
1. Introduction
For a long time, researchers have been committed to
the development of advanced infrared adaptive ma-
terials. Materials that use infrared characteristics for
camouflage and radiative cooling have become cur-
rent research hotspots [1]. Radiative cooling is a key
technology to solve the global warming caused by
the greenhouse effect and energy waste generated by
refrigeration which is currently a major energy con-
sumption part [2]. Cellulose contains functional
groups (such as C–O, C–O–H, and C=O), which
cause the infrared intrinsic absorption of cellulose
through molecular vibration, so the cellulose is con-
sidered to have great potential as a radiative cooling
material [3, 4]. At the same time, cellulose is a widely

sourced, degradable, and environmentally friendly
material [5]. Since 1908, when natural cellulose com-
posites were used as biological composites, cellulose-
based composites have been developed and applied
[6]. Cellulose is widely used in the fields of biomimet-
ic materials [7], biomedicine [8, 9], and ultraviolet
shielding [10, 11], because of its wide sources and
easy chemical modification. Therefore, extracting cel-
lulose from natural materials and using it as a radiative
cooler not only have a great significance to the real-
ization of an environmentally friendly functional ma-
terial, but also provide a reference for the application
of radiative materials in building materials.
The essence of thermal radiation is the energy trans-
fer of the energy level transition of the object [12].
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Objects with different temperatures will exchange
heat by means of thermal radiation [13]. Therefore,
radiative cooling materials use the means of radiation
to transmit heat through the atmosphere to the cosmic
black body (Temperature is assumed to be 3 K) to
achieve the effect of passive cooling. This cooling
method not only conforms to the energy transfer rules
but also creates a green and environmentally friendly
cooling method. Therefore, radiative cooling materi-
als are widely used to reduce the cooling load of
buildings [12, 14] and mitigate urban heat island ef-
fect [15, 16] in a spontaneous and recyclable way.
However, the application of radiative cooling mate-
rials in building materials still has problems such as
high costs and complex production processes [17].
Simultaneously, buildings usually require daytime
cooling, and the daytime radiative cooling materials
not only need to have the high infrared emissivity in
the ‘atmospheric window’ (8–13 μm) range, but also
need to have the high reflectivity and the low absorp-
tion in the solar radiation wavelength range. Such
problems have made the radiative cooling materials
limited in the field of building materials [17, 18]. At
present, the daytime radiative cooler is mainly real-
ized by designing an excellent daytime radiative
cooling structure, and the daytime radiative cooling
structure is composed of high reflectivity in the solar
spectral range and high emissivity in the ‘atmospher-
ic window’ range [19]. Among them, the daytime ra-
diative cooling structure is mainly divided into the
multilayer planar photonic structure, which has a
high reflectivity in the solar radiation range by alter-
nately stacking high and low refractive index material
layers and is used for obtaining high emissivity in the
‘atmospheric window’ range by making the use of
material resonance and designing a specific number
of layers [2, 20, 21], the metamaterials and two-di-
mensional or three-dimensional photonic structures
which require complex and expensive micro-manu-
factured [22, 23], the radiative cooling polymers
doped with nanomaterial resonators [24, 25], and the
radiative cooling materials provided in the form of
simple and easy-to-use coatings [26–28]. The com-
plex structure of daytime radiative cooling hinders
the application of radiative cooling materials, and cel-
lulose-based composite materials suitable for daytime
radiative cooler are still rarely reported [4, 29].
In this work, we use wood flour as raw material to
prepare a cellulose-based composite material that can
be used for daytime radiative cooling. The preparation

method is simple, and the price is low. The average
thickness of the films is 142 μm; if the yield of lig-
nocellulose is about 56.67%, excluding energy con-
sumption and labor, the cost of preparing a 1 m2 ra-
diative cooling film is about $246, but the cost of
raw materials is only 6 cents. It is expected to pro-
vide ideas for the application of radiative cooling ma-
terials in the construction industry. The material pro-
posed in the article uses the characteristics of easy
chemical modification of cellulose to be compound-
ed with silica microspheres and achieves an average
emissivity as high as 98.7% in the ‘atmospheric win-
dow’ range through the intrinsic absorption of ligno-
cellulose and silica microspheres [4]. At the same
time, we also explored the influence of silica micro -
sphere content on the material properties, and we
found that when the silica microsphere content is
20 wt%, the average reflectivity to the visible light
range is as high as 99.71%, and the addition of silica
microspheres has almost no effect at the top of the
radiative cooling film; however, the infrared emis-
sivity at the bottom of the film will increase signifi-
cantly at the 9.7 μm wavelength range. When the
final silica content is 30 wt%, the radiative cooling
performance of the film is the highest. Finally, we
built a radiative cooling performance test device to
demonstrate the daytime radiative cooling perform-
ance of cellulose-based composites.

