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HIGHLIGHTS

o A lamellar-structured fluorinated cellulose nanofiber aerogel film is prepared by filtration-induced delaminated gelation and ambient drying.
® The aerogel film demonstrates exceptional mechanical flexibility and resistance to complex deformations.

® The aerogel film displays low thermal conductivity, high visible-light transmittance and superior selective infrared emissivity, render-

ing it high solar-thermal regulatory cooling performance.

ABSTRACT The demand for highly porous yet

) . o —— -Stepwise Solvent Ambient
transparent aerogels with mechanical flexibility 3

gelation

and solar-thermal dual-regulation for energy-saving
windows is significant but challenging. Herein, a
delaminated aerogel film (DAF) is fabricated through
filtration-induced delaminated gelation and ambient =

drying. The delaminated gelation process involves the

assembly of fluorinated cellulose nanofiber (FCNF) _~\ FCNF ©® Water  ® n-hexane 1 Hydrogen bond
at the solid-liquid interface between the filter and the 2 "E Visible Thermal Non-radiative
filtrate during filtration, resulting in the formation of iy \"jht radliation heating
lamellar FCNF hydrogels with strong intra-plane and / <, me: — ]
weak interlayer hydrogen bonding. By exchanging the DAF s
solvents from water to hexane, the hydrogen bonding Y I
28

in the FCNF hydrogel is further enhanced, enabling
the formation of the DAF with intra-layer mesopores upon ambient drying. The resulting aerogel film is lightweight and ultra-flexible, which pos-
sesses desirable properties of high visible-light transmittance (91.0%), low thermal conductivity (33 mW m~' K™"), and high atmospheric-window
emissivity (90.1%). Furthermore, the DAF exhibits reduced surface energy and exceptional hydrophobicity due to the presence of fluorine-containing
groups, enhancing its durability and UV resistance. Consequently, the DAF has demonstrated its potential as solar-thermal regulatory cooling window
materials capable of simultaneously providing indoor lighting, thermal insulation, and daytime radiative cooling under direct sunlight. Significantly,

the enclosed space protected by the DAF exhibits a temperature reduction of 2.6 °C compared to that shielded by conventional architectural glass.
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1 Introduction

Buildings account for nearly 40% of global energy consump-
tion with a significant portion dedicated to refrigeration sys-
tems specifically air conditioners, resulting in substantial
environmental and energy consequences [1]. To create an
energy-efficient and comfortable indoor living environment,
it is crucial to minimize heat exchange between the indoors
and outdoors by reducing heat conduction, convection, and
radiation [2-4]. Among the various components of building
envelopes, windows are the least energy-efficient, contribut-
ing to approximately 40%—60% of total energy usage [5]. An
ideal energy-saving window material should possess high
thermal-insulating properties and effectively modulate solar
radiation. Thermal insulation helps prevent unwanted heat
transfer from the outside to the inside, while solar-radiation
modulation facilitates efficient indoor lighting and enables
effective control of infrared emissions. These features are
necessary to achieve solar-thermal regulatory cooling with-
out excessive energy consumption [6, 7]. Passive daytime
radiative cooling technology has gained attention in recent
years as it dissipates heat by reflecting sunlight and trans-
ferring heat through the atmospheric transparent window to
cold outer space without any additional energy consump-
tion [8—13]. However, achieving high solar-thermal regula-
tory cooling using existing energy-saving windows presents
a challenge [14, 15]. Therefore, there is a critical need to
develop visible-light transparent and thermally insulat-
ing materials capable of efficient solar-thermal regulatory
cooling for the design of next-generation energy-saving
windows. However, this development faces significant
challenges.

