed CA film provides the best preservation.

Photo credit of (B), (F), and (I): Jinlei Li and Ning Xu, Nanjing University.

is provided in text S4 and figs. S6 and S7), confirming the excellent
radiative cooling capacity of the hierarchically designed CA film.

Ice/iced-food preservation

The hierarchically designed CA film with such excellent radiative
cooling performances can be conveniently tailored to various forms,
such as a portable and flexible bag specifically for outdoor ice/iced-food
preservation (Fig. 2F). The three most commonly used packing
materials, including white paper, aluminum (Al) film, and poly-
ethylene terephthalate (PET)-Al-polyethylene (PE) film, are used
as controls. In contrast to the hierarchically designed CA film, white
paper, Al film, and PET-AI-PE film have much lower solar reflectivity
of only 0.806, 0.880 (the highest one in many commercialized prod-
ucts we bought; fig. S8), and 0.692, respectively (Fig. 2D, left axis).

Li et al., Sci. Adv. 8, eabj9756 (2022) 11 February 2022

Besides, all of them have lower mid-infrared emissivity than the hier-
archically designed CA film: 0.89 for white paper, 0.05 for Al film, and
0.62 for PET-AI-PE film, respectively (Fig. 2D, right axis). On the basis
of their optical properties, we evaluate the thermal load on outdoor
ice/iced food (at low/middle latitudes) with these packings and show
the results in Fig. 2G (see text S5 and fig. S9 for a detailed analysis). It
is found that the thermal loads on the ice/iced food with white paper,
Al film, and PET-AI-PE film are as high as 154, 137, and 296 W m ™2,
respectively, leading to the consequent rapid melt of outdoor ice/iced
food. In contrast, the hierarchically designed CA film substantially re-
duces the thermal load on the outdoor ice/iced food to —1 W m ™2,
showing its potential in preserving ice/iced food under sunlight.

The changes in thermal load lead to different temperatures of
outdoor ice/iced food. We monitored the temperature evolutions of
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iced food wrapped by different materials under natural outdoor
sunlight irradiation (fig. S10). The results in Fig. 2H show that the
duration for the iced food covered with the hierarchically designed CA
film to stay below 0°C is about 5.5 hours (the outdoor conditions of
sunlight illumination and ambient temperature in fig. S11). In contrast,
the durations for iced food to stay below 0°C when wrapped with
white paper, Al film, and PET-AI-PE film are 3.7, 3.8, and 2.6 hours,
respectively. Our comparative experiments in fig. S12 also confirm
that the different melting process of ice/iced food is dominated by
the optical properties of packing materials (or above thermal load)
rather than the thermal resistance arising from poor contact be-
tween ice/iced food and the hierarchically designed CA film.

The prolonged duration below 0°C not only can save a notable
amount of energy for cooling but also is beneficial for preserving out-
door ice/iced food. For example, we put commercialized ice creams
into portable bags made from the hierarchically designed CA film,
white paper, Al film, and PET-AI-PE film and exposed them under
outdoor sunlight (fig. S13). It is found that the hierarchically designed
CA film provides the most effective passive preservation for ice cream
(Fig. 2I), with ~98% integrity after 80 min of sunlight exposure
(~540 W m™?). By contrast, approximately less than 50% of ice creams
stay unmelted in the white paper, Al, and PET-AI-PE bags. We also make
comparisons between the hierarchically designed CA film and the com-
mercially available cooling solutions including polished Al, Al foam (two
kinds), and white paint (detailed in figs. S14 and S15). The hierarchically

designed CA film consistently shows the best cooling performance and
therefore provides the most effective protection for ice under sunlight.

Protection for ice and snow

Balancing the solar input and mid-infrared output is not only cru-
cial for outdoor ice/iced-food preservation but is also the dominant
factor for maintaining the ecosystem at high latitudes. Here, ice and
snow surface (tiny ice crystals) are two representative geomorphol-
ogies. They have different solar reflectivity but similar mid-infrared
emissivity (39-41). In the following, we will demonstrate the pas-
sive cooling effects of the hierarchically designed CA film for both
ice and snow surfaces.