2. Experimental
2.1. Sample preparation
The solution of 0.4 mol/l Na2SO3 (97%, Tianjin
Damao Chemical Reagent Factory, China) and
4 mol/l NaOH (96%, Tianjin Zhiyuan Chemical
Reagent Co., Ltd, China) were prepared in propor-
tion, and wood powder (40 mesh, eucalyptus, Weihua
Perfume Factory, China) was dried and weighted for
use. First, the wood powder was mixed and reacted
in a closed environment at 100°C for 10 hours to re-
move lignin. Then the reaction product was added
into a solution prepared by a certain proportion of
sodium chlorite (80%, Shanghai Maclean Biochem-
ical Technology Co. Ltd., China), deionized water,
and glacial acetic acid (99.5%, Tianjin Zhiyuan
Chemical Reagent Co. Ltd., China) after washing
and filtering. The mixture was reacted for 5 hours in
a closed environment at 70°C for bleaching, and this
process is repeated 1–2 times. After the delignified
and bleached lignocellulose was washed and dried,
we weighed 1 g of the sample, and dispersed it in
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25 ml of glacial acetic acid, and stirred for 30 min,
then the mixture was added with 0.144 g of concen-
trated sulfuric acid (95–98%, Guangzhou Chemical
Reagent Factory, China) and 9 ml of glacial acetic
acid and stirred for 30 minutes to perform pretreat-
ment. When the sample was evenly dispersed in the
solution, the solid was dissolved in 32 ml of acetic
anhydride (98.5%, Guangzhou Chemical Reagent
Factory, China), stirred for 30 minutes, and left for
16 hours for acetylation modification. After standing
the sample solution, the mixture was added with
10 ml glacial acetic acid, 10 ml deionized water, and
1.35 g concentrated sulfuric acid to hydrolyze at
80°C for 10 minutes to reduce the degree of acety-
lation of lignocellulose, and finally, we added deion-
ized water to stop the reaction and dried the sample
after filtering and washing. The absolute ethanol
(99.7%, Tianjin Zhiyuan Chemical Reagent Co. Ltd.,
China) as the solvent, the ammonia (25%, Tianjin
Zhiyuan Chemical Reagent Co. Ltd., China) as the
catalyst, and the ethyl orthosilicate (38%, Tianjin
Zhiyuan Chemical Reagent Co. Ltd., China) was hy-
drolyzed and prepared silica microspheres at a stir-
ring speed of 400 rpm at room temperature. Then we
washed and dried with absolute ethanol and deion-
ized water in turn to obtain pure silica microspheres.
Finally, the sample was dissolved in a 10:1 (volume
ratio) mixed solution of acetone and water, and silica
microspheres were added to prepare a radiative cool-
ing film with a particle content of 0, 10, 20, and
30 wt% (weight percentage). At room temperature
(25 °C), we placed the solution in a fume hood to
evaporate. The evaporation process took 48 hours.
The high temperature will lead to a too fast evapo-
ration rate and results in cracking. Low temperature
will lead to too slow evaporation rate, and the porous
structure will be difficult to form. The evaporation
environment should be dry because the sample wet
will also cause the film to crack.

2.2. Sample characterization
The top and bottom of the sample film were ob-
served by using a field emission scanning electron
microscope (SEM, SU8010, Hitachi Ltd., Japan) and
a tungsten filament scanning electron microscope
(S-3400N-II, Hitachi Ltd., Japan) at working volt-
ages of 15 and 5 kV to study their morphology and
structure. In order to characterize the high reflec-
tion characteristics of the sample film to sunlight
and the high infrared emission characteristics in the

