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Abstract  Passive daytime radiative cooling (PRDC) 
is a promising technology providing a cooling strat-
egy that radiates heat directly into outer space without 
additional energy consumption, a crucial considera-
tion in controlling construction energy consumption. 
However, the preparation of PRDC materials with 
controlled radiative properties is still challenging 
because the radiative interface must be maintained 
in a clean environment. Herein, a densely distrib-
uted porous hybrid aerogel with controlled radiative 
properties was fabricated using the wollastonite and 
cellulose as building blocks for building energy-sav-
ing applications. To do this, the cellulose pulp was 
obtained by using waste paper as raw material. Then, 
the hybrid aerogels, comprising paper cellulose and 
wollastonite particles, were fabricated by combining 
the acrylic acid polymers (PAA) bonding, freeze dry-
ing and vapor deposition modification. The radiative 

cooling hybrid aerogel exhibits high solar reflectiv-
ity (94.6%) and high atmospheric emissivity (95.1%), 
due to the laminated design of wollastonite randomly 
dispersed in the radiative hybrid aerogel. The excel-
lent PRDC capability is also proven by outdoor tests 
where practical temperature difference is ~ 6.3 ℃ and 
the maximum cooling power of 147.4 Wm−2 under 
direct sun irradiance. Wettability test infers that the 
hybrid aerogel has a static water contact angle of 
144.07° ± 2°, thereby indicating its hydrophobicity. 
In addition, based on the Energyplus simulation, the 
hybrid aerogel exhibits an average annual cooling 
energy saving of 8% in buildings across China. The 
excellent radiative cooling and self-cleaning proper-
ties of hybrid aerogel make it durable for long-term 
outdoor PRDC applications.

Keywords  Wollastonite · Passive radiative daytime 
cooling · Cellulose · Building energy efficiency · 
Self-cleaning

Introduction

The building industry currently accounts for approxi-
mately 46% of total national energy consumption. 
Around half of the energy is consumed in build-
ings operations, which includes the illumination, 
heating, and cooling ventilation systems (Chai and 
Fan 2022). Over the last decade, the provision of 
building cooling has remained a crucial element in 
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ensuring thermal comfort across various commercial 
and residential settings (She et al. 2018). Traditional 
electrical cooling equipment is based on the vapor 
compression cycle, which requires high energy con-
sumption, as well as refrigerant gases with possible 
health hazards. Meanwhile, due to this cooling pro-
cess involving converting work into heat, traditional 
cooling strategy simply transfers heat from one part 
of the Earth’s surface to another causing net heating 
effect. The high-energy consumption and refrigerant 
of cooling equipment have raised widespread con-
cerns about environmental problems, such as global 
warming (He et al. 2023), ozone depletion (Xue et al. 
2023) and indoor air quality (Cheng et  al. 2019). 
Therefore, in recent years, considerable attention has 
been focused on the design of building energy-saving 
materials to achieve thermal comfort. One of the most 
effective strategies for building energy conservation 
is to design of photovoltaic buildings via regulation 
of chemical compositions and microstructures of 
photovoltaic materials. However, photovoltaic build-
ings have some disadvantages owing to technical con-
straints and economic obstacles, such as low energy-
conversion, high cost and poor adaptability to climate 
and environmental fluctuations. Therefore, the devel-
opment of functional materials with low cost and 
stable properties revels great significance in building 
energy-saving.

Passive radiative cooling is a novel cooling 
method in which one hot object radiates heat into 
outer space through the atmospheric transparency 
window (8 − 13 μm) in the form of blackbody radia-
tion, which has great potential for cooling buildings 
(Yue et al. 2022; Zhao et al. 2022b), vehicles (Soulios 
et al. 2018), and solar cells (Zhao et al. 2022a). Pas-
sive radiative cooling technology provides an alter-
native to traditional air conditioning refrigeration on 
buildings to reduce electrical costs because it uses 
no energy. For example, Lin et al. (2021) proposed a 
PDMS-silica-silver radiative cooler, which resulted 
in a sub-ambient temperature drop of ~ 4.8 ℃. Com-
pared to a standard air conditioning system, the cooler 
could achieve energy savings of around 17%. A high 
mid-IR emission allows materials to effectively dis-
sipate heat into cold universe. As a consequence, 
materials can be easily cooled below sub-ambient, 
especially at night (Jing et  al. 2021). In this regard, 
Meir et al. (2002) reported a radiative cooling system 
consisting of modified PPO as a radiator, water as a 

heat carrier, and the system could achieve 20 ℃ lower 
than environment temperature at night. Meanwhile, 
Chen et al. (2020) designed PET aluminized coatings 
with weather resistance and anti-ultraviolet capabil-
ity, which exhibited a nighttime temperature drop 
of up to 4 ℃. However, it is challenging to achieve 
sub-ambient cooling during the day since the absorp-
tion of intense sunlight easily exceeds the heat dis-
sipation by thermal emission. As a result, to achieve 
building energy savings, passive daytime radiative 
cooling (PRDC) is still required for practical applica-
tions, as most end-users use their equipment during 
the daytime, which leads to high-energy consump-
tion. To realize passive daytime radiative cooling 
(PRDC), a material must with both high solar reflec-
tance (0.25–2.5  μm) and strong mid-infrared (MIR) 
emissivity.