Asindicated in Fig. 1B, the melt of ice at high latitudes is dominated
by radiative energy transfer processes of the incident solar radiation
and mid-infrared radiative output. As both the incident solar radia-
tion and mid-infrared radiative output are independent of the scale
of surface area, we can start via small-scale experiments to evaluate
the cooling effects of the hierarchically designed CA film on ice at
high latitudes (42). A custom-made device, as shown in Fig. 3A and
fig. S16, was developed to simulate an ambient temperature at high
latitudes [0° to 8°C in years from 2000 to 2100 (43)]. From Fig. 3B,
it is obvious that the hierarchically designed CA film lowers the tem-
perature of ice. A temperature difference of up to 6.3°C is observed
between those with and without the hierarchically designed CA film.
As shown in Fig. 3C, even under a mean solar irradiation of ~700 W m 2,
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Fig. 3. Ice and snow protection via the hierarchically designed CA film. (A) A schematic of the custom-made device for verifying the cooling effects of the hierarchi-
cally designed CA film for ice. A refrigerator is used to simulate the atmosphere temperature at high latitudes under sunlight. (B) Comparison of the temperature of ice
between with and without the hierarchically designed CA film. (C) Subambient cooling enabled by the hierarchically designed film under intense illumination of sunlight
of ~700 W m~2 (higher than the case at high latitudes of below 350 W m™). (D) Photographs show the mass evolution of ice with (left) and without (right) the hierarchi-
cally designed CA film. Scale bar (in black), 2 cm. (E) Mass decay of the ice with and without the hierarchically designed film (left axis). The mass ratio of the unmelted ice
is also shown (right axis). (F and G) Protection for snow. Photographs show snow (F) at the initial state and (G) after 20 days of outdoor sunlight exposure. Snow melt is
slowed thanks to the protection of the hierarchically designed CA materials. Photo credit of (D), (F), and (G): Jinlei Li and Ning Xu, Nanjing University.
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which is much stronger than the case at high latitudes [below
350 W m ™2 (44)], the surface temperatures of ice with the hierarchically
designed CA film stay ~7°C lower than that of ambient.

The lowered ice temperature is very beneficial for slowing ice
melt. To verify the effect of preservation, we exposed the identical
pieces of ice with and without the hierarchically designed CA film
(in the custom-made device) under natural sunlight (fig. S17) for
five successive days (from 6:00 a.m. to 12:30 a.m. every day). Their
mass evolutions were recorded and shown in Fig. 3D. It is clear
that the size of ice with the hierarchically designed CA film re-
mains unchanged. In contrast, the bare ice shrinks and disappears.
The mass decay curves in Fig. 3E are well corresponding to the
tendency shown by photographs. These results confirm that the
hierarchically designed CA film provides effective protection for
ice under sunlight.

Besides ice, the hierarchically designed CA film also shows ex-
cellent protection for snow surface, another typical geomorphology
at high latitudes. We carried out field testing for snow surfaces with
and without the hierarchically designed CA. Initially, the two pieces
of snow were intentionally controlled to have nearly identical shapes
and mass (Fig. 3F and fig. S18). After 20 days of outdoor sunlight
exposure (fig. S19), the remains of snow with the hierarchically de-
signed CA materials are found to be ~50% more than that of the
bare snow (Fig. 3G and fig. $20). Furthermore, we performed ~80 m”
of outdoor test (without a PE cover) in Tianshan Glacier No. 1
(Xinjiang, China; see more details in fig. S21). Previously, geotextile,
a common material, has been used for covering the glacier (45, 46).
It is found that, after 20 days, the glacier covered by a radiative cool-
ing film is ~0.7 m higher than that without any cover. These results
provide direct proof that our radiative cooling film is effective in
slowing the melt of local glaciers.

>

Thickness (m)

Modeling the cooling effects for ice at high latitudes
Via the above small-scale experiments, it is clear that the hierarchically
designed film provides effective cooling for both ice and snow. To pre-
dict the scale-up implication, we use modeling to evaluate the cooling
impacts. In Fig. 4A, an iceberg (chunks of ice breaking off from parent
glaciers) with a size of dozens of square kilometers (equivalent to the
size of a large ski resort) is first studied via a thermodynamic model
(see text S6 for details). It is found that the iceberg lost 1 m through
melt during the summer season. In contrast, the hierarchically de-
signed CA film enables a 1-m thickening of the iceberg. Furthermore,
we use climate model experiments to extend the hierarchically de-
signed CA film onto sea ice within the Beaufort Gyre region, the annu-
lus between 70.5°N and 80.5°N and the north of 70.5°N (text S7). The
5 to 40% increase of concentration (Fig. 4, B to D) and 0.5- to 2.5-m
thickening (fig. S22) of sea ice from with and without the CA film
within these specified areas show that our approach is capable of effec-
tive regional/targeted protection for the ice systems at high latitudes.