Aerogel is a nanoscale porous solid formed by replac-
ing the liquid phase of a gel with gas through a specific
drying technique [16-22]. It possesses several remarkable
properties such as low density, high porosity, low ther-
mal conductivity, and controllable nanoporous structure,
making it a promising material for efficient heat transfer
regulation in window applications [9, 23-29]. However,
there are challenges associated with the utilization of aero-
gels, including poor mechanical properties, large pore sizes
leading to optical opaque, and surfaces rich in hydrophilic
functional groups, which limit their applications in hot and
humid environments [30-35]. Cellulose nanofibers (CNFs),
derived from cellulose, are filamentary fiber materials
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with diameters ranging from 5 to 20 nm and lengths rang-
ing from several hundred nanometers to tens of microm-
eters [36—40]. These CNFs can be intertwined to form a
nanofiber aerogel, which offers highly customizable pore
structures and exceptional mechanical properties [41-44].
Additionally, CNFs contain abundant C-O-C and C-OH
groups within their molecular chains, which exhibit strong
absorption in the atmospheric transparency window and
hold the potential for efficient radiative thermal regulation
[45, 46]. Transparent radiative coolers and aerogel cool-
ers based on cellulose materials with high reflectance and
thermal insulation have been developed for cooling appli-
cations; however, they often exhibit either poor thermal
insulation performance or limited visible light transmit-
tance [47-49]. Therefore, the development of CNF-based
aerogels with high mechanical flexibility, solar-thermal
dual modulation capabilities, and hydrophobic properties
holds great significance for constructing energy-saving
windows but is challenging.

Herein, we present the preparation of delaminated aero-
gel film (DAF) by the filtration-induced delaminated gela-
tion and ambient drying strategy. The fabrication strategy
involves three steps including delaminated gelation of fluori-
nated CNF (FCNF), solvent exchange of water with hexane
and ambient pressure drying. The conventional filtration of
the aqueous suspension of FCNF leads to the formation of
a unique nanofiber hydrogel at the filter-suspension inter-
face, and the gelation is induced by the strong intra-plane
hydrogen bonding between individual FCNF. Subsequent
solvent exchange and ambient drying yield the DAF with a
delaminated stacked structure with intra-plane mesopores.
The high-density hydrogen bonding within the intra-layer
nanofibers and between the delaminated stacked structure
imparts the DAF with exceptional mechanical flexibility and
resistance to complex deformations. The aerogel film also
exhibits a low thermal conductivity of 33 mW m~' K~! and
a high visible-light transmittance of 91.0% due to the pres-
ence of mesopores within the aerogel films. Notably, the
DAF demonstrates a high selective infrared emissivity of
90.1% in the atmospheric transparency window, owing to the
enriched chemical groups of C—-O-C, Si—O-Si, Si—O-C, and
C-F. Importantly, the aerogel film shows high hydrophobic-
ity and excellent durability in complex outdoor high-tem-
perature and humidity environments, which are attributed
to the presence of abundant fluorine-containing groups with

https://doi.org/10.1007/s40820-024-01356-x



Nano-Micro Lett. (2024) 16:131

Page3of 13 131

lower surface energy and resistance to UV irradiation. As a
demonstration, the DAF could act as a thermo-optic dual-
regulated energy-saving window material ensuring efficient
indoor lighting and indoor radiative thermoregulation, which
effectively prevents heat migration from the outdoor envi-
ronment to the indoors. Compared to traditional architec-
tural glass, the DAF achieves an indoor cooling effect with
a temperature drop of approximately 2.6 °C while maintain-
ing high visible-light transmittance under direct sunlight.
This study might provide a novel concept for constructing
optically transparent and radiative cooling aerogel films that
possess high mechanical flexibility and advanced solar-ther-
mal regulating capabilities.

2 Experimental Section
2.1 Materials

A powder sample of CNF was purchased from Guilin Odd
Macro Technologies (China). Perfluorodecyltriethoxysilane
(PFOTES, 97%) was purchased from Adamas Reagent Co.
(China). Ethanol, propanol (AR, >99.5%) and hexane
(AR, >97.0%) were purchased from Titan Reagent
Co. (China). Deionized water was used throughout the
experiments. All the chemicals were used without further
purification.