Inorganic materials containing elements such as 
aluminum, silicon, calcium, and titanium exhibit high 
emissivity in the atmospheric window and high reflec-
tivity in the visible region and are frequently used in 
architectural coatings (Song et al. 2014). For example, 
Rephaeli et al. (2013) designed a metal-dielectric pho-
tonic structure for PRDC structure to achieve daytime 
radiative cooling and selective emission in the atmos-
pheric transparency window by utilizing the excellent 
optical properties of silicon dioxide (SiO2) and hafnium 
dioxide (HfO2). Subsequently, Lin et  al. (2022) fab-
ricated a dual-layer structure of TiO2-PDMS/Al2O3-
PDMS with a solar spectrum reflectivity of 92.2% and 
an infrared emissivity of 95.3%. This material achieved 
a 1.5 ℃ sub-ambient cooling effect and an average radi-
ative cooling power of 79 Wm−2. However, the large-
scale application of these advanced cooling materials is 
still limited because of the multiple processes required 
to obtain them. Wollastonite as an emerging mineral 
raw material, which has excellent thermal and chemi-
cal stability, but it is rare to use wollastonite as radiative 
cooling material (Kangal et al. 2020). At the same time, 
wollastonite has the characteristics of high infrared 
emission and high sunlight reflection, so it is a kind of 
potential cooling material. In another work, Zhang et al. 
(2022) prepared composite cellulose acetate film with 
containing randomly distributed wollastonite particles 
by phase transformation method. The film achieves a 
cooling of 7.3 ℃ in direct sunlight and an average net 
cooling power of 90.7 Wm−2. Although the wollas-
tonite has been successfully applied in buildings, it still 
has some disadvantages, including poor dispersibility, 
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low stability, complex preparation and large energy 
consumption. Therefore, the application of wollastonite 
in radiative cooling materials will face a series of prob-
lems (e.g. wollastonite size, selection of supporting 
substrate and cross-linking agent and preparation pro-
cess), which is still a major challenge for the large-scale 
application of wollastonite.

Herein, the present study provides a simple and rep-
licable preparation method for wollastonite/cellulose 
hybrid aerogel for building energy-saving applications. 
The Trimethoxymethylsilane (MTMS)-modified hybrid 
aerogel with stabilized radiative cooling properties was 
obtained through acrylic acid polymers (PAA) bond-
ing, and vacuum freeze-drying, followed by hydro-
philization with chemical vapor deposition. Due to 
the random dispersion of wollastonite in the aerogel, 
even without metal back-coating, the MTMS-modified 
hybrid aerogel exhibits high solar reflectivity (94.6%) 
and an extremely high atmospheric window emissiv-
ity (95.1%) simultaneously. The radiative cooling test 
showed that the MTMS-modified hybrid aerogel could 
be cooled 6.3 ℃ lower than the ambience under direct 
solar irradiance (400 W m−2), which is 2 ℃ cooler than 
the cellulose aerogel. Theoretical results show that the 
average radiative cooling power for MTMS-modified 
hybrid aerogel was 147.4 W m−2 with the daytime irra-
diance of 1000 W m−2. Thermal stability test suggests 
that the pyrolysis temperature of the hybrid aerogel is 
230 ℃, indicating it has strong thermal stability and 
can adapt to the harsh high-temperature environment. 
Meanwhile, the MTMS-modified hybrid aerogel pos-
sessed great hydrophobicity with static water contact 
angle of 144.07° ± 2°, indicating that the aerogel has 
outstanding self-cleaning performance. Consequently, 
the MTMS-modified hybrid aerogel not only increases 
the sunlight reflection as well as the thermal emission 
from the material, but also solves the problems of wol-
lastonite in radiative materials such as poor dispersion 
and uneven particle size, while maintaining the self-
cleaning property, which is favorable for long-term out-
door applications.

Experimental section

Materials

Waste paper handkerchief were collected from the 
campus of Jiangsu University (Zhenjiang, China). 

Wollastonite and Acrylic acid Polymers (PPA) were 
obtained by Sopo (Zhenjiang) Co. Ltd. Trimethoxy-
methylsilane (MTMS, ≥ 99.8%), Tert-butylalcohol 
(TBA, ≥ 99.5%), Ethanol absolute (C2H8O, ≥ 99.5%) 
and Hydrochloric acid (HCl, 36%) were purchased 
from Sinopharm Chemical Reagents Co. Ltd (Shang-
hai, China). Deionized water was obtained the labo-
ratory water-purifying system (Zhenjiang, China). 
All chemicals were analytically pure without further 
purification, and distilled water was used throughout 
the process.

Preparation of the wollastonite/cellulose hybrid 
aerogel

The wollastonite/cellulose hybrid aerogel was pre-
pared by a simple freeze-drying method using waste 
paper handkerchief and wollastonite nanoparticles 
as raw materials. In a typical preparation procedure, 
the waste handkerchief (about 1 g) was cut into small 
stands (1  cm × 3  cm) and stirred in 500  mL of DI 
water and 2 mL of 12 mol/L of HCl for 12 h to form 
cellulose pulp. The cellulose pulp was washed by 
vacuum filtration cleaning using deionized water and 
ethyl alcohol to neutral and dried in an oven at 80 ℃. 
Then, 1 g of dried cellulose and 3 g of wollastonite 
were added into beaker with 22.5 mL of 24.7 mol/L 
tert-butylalcohol solution under continuous stirring 
for 10 min at a temperature of 30 °C to form the com-
posite cellulose solution. Afterwards, 1  mL of PPA 
was dispersed into deionized water (3  mL) under 
ultrasonication for 15  min. The cellulose composite 
solution was mixed with PPA content (25 wt%) under 
magnetic stirring for 30  min followed by 15  min of 
ultrasonication to a suspension. Finally, the suspen-
sion was poured into a cylindrical mold (φ = 8  cm) 
and frozen at -15 ℃ for 12 h before subsequent drying 
under vacuum at -60 ℃ for 48 h to form the wollas-
tonite/cellulose hybrid aerogel.