atmospheric window, we use the UV-3600 Plus
UV-VIS-NIR spectrophotometer (UV-3600 Plus,
Shimadzu Ltd., Japan), including the 60 mm solid in-
tegrating sphere (ISR-603) accessory. Then we meas-
ured the absorption and reflectance of the sample
film in the wavelength range of 360–2000 nm. The
Nicolet 6700 Fourier Transform Infrared Spectrom-
eter (Nicolet 6700, Nicolet Ltd., America) was added
to the integrating sphere accessory, and the sample
film was installed between the gold mirror and the
metal plate, and the sample’s reflectivity in the mid-
infrared wavelength range of 2.5–15.5 μm was
measured with a resolution of 8 cm–1. And we used
formula conversion to determine the absorptance and
infrared emissivity of the sample film in the mid-in-
frared wavelength range of 7–14 μm. In order to fur-
ther verify the distribution of the sample film parti-
cles, we performed X-ray diffraction spectroscopy
(XRD) on the surface of each sample film and de-
termined the composition and distribution of the
sample film through phase analysis. Finally, we built
a radiative cooling performance test device using a
polystyrene foam box, a thermal sensor, and a tem-
perature recorder. The radiative cooling performance
of the sample film was tested by the radiative cool-
ing performance test device during sunny days. The
schematic diagram and physical diagram of the test
device are shown in Figure 1.

3. Results and discussion
Figure 2 shows the microstructure of samples with
different silica content. From top to bottom are the
SEM pictures of the film with 0, 10, 20, and 30 wt%
silica content. The pictures in the left column
(Figure 2a, 2c, 2e, 2g) are the micrograph of the top
of the film, and the pictures in the right column
(Figure 2b, 2d, 2f, 2h) are the micrograph of the bot-
tom of the film. The top of the film is surrounded by
the intricate acetylated lignocellulose microfibrils,
and the microfibrils form a porous structure. Because
the volatilization rate of acetone molecules in the ace-
tone solution system during the solvent volatilization
process is much greater than the volatilization rate
of water molecules, the volatilization of acetone and
the insoluble acetyl lignocellulose in water will cause
the precipitation of acetyl lignocellulose and the co-
alescence of the polymer-rich phase. When the ace-
tone is completely volatilized, the microfibrils of lig-
nocellulose precipitate out of the solution and
coexist with water molecules to form a structure in
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which water molecules are wrapped by acetylated
lignocellulose microfibrils. As the water molecules
evaporate, the structure of the acetylated lignocellu-
lose microfibrils remains, and it forms a porous
structure [30].
From the comparison of Figure 2a, 2c, 2e, 2g and
Figure 2b, 2d, 2f, 2h it is found that the silica micro -
spheres all appear at the bottom of the sample film.
During the evaporation of the solvent, the silica mi-
crospheres will sink to the bottom due to gravity,
which causes the silica microspheres to accumulate
on the bottom of the radiative cooling film. In addi-
tion, comparing Figure 2a, 2c, 2e, 2g and Figure 2b,
2d, 2f, 2h, it is found that the film has denser acety-
lated lignocellulose at the bottom. During the
volatilization of the acetone molecule, the acetylated
lignocellulose part precipitates, and the acetylated
lignocellulose part precipitating was deposited due
to gravity, resulting in dense cellulose microfibrils at
the bottom of the film [30]. From the above results, it

can be seen that the reaction process of the whole
experiment is shown in Figure 3. After preparing
acetyl lignocellulose and silica microspheres, firstly,
the acetylated lignocellulose is dissolved in the ace-
tone solution, and the silica microspheres are dis-
persed in the solution. Subsequently, due to the suc-
cessive volatilization of acetone and water, the
acetylated lignocellulose precipitated, and the poly-
mer-rich phase coalesced. This can be seen from the
uneven thickness of the acetylated lignocellulose mi-
crofibrils. Then, during the volatilization process, the
silica microspheres and the partially precipitated mi-
crofibrils of acetylated lignocellulose are deposited
together, the lower layer of radiative cooling film
forms a structure where the silica microspheres are
wrapped by the microfibrils, and the upper layer of
radiative cooling film forms a porous structure due
to the influence of water molecules.
Since the realization of daytime radiative cooling
material has a decisive relationship with the solar
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Figure 1. The schematic diagram of the radiative cooling performance test device.
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Figure 2. The SEM images of left (left column, a, c, e, g) and right (right column, b, d, f, h) sides of the radiative cooling
film with 0, 10, 20, and 30 wt% silica microspheres content. The diameter of the silica microspheres is about
0.24 μm. Among them, the scale of a, b, e, f is 5 μm, and the scale of c, d, g, h is 10 μm.