Such exciting preservative potential of the hierarchically de-
signed CA film is attributed to its excellent radiative cooling capac-
ity due to both high solar reflectivity and mid-infrared emissivity
across broadbands. As shown in Fig. 4E, the hierarchically designed
CA film leads to a distinct enhancement in the solar reflectivity
(above 0.20) at high latitude. We summarize the main energy fluxes
of the high latitudes with and without the hierarchically designed
CA film in Table 1. It reveals that the enhanced solar reflectivity
plays a primary role in lowering the surface thermal load. Mean-
while, the output energy in the forms of mid-infrared radiation and
convection is nearly unaffected. Consequently, the surface tempera-
ture at high latitudes decreases by around 4°C (Fig. 4F).

Note that for large-scale application at high latitudes, the broadband
and high mid-infrared emissivity, as illustrated by the hierarchically

Fig. 4. Ice protection at high latitudes. (A) Thickness change of an iceberg (with a size of dozens of square kilometers). The hierarchically designed CA film can effective-
ly protect an iceberg from melting during the summer season. (B to D) Maps show the differences of sea ice concentration (in the unit of %) between with and without
the hierarchically designed CA film. The CA film is applied over the sea ice within (B) the Beaufort Gyre region, (C) the annulus between 70.5°N and 80.5°N, and (D) the
north of 70.5°N, respectively. These applied areas are labeled by dark dashed lines. The hierarchically designed CA film is capable of effectively regional/targeted protec-
tion for the ice at high latitudes. (E and F) Maps of the differences in surface (E) solar reflectivity and (F) temperature (unit in kelvin) between with and without the hierar-
chically designed CA film, respectively. The great protective potential for ice at high latitudes of the hierarchically designed CA film is attributed to its excellent sunlight

reflection and consequential cooling.

Li et al., Sci. Adv. 8, eabj9756 (2022) 11 February 2022

50f8



SCIENCE ADVANCES | RESEARCH ARTICLE

Table 1. Averaged energy fluxes of the high-latitude surface
(>70.5°N) under sunlight. The arrows denote the directions of energy
transfer referring to the ground: |downward and tupward; unit, watts per
square meter.

. Mid- Convection
Sunlight | infrared 1 1 Net |
With CA film 66.8 149 7.8 441
Without CA 106.2 15.2 103 80.7
film
Difference -394 -0.3 -2.5 -36.6

designed CA film (Fig. 2D), is preferred over the selective emissivity
only high at the atmospheric window (selective thermal emitter).
This is different from the previous recognition (6, 17, 47) that the
selective thermal emitter is superior for cooling in most other sce-
narios typically at small scale. For small-scale applications, the tem-
perature of the thermal emitter is typically lower than the ambient
temperature, which can only be achieved through combining high-
performing radiative cooling with minimized parasitic cooling loss
via convection and conduction. However, for large-scale applica-
tions of ice protection, it is not practical to prevent the parasitic cool-
ing loss; therefore, it is extremely challenging to maintain the strong
positive temperature gradient between the atmosphere and the sur-
face (temperature inversion). The strong near-surface tempera-
ture inversion is hardly observed at high latitudes (48). For a typical
vertical temperature profile, our radiative-convective column model
shows that the selective thermal emitter is less effective for cooling
and results in more than 6°C temperature increase at the surface
compared to a broadband thermal emitter (fig. S23 and see text S8
and table S1 for details). Therefore, for radiative cooling at large scale,
broadband thermal emissivity is more desirable, compared to selec-
tive thermal emissivity only at the atmospheric window.

Biodegradability at the end of life of the hierarchically designed
CA film is another crucial issue that should be given full consider-
ation, no matter for preserving ice/iced food or protecting the ice at
high latitudes. Our soil exposure tests (in Nanjing of 31°N) show that
the hierarchically designed CA film exhibits the best biodegradability
among various polymers for developing radiative cooling materials
(fig. S24). Therefore, it offers an environmental-friendly protection
for the ice and snow at various latitudes.

DISCUSSION

In summary, we demonstrate that a hierarchically designed CA film
provides effective, eco-friendly, and scalable radiative cooling for
protecting ice under sunlight. Because of the critical role that ice
plays in daily life and ecosystem, it also calls for more persistent and
collective efforts to develop a sustainable pathway for ice protection
and preservation.