Surface modifying of wollastonite/cellulose hybrid 
aerogel

To maintain stable radiative cooling wollastonite/cel-
lulose hybrid aerogel, the surfaces of wollastonite/cel-
lulose hybrid aerogel were modified with by hydro-
phobic via the chemical vapor deposition (CVD) 
method (Zhu et  al. 2023). Typically, the obtained 
wollastonite/cellulose hybrid aerogel was placed in 
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the glass chamber with two polytetrafluoroethylene 
vials of MTMS (1  mL) and DI water (1  mL) and 
then heated at 70 ℃ for 8  h to undergo silanization 
process. After that, the wollastonite/cellulose hybrid 
aerogel was placed in a vacuum oven at 60 ℃ for 6 h 
to remove superfluous MTMS. The preparation pro-
cess of the MTMS-modified wollastonite/cellulose 
hybrid aerogel is illustrated in Fig. 1.

Characterization

The microstructures and morphologies of the result-
ant samples were studied by a field-emission scan-
ning electron microscope (SEM, JEOL JSM-7800F, 
Japan) and elemental mapping (EDS), which was 
operated at 10 kV. Before observation, the aerogels 
were attached to the SEM samples stage with a car-
bon conductive adhesive and then sputter-coated 
with a gold–palladium. The X-ray diffraction pat-
terns of the resultant aerogels in the diffraction 
angle (2θ) range from 10° to 80° at a scanning speed 
of 2° min−1 were conducted on an X-ray diffractom-
eter (XRD, Bruker, Germany) equipped with Cu-Kα 
adiation ((λ = 0.15444  nm) at an anode voltage of 

40 kV and a current of 30 mA. The thermal stabil-
ity of the MTMS-modified wollastonite/cellulose 
hybrid aerogel and the MTMS-modified cellulose 
aerogel were characterized by a nitrogen atmos-
phere using thermogravimetric analyzer (TGA). The 
thermal conductivity of aerogels was tested by a hot 
disk transient plane source (TPS) method through a 
thermal constant analyzer (Hot Disk TPS 2500S). 
The surface elements of the as-prepared materi-
als were studied the X-ray surface photoelectron 
spectroscopy (XPS, Thermo Scientific K-Alpha, 
America). The samples were analyzed by FT-IR 
in attenuated total reflectance (ATR) mode using a 
Thermo Nicolet spectrometer equipment. Three par-
allel experiments were conducted for each analysis.

Solar reflectance and spectral emissivity calculation

The spectral solar reflectance from 0.25–2.5 μm of sam-
ple was recorded on a UV–vis-near-infrared (NIR) spec-
trophotometer with BaSO4 white reference plate. the 
averaged solar reflectance Rsolar was obtained in accord-
ance with equation (Cai et al. 2023b; Xiang et al. 2021)

Fig. 1   Schematic illustration for the fabrication of the MTMS-modified wollastonite/cellulose hybrid aerogel
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where, R(λ) is the reflectance of the samples at wave-
length � , I

solar(�) represented the solar power (AM 
1.5G).

The reflectance (R) and transmittance (T) spec-
trum within from 2.5 to 25  μm wavelength were 
characterized by using an FI-IR spectrometer 
equipped with a gold-coated integrating sphere at 
room temperature. According to Kirchhoff’s, the 
emittance (ε) (2.5–25  μm) equal to absorption 
is calculated according to the equation: ε = 1- T- 
R. The average value of infrared emissivity was 
defined as (Cai et al. 2023a; Li et al. 2023).

where, ε(λ) is the emittance of the sample at wave-
length � , and I

LWIR(�) represented the atmospheric 
transmission. Three parallel tests were conducted for 
each sample, and the average of three measurements 
was taken as the final result.

Radiative cooling properties

All experiments to investigate radiative cooling per-
formance of cellulose aerogel were conducted in 
Zhen jiang, Jiangsu University. The device is mainly 
composed of the box made of polystyrene (PS) foam 
with a size of 45  cm × 25  cm × 20  cm. At the same 
time, three cavities of 6 cm × 6 cm × 1 cm were pre-
pared at the top of the foam, and the PS foam with 
cavities was placed in the box, and the surface of 
two cavities was covered with different sample, and 
then place the foam box at a height of 50  cm from 
the ground to decrease thermal convection and ther-
mal conduction between the resultant samples and the 
ground. The foam box was wrapped with aluminum 
foil to reflect sunlight, and the top was covered with 
a low-density polyethylene (PE) film. Two thermo-
couples are inserted in different cavities to record 
the cooling temperature, the extra thermocouple was 
placed in the cavity under the PE film of the uncov-
ered sample to measure the ambient temperature.

