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1. Introduction

Passive daytime radiative cooling (PDRC) materials, that strongly reflect

sunlight and emit thermal radiation to outer space, demonstrate great
potential in energy-saving for sustainable development. Particularly, polymer-
based PDRC materials, with advantages of easy-processing, low cost, and
outstanding cooling performance, have attracted intense attention. However,
just like other polymer devices (for example polymer solar cells) working
under sunlight, the issue of durability related to mechanical and UV prop-
erties needs to be addressed for large-scale practical applications. Here,

a spider-silk-inspired design of nanocomposite polymers with potassium
titanate (K, TigO;3) nanofiber dopants is proposed for enhancing the durability
without compromising their cooling performance. The formed tough interface
of nanofiber/polymer effectively disperses stress, enhancing the mechanical
properties of the polymer matrix; while the K,TigO;; can absorb high-energy
UV photons and transform them into less harmful heat, thereby improving
the UV stabilities. Taking poly(ethylene oxide) radiative cooler as an example
for demonstration, its Young’s modulus and UV resistance increase by 7 and
12 times, respectively. Consequently, the solar reflectance of nanocomposite
poly(ethylene oxide) is maintained as constant in a continuous aging test

for 720 h under outdoor sunlight. The work provides a general strategy to
simultaneously enhance both the mechanical stability and the UV durability
of polymer-based PDRC materials toward large-scale applications.
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While traditional cooling technologies
based on electricity consume tremendous
amounts of energy and produce huge
carbon emissions,!'3] passive daytime
radiative cooling (PDRC) is emerging as
an appealing cooling strategy,*®l which
reflects most of the sunlight (0.3-2.5 um)
and radiates heat to outer space through
the atmospheric transparency window
(8-13 um).>% Among various materials
demonstrated to realize PDRC, polymer-
based PDRC materials show great poten-
tial because of the intrinsic high emissivity
in mid-infrared and easy-processing fea-
tures for large-scale applications.!!3!

However, just like other polymer
devices (such as polymer solar cells)
working under outdoor conditions, the
stability issues of polymer-based PDRC
materials, particularly mechanical stabili-
ties and photostabilities (ultraviolet irra-
diation), need to be further addressed.
Specifically, polymer-based PDRC mate-
rials are prone to mechanical failure
because of environmental stresses when
working outdoors. What is worse, the
long-term UV irradiation from sunlight will further accelerate
the weakening of the mechanical properties and cause yel-
lowish color for most polymers (declined reflectance), making
the PDRC ineffective.

Compared to other polymer devices, the issues of the
mechanical stabilities for PDRC polymers are more chal-
lenging, as their mechanical properties are compromised by
the porosity requirement for daytime radiative cooling. The key
for polymer materials to realize net daytime radiative cooling
is to increase the Rg,p,,["*! as polymers typically possess desir-
able high &y due to their natural molecular bond vibrations
in the mid-infrared region. Considering the sunlight irradiance
of 1000 W m™ in the daytime, even a small amount of solar
energy absorption of PDRC materials would offset the effect
of radiative cooling (Figure 1a,b). Therefore, achieving net
cooling power dictates that at least over 90% of sunlight must
be reflected (Rgql, = 0.9) (detailed in Supporting Information).

As a result, porous structures with air holes at wavelength
scale have been employed (via techniques such as electro-
spinning and solvent evaporation) to create strong multiple
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Figure 1. a) Cooling power versus ambient temperature (T,mpient) When &g changes from 0.2 to 1 (Rgojs = 99%). b) Cooling power versus ambient
temperature when Rg,,, changes from 0.8 to 1.0 (guyir = 99%). c) Ideal reflectance curve in the solar band and the scattering of porous structures in
polymer-based PDRC materials. d) The relationship between relative modulus and Rs,, as a function of porosity, which shows the trade-off between
the reflectivity and mechanical properties given a porosity range. e) Spider-silk-inspired nanocomposite designs with enhanced mechanical properties.

K,TigOq3 absorbs high-energy UV photons.

scattering at air holes/polymer interfaces,'®"] thus enhancing
sunlight reflection (Figure 1c).'®l However, according to
mechanical theory, there exists a trade-off between the porosity
and mechanical stability (measured by Young's modulus) of
polymer-based PDRC."20 Ag illustrated clearly in Figure 1d
(Figures S1 and S2, Supporting Information for analysis), the
high reflectivity rising from porous structures sacrifices PDRC
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materials’ stiffness compared to their solid phase. There-
fore, simultaneously achieving high reflectivity and excellent
mechanical properties in PDRC polymers pose a significant
challenge.