radiation range absorbance and reflectance of the
material surface, we use UV-3600 Plus UV-VIS-NIR
spectrophotometer with an integrating sphere acces-
sory to directly measure the absorbance and the re-
flectivity of the sample film. Figure 4 hows the sam-
ple film's reflectivity and absorbance with 0,10, 20,
30 and 40 wt% content of silica microspheres in the
360–2000 nm wavelength range. The results show
that the sample film generally has low absorption of
light in the 360–2000 nm range, and the average ab-
sorbance are respectively 0.172, 0.038, 0.025, 0.017
and 0.254, the reflection of light in the range of 360–
2000 nm is generally higher, and the average re-
flectance are respectively 76.65, 90.95, 86.48, 87.05
and 61.37%. Then we quoted the data of direct nor-
mal spectral irradiance [W/(m2·nm)] obtained after
the National Renewable Energy Laboratory (NREL)
modeled the American Society for Testing and Ma-
terials (ASTM) G-173 solar irradiance spectrum, and
we normalized it as the solar spectrum of AM (at-
mospheric mass) 1.5 mid-latitude countries (such as

China) is used to analyze the absorption and reflection
of solar radiation energy by the radiative cooling film.
We can find that the addition of silica microspheres
can significantly increase the reflectivity of the film
and the radiative cooling film with a silica micros-
phere content of 20 and 30 wt% has a reflectivity in
the 360–2000 nm wavelength range almost exceed-
ing the normalized solar irradiance, while the ab-
sorbance in the 360–1100 nm wavelength range is
much less than the normalized solar irradiance. How-
ever, when the content of silica microspheres in the
film exceeds 10 wt%, the addition in silica content
will increase the absorbance and decrease the reflec-
tivity of the film in the wavelength range of 1100–
2000 nm. The most obvious is the 1900 nm wave-
length range, which is caused by the absorption of
silica in the near-infrared band [31]. We also found
that when the content of silica microspheres exceeds
20 wt%, the reflectivity of the film in the wavelength
range of 360–1100 nm decreases to varying degrees
with the increase of silica microsphere content. The
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Figure 3. Flow chart and principle diagram of the preparation of the radiative cooling film.

Figure 4. Reflectivity and absorbance of radiative cooling film in the visible and near-infrared wavelength range, (a) is the
reflection spectrum of the film in 360–2000 nm, (b) is the absorption spectrum of the film in 360–2000 nm. The
normalized AM1.5 solar spectrum is plotted for reference.



decrease is not large in the range of 20–30 wt% con-
tent, but the decrease is obvious in the range of 30–
40 wt% content. Because the radiative cooling film is
made by acetylating lignocellulose microfibrils, the
porous structure realizes the reflection of solar radia-
tion, so too many silica microspheres will be blocked
in the pores of the microfibrils, making the reflection
effect worse. The reason for the negative absorbance
and reflectivity greater than 100% in the 750–
1250 nm wavelength range is that the reflectivity of
the film to light is greater than that of barium sulfate.
It can be seen that the addition of silica to the film
can increase the reflectivity of the radiative cooling
film. This is because silica itself has the ability to re-
sist aging and strongly reflect solar radiation [32]. It
can be seen that the reflectivity of each film in the
visible wavelength range is very high, and the aver-
age reflectivity is 73.05, 86.55, 99.71, 98.44, and
70.33%, the reflectivity of the film with a silica mi-
crosphere content of 20 and 30 wt% in the visible
wavelength range almost exceeding the normalized
solar irradiance. Among them, the highest average re-
flectance is the film with a silica content of 20 wt%.
The reflectivity of the films with 10, 20, and 30 wt%
content of silica microspheres in the solar irradiation
range is similar, which are 90.95, 86.48, and 87.05%,
respectively. However, the reflectivity in the visible
light range is quite different, which are 86.55, 99.71,
and 98.44%, respectively. At the same time, accord-
ing to the AM1.5 spectrum, the energy of solar radia-
tion is larger in the visible light range, so when the
content of silica microspheres is 20 and 30 wt%, the
film can isolate the energy of solar radiation better.