(1)R
solar

=
∫ 2.5μm

0.25μm
I
solar(�)R(�)d�

∫ 2.5μm

0.25μm
I
solar(�)d�

(2)�
LWIR

=
∫ 13μm

8μm
I
LWIR(�)�(�)d�

∫ 13μm

8μm
I
LWIR(�)d�

Self‑cleaning properties

To evaluate the self-cleaning properties of the 
MTMS-modified wollastonite/cellulose hybrid aero-
gel, the hydrophobicity of the composite aerogel 
before and after modification was measured by static 
contact angle (CA) measuring instrument. A drop of 
5 μL deionized water droplet was placed horizon-
tally on the sample table, and the contact angle of 
the droplet on the sample surface was recorded and 
measured by a contact angle measuring instrument 
in the ground gravity field environment. The test was 
performed at different positions on the surface of the 
MTMS-modified wollastonite/cellulose hybrid aero-
gel, and the average of three measurements was taken 
as the final result.

Result and discussion

To investigate the morphology evolution during the 
surface modification, the SEM images of MTMS-
modified cellulose aerogel and MTMS-modified wol-
lastonite/cellulose hybrid aerogel are shown in Fig. 2. 
The average thickness of MTMS-modified cellulose 
aerogel and MTMS-modified wollastonite/cellulose 
hybrid aerogel was found to be 1  cm. The porous 
morphology can be maintained by the application 
of the freeze-drying technique as shown in Fig.  2a. 
Therefore, the MTMS-modified cellulose has three-
dimensional network morphology with porous struc-
ture (Fig. 2b), which is a critical factor for formation 
of hydrophobic interfaces and stable radiative prop-
erties of cellulose aerogel. A magnified SEM image 
shown in Fig. 2c reveals that the aerogel consists of 
cellulose fibers with irregular morphology. In addi-
tion, it can be seen that the MTMS-modified hybrid 
still retains the inherent three-dimensional porous 
network structure, indicating that the cross linking 
of PPA not affect the formation of the structure. It is 
indicated in Fig. 2d that the hybrid aerogels are com-
prised of winding cellulose fibers and wollastonite 
particles. Notably, the wollastonite possesses a long 
needle-like structure and firmly adheres to the sur-
face of the fibers. The roughness and stability could 
be further enhanced via the addition of wollastonite 
and MTMS chemical vapor deposition reaction, 
respectively. Meanwhile, in previous studies (Mandal 
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et  al. 2018), the broadly distributed pores can effec-
tively achieve Mie scattering. As shown in Fig.  2e, 
a large number of fibers and wollastonite formed 
porous structures, which proved to be consistent 
with the scattering theory to enhance the reflectance 
of sunlight. The energy-dispersive spectral (EDS) 
mapping shown in Fig.  S1(Supporting Information), 
demonstrated that the wollastonite was irregularly 
distributed in the cellulose matrix, and hydrophobic 
surfaces could be clearly observed from the silicon 
element. In other words, freeze-drying technology 
was used to successfully cross-link wollastonite and 
cellulose by PPA to form hybrid aerogel with porous 
structure, while the success of hydrophobic modifica-
tion by deposition of MTMS was demonstrated.

To investigate the structural transformation dur-
ing surface grafting, the crystal phase and purity of 
the samples were characterized by XRD, and the 
XRD characterization results are shown in Fig.  3 
and Fig.  S2. The MTMS-modified cellulose aerogel 
exhibited the diffraction peaks at 2θ = 14.7°, 16.5° 
and 22.6°, assigned to the (1 1 0), (1 1 0) and (2 0 0) 
planes of cellulose Iβ (Fig. 3a), respectively (Li et al. 
2021). As shown in Fig.  S2, there were no obvious 

change in the crystal structure of cellulose aerogel 
after surface modification, meaning the crystal phase 
of cellulose aerogel was unchanged. Wollastonite 
exhibits typical mineral structure planes at 2θ = 11.8°, 

Fig. 2   Schematic illustration of structural features of MTMS-
modified cellulose aerogel and MTMS-modified wollastonite/
cellulose hybrid aerogel (a), SEM images of MTMS-modified 

cellulose aerogel (b and c) and MTMS-modified wollastonite/
cellulose hybrid aerogel (d and e)

Fig. 3   XRD patterns of the different kinds of samples: 
MTMS-modified cellulose aerogel (a), wollastonite (b), 
MTMS-modified wollastonite/cellulose aerogel (c)
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23.5°, 25.5°, 27.1°, 29.2°, 39.4° and 53.5° (Fig. 3b), 
which are attributed to the basal reflections of (2 0 
0), (-3 1 1), (0 0 2), (-2 0 2), (-2 1 2), (-2 0 3) and 
(-7 2 2), respectively (Zheng et al. 2021). The diffrac-
tion peaks for the MTMS-modified wollastonite/cel-
lulose hybrid aerogel at 14.7°, 16.5°, and 22.6° were 
not obvious (Fig.  3c), this was probably due to that 
the characteristic peaks of cellulose were partially 
obscured. When wollastonite was introduced into the 
cellulose aerogel system does not destroy the crystal 
due to the successful physical cross-linking process 
between wollastonite and cellulose, benefiting from 
plenty of -OH groups of wollastonite (Shang et  al. 
2021) (Fig.  S3). Meanwhile, the crystal structure of 
wollastonite in the hybrid cellulose aerogel remained 
unchanged before and after hydrophobic modifi-
cation, indicating that the crystalline structures of 
wollastonite was not affected by surface grafting of 
MTMS.

