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ABSTRACT

Flexible radiative cooling materials can dissipate heat from objects without energy consumption, offering a sustainable approach
to thermal management. Current research lacks radiative cooling materials combining eco-friendliness and UV resistance. We
develop a flexible and eco-friendly ethyl cellulose (EC) film with durable UV resistance via a scalable electrospinning approach,
enabling efficient daytime radiative cooling. The EC film has an average solar reflectance of 97.4% (0.3-2.5 pm) and a mid-infrared
emittance of 89.4% (8-13 pm), resulting in a theoretical radiative cooling power of 145 W m™2. Therefore, under the solar radiation
of 961 W m ™2, the EC film achieves a significant temperature reduction of about 10.4°C below the ambient temperature. Since the
electron-donation effect of the ethyl group, the ethyl groups can reduce the reactivity of hydroxyl groups and generate sacrificial
carbon-centered free radicals to enhance the UV stability of the EC film. After 600 h of continuous UV irradiation at 0.7 kW m™2,
the EC film exhibits an average solar reflectivity of 96.9%. Moreover, the EC film degrades naturally in soil within ~8 months. The
excellent refrigeration performance, UV stability, and eco-friendliness of the EC film make it highly promising for diverse refrig-
eration applications.

1 | Introduction thermal management, photovoltaic refrigeration, cold storage,
and power generation [8].

Passive daytime radiative cooling (PDRC) dissipates excessive

heat from the Earth’s surface through atmospheric windows
(8-13 pm) to the extremely cold outer space (~3 K), thereby pas-
sively cooling objects without consuming any energy [1-3]. This
can alleviate the problem of traditional refrigeration technology
consuming fossil fuels and exacerbating global warming [4-7]. In
recent years, this cooling method has attracted more and more
attention as an eco-friendly alternative to electric refrigeration.
This cooling technology has been applied to various scenarios
such as energy-saving buildings, dew collection, personal

Early radiation cooling materials are composed of inorganic
materials [9-14]. Rephaeli et al. [15] introduced a double-layer
photonic crystal with periodically arranged square holes com-
posed of SiC and quartz, and then placed it together with a mul-
tilayer structure composed of MgF, and TiO, on an Ag substrate
to synthesize a radiation cooling material, which possesses a net
cooling power of more than 100 W m™~2 at ambient temperature.
The rigid nature, complex fabrication process, and high cost of
this photonic crystal PDRC material hinder its mass production
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and practical application. In contrast, polymer-based porous
PDRC materials are usually simple to prepare and inexpensive,
and also have flexibility. With the advancement of research in the
field of PDRC, its constituent materials have evolved from inor-
ganic materials to polymers [16-22] and composite materials
[23-32]. Correspondingly, the structural design has evolved
toward typical configurations, including multilayer and porous
structures, to maximize solar reflectivity and mid-infrared
(MIR) emissivity. For example, Luo et al. [33] prepared a poly-
vinylidene fluoride-hexafluoropropylene PDRC material with a
multilevel porous structure by the phase inversion method of
the solution, which effectively reflects sunlight (solar reflectivity
of 96.4%) while also being suitable for mass production and prac-
tical application. However, the internal micropore size of the
material prepared by the solution phase inversion method is
often difficult to control precisely. Song et al. [34] prepared a
double-layer radiation cooling fabric using a more mature
electrospinning method, which consists of a polyethylene (PE)
film with nanopores (100-1000 nm in pore size) and a layer of
nylon nanofibers (ca. 100 nm in diameter). This fabric can pro-
vide the same wearing comfort as traditional fabrics, while its
heat storage capacity is only 1.3 W m™2, demonstrating remark-
able heat dissipation capabilities. The polymer-based PDRC
material combines radiative cooling capability with mechanical
flexibility, thereby providing effective daytime radiative cooling
for objects of various shapes and sizes [35].

