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ABSTRACT: It is well known that UV radiation can cause human
health problems and that energy consumption can lead to human
survival problems. Here, we prepared a composite membrane that can
block UV radiation as well as reduce energy consumption. Carbon
dots (CDs) and acrylates were prepared from xylose and epoxidized
soybean oil as biomass feedstocks, respectively, and the composite
membrane was prepared by a self-assembly strategy. The first layer of
the membrane is composed of CDs and epoxy resin. Its main function
is not only to weaken UV rays and the aggregation-induced quenching
effect of CDs but also to reduce the absorption of UV rays by the
second layer of the membrane. The second layer consists of barium
sulfate (BaSO4) and acrylate. Compared to TiO2 (3.2 eV), BaSO4 (∼6
eV) has a higher electronic band gap, which reduces the absorption of
UV light by the membrane. The composite membrane exhibits excellent UV-blocking and radiative cooling performance, shielding
99% of UV rays. In addition, the membrane can reduce 4.4 °C in radiative cooling tests, achieving a good cooling effect. Finally, the
recyclability of the BaSO4/acrylate membrane is discussed, and 95% recovery rate provides sustainable utilization of the membrane.
The composite membrane is expected to be popularized and used in low latitudes and areas with high temperature and high UV
radiation near the equator.

■ INTRODUCTION
Refrigeration is becoming increasingly important to human
society due to global warming and rising living standards.1

However, today’s cooling technology is mostly dependent on
energy consumption, which is only intensifying due to the
increasing heat island effect in cities.2,3 Therefore, cooling
technology that achieves the purpose of cooling without
consuming any energy is an urgent need in today’s society.4,5

Radiative cooling as a passive cooling strategy with zero
power consumption has shown great promise in reducing
cooling costs in a variety of cooling applications.6 Radiative
cooling has become an attractive concept as it aims to solve the
problems associated with energy consumption and to reduce
the urban heat island effect. High-whiteness nanoparticles,
such as TiO2 and BaSO4, are typical materials that impart
radiative cooling properties. For example, Bao et al.7 proposed
a highly scalable nanoparticle-based double-layer coating based
on TiO2 for efficient radiative cooling. The coating is about 17
°C below ambient temperature at night and 5 °C below
ambient temperature in direct sunlight. Besides, Cheng et al.8

demonstrated a large-scale radiative cooling coating with the
biomimetic structure of human skin natural wrinkle,
comprising high concentrations of BaSO4 particles. The
maximum sub-ambient temperature drop can reach 8.1 °C.
Definitely, radiative cooling has an undeniable potential for
applications.9

Acrylate is a commonly used carrier in the study of radiative
cooling membranes.10,11 However, limited by the shortage of
oil resources, unconventional oil resources derived from plants
or crops have attracted great interest in academia and industry
due to their biorenewable, sustainable, and environmentally-
friendly characteristics.12,13 For example, soybean oil, which is
abundantly produced worldwide, is widely used in the food
industry. It is formulated into epoxidized SBO (ESO), which
undergoes a ring-opening reaction with acrylic acid (AA), and
the obtained ESO-based epoxy acrylate is an important type of
free-radical UV-curable prepolymer, which has the advantages
of facile synthesis, low energy consumption, and less
pollution.14 Therefore, epoxy acrylate synthesized by using
ESO is an ideal high-whiteness particle carrier in this work.

Also troublesome is the severe damage to the ozone layer
due to global warming,15 which can directly lead to an increase
in the intensity of UV radiation and threaten human health.
The ozone layer is able to absorb intense solar UV radiation,
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but it has been decreasing.16 Carbon dots (CDs) have a wide
range of absorption properties in the UV region, which make
them a promising candidate for UV-shielding materials.
Importantly, CDs have demonstrated excellent UV-shielding
capabilities in the existing studies.17−19 Currently, in order to
realize the large-scale and sustainable application of CDs,
sustainable carbon sources are essential. Further, carbohy-
drates, such as xylose, are considered to be one of the most
promising carbon sources due to their abundance, renewable,
economical, and nontoxic properties.20 However, to realize the
widespread use of CDs, another problem needs to be solved�
the aggregation-induced quenching (AIQ) effect. Fortunately,
it has been found that the AIQ effect of CDs can be effectively
avoided by compounding CDs with polymer matrixes.21,22

Typically, De et al. incorporated CDs in the epoxy resin
formation process to prepare a high-efficiency photolumines-
cent epoxy/CD nanocomposite.23

Above all, to cope with the energy consumption caused by
cooling and the increase of UV radiation caused by global
warming, the idea of designing a material that provides a
cooling effect without consuming energy and that shields
against UV rays is feasible because it can alleviate energy
consumption, provide more time for the development of new
energy, and also address the negative health effects of intense
UV radiation.