It is well-known that spider silk, possesses outstanding
mechanical properties owing to its hierarchically ordered struc-
tures (Figure 1e), thus easily constituting a mechanically strong
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web with porosities for predation.?23] Herein, inspired by
spider silk, we demonstrated polymer-based PDRC materials
with significantly enhanced mechanical and photostabilities,
through potassium titanate (K,TigOy3) nanofibers doped nano-
composite structure (Figure le).?*?’ To effectively enhance the
mechanical properties and UV stabilities without affecting the
optical properties of PDRC polymers, the option of dopant is
critical. There are unique advantages of doping K,TiOy; (PT)
nanofibers in PDRC polymers. First, PT itself has a high Rg,,
of 95.4% and gyg of 94.8% (Figures S3 and S4, Supporting
Information), which is not detrimental to the optical prop-
erties of PDRC polymers. Second, PT features a high tensile
strength of 7 GPa and a tensile modulus of 280 GPa, stronger
than glass fibers and even comparable to carbon fibers.[2¢-28l
Third, K,TigO;; can absorb high-energy UV photons and trans-
form them into less harmful heat, preventing the polymer from
being damaged (Figure le and details see below).

As a demonstration with poly(ethylene oxide) (PEO) porous
film as the radiative cooler, we observed the enhancement of
the strength, elongation at break, Young’s modulus, and UV
stability of nanocomposite PEO film by 2.3, 1.6, 7, and 12 times,
respectively, with its optical properties retained. Consequently,
we achieved a high-performing and stable cooling power of
92 W m~2 for over continuous 720 h under sunlight. Our work
offers a general strategy to improve both the mechanical and
UV stability of PDRC polymers with high radiative cooling per-
formance, and therefore paving the way for their large-scale
production and practical applications.

2. Results

Porous PEO film has shown a good radiative cooling perfor-
mance but limited durability.'¥ Here we processed the PEO
with the PT nanofibers dopant to examine the feasibility of the
nanocomposite design illustrated above. First, we synthesized
PT@PEO films through a scalable roll-to-roll electrospinning
method reported in our previous work (Figure S5, Supporting
Information).® Figure 2a demonstrates a PT@PEO (mass
ratio of 1:10) film with a length of several meters. The white
color indicates its strong scattering of visible light, which is
ascribed to the connection of fibers and the formed numerous
multiple pores (Figure 2b; Figures S6-S8, Supporting Informa-
tion). Specifically, a high reflectivity of =0.94 is achieved in the
solar wavelength, and the emissivity in 8-13 pm reaches 0.91
(Figure 2¢; Figure S9, Supporting Information), ideal for radia-
tive cooling.

To verify the construction of hierarchical structure in
PT@PEO films, transmission electron microscopy (TEM)
tests of the single fiber were conducted. The results match
well with spider silk structures (Figure 2d; Figure S10, Sup-
porting Information). The partially enlarged view (Figure 2e)
and EDS mapping (Figure 2f) of PT@PEO fiber show that
the introduced PT nanowires are wrapped inside the PEO
polymer and form a hierarchical and nanocomposite struc-
ture. In addition, analysis by X-ray Diffraction (XRD) and
Fourier transform infrared (FTIR) verify that the components
of both PEO polymer and PT nanowires remain unchanged
(Figure 2g,h).
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In order to demonstrate the tensile behavior of the obtained
hierarchical structure, finite element simulations were carried
out with a typical nanocomposite fiber (PT nanofibers axially
oriented inside a PEO matrix). The stress in the PEO phase is
much lower than that of PT nanofiber fillers subjected to axial
tension (Figure 2i, detailed in Supporting Information). It is
due to that while the volume fraction of nanofibers is small,
the stiff nanofibers mainly bear the external force, and the
tough interface of nanofiber/polymer transfers the stress to the
polymer matrix. The simulation shows that the Young's mod-
ulus of PT@PEO nanocomposite fiber is enhanced by 700%
compared to that of pure PEO (Figure 2j).