Nevertheless, many polymers absorb UV radiation and exhibit
poor UV-resistance [20, 36, 37]. When exposed to prolonged
UV irradiation, these materials undergo photooxidation, leading
to chromophore formation and subsequent yellowing, thereby
compromising both their cooling performance and long-term
durability. Most high-fluorine polymers are resistant to this pho-
tooxidation issue [38]. However, the high electronegativity of
fluorine atoms in their molecular structure result in poor solu-
bility, thus limiting their processability. To mitigate this problem,
researchers have combined polymers with UV-resistant inor-
ganic materials featuring wide bandgaps, such as BaSO,
(~6¢eV) [39], Al,O; (~8.8 V), and SiO, (~9eV) [10], to improve
the UV reflectivity of polymer-based radiative cooling materials.
For instance, Hsu et al. [40] used a template-free roll-to-roll
method to prepare a polydimethylsiloxane (PDMS) film with a
double-layer structure consisting of Al,O;/PDMS and TiO,/
PDMS. The film has a solar reflectance of 96.0% and a thermal
emissivity of 97.0%. The introduction of Al,O; nanoparticles
enhances UV reflectivity, which reduces UV absorption by
PDMS and TiO, and delays the photooxidation of the material.
Whereas, the compatibility and interfacial bonding issues
between inorganic and organic materials reduce the flexibility
of polymer-based PDRC materials while increasing their thick-
ness and density. Moreover, many such materials are neither
recyclable nor naturally degradable, exacerbating their environ-
mental burden [41].

Herein, we design a flexible ethyl cellulose (EC) film for highly
efficient daytime radiative cooling, which also exhibits UV
resistance and eco-friendliness. The EC film containing nano-
fibers and holes not only performs a high reflectance of 97.4%
(0.3-2.5 pm), but also has high emittance of 89.4% (8-13 pm),
and its theoretical radiation cooling power reaches 145 W m™2,
Hence, under the condition of a solar radiation intensity

of 961W m™2, the EC film achieves a significant cooling effect
of about 10.4°C and 5.2°C lower than the ambient and white paper
temperature, respectively. The introduction of ethyl groups
enhances the UV stability of EC films by inhibiting the forma-
tion of unsaturated bonds under UV irradiation. After 600 h of
continuous UV irradiation at 0.7 kW m™2, the solar reflectance
of the EC film remains at 96.9%, showing negligible change.
Due to its excellent weather resistance, the EC film is suitable
for fruit and vegetable preservation. In a test on chrysanthe-
mums, it achieves a temperature reduction of ~13.0°C, which
is about 6.3°C lower than that achieved with traditional white
paper. This superior radiation cooling capability translates into
enhanced preservation performance. Furthermore, after nearly
8 months of natural degradation in soil, the EC film near-
completely degrades, effectively reducing environmental pollu-
tion. This flexible EC film, with its enhanced radiative cooling
performance, not only possesses excellent UV stability but is also
eco-friendly, highlighting its potential for advanced refrigeration
technologies.

2 | Results and Discussion

21 | Design and Fabrication of the Radiative
Cooling Film with UV Durability

EC is obtained by ethylating cellulose extracted from lignin
(Figure S1d-f). EC possesses a refractive index of ~1.5 and a neg-
ligible extinction coefficient across the UV range, endowing the
EC film with UV scattering capabilities and minimizing solar
absorption [42-44], while its nonzero extinction coefficient in
the atmospheric window of 8-13 pm enhances its infrared
emissivity (Figure 1a). Using existing “molecular bonds and
wavelengths” databases, molecular bonds and functional
groups vibrating in the 8-13pm range can be identified
[45, 46]. EC primarily utilizes C—O—C bonds to provide the
desired vibrational absorption within the 8-13 pm atmospheric
window (ATR Fourier transform infrared spectroscopy (FTIR-
ATR), Figure 1b). This eco-friendly EC film utilizes a hierarchical
porous design (Figure Sla-c) and is prepared using a relatively
mature electrospinning method (Figure 1c).

Based on Mie scattering theory [47-49], the scattering efficiency of
EC films with different fiber diameters and fiber film pore sizes is
calculated in the solar wavelength range of 0.25-2.5 pm (Figure 1d.e).
The results show that the optimal fiber diameter range is
0.25-0.6 pm and the optimal pore size range is 0.5-2.5 pm. The
pore size is defined as the equivalent diameter of the voids within
the fiber network. The fiber diameter distribution and pore size
distribution of the EC film were analyzed from SEM images using
Nano Measure 1.2. We prepared EC films with different spinning
solution concentrations (Figure S2a-d) and tested their solar
reflectance and MIR emissivity, respectively (Figure S2e, f). As
the concentration of the spinning solution gradually increases,
the microstructure of the EC film changes from beads to smooth
nanofibers, and the nanofiber diameter gradually becomes thicker.
Likewise, its average solar reflectance gradually increases
(Figure S3a), while the average MIR emissivity remains almost
unchanged (Figure S3b). When the spinning solution concentra-
tion is 28 wt%, the EC film exhibits the highest reflectivity, and its
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FIGURE 1 | Design and fabrication of the EC film. (a) The complex spectral refractive index (n + ik) of EC in the solar and IR wavelength range