MATERIALS AND METHODS

Fabrication of the hierarchically designed CA film

The hierarchically designed CA film was fabricated via scalable roll-
to-roll electrospinning with multineedles (fig. S3). CA (17 weight %)
was dissolved in acetone/N,N’-dimethylformamide [optimized to

Li et al., Sci. Adv. 8, eabj9756 (2022) 11 February 2022

4:1 (v/v)] to form a clear solution. A 30-ml syringe equipped with
a 20-gauge needle was used for injecting the as-prepared solution
with a flow rate of 4 ml hour™". The voltage difference and tip-to-
collector distance were 15kV and 15 cm, respectively. A drum wrapped
with a layer of Al film was used for collecting the CA nanofibers. All
electrospinning experiments were carried out at a room temperature
of ~20°C and a relative humidity of ~45%.

Material characterizations

The solar reflectivity spectrum was measured by an ultraviolet-
visible (UV-vis) near-infrared spectroscope [UV-3600 (SHIMADZU)
and LAMBDA 1050+ (PerkinElmer) for double-checking/calibration]
equipped with an integrating sphere (ISR-310 and LAMBDA 150-mm
InGaAs, respectively). Barium sulfate was used as a reference. A
Fourier transform infrared (FTIR) spectrophotometer (Nicolet iS50R,
Thermo Fisher Scientific) was used to measure the mid-infrared
emissivity spectrum of the Al film. An integrating sphere (4P-GPS-
020-SL, Pike) was attached to the FTIR spectrophotometer to mea-
sure the emissivity spectrum of other samples if not specified.
A gold mirror was used as a reference. The microscopic picture
was captured by scanning electron microscopy (SEM; MIRA3,
TESCAN). The porosity of the hierarchically designed CA film was
measured by mercury intrusion porosimetry (AutoPore Iv 9510,
MICROMERITICS).

Measurement of the cooling performance

of the hierarchically designed CA film

The cooling temperature of the hierarchically designed CA film was
measured via the device shown in the fig. S25. The cooling power
was measured via the device, as presented in fig. $26, with a tem-
perature feedback circuit. The temperature of the hierarchically
designed CA film was controlled to be equal to the ambient tem-
perature via a heating film. The heating power of this film was used
to compensate for the cooling power of the hierarchically designed
CA film. Therefore, the cooling power equals to the heating power.
This method is consistent with previous studies (21, 22, 24). The
heating power of the film was monitored and recorded by a power
meter (66205, Chroma). The cooling temperature and power of the
hierarchically designed CA film are shown in Fig. 2E. The inci-
dent sunlight power during the measurement is recorded and pre-
sented as well.

Outdoor iced-food experiments

The temperatures of the outdoor iced-food wrapped by different
packing materials were measured with the devices shown in fig. S10.
The optical properties of every case mainly depend on ice cream it-
self and the top-covering materials, as sunlight or mid-infrared light
hardly passes ice creams (fig. S27). The foam as a thermal insulation
layer and the sunlight reflector [polyvinylidene difluoride film (so-
lar reflectivity of >0.95), Al reflector (solar reflectivity of >0.95), and
Al film (solar reflectivity of ~0.88)] were used to minimize the im-
pacts from the environment. This setup is widely adopted by previ-
ous works (17, 21, 24). The temperatures were real-time measured
by thermocouples. To compare the protective effects of different
packing materials for the iced food, identical ice creams were en-
closed in the custom-made portable bags made from different pack-
ing materials. They, together with a bare one without any packing,
were exposed under sunlight with a mean power of ~540 W m >
for ~80 min.
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Small-scale experiments of ice protection

The comparative experiments to demonstrate the protective effect
of the hierarchically designed CA film for ice were carried out via
the device shown in fig. S16. The refrigerator with a temperature
feedback circuit was used to control the ambient temperature close
to the projected surface air temperature at high latitudes [0° to 8°C
(43)]. We exposed a piece of bare ice and one with the hierarchically
designed CA film under natural sunlight and the ambient tempera-
ture of 0° to 8°C. The incident sunlight flux is shown in fig. S17. The
temperatures of the ice and ambient were measured by thermocouples.
The locations of the thermocouples are schematically shown in Fig. 3A.

Field testing of snow protection

Two pieces of identical snow with a size of 1 m by 1 m in the wild of
Bayannur, Inner Mongolia, China were used in this experiment. We
covered the surface of one piece with the hierarchically designed CA
powder and left a bare one for comparison. For outdoor applica-
tions, powder is even more convenient. Therefore, hierarchically
designed powder is used. The two pieces of snow were exposed to the
natural environment for 20 continuous days. The power of incident
sunlight is shown in fig. S19.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abjo756
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