Because the intrinsic absorption of lignocellulose
and silica microspheres makes the radiative cooling
film strongly absorb (emit) the infrared light in 8–
13 μm. The radiative cooling film has extremely
low transparency properties, so the infrared trans-
mission spectrum of the film cannot be directly test-
ed. Using Nicolet 6700 infrared spectrometer with
an integrating sphere accessory, we can test the re-
flectivity of the sample film in 2.5–15.5 μm wave-
length range. The reflectivity of the films was meas-
ured directly using the diffuse reflectance integrating
sphere accessory by stacking the gold-coated sub-
strates for baseline scans. At the same time, a gold
mirror with a reflectivity of up to 100% is stacked
on the back of the test sample, and the infrared rays
passing through the sample are reflected back to the
integrating sphere accessory so that the reflectivity
obtained is the sum of the transmittance and the re-
flectivity. By obtaining the reflectance spectrum of
the sample film, Kirchhoff’s law can be used to cal-
culate the infrared emissivity(infrared absorptance)
of the sample film to evaluate the infrared radiative
capability of the sample film. According to Kirch-
hoff’s law, the ratio of the material’s infrared emis-
sivity to the infrared absorptance is 1, so the stronger
the material’s infrared absorption in the 8–13 μm
wavelength range, the stronger the material’s in-
frared emissivity in the 8–13 μm wavelength range.
And we can get the infrared emission spectrum of
the radiative cooling film in the wavelength range
of 7–14 μm through the following relationship, the
infrared emission spectrum is shown in Figure 5
(Equation (1)):
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Figure 5. The infrared emissivity of the radiative cooling film in the wavelength range of 7–14 μm. (a) shows the infrared
emission spectra at the top of the film in the wavelength range of 7–14 μm. (b) shows the infrared emission spectra
at the bottom of the film in the wavelength range of 7–14 μm, where the wavelength range of the marked area is
9.7 μm. The figures are plotted the atmospheric transmittance spectrum under the conditions of AM1.5 and the
precipitable amount of 1 mm H2O as a reference.



E(γ,λ) = A(γ,λ) = 1 – R(γ,λ) (1)

where E(γ,λ) [%]: emissivity, A(γ,λ) [%]: absorp-
tance, R(γ,λ) [%]: reflectivity, γ is the angle and λ is
the wavelength.
Then we quoted the atmospheric transmission spec-
trum measured by the Gemini Observatory under the
conditions of AM1.5 and the precipitable amount of
1 mm H2O as a reference for the atmospheric win-
dow (Lord, S. D., 1992, NASA Technical Memoran-
dum 103957). Because of the characteristics of acety-
lated lignocellulose, the infrared emissivity of radia-
tive cooling films is generally high. Among them,
the infrared emissivity of the top of the film with a
silica content of 0–30 wt% is 98.8, 98.4, 98.3,
98.6%, respectively. It can be found that the addition
of silica microspheres has almost no effect at the top
of the film. However, due to the deposition of silica
microspheres at the bottom of the film, the infrared
emissivity is significantly increased in the 9.7 μm
wavelength range, which is caused by the strong
phonon polarization resonances of the silica micros-
pheres in the 9.7 μm wavelength range [24]. When
the silica content increases to 30 wt%, the average
emissivity of the radiative cooling film is higher,
which can reach 98.7%.
X-ray diffraction pattern analysis can further explore
the structure and constituents of the radiative cooling
film, and through phase analysis, the distribution of
silica microspheres on both sides of the film can be
obtained. Figure 6 are the XRD pattern of the top
and bottom of the radiative cooling film with differ-
ent content of silica microspheres. It can be found
that the XRD patterns of the film with non-silica