To explore the reaction mechanism of cellu-
lose aerogel by MTMS modification, the functional 
groups of samples were analyzed by FT-IR spectra. 
FT-IR spectra of cellulose aerogel, wollastonite/cel-
lulose hybrid aerogel and MTMS-modified wollas-
tonite/cellulose hybrid aerogel are shown in Fig. 4A. 
All peaks appearing at 2957 cm−1 were attributed to 
the C-H stretching vibration in the cellulose aero-
gel (Fig.  4A(a)), with the peaks at and 1030  cm−1 
assigned to the C–O–C stretching vibration (Li et al. 

2019). The wollastonite/cellulose hybrid aerogel 
(Fig. 4A(b)) and MTMS-modified wollastonite/cellu-
lose hybrid aerogel (Fig. 4A(c)) showed two emerging 
characteristic peaks at 511 cm−1 and 644 cm−1, which 
were attributed to the stretching vibration of Ca-O 
and stretching vibration of Si–O-Si (Sun et al. 2013), 
respectively. The stretching vibration peak of C = O 
of the crosslinking agent PPA appears at 1724 cm−1, 
indicating that the wollastonite was successfully 
linked with cellulose via PPA. The MTMS-modified 
wollastonite/cellulose hybrid aerogel appearing new 
characteristic bands at 781 cm−1 and 1274 cm−1 were 
usually detected inside of the hydrophobic group, and 
they represent the stretching and bending vibration of 
Si-CH3, indicating that the -CH3 have been grafted on 
the surfaces of wollastonite/cellulose hybrid aerogel. 
In addition, the broad peak centered at 3340  cm−1 
assigned to the stretching vibration of the hydroxyl 
groups (Wang and Liu 2019). The intensity of the 
hydroxyl groups in MTMS-modified wollastonite/
cellulose hybrid aerogel clearly decreased compared 
with the wollastonite/cellulose hybrid aerogel, which 
indicated that the condensation reaction was taken 
place between the hydroxyl groups in the wollas-
tonite/cellulose hybrid aerogel and MTMS. The prob-
able reaction mechanism for MTMS modification 
of wollastonite/cellulose hybrid aerogel is shown in 
Fig.  4B. When wollastonite/cellulose hybrid aerogel 
was treated with MTMS, MTMS was first hydrolyzed 

Fig. 4   A FT-IR spectra of cellulose aerogel (a), wollastonite/cellulose hybrid aerogel (b), MTMS-modified wollastonite/cellulose 
hybrid aerogel (c). B Possible reaction mechanism of MTMS with wollastonite/cellulose hybrid aerogel
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to trisilanol, which was further condensed to oligon-
mers. Subsequently, the free -OH groups in trisilanol 
and oligomers and oligomers with -OH groups in 
wollastonite/cellulose hybrid aerogel were co-con-
densed. After curing, the resulting polymethysiloxane 
was covalently grafted onto wollastonite/cellulose 
hybrid aerogel. Therefore, the covalent grafting of 
-CH3 groups is responsible for the hydrophobic prop-
erty of the MTMS-modified wollastonite/cellulose 
hybrid aerogel.

XPS was performed to investigate the effective 
crosslinking between cellulose and wollastonite and 

the successful grafting reaction of -CH3 groups onto 
the wollastonite/cellulose hybrid aerogel, and the 
XPS results of MTMS-modified cellulose aerogel and 
MTMS-modified wollastonite/cellulose hybrid aero-
gel were illustrated in Fig.  5. As expected, in addi-
tion to C 1  s and O 1  s signals associated with cel-
lulose, there were two new peaks at about 153.0 eV 
and 102.5  eV for MTMS-modified cellulose aero-
gel, which was ascribed to Si 2 s and Si 2p, respec-
tively (Tang et  al. 2023). As shown in Fig.  5A, 
compared with MTMS-modified cellulose aero-
gel, the Ca 2p peak appears in the XPS spectrum 

Fig. 5   A  XPS survey spectra of MTMS-modified cellulose 
aerogel and MTMS-modified wollastonite/cellulose hybrid 
aerogel. High-resolution C 1  s (B)and Si 2p (C)spectra: 
MTMS-modified cellulose aerogel (a), MTMS-modified wol-

lastonite/cellulose hybrid aerogel (b). D High-resolution Ca 2p 
spectra of MTMS-modified wollastonite/cellulose hybrid aero-
gel
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of MTMS-modified wollastonite/cellulose hybrid 
aerogel, corresponding to 346 eV indicating that the 
hybrid aerogel has been successfully prepared. Fig-
ure 5(B-D) shows the high-resolution C 1 s, Si 2p and 
Ca 2p spectra of MTMS-modified cellulose aerogel 
and MTMS-modified wollastonite/cellulose hybrid 
aerogel. For the MTMS-modified cellulose aerogel 
(Fig.  5B), the C–C/ C-H peak at 284.5  eV was the 
main signal peak, (Zhou et  al. 2018) indicating that 
the -CH3 originated from MTMS has been grafted 
to the wollastonite/cellulose hybrid aerogel surface. 
In the high-resolution Si 2p spectrum (Fig.  5C), the 
peak strength of the MTMS-modified wollastonite/
cellulose hybrid aerogel decreased significantly, how-
ever, the Si–O of relative strength has been improved, 
which may be attributed to the presence of wol-
lastonite on the aerogel surface. The covalent graft-
ing of -CH3 groups and the existence of crosslink-
ing between wollastonite and cellulose are indirectly 
confirmed by the identification of Si–C covalent 
bonds by XPS analysis. Figure  5D showed peaks at 

349.7 eV and 346.2 eV, proving the successful cross-
link of wollastonite/cellulose hybrid aerogel. There-
fore, XPS spectra confirmed the successful crosslink 
of wollastonite on cellulose and deposition MTMS on 
wollastonite/cellulose hybrid aerogel.