In this study, we synthesized a recyclable composite
membrane with radiative cooling and UV-blocking effects.
First, CDs were prepared from xylose, and the first layer of the
membrane was composed of CDs and epoxy resin. Then,
acrylate was prepared with ESO as the raw material, and BaSO4
was compounded into the acrylate to form the second
membrane. Finally, they were prepared into a composite
membrane by a self-assembly strategy. The composite

membrane thus composed showed excellent UV-blocking
ability and radiative cooling effect, and its UV-shielding rate
reached 99%, almost shielding UV radiation. In indoor and
outdoor tests, cooling effects of 8.4 °C and 4.4 °C were
achieved, respectively. The BaSO4/acrylate membrane also has
a 95% recycling rate, which provides it with sustainable use.

■ EXPERIMENTAL SECTION
Materials. D-Xylose (98%, Macklin), m-phenylenediamine

(99%, Macklin), ESO (Macklin), AA (99%, Aladdin), p-
toluenesulfonic acid (99%, Macklin), hydroquinone (99%,
Macklin), trimethylolpropane triacrylate (TMPTA, 95%,
Macklin), 2-hydroxy-2-methylpropiophenone (I1173,97%,
Macklin), and barium sulfate (BaSO4, AR, Macklin) were
used. Both epoxy resin and curing agent were purchased from
Wenzhou Yichen Industrial Co., Ltd. All chemicals were used
without further purification. A polymethyl methacrylate
(PMMA) board of dimensions 20 × 20 × 0.5 cm3 was used.
Synthesis of CDs. CDs were synthesized as follows: 0.3 g

xylose with 0.15 g m-phenylenediamine was added to 50 mL of
deionized (DI) water, fully dissolved, transferred to a
microwave oven, and heated at 700 W for 15 min. After the
reaction, DI water was added to redissolve, and the obtained
solution was transferred to a dialysis bag (MD25-3000), and
CDs were obtained after dialyzing for 3 days. The solution was
freeze-dried to a powder for characterization.
Synthesis of Acrylate. The principle of acrylate synthesis

is shown in Figure 1. ESO (10 g) is added to 0.32 g of p-
toluenesulfonic acid and 0.08 g of hydroquinone and stirred at
60 °C until the solid was completely dissolved. Then, 4.32 g of
AA was added, the temperature was raised to 100 °C, and
heated for 3 h. After the reaction, 10 wt % TMPTA and 3 wt %
I1173 were added to obtain UV-curing acrylate.

Figure 1. Synthetic principle of acrylate (the signification of the twisted red line is AA).

Figure 2. Synthesis of composite membranes.
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Synthesis of Composite Membranes. The preparation
of multifunctional membranes was performed by using a self-
assembly method (Figure 2). Step 1: 10 g of acrylate was
added to 10, 20, 30, 40, and 50% of BaSO4, respectively, stirred
evenly, spread evenly on a glass plate, and cured for 1 h to
obtain a series of BaSO4/acrylate membranes, named Mem-Bax
(x represents the amount of BaSO4 added); Step 2: 0.1 g of
CDs is mixed with epoxy resin thoroughly, appropriate amount
of curing agent is added and spread evenly on the BaSO4/
acrylate membrane, and cured for 12 h to obtain the composite
membranes. The composite membranes were named Co-
Mem-Bax (x represents the amount of BaSO4 added).
Characterization. TEM of CDs was performed by a 300

kV field emission transmission electron microscope (FEI
TECNAI G2 F30, FEI, USA); electron transition was
performed by a UV−vis spectrophotometer (Agilent 8453,
Agilent, Germany) in the wavelength range of 800−200 nm;
fluorescence spectroscopy was performed by a fluorescence
spectrophotometer (CARY ECLIPSE, Agilent, Germany) in