(0.25-25 pm). (b) FTIR-ATR spectrum of EC films where the main characteristic peaks of C—O—C vibrational absorption/emission of EC are located
within the atmospheric window (8-13 pm). (c) Flexible EC films are prepared by electrospinning. Simulated scattering efficiency of EC films as a
function of fiber diameter (d) and pore diameter (e) over the wavelength range of 0.25-2.5 pm. (f) Optical image and (h) SEM image of the EC film,
revealing a hierarchical porous structure composed of EC nanofibers. (g) Spectral response of the EC film in the 0.25-25 pm waveband, including the
solar reflectance (black line) and MIR emittance (red line). The insets show the statistical distribution of the diameters of the EC nanofibers and pores

inside the EC film.

fiber diameter and pore diameter are consistent with the simula-
tion results obtained using the finite-difference time-domain
method. We tested the solar reflectance and MIR emissivity of
EC films with different thicknesses (Figure S4). With increasing
film thickness, solar reflectance initially increases and then stabil-
izes (Figure S5a), while emissivity gradually increases (Figure
S5b). When the EC film thickness is ~340 pm, the material exhib-
its both high reflectivity and infrared emissivity. The macroscopic
and microscopic structures of the optimized EC film are shown in
Figure 1fh, achieving a solar reflectance of 97.4% and an MIR
emissivity of 89.4% (Figure 1g). In Mie scattering theory, scattering
efficiency is determined by the particle size-to-wavelength ratio.
The nanofibers (0.25-0.6 pm) and micropores (0.5-2.5pm) in
our EC films provide complementary spectral coverage across
the 0.3-2.5 pm solar spectrum, avoiding the narrow-band scatter-
ing peaks typical of single-scale structures. Moreover, the microfi-
ber framework extends the optical path through multiple
reflections, while nanopores serve as high-density scattering cen-
ters that further scatter light within the interstitial regions. This
spatial synergy yields an overall scattering efficiency that exceeds

the sum of contributions from individual scales. Notably, the
optimized EC film exhibits dual selectivity in the MIR range, as
the EC film has a reflectivity and transmittance of over 10% in
the 13-16 um range (Figure S6), which contributes to its excellent
performance in radiative cooling.

2.2 | Radiative Cooling Performance of the EC
Film

We conducted cooling performance tests using a custom-designed
measuring device (Figure 2a). Carbon fiber is used as a substrate to
simulate a blackbody due to its strong solar absorptance. The EC
film and white paper are separately placed on the carbon fiber, and
the substrate temperature was measured under each condition.
Figure 2b presents the weather conditions on the test day,
where the solar radiation intensity exceeds 600 W m™2 and peaks
at ~961 W m™2, along with the real-time temperature profiles.
During the high solar radiation period from 12:00 to 13:00, the aver-
age ambient temperature is 35.6°C, while the black carbon fiber

Small Structures, 2026

3 of 10

- 1PYRd 0ZU107 AQ 29Y0,"1ISS/Z00T OT/10p/W0d" A3 ] 1M Ate.q1pU1IUO//STY W01 pepeo|umod ‘G ‘9202 ‘29078892

85U8017 SUOWIWIOD BA1E8.1D) 8|cealidde 8y Aq peusenob a1e sejolie YO 9SO S9N 10} Aiq1T8U1IUO AB|IM UO (SUONIPUOD-pUE-SWRIALIY A8 |1 Ale.q Ul |Uo//Sthiy) SUONIPUOD pue swis | 8U1 89S *[9202/50/.T] Uo Ariqi8uljuo AS|IM ‘ eweisIS 8zuellH I BISBAIUN



(a) i &= PE film (b) _— Ambient— Carbon fiber — Paper— EC film
PE foam ® 80 1100
= <4== Sample 10006
box Carbon fiber ur o0 E
Thermocouples Lo 60} {800 =
~ = .y j700 5
OS50 {600 ©
~ 40 500 @
J400 S
30} {300 <
200 ©
20 1100 5%
10 A A A A A A A 0
08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00
(d)&'"zoo (&} 1;|0r;|e
e ——h=0 Wm? T..,=309K —— T,,= 298K
Z 150} —~—h =3 Wm? 100 | = Tun= 303K
- —+—h_=6 Wm? —— T, = 305K
" 2
~h, =9 Wm 0} —— 7,,=308K

3

3

o

Q.