As known, cellulose matrix composites are essen-
tial to excellent stability as building energy saving 
materials. The stability of the MTMS-modified wol-
lastonite/cellulose hybrid aerogel is evaluated by 
thermal analysis test and static soaking test, as shown 
in Fig. 6. The TG and DTG were conducted to heat-
treated to 800 ℃ in flowing air of MTMS-modified 
wollastonite/cellulose hybrid aerogel (Fig. 6A) (Qiao 
et  al. 2022). The weight loss on the first stage is 
caused by the evolution of the adsorbed H2O and CO2 
in the porous structure of the sample, which can not 
be completely removed during the freeze-drying pro-
cess. The weight loss in the second stage is attributed 
to the continuous thermal decomposition, due to the 
cellulose glycosidic bond in the aerogel was broken. 
It was decomposed by dehydration and carbonization, 

Fig. 6   A  TG and DTG curves of MTMS-modified wollas-
tonite/cellulose hybrid aerogel. B  Photograph of a hybrid 
aerogel standing on the green plants. C  Digital image of 

the MTMS-modified wollastonite/cellulose hybrid aerogel. 
D Static soaking test in water of MTMS-modified wollastonite/
cellulose hybrid aerogel
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the MTMS-modified wollastonite/cellulose hybrid 
aerogel was initially decomposed at 215 ℃. In addi-
tion, the third stage is between 400 ℃ and 470℃, 
when the cellulose was completely decomposed, a 
small amount of PPA in the aerogel for crosslinking 
wollastonite and cellulose begins to decompose, and 
the PPA is almost completely decomposed at 470℃. 
For the last stage (above 470 ℃), the TGA curves 
tend to smooth and stabilize, the remaining material 
being wollastonite, which was consistent with the 
content of wollastonite used in the experiment. The 
results indicate that the the addition of wollastonite 
may have a positive effect on the thermal stabil-
ity of cellulose aerogel. Benefiting from the porous 
structure, the MTMS-modified wollastonite/cellulose 
hybrid aerogel with volume of 50.24 cm3 exhibited 
lightweight property with low density of 83.59  mg/
cm3, which could easily stand on the green plants 
(Fig.  6B and C). Meanwhile, MTMS-modified wol-
lastonite/cellulose hybrid aerogel showed the high 
porosity upward of 86.3%. The MTMS-modified 
wollastonite/cellulose hybrid aerogel presents a low 
thermal conductivity of 0.0602 W m−1 K−1, which 
is slightly higher than that of the MTMS-modified 
wollastonite/cellulose hybrid aerogel (0.0523 W m−1 
K−1) (Table S1). The increase in thermal conductiv-
ity is mainly because of the density. Moreover, the 
MTMS-modified wollastonite/cellulose hybrid aero-
gel remains intact even after the static soaking test, 
which is used to evaluate the interfacial stability by 
soaking the sample (2  cm × 2  cm) in water at room 
temperature, as shown in Fig. 6D. After soaking for 
7  days, the liquid in the bottle was still transparent 
and MTMS-modified wollastonite/cellulose hybrid 
aerogel did not expand, indicating that the MTMS-
modified wollastonite/cellulose hybrid aerogel had 
good stability. Meanwhile, the successful design of 
the hydrophobic radiative interface was also shown 
by the static soaking experiment before and after the 
modification (Fig.  S4). Therefore, MTMS-modified 
wollastonite/cellulose hybrid aerogel has high stabil-
ity and positive effect on building materials.

High solar reflection and mid-infrared emissiv-
ity were key to realizing daytime radiative cooling. 
Figure  7 shows the spectral solar reflectance and 
infrared emissivity of MTMS-modified wollastonite/
cellulose hybrid aerogel and MTMS-modified cel-
lulose aerogel. More notably, the MTMS-modified 
wollastonite/cellulose hybrid aerogel has a high 

average reflectivity of 94.6%, owing to the porous 
structure and the special optical properties of wol-
lastonite, suggesting that wollastonite particles can 
enhance solar reflection. The porous structure of cel-
lulose and wollastonite had a broad distribution in 
the MTMS-modified wollastonite/cellulose hybrid 
aerogel (Fig.  2e). Such high solar reflectance mini-
mizes the accumulation of solar heat on a surface. 
For MTMS-modified cellulose aerogel and MTMS-
modified wollastonite/cellulose hybrid aerogel, the 
bonds of C–O–C and C-O provided a strong mid-
infrared emission at atmospheric transparent window 
(Fig.  S3). As expected, the mid-infrared emissive 
spectrum in Fig. 7A confirmed that MTMS-modified 
cellulose aerogel had a high mid-infrared emissivity 
(εLWIR = 92.8%) in the range (8-13 μm). In addition, 
the Si–O bond in wollastonite particles cause infra-
red absorption at 1100–800  cm−1 (Fig.  S3), such 
the emissivity (εLWIR = 95.1%) of MTMS-modified 
wollastonite/cellulose hybrid aerogel was increased. 
Obviously, MTMS-modified wollastonite/cellulose 
hybrid aerogel was quite white and has high opac-
ity with high reflectivity due to the synergistic effect 
of photon units such as micropores and wollastonite 
particles, indicating its excellent radiative cooling 
capability.