microspheres are composed of two amorphous peaks
centered at 20 and 8°, respectively, and the crys-
tallinity is low. The broad peak centered at 20° is
caused by the decrease in crystallinity and the trans-
formation of the structure from a crystalline region
to an amorphous region because of the damage of
hydrogen bonds in the cellulose network during the
acetylation process. This broad peak is the character-
istic peak of the amorphous acetyl cellulose [33, 34].
It can be seen from Figure 6a that the addition of sil-
ica microspheres reduces the intensity of the charac-
teristic broad peak centered at 20°, while Figure 6b
shows that due to the deposition of silica micros-
pheres, the characteristic broad peak centered at 20°
of the bottom of the film almost disappeared, which
explained the main distribution of silica micros-
pheres and further explained the double-layer struc-
ture of the film.
The broad peak centered at 8° is the main feature of
semi-crystalline acetyl cellulose, which indicates
that the cellulose is disordered during the acetylation
process. This disorder is caused by the projection of
the substituents along the axis, and the disorder re-
lates to the increase of the distance between the cel-
lulose and the damage of the microfiber structure
[35]. It can be found that the XRD pattern at the bot-
tom of the film with 0 wt% silica microspheres has
a higher intensity of the broad peak centered at 8°
than the top. This is because the bottom of the film
is composed of dense acetylated lignocellulose mi-
crofibrils, the distance between them decreases, and
the diffraction intensity increases. By comparing the
relationship between the degree of substitution of
acetyl cellulose substituents and the XRD pattern, it
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Figure 6. The X-ray diffraction patterns of radiative cooling film with different silica microsphere contents, (a) shows the
X-ray diffraction pattern of the top of the film, (b) shows the X-ray diffraction pattern of the bottom of the film.



is found that the crystal form of acetyl cellulose is
between cellulose type I and cellulose type II. As the
degree of substitution decreases, the crystallinity de-
creases, and finally, two broad diffraction peaks are
formed [36]. This shows that acetylated lignocellu-
lose is mainly composed of acetyl cellulose with a
low degree of substitution, and because of its low
crystallinity, it is soluble in acetone.
The infrared emissivity characterization of the sam-
ple film by infrared spectrometer found that when
the silica microsphere content is 30 wt%, because of
the resonance of the silica microspheres, the average
infrared emissivity of the film is as high as 98.7%,
and the average reflectivity and absorbance can
reach 98.44% and 0.0029 in the visible wavelength
range. In view of the different silica content radiative
cooling film, the film with 30 wt% silica content in
the film has the best infrared radiation and visible
light reflection. For the comparison of radiative cool-
ing performance, the silica microsphere content of
30 wt% is the best, so we choose the acetyl lignocel-
lulose film with a silica content of 30 wt% to com-
pare the radiative cooling performance. The proper-
ties of films with different silica microsphere contents
are shown in Table 1.
We use a polystyrene circular foam box as the main
body of the device to build a radiative cooling test
device to test the radiative cooling performance. By
digging a cylinder with a diameter of 55 mm and a
height of 15 mm on the top of the foam box as the
sample chamber for the radiative cooling test, and
then place the film in it. The surface of the circular
foam box is all covered with aluminum foil, and the
high reflectivity of the aluminum foil can prevent di-
rect sunlight from irradiating the test device and af-
fecting the experimental results. In order to ensure
that the radiative cooling film is isolated from the
external environment, a layer of polyethylene film
with an infrared transmittance of up to 90% is laid
on the surface of the sample chamber of the radiative
cooling performance test device. In addition, the

Ethernet type temperature and humidity recorder of
Jianda Nishina is used as the temperature recorder.
The instrument probe is placed under the radiative
cooling film and superimposed the copper sheet of
the same material as the probe on the probe to meas-
ure the surface temperature of the sample. At the same
time, we also prepared radiative cooling materials
composed of silica layer and aluminum flakes for
comparison, and a blank group is set up in the same
way to test the film radiative cooling performance.
In order to accurately test the radiative cooling per-
formance of the film, the test environment selects an
outdoor roof with good sunlight conditions and air
circulation and chooses a sunny day for the film ra-
diative cooling performance test. The sunrise time is
6:46:47; the sunset time is 18:30:59; the geographic
location is 23.039 north latitude and 113.388 east
longitude. The weather data on the test day is shown
in Table 2 (Data from China Meteorological Admin-
istration).
The time period for the night radiative cooling test
was from 23:00 to 7:00, and the temperature data
was recorded every 1 minute. The time period for
the daytime radiative cooling test was from 8:00 to
17:00, the temperature data was recorded every 1
minute. The result is shown in Figure 7.
It can be seen from Figure 7b that the average blank
sample temperature is 19.8 °C, the average SiO2/
Al film temperature is 19.1 °C, the average sample
temperature is 18.9 °C, and the average temperature
difference is 0.9 and 0.2 °C, respectively. Therefore,
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Table 1. Properties of films with different silica microsphere contents.