2 sop—~h=12W / —— Toms= 312K

° 100} y

S 0

s 200

S -50F 2 2

k- hee = 12 W m°

k:
0 : - ; SA00L 0 . ; S . 300Ls . . . .
08:00  10:00  12:00  14:00 16:00 - -35 -30 -25 -20 _15 -10 -5 0 -20 15 10 5 0

Time cooler™ Tambl C Teooter-Tamb (C)
35°C

EC film

- N == EE - @@ @ 3] M

Start 60s 120 s 180 s 240s 300s == 12min 18 min

00 Q] - .@@@ .

15°C

Paper

FIGURE 2 | PDRC performance of the EC film. (a) Schematic illustration showing the homemade setup for real-time monitoring of the daytime
radiative cooling performance. (b) Temperature (T) and (c) Temperature difference (AT = T ,mpb — Teooler) Versus time during the outdoor experiment.
The yellow area indicates solar intensity versus time during the outdoor experiment at Harbin Institute of Technology, Harbin, China (May 23, 2024,
UTC + 8, clear to cloudy sky). (d) Theoretical radiative cooling power of EC films under different & .. (0-12W m™2) (T ,mp = 309 K). (e) Theoretical
radiative cooling power of EC films at different ambient temperatures (h . = 12 W m™2). (f) Infrared thermal images of the EC films (4 cm x 4 cm) under
different durations of simulated solar irradiation (xenon lamp).

reaches 65.3°C. In contrast, the carbon fiber covered by the EC film conduction and heat convection of the environment will greatly
remains at ~25.2°C, corresponding to a temperature drop of about affect the cooling effect of EC film. We also calculated P, of

40.1°C. These results underscore the effective radiative cooling per- the EC film at different ambient temperatures (T,p,)- The results
formance of the EC film under real-world conditions. The EC film are consistent with the blackbody radiation law, showing that P,
achieves a cooling of ~10.4°C below the ambient temperature, increases with T, (Figure 2e) [51]. The radiative cooling perfor-

notably outperforming white paper, which exhibits a temperature ~ mance of the film is evaluated using infrared thermal imaging tech-
drop of only about 5.2°C under the same conditions (Figure 2c). As nology (Figure 2f). As the simulated solar radiation time increased,
mentioned above, the EC film benefits from two key features  the EC film maintains a low surface temperature of 25°C under
including strong molecular bond vibration within the atmospheric ~ half an hour of illumination, while the temperature of the white
window and a hierarchical porous structure. These features endow  paper exceeds 30°C. This superior cooling performance is primarily
the film with high MIR emissivity and high solar reflectivity,  attributed to the EC film’s high solar reflectance of 97.4%, signifi-
enabling excellent daytime passive radiative cooling performance. ~ cantly exceeding that of white paper (82.5%, Figure S7).

The theoretical cooling power of EC film is calculated using the

formula in Supplementary Note 2 [14, 50]. Figure 2d shows the

cooling power (P.o) of EC film under different nonradiative heat 2.3 | Weatherability of the EC Film

transfer coefficients (h..). When the temperature of EC film is equal

to the ambient temperature (T ., =309 K), its cooling power is To test the potential of EC films for outdoor applications, the
145W m™> With the increase of he (0, 3, 6, 9, 12W m 2 K1), weatherability of the EC film is investigated. We first tested
the maximum AT obtained is 31.3°C, 18.8°C, 13.4°C, 104°C, hydrophobic and antifouling properties, acid-base corrosion,
and 8.5°C, respectively. With the increase of h .., the maximum and thermal stability of EC films. As evidenced by a water contact
AT gradually decreases. This demonstrates that the heat angle of 140° (Figure S8a), the EC film is hydrophobic. It
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maintains this high hydrophobicity (contact angles > 120°) even
for juice, milk, and inorganic salt solutions (Figure S9), allowing
water droplets to be easily removed from its surface [52]. In con-
trast, the unmodified white paper exhibited hydrophilic behavior
(Figure S10), confirming that ethylation modification effectively
enhances hydrophobicity. It can be inferred that the microstruc-
ture and low surface energy act synergistically to create a surface
that resists the adhesion of water molecules. Consequently, dust
and contaminants can be readily removed by simply washing
with water (Figure S8b, Supplementary Video 1). After cleaning,
the EC film retains a high solar reflectance of 96.4%, confirming
its excellent antifouling property (Figure S11a). Additionally, its
MIR emittance remains almost unchanged (Figure S12a), indi-
cating stable radiative cooling performance. The EC film exhibits
excellent chemical stability, retaining an average solar reflec-
tance of 96.1% and 95.8% after 24 h immersion in strong acid
and strong base solutions, respectively, compared to its initial
97.4% (Figures S11b,c). This stability is further evidenced by
its unchanged MIR emittance (Figure S12b,c). The thermal sta-
bility of the EC film is evaluated by thermogravimetric analysis.
As shown in Figure S13, the onset decomposition temperature
exceeds 200°C, with the maximum decomposition rate occurring
at ~360°C, as determined from the derivative thermogravimetric