Furthermore, theoretical net cooling power of 
MTMS-modified wollastonite/cellulose hybrid aero-
gel can be calculated via the (3), (4), (5), (6), (7), (8) 
based on the date from emittance spectra (Note S1 
in Supporting information). The calculated net cool-
ing power (Pnet) and achievable cooling temperatures 
(Ta-Tr, here Ta and Tr refer to the ambient air and the 
temperature of the radiative cooling device surface, 
respectively) of MTMS-modified wollastonite/cel-
lulose hybrid aerogel for different nonradiative heat 
coefficient (q) during both day and night were dem-
onstrated in Fig.  7B and C. In the daytime, Fig.  7B 
shows that the average cooling power for MTMS-
modified wollastonite/cellulose hybrid aerogel was 
147.4 W m−2 and a cooling effect of 9.8 ℃ can be 
achieved during the daytime when the q was 9 W m−2 
K−1. The average cooling power for MTMS-modified 
wollastonite/cellulose hybrid aerogel during the night 
was 167.4 W m−2, and a cooling of 11.7 °C was pos-
sible when the q was 9 W m−2 K−1 (Fig.  7C). The 
calculated results show the great potential of MTMS-
modified wollastonite/cellulose hybrid aerogel for 
PDRC applications.
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To investigate the practical radiative cooling per-
formance of the samples more intuitively, outdoor 
cooling measurement were conducted on clear day in 
Zhenjiang, China. The sample with a thermocouple 
and a foam cavity was placed on a polystyrene foam 
box covered with a layer of Al foil to prevent the 
devices from being heated by reflecting solar light as 
shown in Fig. 8A and B (Sun et al. 2023). An ambient 
temperature was measured by thermocouple exposed 

to air. The results of the outdoor temperature test 
were shown in Fig. 8C, it shown a comparison of the 
temperature changes measured with MTMS-modified 
wollastonite/cellulose hybrid aerogel, MTMS-modi-
fied cellulose aerogel and ambient air over a duration 
of 2 h. Among all samples, benefited from excellent 
solar reflectance and mid-infrared emissivity, and was 
expected to exhibit excellent radiative cooling per-
formance. Under the average solar intensity of 400 

Fig. 7   A Spectral reflectance of the MTMS-modified wollas-
tonite/cellulose hybrid aerogel and MTMS-modified cellulose 
aerogel against AM 1.5 global solar spectrum and the spectral 

emittance against sky windows. B Calculated daytime and (C) 
nighttime radiative cooling power of MTMS-modified wollas-
tonite/cellulose hybrid aerogel
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W m−2 (Fig. 8E) and an average relative humidity of 
72% (Fig. 8F), the MTMS-modified wollastonite/cel-
lulose hybrid aerogel had the best cooling efficiency 
with a temperature drop of 6.3 ℃ during daytime 
and MTMS-modified cellulose aerogel had similar 

Fig. 8   A Schematic illustration of the measurement of radia-
tive cooling in a thermally isolated foam box using MTMS-
modified wollastonite/cellulose hybrid aerogel and MTMS-
modified cellulose aerogel. B  Photos of outdoor cooling test 
setup for MTMS-modified wollastonite/cellulose hybrid aero-
gel and MTMS-modified cellulose aerogel. C  Temperature 
measurement of 2 h daytime sub-ambient cooling performance 

test in Zhenjiang, China. D  Temperature difference (ΔT) of 
MTMS-modified wollastonite/cellulose hybrid aerogel com-
pared to the PE covered air under daytime. E)The real-time 
Isolar and (F) the real-time relative humidity on clear day in 
Zhenjiang, China (119.50°E, 32.20°N, 2023/4/17 11:30 to 
13:30)

Fig. 9   A Water contact angles of the samples. B Self-cleaning 
test of wollastonite/cellulose hybrid aerogel (a) and MTMS-
modified wollastonite/cellulose hybrid aerogel (b). C  Sche-
matic of rain washes away the dust from MTMS-modified wol-
lastonite/cellulose hybrid aerogel. D Schematic representation 
of the self-cleaning properties and PDRC performance

◂
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performance with 4.3 ℃ temperature drop (Fig. 8D). 
Wollastonite was introduced because it increased the 
material’s cooling characteristics, which led to bet-
ter cooling. Thus, these experiments confirmed that 
the obtained MTMS-modified wollastonite/cellu-
lose hybrid aerogel could be as a high-performance 
radiative cooling material for applications in building 
energy saving.