Silica microsphere
content
[wt%]

Solar radiation range ‘Atmospheric window’ range Visible light range
Absorbance

[a.u.]
Reflectivity

[%]
Emissivity

[%]
Reflectivity

[%]
0 0.172 76.65 98.6 73.05

10 0.038 90.95 98.5 86.55
20 0.025 86.48 98.1 99.71
30 0.017 87.05 98.7 98.44

Table 2. The weather data on the test day.

Time
[hour]

Air
pressure
[hPa]

Wind
direction

[°]

Wind
speed
[m/s]

Relative
humidity

[%]

Precipitation
[mm]

0 1010.6 006 0.6 95 0
3 1010.3 159 3.4 64 0
6 1006.6 199 2.0 59 0
9 1005.1 226 2.1 58 0

12 1006.2 171 3.5 64 0
15 1007.9 320 1.2 89 0



the film's night-time radiative cooling energy can be
reduced by 0.9°C compared to the blank sample and
reduced by 0.2°C compared to the SiO2/Al film. The
difference between the blank sample and the sample
temperature in the figure is basically stable between
0.3 and 1.4 °C, which shows that the film has great
stability in the radiative cooling performance at night,
and there is basically no significant change in the ra-
diative cooling performance when the temperature
is changing. It can be seen from Figure 7a that the
average blank sample temperature is 37.8°C, the av-
erage SiO2/Al film temperature is 32.6 °C, the aver-
age sample temperature is 28.1 °C, and the average
temperature difference is 9.6 and 4.4 °C, respective-
ly. Therefore, the daytime radiative cooling energy
of the film is lower than the blank sample tempera-
ture by 9.6 °C and lower than the SiO2/Al film tem-
perature by 4.4 °C. The radiative cooling effect of
daytime is the result of the film’s reflection of sun-
light and radiative cooling performance, so the cool-
ing effect is better than that of night radiative cool-
ing. At the same time, in the direct sunlight at noon
(12:38:53), the difference between the blank sample
temperature and the sample temperature was still
13 °C and reached a maximum value of 13.9 °C at
13:14.The effect of daytime radiative cooling of the
film is maintained between 1.6 and 13.9 °C, indicat-
ing that the film has excellent daytime radiative cool-
ing performance.

4. Conclusions
We took advantage of the characteristics of wide
sources and easy chemical modification of cellulose.
Using wood flour as raw material, we use the evap-
oration deposition technique to prepare a highly

spectrally selective dual-layer cellulose-based com-
posite material. The material exhibits minimal ab-
sorption and great reflection in the visible light
range, and it also exhibits high infrared emission in
the ‘atmospheric window’ range. At the same time,
we studied the influence of different silica micros-
phere content on the material properties. We have
found that the addition of silica microspheres can
significantly increase the reflectivity of the film.
However, when the content of silica microspheres in
the film exceeds 10 wt%, the addition in silica con-
tent will increase the absorbance and decrease the
reflectivity of the film in the wavelength range of
1100–2000 nm. When the content of silica micros-
pheres exceeds 20 wt%, the reflectivity of the film
in the wavelength range of 360–1100 nm decreases
to varying degrees with the increase of silica micros-
phere content. Among them, the radiative cooling
film with a silica content of 30 wt% exhibits the low
absorption of 0.0029 in the visible light range and
exhibits the high reflectivity of 98.44% in the 400–
800 nm wavelength range. And the film also exhibits
high infrared emissivity of 98.7% in the ‘atmospher-
ic window’ range. In addition, the radiative cooling
performance test shows that the film exhibits a cool-
ing of 0.9°C at night and exhibits a cooling of 9.6°C
under direct sunlight. In addition, by comparing with
the SiO2/Al film, the film exhibits a cooling of 0.2°C
at night and exhibits a cooling of 4.4 °C under direct
sunlight. Moreover, the raw material price of the
1 m2 sample film is only 6 cents. This radiative cool-
ing film outperforms other samples in performance,
and the raw material price is far lower than that of
other materials. This research work provides a prepa-
ration method for daytime radiative cooling materials
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Figure 7. The graph of film’s radiative cooling performance, (a) shows the daytime radiative cooling performance of the
film, (b) shows the night radiative cooling performance of the film.



with simple technology, cheap raw materials, and
wide sources, and also provides a reference for the
industrialization of radiative cooling materials and
the application of radiative cooling materials in
building materials.
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