2.2 Preparation of FCNF

A predetermined amount of PFOTES (1 wt%) was added
into a mixed solution of ethanol and water (9/1, vol/vol)
with a volume of 100 mL and then stirred for 3 h at room
temperature to achieve partial hydrolysis of silane. Next, 1 g
of CNF powder was added to the resulting dispersion and
ultrasonicated for 5 min. The mixed suspension was then
stirred at 70 °C for 6 h followed by washing with ethanol
three times. Finally, the FCNF was obtained by drying the
suspension at 40 °C overnight.

2.3 Preparation of the DAF, Compact film (CF)
and Casting Aerogel Film (CAF)

A homogeneous dispersion of 0.2 g of FCNF in 20 mL

of water was prepared and subsequently vacuum-filtered
through a 0.45 pm pore-size PVDF membrane (GVWP,
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Millipore). The filtration process continued until gelation
on the surface of the filter paper was fully achieved. The
resultant hydrogel film was then transferred into a Petri
dish full with propanol and soaked for 2 h. After replacing
the water in the hydrogel film with propanol, the solvent
exchange process was repeated by using hexane as the
exchange solvent. Afterward, the solvent-exchanged
film was dried at room temperature and ambiently dried
for 2 h to obtain the DAF. A filtrated CNF aerogel film
was prepared using a similar fabrication strategy as the
DAF, with the only difference being the substitution of
FCNF with CNF for comparative purposes. Additionally, a
comparison sample of the filtrated FCNF hydrogel film was
directly dried at room temperature and ambient pressure
to obtain the CF. The CAF with similar solid content as
the DAF was prepared by solution casting of the FCNF
dispersion followed by a similar solvent exchange and
ambient drying process as the DAF.

2.4 Materials Characterization

Chemical compositions of CNF and FCNF were deter-
mined by Fourier transform infrared spectroscopy
(FTIR, Nicolet 570, USA) in the wavelength range of
4000-400 cm™. Elements in CNF and FCNF were charac-
terized by X-ray photoelectron spectroscopy (S1703706).
Mid-IR spectral emissivity was measured by an FT-IR
spectrometer (Nicolet iS50, Thermo Fisher Scientific)
equipped with a gold-coated integrating sphere via the
reflectance measurement method at room temperature.
Rheological behaviors of FCNF hydrogel films were
measured by a HAAKE MARS rheometer. Morphologies
and microstructures of powder and film samples were
characterized using field-emissions scanning electron
microscopy (FESEM, Ultra 55). Brunauer—Emmett—Teller
(BET) surface areas were determined by a nitrogen phy-
sisorption using a Quantachrome Autosorb-iQ-AG poro-
simeter. Pore size distributions were calculated from the
adsorption isotherm according to the nonlocal density
functional theory (NLDFT) equilibrium model method
for slit pores provided by Quantachrome. Mechani-
cal properties of film samples were measured using an
Instron Universal Testing Machine (Model 5567). For
the tensile measurements, the strip sample in the sizes of
10 mm X 8 mm X 100 um was stretched at a tensile rate of
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10 mm min~!. Small-angle X-ray scattering (SAXS) was
carried out on a SAXSessmc2 X-ray scattering diffrac-
tion. X-ray diffraction (XRD) analysis was carried out
on a Rigaku D/max-2550 PC X-ray diffractometer with
Cu K, radiation. PerkinElmer Lambda 950 VU-visible-
NIR absorption spectrophotometer with an integrating
sphere was used to record the transmission spectra of the
DAF, CAF and CF in the UV-visible-NIR range. Thermal
conductivity was detected on a hot disk thermal analyzer
(Hot Disk TPS 2500S, Sweden) according to the tran-
sient plane source method (I0S 22007-2:2015). Thermo-
graphic images were recorded by an infrared thermal cam-
era (FOTRIC220S, China). Contact angles were measured
by a contact angle analyzer (OCA40 Micra, China).