curve. These results demonstrate the desirable structural stability
of EC films at elevated temperatures.

To investigate its resistance to photooxidation, accelerated UV
aging tests (0.7 kW m™2, 600 h) are conducted. The results dem-
onstrate the excellent optical stability of the EC film. As shown in
Figure 3a, both solar reflectance and MIR emissivity remain sta-
ble throughout the test. Specifically, the reflectance stays consis-
tently above 95% (Figure 3b), while the average emissivity
exhibits only a gradual increase (Figure S14). In Heilongjiang
Province, 600 h of UV irradiation at 0.7kW m™ corresponds
to 400 days of outdoor exposure (based on the calculation in
Supplementary Note 3), indicating the EC film’s great potential
for outdoor applications [53]. In the CIE Lab color space, the b*
value serves as an indicator of yellowing. After 600 h of UV irra-
diation, the EC film exhibits a Ab* value of 0, confirming its UV-
resistance (Figure S15); its hierarchical porous structure also
remains intact (Figure 3c). In contrast, the pristine cellulose
exhibits significant photooxidation after 600 h of UV exposure,
as evidenced by a Ab* value increase to 1.64 (indicating pro-
nounced yellowing, Figure S16) and the near-complete disinte-
gration of its fibrous structure (Figure 3d). To elucidate the
origin of its superior UV stability, we compared the FTIR-ATR
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FIGURE 3 | UV durability of the EC film. (a) Solar reflectance and MIR emittance of EC films after 0-600 h of UV irradiation. (b) Average solar
reflectance of EC films at different UV irradiation times. (c) EC film and (d) white paper: Optical and SEM images of each, before and after 600 h of UV
irradiation. (e) FTIR-ATR spectra and (f) XRD patterns of EC films and paper after different UV irradiation times. (g) EPR spectra of EC films after
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spectra of the EC film and pristine cellulose before and after
600h of UV exposure (Figure 3e). The EC film shows only
minor changes after UV exposure. Specifically, the intensity of
hydroxyl and ethyl bands decreases, while only minimal alde-
hyde groups are formed, confirming its limited photooxidation.
Consistent with this, its water contact angle decreases from 140°
to 90° (Figure S17), further confirming the partial loss of ethyl
groups. This change may affect the long-term durability of the
EC membrane in humid or rainy environments, highlighting
the need for further optimization of its hydrophobic stability.
And the mechanical properties of the EC film deteriorated
significantly, with the elastic modulus decreasing from 10.1 to
1.3MPa (Figure S18), suggesting that further improvement is
needed for outdoor applications. Pristine cellulose, by contrast,
undergoes severe photooxidation, evidenced by a sharp decrease
in hydroxyl groups and the emergence of unsaturated structures
(e.g., C=C, cumulated dienes). X-ray diffraction (XRD)
patterns (Figure 3f) reveal decreased crystallinity in both sam-
ples, suggesting disruption of hydrogen bonding networks.
Nevertheless, the EC film retains a more intact hierarchical
porous structure, underscoring its superior structural robustness.