the wavelength range of 800−200 nm; functional group testing
was performed by a Fourier transform infrared (FTIR)
spectrometer (Nicolet IS 50, Thermo Fisher, USA) in the
wavenumber range of 4000−400 cm−1. 1H-NMR spectroscopy
was performed by a nuclear magnetic resonance (NMR)
spectrometer (AVANCE 400, Bruker, Germany). The tensile
test of the dumbbell-shaped membranes (25 × 4 × 0.1 mm3)
was performed by a universal testing machine (ZQ-990A,
China) with a gauge length of 10 mm and a crosshead speed of
10 mm/min, and five replicates were performed for each
measurement to obtain the mechanical parameters. The
thermal degradation process of the acrylate was evaluated by
a thermogravimetric (TG) analysis device (STA2500, Netzsch,
Germany) at a heating rate of 10 °C/min from room
temperature to 600 °C in a nitrogen (N2) atmosphere at a
flow rate of 50 mL/min. The contact angle measurement was
performed by a contact angle measuring instrument
(DSA100E, KYUSS, Germany). The reflectance of composite
membranes was measured by a UV−vis NIR spectrometer

Figure 3. (a) TEM image of CDs. (b) UV−vis absorbance (left axis, black line) and fluorescence spectra (right axis, red line) [the illustration is
shown before and after CDs irradiated with light (365 nm)]. (c) Different excitation wavelength (430∼490 nm) fluorescence emission spectra and
the (d) corresponding normalized spectra. (e) FTIR spectrum. (f) XPS spectrum. Deconvolution of XPS spectrum: (g) C 1s, (h) N 1s, and (i) O
1s.
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(UV-3600Plus, Shimadzu, Japan) and a near-infrared spectrum
analyzer (TANGO-R, Bruker, Germany). The surface and
elemental analyses of the composite membranes were
measured by field emission scanning electron microscopy
(SEM) (Sigma 300, Zeiss, Germany). The UV radiation test
was performed by a UV illuminance meter (TM213,
TENMARS, China)

■ RESULTS AND DISCUSSION
It was necessary to characterize the CDs. Using TEM, it was
observed that the CDs show a sphere-like shape and possess
good dispersion (Figure 3a). The electron transition and
emission wavelengths of the CDs are confirmed by the UV
absorption spectra and fluorescence spectra in Figure 3b. A
sharp absorption peak appears at 215 nm, which may reflect
the π−π* transition in the C�C domain of the carbon
nucleus;24 in addition, the absorption peak at 297 nm is
attributed to the n−π* transition of the C�O bond.25 The
optimal emission wavelength of CDs is 542 nm, according to
the fluorescence spectrum. As shown in the illustration in
Figure 3b, the CDs exhibit good clarity under fluorescent light
and emit bright green fluorescence under UV light (365 nm).
To further understand the emission behavior of CDs, we
excited CDs at 430−490 nm and found that the emission
peaks of CDs did not depend on the excitation wavelength,
indicating that CDs possess emission-independent excitation
(EIE) properties (Figure 3c,d). Figure 3e shows the chemical
structure of the CDs, with the absorption bands at 3354 and
3225 cm−1 attributed to the stretching vibrations of −OH and
N−H, respectively.26 In addition, the absorption band at 2925
cm−1 belongs to the stretching vibration of C−H.27 The
absorption bands at 1656 and 1605 cm−1 belong to C�O and
C�C, respectively.28 The appearance of absorption bands at
1112 and 1049 cm−1 is attributed to the asymmetric and
symmetric stretching vibrations of C−O. FTIR results show

that CDs have many reactive groups, which provide good
water solubility. Finally, we explore the chemical bonds of CDs
and their binding energies. Figure 3f shows the X-ray
photoelectron spectroscopy (XPS) spectrum of the CDs,
which shows three representative peaks of C 1s (285 eV), N 1s
(400 eV), and O 1s (532 eV). The C 1s peak was decomposed
into three peaks (Figure 3g): C�C (284 eV), C�O (285
eV), and HO−C�O (288 eV); the N1s peak was
decomposed into two peaks (Figure 3h): pyridine nitrogen
(398 eV) and pyrrole nitrogen (399 eV); and the O 1s peak
was decomposed into three peaks (Figure 3i): C�O (530
eV), C−OH (531 eV), and C−O−C (532 eV). The XPS
results show that the CDs contain many active chemical bonds,
which are consistent with the FTIR results.