3 Results and Discussion

3.1 Preparation, Flexibility and Microstructures
of the DAF

Figure 1a presents the schematic of the fabrication proce-
dure of DAF using the filtration-induced delaminated gela-
tion and ambient drying strategy. An aqueous dispersion of

Solvent .
exchange -
— 3

= -Stepwise
gelation

©® Water  ® n-hexane

Ambient
drying <

FCNF was utilized as the filtrate, and the vacuum during
filtration established a negative pressure, facilitating inter-
molecular interaction of FCNF through hydrogen bonding.
This resulted in the formation of a unique nanofiber-assem-
bled ultrathin layered hydrogel at the interface between the
filter paper and the above dispersion. The delaminated
gelation process was confirmed by the observation of the
formation of a gradient porous structure in the freeze-dried
FFCNF hydrogel intermediate during the filtration process
(Fig. S1). Rheological tests of the as-obtained FFCNF
hydrogel show that the elastic modulus (G’) of the hydro-
gel is much higher than the corresponding loss modulus
(G") at the small strain and decreases at a relatively high
oscillatory (Fig. S2), clearly indicating the formation of the
FFCNF hydrogel during the filtration. Following solvent
exchange and ambient drying, the resulting DAF exhib-
ited the delaminated stacked structure with intra-layer
mesopores, achieving an impressive porosity of 98.2%. This
is because the used FCNF has high aspect ratios that could
be interconnected to form a layer-by-layer lamellar struc-
ture with strong intra-plane hydrogen bonding and relatively
weak interlayer hydrogen bonding. After the exchange of
solvents from water to hexane, the thickness of the hydrogel

Fig. 1 Preparation, flexibility and microstructures of the DAF. a Schematic of the fabrication procedure of DAF. b—d Photographs of DAF
under, bending, knotting and twisting. Cross section FESEM images of DAF e, f before and g, h after tearing. i SEM image and element map-

pings (C, O, Si, F) of DAF

© The authors
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significantly decreases (Fig. S3), indicating that the inter-
layer hydrogen bonding of DAF was enhanced. As a con-
sequence, the unique DAF with a delaminated stacked and
intra-layer nanopore structure is prone to form after solvent
exchange and ambient drying. Compared with the casting
aerogel film, the DAF is capable of maintaining the high
structural stability of the delaminated structure after the
removal of non-polar solvents in an ambient condition
ascribing to the presence of high-density intralayer hydro-
gen bonds. The strong intermolecular hydrogen bonding
between the nanofibers enabled the DAF to withstand com-
plex deformations such as bending, knotting, and twisting
without fractures (Fig. 1b-d). Moreover, the DAF could be
easily tailored into desired shapes (Fig. S4).

Microstructural analysis using field emission scanning
electron microscope (FESEM) revealed an oriented layered
structure in the cross section SEM images of DAF due to
the delaminated stacking of the nanofibers during gelation
(Fig. le, f). Cross section FESEM images of intentionally
ripped DAF samples revealed the presence of abundant
nanosized pores embedded within their lamellar architecture
(Fig. 1g, h). These nanopores were formed as a result of
the stabilized porous structure due to high-density hydrogen
bonding within layers. Scanning electron microscopy and
electron dispersive spectroscopy (SEM-EDS) mappings
confirmed the successful fluorination of CNF through a
simple solution silanization reaction (Fig. 1i), supported
by Fourier transform infrared (FTIR) spectroscopy and
X-ray photoelectron spectroscopy (XPS) results (Figs. S5
and S6). The presence of fluorine-containing functional
groups with low surface energy among the FCNF facilitated
surface enrichment, thereby preserving the mesopores
within the FCNF aerogel structure during solvent exchange
and ambient drying. Furthermore, the low-surface-energy
characteristics of FCNF effectively mitigated the aerogel
structure shrinkage by minimizing capillary forces during
ambient drying.