The enhancement in mechanical properties is further dem-
onstrated as the stress—strain responses of pure PEO electro-
spinning film and PT@PEO film at a constant tensile strain
rate of 0.01 m min~. Various mass ratios of PT@PEO were also
investigated (Figure S11, Supporting Information), it is found
that at the mass ratio of 1:10, PT@PEO films exhibit the best
mechanical performance. Adding 10 wt.% PT nanowires to the
PEO PDRC film significantly improves Young’'s modulus from
27.88 to 190.82 MPa of the membrane (Figure 3a). Also, the ten-
sile stress and the elongation at break are increased by 230%
and 160%, respectively. The above optimizations realize an all-
around enhancement of mechanical properties compared with
initial PEO films (Figure 3a). As for UV stability, after 1.5 h UV
aging accelerated test at 10 cm away from 500 W mercury lamp,
PT@PEO films still maintained their initial tensile strength
and elongation at break, while pure PEO films showed a sharp
decline with the extension of irradiation time (Figure 3b,c). In
order to intuitively demonstrate the difference in their UV resist-
ance, we conducted a long-time (12 h) UV radiation process. It
was obvious that pure PEO films were completely broken and
presented pulverization once encountering a little external force.
By comparison, PT@PEO films can still withstand considerable
stretching or twisting forces, exhibiting outstanding UV dura-
bility (Figure 3d; Movies S1-S4, Supporting Information).

To unveil the underlying mechanism of UV stability
enhancement, we first characterized the microstructures of
pure PEO and PT@PEO nanocomposites after different UV
exposure times. As shown in Figure 3e, UV radiation makes
it difficult for pure PEO fibers to maintain multilayer network
structures, and the fibers are gradually broken. On the contrary,
PT@PEO fibers still keep their stable porous network struc-
tures, ensuring the overall mechanical performance (Figure 3f).
What's more, FTIR tests were carried out to explore the chem-
ical changes in PDRC PEO and PT@PEO nanocomposite. The
massive energy in UV bands will break the C—O—C bond in
PEO and form carbonyl (C=0) (Figure 3g). This process leads
to the oxidation of PEO and thus resulting in poor UV dura-
bility. In particular, oxidation and carbonyl formation processes
are one of the main reasons for the UV aging of most poly-
mers.?’l Surprisingly, the addition of PT greatly restrains the
formation of carbonyl. There is no obvious C=0 signal even
after 12 h UV radiation in PT@PEO films (Figure 3h), which
indicates the significantly enhanced UV stability. All of these
experimental results verify that the addition of PT can greatly
improve the UV stability of PEO.

To further understand the underlying mechanism, we
first measured the UV-vis spectra of PEO, PT, and PT@PEO
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Figure 2. a) Photograph of PT@PEO films. b) SEM images of random nanofibres of PT@PEO films. c) Reflectivity spectrum of PT@PEO film in
0.3-18 um wavelength range presented against the AM1.5 solar spectra and the atmospheric transparency windows. d,e) TEM images (d) with their
partial enlarged view (e) and f) EDS mapping of C, O, Ti, K elements of PT@PEO nanocomposite fiber. g) XRD patterns and h) FTIR spectra of PT
powder, PEO film, and PT@PEO film. i) The contour of von Mises stress in a fiber structure with PT nanofibers axially oriented inside a PEO polymer
matrix under axial tension, the diameters of PT@PEO fiber and PT nanofibers are 1.5 im and 250 nm, respectively. j) Stress—strain curve of the PT@PEO
nanocomposite fiber under axial tension, and the modulus of nanocomposite and pure PEO is calculated to be 40.57 and 3.67 MPa, respectively.

(Figure S12, Supporting Information). It is clearly seen in
Figure S12 (Supporting Information) that PT has good absorp-
tion in the UV range, thus most of the carriers generated after
absorption can be recombined in the bulk or the surface, and
converted into other harmless forms such as heat (Figure 3i).
The photocurrent tests show that PT has lower photocurrent
density compared with traditional UV screening agents (rutile
TiO,). It suggests that the photo-generated electrons are
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prone to recombine in PT to convert UV radiation into heat
(Figure S13, Supporting Information), consequently resulting
in the better UV durability of PT@PEO samples.