Figure 4a shows a picture of the acrylate membrane, which
exhibits good transparency. To confirm the synthesis of the
acrylate, FT-IR analysis and 1H-NMR were performed. The
FT-IR results are shown in Figure 4b, where ESO has an
absorption band for the epoxy group at 822−842 cm−1,29 and
the acrylate does not show an absorption peak. In addition, the
characteristic absorption bands of C�C and −OH at 1633
and 3450 cm−1 of acrylate confirm the successful synthesis of
acrylate.30,31 To further demonstrate the successful grafting of
AA, we performed 1H-NMR analysis, and the results are shown
in Figure 4c,d. At δ = 3.10−2.80 ppm, the characteristic peak
of hydrogen on the epoxy bond appeared in ESO,32 while the
characteristic peak of the epoxy bond in the acrylate weakened
obviously. In addition, the peak at δ = 6.50−5.90 corresponds
to the proton peak of acrylate (OOC−CH�CH2), confirming
the successful grafting of AA on ESO.33 Figure 4e shows the
TG curves of acrylate and ESO. It can be seen that the initial
decomposition of ESO is at ∼300 °C, while that of acrylate is
at ∼200 °C. ESO and acrylate are completely decomposed at
600 °C. From the results of DTG, it is observed that the
degradation processes of ESO and acrylate are different: single

Figure 4. (a) Photo of an acrylate membrane. (b) FT-IR spectra of ESO and acrylate. (c) 1H-NMR spectrum of ESO. (d) 1H-NMR spectrum of
acrylate. (e) TG curves of ESO and acrylate (illustration is DTG of ESO and acrylate). (f) Stress−strain curve of different curing times.
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step for ESO and two steps for acrylate. The degradation of
ESO involves the degradation and carbonization of the main
chain, while the first step of acrylate degradation involves the
degradation of branched chains, such as acrylate groups; the
second step is degradation and carbonization of the main
chain. Even though the initial decomposition of acrylate occurs
at ∼200 °C, it can still meet the needs of applications in daily
life, such as architectural coatings. Finally, we explored the
effect of different curing times on the mechanical properties,
and the results are shown in Figure 4f. As the curing time
increases, the degree of cross-linking also increases, and the
mechanical strength is significantly improved.

A series of digital images of the assembled composite
membranes are shown in Figure 5a. The addition of high-
whiteness particles has a significant whitening effect on the
composite membrane. Figure S1 shows that the composite
membrane has good flexibility. The first layer of the composite
membrane consists of epoxy resin and CDs. Due to the
existence of π−π* transition in CDs, it shows good absorption
in the UV region and responds to excitation at UV wavelengths

from 200 to 400 nm (Figure S2). The first layer serves two
purposes: (1) it absorbs the UV light and converts it into
visible light; (2) it protects the second layer which is
responsible for providing the radiative cooling effect. In
addition, CDs greatly limit their application due to their
notorious AIQ effect.34 Dispersing CDs in epoxy resins can
better extend the service life of CDs while weakening the AIQ
effect.35,36 The second layer of composite membrane consists
of acrylate and BaSO4. In the study of UV-blocking materials,
TiO2 (3.2 eV) is the most commonly used,37−39 and we chose
BaSO4 (∼6 eV) with a higher electronic band gap to reduce
the absorption of UV radiation by the membrane. The long-
term exposure of polymers to UV radiation tends to age and
affects service life. The shift in UV absorption by CDs and the
fact that BaSO4 can reduce UV absorption are beneficial for
the life of the membrane.

Figure 5b reflects the effect of BaSO4 addition on the
reflectance of the membranes at wavelengths 200−12500 nm.
With the addition of BaSO4, the reflectance of the membranes
in the UV region increases, and when the addition of BaSO4 is

Figure 5. (a) Digital images of composite membranes; (b) reflectance of composite membranes (wavelength: 200−12,500 nm); (c) SEM image of
Mem-Ba50 (scale: 1 μm); and (d) SEM−EDS images of Mem-Ba50.
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50%, the reflectance reaches more than 90%. In addition, the
reflectance of the membranes in the near-infrared region also
increases with the increase of BaSO4 content, which directly
affects the radiative cooling performance of the membranes.
The refraction of light needs to be performed in the voids in
the membrane. Figure 5c shows the SEM image of the
membrane, and the voids can be observed. In addition, Li et
al.10 concluded that the presence of voids in the membrane is
beneficial for reflecting light. From the energy-dispersive
system (EDS) images, it is clear that BaSO4 is uniformly
distributed, which is also favorable for radiative cooling (Figure
5d).