3.2 Nanopore Formation Mechanism of the DAF

The structural evolution of mesopores of DAF during the
solvent replacement and ambient drying processes was
further investigated. As illustrated in Fig. 2a, the DAF was
ambient dried after being solvent-exchanged with propanol
and hexane, whereas the filtrated FCNF compact film (CF)
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was ambient dried directly from the FFCNF hydrogel. The
samples with the exchange solvents of propanol and hexane
were also produced to investigate the impact of the surface
energy of solvents on the nanopore structures of the resultant
aerogel films. The majority of hydrogel bonds in a typical
FFCNF hydrogel are formed between the hydroxyl groups of
FCNF and water. The hydrogen bonding between the FCNF
and the exchanged solvent was attenuated when the solvent
surface energy of the FFCNF hydrogel decreased after the
solvent exchange with propanol. The contact between the
FCNF and the surrounding solvents was further decreased
by the solvent exchange with hexane, resulting in the
strengthening of interfacial interactions between the indi-
vidual FCNF. As a sequence, the nanoporous structures of
the FCNF structures were successfully retained through the
subsequent ambient drying. This illustrates that pairing the
low-surface-energy surfaced FCNF with surrounding sol-
vents circumvents the highly porous aerogel structures from
shrinking due to a significant decrease in capillary forces
during the drying process.

Brunauer—-Emmett-Teller (BET) measurements were
used to determine the specific surface areas and pore size
distributions of the CF, cast FFCNF aerogel film (CAF
that is prepared by solution casting of FCNF dispersion
followed by a similar solvent exchange and ambient drying
process as the DAF), DAF and samples with the exchange
solvents of propanol and hexane. The nitrogen adsorption/
desorption isotherms demonstrate that the DAF has a rea-
sonably high specific surface area of 96 m? g~! (Fig. 2b),
and the pore size distribution ranges from 5 to 13 nm
(Fig. 2c), which is consistent with the previous morpho-
logical results. The CF exhibits the adsorption curve of
characteristics of dense film with a smooth and flat surface
(Figs. 2d and S7), and the CAF exhibits a wider pore size
distribution than that of the DAF, which is supported by the
SEM results (Fig. 2e). When the solvents of FFCNF hydro-
gel were replaced with propanol or hexane, the resultant
samples had a delaminated microstructure with no obvious
and almost no pore structures (Fig. 2f, g). The reason for
the former lies in the surface energy differences between
the FCNF and the surrounded solvents being too high to
prevent the contraction of the aerogel structures due to
relatively large capillary forces during the ambient dry-
ing process, while for the latter is that the hexane failing
to displace the entire water trapped in the mesopores. To
investigate the influence of FCNF concentrations on the

@ Springer
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Fig. 2 Pore-forming mechanism of the DAF. a Schematic of the various procedures for the water removals in FFCNF hydrogel. b, ¢ Nitrogen
adsorption/desorption isotherms and pore size distributions of CF, CAF, DAF and samples by solvent exchange with propanol and hexane,
respectively. d—g FESEM images of the torn locations of CF, CAF and samples by solvent exchange with propanol and hexane, respectively

porosity and specific surface area of the DAF, the solid
contents of FCNF in the DAF were tailored. Three different
FCNF concentrations, namely 0.5%, 1.0%, and 1.5%, were
utilized, corresponding to DAF 5, DAF, ,, and DAF, s,
respectively. The pore size distribution of DAF widened
(Fig. S8) with the solid concentrations of FCNF increasing,
while the specific surface area and pore volume increased
and then reduced (Fig. S9). The DAF has a relatively large
specific surface area and pore volume in the FFCNF-AF, .

3.3 Mechanical, Optical and Thermal Properties
of the DAF

The mechanical performance of aerogel films was fur-
ther studied. The stress—strain curves of the CF, CAF and
DAF are measured (Fig. 3a). The mechanical strength
and Young’s modulus of the DAF are 28.7 and 4.09 MPa,
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respectively, higher than those of CAF (12.8 and 1.2 Mpa)
(Figs. S10 and S11). This is attributed to the presence of
high-density hydrogen bonds and ordering delaminated
stacking structures within the DAF, as confirmed by the
small angle X-ray scattering (SAXS) with an anisotropic
scattering in comparison with the CAF (Figs. 3b and S12).
X-ray diffraction (XRD) analysis was used to characterize
the interlamellar pore structures of the delaminated stacked
DAF (Fig. 3c). The diffraction peak of FFCNF-AF at 26 of
21.8° is larger than that of CAF (21.3°) indicating the for-
mation of an interlamellar pore structure of the delaminated
stacked DAF. This can be attributed to the formation of
intense interactions of high-concentrated localized FCNF
through hydrogen bonding during filtration.