(a)

To elucidate the mechanistic role of ethyl groups in EC, we com-
bined DFT calculations with electron paramagnetic resonance
(EPR) spectroscopy. The ethoxy group (-OCH,CHjz), with its
strong electron-donating ability, absorbs UV radiation and gen-
erates carbon-centered radicals under irradiation (Figure S19;
Supplementary Note 4), partially mitigating direct UV radiation
impact on the cellulose backbone. The reactions between these
generated radicals and hydrogen radicals are thermodynamically
spontaneous, with Gibbs free energy changes of 4.81eV for
carbon-centered radicals and 4.01eV for hydroxyl radicals
(Figure S20). This favors the formation of small molecules over
backbone attack, thereby reducing chain scission (Figure 3h).
EPR spectra provide further evidence for this mechanism
(Figure 3g). Under UV irradiation, the EC film exhibits combined
signals of hydroxyl radicals (g =~ 2.0053), carbon-centered radicals
(g ~ 2.0057), and hydrogen radicals (g ~ 2.0054). In contrast, pris-
tine cellulose shows only hydrogen radical signals (g~ 2.0054,
Figure S21), indicating its higher susceptibility to photooxidation
compared to the EC film. The EC film exhibits a gradual con-
sumption of ethoxy and hydroxyl groups during 0-300h of
UV exposure, leading to decreased UV radiation absorptance
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FIGURE4 | Applicability of the EC film for fresh produce preservation. (a) Schematic of the self-made device for evaluating the cooling performance

of EC films on fruits and vegetables. (b) Photographs showing the appearance evolution of vegetables with these packaging films. (c) T and AT
(AT = Tpg - Teooler) evolution of crown daisy wrapped with PE films, white paper and EC films during the outdoor experiment located at Harbin
Institute of Technology, Harbin, China (May 23, 2024, UTC + 8, clear to cloudy sky). (d) Photographs showing the appearance evolution of raspberries
with these packaging films. (e) Infrared image of different covers under direct sunlight in Harbin. (f) Weight loss of crown daisy, coriander and rasp-
berry. (g) The agricultural land statistics for each province in China were obtained from the Institute of Geographic Sciences and Natural Resources
Research, Chinese Academy of Sciences (note: number 19 represents Guangdong, Hong Kong, and Macau). (h) Total radiative cooling power in different
provinces. Numbers represent different provinces (Table S2, Supporting Information).

6 of 10 Small Structures, 2026

85U8017 SUOWIWIOD BA1E81D) 8|cealidde 8y Aq peusenob ae sejolie YO '8SN J0 S8|nJ 10} AR1q1T 8UIUO AB|IM UO (SUONIPUOD-PUB-SWRIALIY" A8 | 1M Ale.q Ul Uo//:Sthiy) SUORIPUOD pue S | U1 89S *[9202/50/.T] U ARiq18UlUO AB|IM ' eWeISIS 8zUsliH I BISIBAIUN - 1|Pled 02UsI07 AQ Z9K0. 11SS/Z00T 0T/10p/wod" A Im Are.q 1jputuoy/:sdny Wwo.y pepeojumoq 'S ‘920z ‘290v8892



and increased UV reflectance (Figure S22). Collectively, these
results demonstrate that ethyl substitution suppresses photo-
sensitive hydroxyl reactivity, enabling EC films to maintain
structural integrity and radiative cooling performance under pro-
longed UV exposure. Compared with other cellulose-based and
flexible radiative cooling materials, the EC film combines high
cooling efficiency with long-term outdoor stability, making it
an ideal candidate in this field (Supplementary Table S1).

2.4 | The Potential Applicability of the EC Film

The EC film exhibits promising properties for food preservation,
including waterproof breathability and mechanical robustness
[54, 55]. Its breathability is demonstrated using a simple water-
column setup (Figure S23), where under a static pressure of
2.21kPa, air introduced from one side of the film readily passes
through, forming bubbles in the water column on the opposite side
(optical image of the EC film after testing in Figure S24).
Mechanically, the film shows a tensile elastic modulus of
10.1 MPa (Figure S25; optical image of the EC film in tensile test
in Figure S26), indicating favorable load-bearing capacity. The
food preservation performance of EC film is evaluated using cori-
ander and crown daisy, two perishable vegetables at room temper-
ature, as model foods. As illustrated in Figure 4a, the vegetables
are placed in foam insulation cavities lined with reflective alumi-
num foil to minimize environmental interference, with the cavities
covered by either EC film, PE film, or white paper as the sole heat-
exchange interface. After 8h under natural solar radiation,
vegetables packaged with EC film retain their original appearance,
while those covered with PE film or white paper show visible
shrinkage, rotting, and freshness loss (Figure 4b). Temperature