Figure 6a shows the principle of membrane reflecting
infrared light. When sunlight shines on the membrane, the
light is refracted several times by BaSO4, which eventually
reflects the infrared light, thus achieving a cooling effect. The
UV-blocking performance of the composite membrane was
tested outdoors, and the results are shown in Figure 6b, which
show that the membrane blocks almost all UV light. To verify
the radiative cooling performance of the membrane, the
membrane was covered with a PMMA plate and heated under
light. Figure 6c shows the change in the surface temperature of
the PMMA plate with and without the membrane cover. The
reflection of infrared light by the membrane slows down the
rate of increase in surface temperature considerably, and after
60 min of heating, the membrane reduces the temperature by
18.2 °C. To further verify the radiative cooling performance of
the composite membrane, a box was assembled using PMMA
sheets to simulate a confined space, and radiative cooling tests

were performed indoor (Figure S3a) and outdoor (Figure
S3b), with the results shown in Figure 6d,e. In the indoor test,
the air temperature inside the box was monitored at 10 min
intervals, and the membrane could effectively reduce the
temperature of the box after 60 min of heating; in the outdoor
test, the temperature was monitored at 1 h intervals which
reached a peak at 15 h with a temperature difference of 4.4 °C.
The composite membrane effectively reduced the internal
temperature and showed excellent radiative cooling perform-
ance.

The recycling of membranes is an important part of the
sustainable use of material. Figure 7a shows the contact angles
of different BaSO4/acrylate membranes. BaSO4 can effectively
increase the contact angle of the membranes, and the increase
of the contact angle can reduce the binding energy of the
bonding surface and enable better separation between the
membranes. Figure 7b shows the combination and separation
of the composite membrane, and the improvement of the
contact angle facilitates the separation and recovery of the
membrane. We used tetrahydrofuran as the solvent to dissolve
the BaSO4/acrylate membrane. Next, after fully dissolving,
solid−liquid separation is achieved using a centrifuge. After the
solvent is completely volatilized, BaSO4 can be recovered, and
the acrylate can be reshaped into a membrane. Due to the
volatilization of the solvent, there are many micropores in the
recovered membrane, which will directly lead to the decline of
the mechanical properties. The recovered solids and
membrane were weighed, and the results showed that the
recovery rate reached 95.90%.

Figure 6. (a) Schematic diagram of a composite membrane reflecting infrared light. (b) UV-blocking ability of Co-Mem-Ba50. (c) Co-Mem-Ba50
covered on the PMMA board, under the illumination of light; the surface temperature of the PMMA board without membrane and with membrane.
(d) Air temperature inside the box (without membrane/with membrane, indoor test). (e) Air temperature inside the box (without membrane/with
membrane, outdoor test).
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■ CONCLUSIONS
In this work, we synthesized CDs and acrylates from xylose
and ESO, respectively, and prepared composite membranes by
a self-assembly strategy. The composite membrane exhibits
excellent UV-blocking ability and almost shields against UV
light with a shielding rate of 99%. In addition, the presence of
BaSO4 allows the membrane to reflect infrared light for a
radiative cooling effect. The membrane achieved a cooling
effect of 8.4 and 4.4 °C in indoor and outdoor tests,
respectively. The first layer of the membrane composed of
CDs and epoxy resin not only weakens UV rays but also
reduces the absorption of UV rays by the second layer of the
membrane, providing protection for it. The second membrane
composed of BaSO4 and acrylate mainly provides radiative
cooling. Finally, we also discuss the recyclability of the BaSO4/
acrylate membrane, with a recovery of 95%, providing
sustainable utilization of the membrane. In conclusion, the
composite membrane exhibits excellent UV-blocking and
radiative cooling properties and is expected to be popularized
and used in low latitudes or areas close to the equator.
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