Figure 3d displays the transmittances of the CF, CAF
and DAF with a thickness of 100 um from 300 to 2500 nm,
which were measured by a UV-visible near-infrared

https://doi.org/10.1007/s40820-024-01356-x



Nano-Micro Lett. (2024) 16:131

Page 70f 13 131

a C
30} —CAF __CAF
—_DAF . — DAF
. :
20+ c
= >
~ =
[7)] [2]
1]
2 8
5 10+ 1S
0 1 1 1
0 4 ] 8 20 40 60 80
Strain (%) 20 (°)
d‘IOO e 0.5 f
M I CF 0s 60s 120s 180s
o 04} @
@ =
8 60 X 0.3 CAF
8 -
E ®
£ 40f =02
& —CF < DAF
= 20} —DAF 0.1
— I >
I
0

500 1000 1500 2000 2500 OO

Wavelength (nm) CF

CAF DAF

35°C EEEENNTTT 45°C

Fig. 3 Mechanical, optical and thermal properties of the DAF. a—c Stress—strain curves, 2D SAXS patterns, and XRD patterns of CAF and
DAF. d, e UV—-vis-NIR full spectra and thermal conductivity of CF, CAF and DAF. f Thermographic images of CF, CAF and DAF on a 50 °C

hot stage

spectrophotometer. The transmittance values for the CF,
CAF, and DAF, respectively, are calculated as 92%, 29.4%,
and 86.3% in the solar range (7,,;,, of 300-2500 nm);
95.1%, 7.5%, and 91.0% in the visible or luminous (7},
380-780 nm); and 92.7%, 36.6%, and 85.7% in the near-
infrared range (T3, 780-2500 nm). The DAF exhibits a
lower T, and Ty than those of CF due to the scatter-
ing in the near-infrared range caused by the intra-layer
nanopore structures reducing solar thermal gain. The dis-
tinctive mesoporous structure of DAF plays a crucial role
in minimizing light scattering, resulting in an enhanced
transmittance within the 380—780 nm range compared to
CAF. Notably, the T}, of DAF decreases with increasing
thickness, as illustrated in Fig. S13. The DAF exhibits
exceptional thermal-insulating performance due to the for-
mation of delaminated stacked structures and intra-layer
nanopore structures that inhibit gas heat conduction. The
thermal conductivity of the CF, CAF and DAF is measured
as 474, 44, and 33 mW m~' k™! (Fig. 3e), respectively.
Thermographic images of the CF, CAF, and DAF samples
with similar sizes on a hot stage (surface temperature of
50 °C) were in situ measured by an infrared thermal imag-
ing camera, demonstrating the conduction of heat flow
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from the hot stage to the interior of the sample over the
periods of 0, 60, 120, and 180 s (Fig. 3f), respectively. The
top-surface temperature of the DAF is 2.1-2.3 °C lower
than those of the CF and CAF when these samples are
placed on the hot stage and stabilized for 180 s, indicating
that the DAF has superior thermal-insulating performance.

3.4 Spectral Selectivity and Radiative Cooling Power
of the DAF

The inherent features of DAF allow it for high-performance
daylight radiative cooling. Figure 4a depicts the infrared
absorption peaks of the functional groups of the DAF,
mainly concluding the C-F (1120-1280 cm™!), Si—O-C
(1005 cm™!), Si—0O-Si (890 cm™!) and C—-O—C (1100 cm™")
with the substantial stretching vibrations in the range of
8—13 pum. The molecular motion of DAF is increased when
subjected to radiation in its unique absorption bands, result-
ing in severe stretching vibrations of interior atoms. As a
sequence, electrons in their high energy band would simulta-
neously transit to the lower energy band, producing photons
that can be radiated outward [48]. Finally, the DAF could
emit heat in the mid-infrared range into outer space. The