As a result, adding PT nanowires into PDRC polymers to
form the nanocomposite structures will improve their poten-
tial as a mechanically robust and durable material for PDRC
applications, while the optical properties for radiative cooling
are retained (Figure 3j).
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Figure 3. a) Stress—strain curves of the PEO and PT@PEO film, and the PT@PEO film shows greater strength and toughness (elongation at break).
b) With the increase of UV irradiation time, the variation trend of the tensile strength and c) elongation at break relative to the initial value of the films.
d) Optical pictures of PEO and PT@PEO films after UV irradiation. e,f) SEM images of PEO and PT@PEO films after UV irradiation. g,h) FTIR spectra
of PEO (g) and PT@PEO (h) film films after different UV irradiation times. i) Underlying mechanism of PT for enhanced UV stability. j) Radar plots
comparing the performance of pure PEO and PT@PEO films.
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Figure 4. a) Schematic of the radiative cooling set-up for testing performance. b) Set-up of the real-time measurement of the radiative cooling perfor-
mance. c) Temperature measured for ambient air, and PT@PEO and pure PEO films and d) their temperature difference of the outdoor experiment in
Nanjing (date: 15 November 2021). e) Cooling power of the PT@PEO film, along with the solar irradiance (date: 6 December 2021).

To experimentally confirm the nanocomposite polymer pre-
serving its excellent radiative cooling performance, we per-
formed continuous outdoor measurements on both PT@PEO
and pure PEO films on a clear day in Nanjing (Figure S14, Sup-
porting Information). As shown in Figure 4a,b, two samples
were placed side by side in similar experimental devices. All
the tests were conducted simultaneously under the same con-
ditions, especially the air temperature and solar irradiance. In
the daytime (from 10:30 a.m. to 12:30 p.m.) under sunlight, the
temperatures of both films were consistently below the ambient
temperature (Figure 4c), while the PT@PEO film realized a
sub-ambient temperature drop of =8 °C (Figure 4d). Even under
the solar irradiance of about 600 W m™ at noon, the corre-
sponding cooling power of the PT@PEO film reached as high
as 92 W m~2 (Figure 4e). The results illustrate that the introduc-
tion of PT nanowires in PEO fibers still retains the excellent
radiative cooling performance of the PDRC polymers.

To demonstrate the stability of the obtained PT@PEO under
outdoor conditions, 100 cm? square films of PEO PDRC poly-
mers and PT@PEO nanocomposite polymers were put outdoors
for a continuous 30-day stability test. The results show as the out-
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door exposure time increases, pure PEO PRDC films began to
have cracks on the surface and gradually broke into pieces. In
contrast, PT@PEO films remained intact after 30 days of out-
door placement (Figure 5a, Supporting Information for details).
In addition, the reflectance of pure PEO films decreased below
90% after 15 days because of the UV yellowing, almost losing
their sub-ambient cooling performance (Figure 1b). On the con-
trary, PT@PEO films remained at their origin high R, with
the increase of days (Figure 5b). The results further illustrate the
outstanding stabilities of PT@PEO films owing to the introduc-
tion of PT nanowire fillers into PEO fibers.

As processing with PT nanofibers dopant is a generalized
design, it can be applied to various other polymer systems, such
as polyvinylidene fluoride (PVDF) (another PDRC polymer
reported before). The SEM image of PT@PVDF nanocomposite
films prepared by electrospinning shows the connection of
nanofibers and multiple pores (Figure 5c¢), ensuring high Rg,.
By adjusting the addition amount of PT, we found that the
modification effect was optimum when the addition amount
and polymer matrix reached a 1:10 mass ratio (Figure 5d),
which significantly improved both the strength and toughness
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Figure 5. a) Outdoor physical maps of PT@PEO and pure PEO films (size: 100 cm?) for 30 days. b) Relationship between reflectivity and days. c) Scan-
ning electron microscopy (SEM) images of PT@PVDF films. d) Stress—strain curves of PT@PVDF film under different PT additions. e) The temperature

data and f) cooling power measured for PT@PVDF films.

of PVDF films. Furthermore, such nanocomposite film main-
tains a high reflectivity (96.5%) in the solar band and high
emissivity (95.1%) in the atmospheric windows (Figure S15,
Supporting Information), promising for excellent radiative
cooling performance (Figure 5Se,f).

3. Conclusions

We have demonstrated a spider-silk-inspired nanocomposite
strategy for building polymer-based PDRC materials with
enhanced mechanical properties and UV durability. As a dem-
onstration with PEO PDRC, by introducing potassium titanate
nanofibers, its Young's modulus and UV resistance were
increased by 7 and 12 times, respectively. As a result, the cooling
performance of PT@PEO does not show any decline for over
720 h under natural sunshine. Additionally, such a nanocom-
posite method presents a universal reinforcing effect in various
matrix materials. Therefore, our work provides a new pathway to
fundamentally improve both the mechanical and the UV stability
of polymer-based PDRC materials toward practical applications.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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