For practical application, radiative cooling materi-
als were expected to be used stability to apply build-
ings energy saving and durable enough to bear rain 
when exposed to open air. Benefiting from the high 
surface roughness, MTMS-modified wollastonite/
cellulose hybrid aerogel exhibits high hydrophobic-
ity (Tian et al. 2021). As shown in Fig. 9A, the water 
contact angle (WCA) of Cellulose aerogel was = 0°, 

indicating cellulose aerogel had excellent hydrophilic 
properties. However, the WCA of MTMS-modified 
cellulose hybrid aerogel was ≈ 132.12° ± 3°. For the 
MTMS-modified wollastonite/cellulose hybrid aero-
gel, the WCA sharply rose to 144.07° ± 2°, attribut-
able to the elevated surface roughness generated by 
the wollastonite and the low surface energy groups 
of Si-CH3 functional groups. As an outdoor building 
material, the daytime radiative cooling material must 
have an excellent self-cleaning ability to prevent dirt 
accumulation that may decrease the cooling perfor-
mance. Therefore, soil particles were used as simu-
lated contaminant to test the self-cleaning ability of 
MTMS-modified wollastonite/cellulose hybrid aero-
gel. The surface of wollastonite/cellulose hybrid aero-
gel was adhered by a small number of contaminants 

Fig. 10   A  Structural diagram of the house used for Energy-
Plus simulation. B Cooling energy for buildings with and with-
out hybrid aerogel in each city. C The average annual cooling 

energy saving among all 6 cities. (D) The annual energy saving 
of buildings extend to all regions of China
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and showed slight collapse (Fig.  9B(a), Video  S1), 
while contaminants on the MTMS-modified wollas-
tonite/cellulose hybrid aerogel surface were washed 
away completely leaving a clear body, as clean as 
the original (Fig.  9B(b), Video S2). The solar spec-
tra of MTMS-modified wollastonite/cellulose hybrid 
aerogel before and after the test is shown in Fig. S5. 
The spectra of the MTMS-modified wollastonite/cel-
lulose hybrid aerogel was almost identical after test, 
illustrating its long-term reliability. Based on this, a 
preliminary conclusion can be draw that the relatively 
rough structure formed by wollastonite on the cellu-
lose aerogel and the chemical deposition of MTMS, 
rolling water droplets accumulate on the water/air 
interface could easy pick up the pollutants on the 
surface and thus realize self-cleaning as illustrated 
in Fig.  9C. MTMS-modified wollastonite/cellulose 
hybrid aerogel has excellent cooling effect and self-
cleaning was demanded for buildings (Fig. 9D).

To methodically assess the potential of the 
hybrid aerogel for enhancing building energy effi-
ciency, the year-round energy savings achieved by 
applying the hybrid aerogel to building envelope 
surfaces was calculated using EnergyPlus (version 
23.1.0) (Fig.  10A and S6). Details of the envelope 
composition physical properties, and optical prop-
erties of the house are shown in the Table  S2 and 
S3. To demonstrate the energy-saving effect of the 
hybrid aerogel more directly, hybrid aerogel was 
added to the origin building structure (including 
roofs), where the indoor temperature was 25 ℃, 
and the date of the external conditions and baseline 
building materials were acquired from EnergyPlus. 
The cooling and heating load of the building were 
then compared prior to and post the integration of 
the hybrid aerogel (Fig.  10B and S7). In this sce-
nario, simulations were performed for typical cit-
ies in different temperature zones in China. The 
result show that Haikou have highest cooling energy 
saving potential due to their hot and dry climates. 
In detail, the hybrid features 8% energy saving of 
building baseline, correspondingly saving the cool-
ing energy of 81.25 MJ/m2 per year (Fig. 10C). To 
accurately predict the potential impact in China, 
the cooling energy saving of building baselines was 
calculated all over China (Fig.  10D), which can 
be affected by the regional environment (e.g. solar 
intensity, humidity, and latitude). These results 

provide valuable recommendations for the efficient 
implementation of hybrid aerogel in China.

Conclusions

In summary, this work demonstrated that a hybrid 
aerogel with self-cleaningand stable radiative perf-
prmance was successfully prepared by vacuum 
freeze-drying and chemical vapor deposition for 
application in building radiative cooling. The 
MTMS-modified wollastonite/cellulose hybrid aero-
gel was obtain by physiacal entanglemeng and PPA 
crosslinking to from porous network structure due 
to the strong hydrogen bonding of wollastonite and 
cellulose, showing excellent stability performance. 
Along with the strong emissivity (95.1%), MTMS-
modified wollastonite/cellulose hybrid aerogel had 
porous structure and stable interface, resulting in a 
high solar reflectance (94.6%) that can effectively 
inhibit the heat gain from hotter surroundings. The 
MTMS-modified wollastonite/cellulose hybrid aero-
gel delivers a temperature drop of up to 6.3 ℃ under 
direct sunlight (solar intensity 400 W m−2) in early 
April in Zhenjiang. Importantly, this self-cleaning 
property provided by high WCA (144° ± 2°) could 
not only keep the hybrid aerogel free from water 
and dust contaminants but also allowed this hybrid 
to maintain a good radiative cooling effect. In addi-
tion, this hybrid aerogel remained stable to static 
soaking for 7  days, even if the MTMS-modified 
wollastonite/cellulose hybrid aerogel in continu-
ous rain environment, could maintain well stabil-
ity. Meanwhile, the model results show a 8% saving 
of cooling energy when the hybrid aerogel is used 
in buildings. It was prepared in simple process and 
inexpensive raw materials to reduce the energy con-
sumption of buildings, which can provide a prom-
ising direction for energy saving and sustainable 
radiative cooling materials.
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