(@)

monitoring reveals that chrysanthemums under EC film remain
below 23°C at midday—=13°C below ambient temperature,
and 22.5°C and 6.3°C lower than those under PE film and white
paper, respectively (Figure 4c). Similar cooling effects are observed
for coriander (Figure S27), confirming that EC film effectively
cools vegetables under solar exposure. The preservation perfor-
mance of EC film as a standalone packaging material is further
validated using raspberries. After 8 h of solar exposure, raspberries
packaged with EC film show minimal deterioration compared to
those with PE film or white paper (Figure 4d). Infrared thermal
imaging confirms that EC-packaged raspberries maintain the low-
est surface temperature throughout the experiment (Figure 4e;
Supplementary Video 2), and moisture loss analysis reveals supe-
rior water retention with EC film packaging (Figure 4f). With a
radiative cooling power of 145 W m™2, the EC film shows promise
for food preservation applications. Nationwide deployment as
cold-storage film for agricultural products could achieve a total
cooling power of 1.9 x 10° MW (Figure 4gh), offering potential
for reducing fossil energy consumption and associated environ-
mental impacts. The radiative cooling capacity of EC films is fur-
ther confirmed by ice tests: ice blocks wrapped with EC film
maintain an average temperature of 2.7°C for 40 min, which is
16.5°C below ambient, while those wrapped with white paper
or PE film warm rapidly and melt within 3-11 min (Figure S28).

2.5 | The Environmental Friendliness of the EC
Film

To investigate its degradation behavior in a natural environment,
EC films and PE nanofilms were placed in soil from April 2, 2024
to November 25, 2024 (Figure 5a). The degradation experiments

(c)
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FIGURE 5 | Natural degradation behavior of the EC film. (a) Natural degradation test of the EC film. The EC film is outlined in red for clarity.
(b) SEM images of the EC film and the PE nanofilm before and after natural degradation. (c) FTIR-ATR spectra and (d) XRD patterns of EC film before

and after natural degradation.
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were conducted in humus soil with a relative humidity of
60% + 5% and a temperature of 25 & 2°C. The samples were bur-
ied at a depth of 2-3 cm below the soil surface. After this period,
the SEM images of EC films (Figure 5b) reveal that their hierar-
chical porous structure has gradually disappeared, transforming
into fine particles [56], indicating near-complete degradation. In
contrast, the PE nanofilm exhibits fiber fusion without break-
down into particles, confirming that this nondegradable
PDRC material persists in the environment. Comparison of
the FTIR-ATR spectra and XRD patterns before and after degra-
dation (Figure 5c,d) reveals a decrease in hydroxyl and alkyl
groups and reduced crystallinity in the degraded EC film,
suggesting chain breakage and hydrolysis during natural degra-
dation. The damaged EC film can be dissolved in a homogeneous
spinning solution (Figure S29a) and reprocesses into new films
via electrospinning. The recycled EC film exhibits an average
solar reflectance of 96.4% and maintains high MIR emissivity
comparable to the original film (Figures S29b,c), demonstrating
the recyclability of this material. This recycling model offers
potential for reducing resource waste and environmental impact.
Overall, the EC film fabricated via a scalable electrospinning pro-
cess combines high cooling performance, UV stability, and eco-
friendliness, positioning it as a promising candidate for radiative
cooling applications.

3 | Conclusion

In summary, we have successfully prepared a UV-resistant radi-
ation cooling EC film using electrospinning technology, with EC
as the raw material. Through optical simulation and structural
optimization, the EC film achieves a solar reflectance of 97.4%
and a MIR emissivity of 89.4%. Under a solar radiation intensity
of 961 W m™2, it demonstrates a cooling effect 10.4°C below
ambient temperature and 5.2°C below that of white paper.
The ethylation modification enhances the optical and chemical
stability of cellulose, so that the solar reflectance of EC films
remains almost unchanged after 600 h of continuous exposure
to 0.7 kW m™~2 UV irradiation. This offers a strategy for develop-
ing UV-resistant polymer-based PDRC materials. Compared with
other UV-resistant cooling materials, the EC film not only exhib-
its superior UV-resistant performance, but is also eco-friendly
and minimizes waste through recyclability. The EC film also
exhibits robust weather resistance and favorable mechanical
properties, making it suitable for applications such as food pres-
ervation and passive refrigeration, with potential for energy sav-
ings in a low-carbon society.
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