@ Springer
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Fig. 4 Spectral selectivity and radiative cooling power of the DAF. a Chemical groups of DAF and their infrared absorption peaks. b—d Absorb-

ance, emission spectra, and calculated radiative power of DAF

absorption spectra of the DAF reveal considerable infrared
absorptions due to the stretching vibrations of C-F, Si-O,
and C—O-C groups between the 8 and 13 um coincidentally
lying in the atmospheric transparency window (Fig. 4b),
resulting in the high emissivity. Figure 4c shows that the
average emissivity of the DAF in the atmospheric window
is calculated as 90.1%, which is higher than that of the
filtrated CNF aerogel film (Fig. S14). An energy balance
model is developed to investigate the cooling effect of DAF.
Considering the ambient temperature of 298.15 K and the
non-radiative heat gain of 0, 4, 8, and 12 W m~2 K7L, the
non-radiant 0 W m~2 K~! represents the ideal adiabatic state
and the non-radiant 4, 8, and 12 W m2 K~! represent the
various parasitic heat loss circumstances. The decrease in
the temperature of DAF under direct sunlight conditions is
predicted by the theoretical model. Figure 4d shows that the
radiative cooling power reaches the value of 123.5 W m™
which is calculated from Eqgs. (S3-S9) in Supporting Infor-
mation. The maximum temperature decreases calculated
from the non-radiative heat gains at4, §, and 12 W m2K!

© The authors

are 23.5, 13.4, and 9.3 K, respectively, indicating that the
DAF has high radiative cooling performance.

3.5 Solar-Thermal Dual-Regulation of the DAF

The presence of mesopores within the DAF could induce
forward visible light scattering to fulfill indoor illumination
(Fig. 5a). Meanwhile, the delaminated stacked and intra-layer
mesopores structures provide the DAF with superior thermal-
insulating performance that reduces the non-radiative heat
gain. Furthermore, the chemical groups of C-F, C-O-C,
Si—O-C, and Si—O-Si endow the DAF with a high emissivity
of 90.1% in the range of 8—13 pum. Thus, the DAF produces
excellent solar-thermal dual modulation performance to real-
ize efficient indoor lighting and cooling. To validate the theo-
retical calculation, we designed a thermally insulated foam
box composed of aluminum foil, thermocouples and poly-
ethylene box (Fig. 5b) to evaluate the outdoor cooling per-
formance of the experimental samples on the building roof
on Oct. 3rd, 2022, Shanghai, China (121°2 east longitude,

https://doi.org/10.1007/s40820-024-01356-x
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31°11’ north latitude). Figure 5c shows a 4-h comparison of
the temperature varies of the DAF in comparison with the
ambient air. The fluctuation of the atmospheric temperature
is primarily caused by unpredictability like unexpected gusts.
The temperature differences based on Fig. 5c are calculated
to highlight the temperature varies between the DAF and
the ambient air (Fig. 5d). The average temperature decrease
of the DAF for 4 h under direct sunlight is about 7.5 °C,
indicating the excellent radiative cooling performance that is
comparable to the theoretical calculation value. The superior
solar-thermal dual modulation capability of the DAF was fur-
ther demonstrated using thermographic images of different
objects after being exposed to direct sunlight. As shown in
Fig. Se, glass, CF and DAF were placed on artificial turf and
exposed to the sunlight for 3 h. The cooling and insulating
capabilities of the glass, CF and DAF, as quickly captured by
the camera, are depicted in Fig. 5f. The temperature in the
area covered by the DAF was the lowest at 34.7 °C, which is
2.6, 1.4, and 3.9 °C lower than that of the glass, the CF and
the bare area, respectively.

3.6 Durability of the DAF

The DAF also shows high hydrophobicity and excellent dura-
bility in complex outdoor high-temperature and humidity

u\
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environments, attributed to the presence of abundant fluo-
rine-containing groups that provide lower surface energy and
resistance to UV irradiation. The DAF exhibits hydrophobic-
ity with distinct oil repellency (Fig. 6a) and only produces
approximately spherical droplets on the surface of DAF. Fur-
thermore, with pigment as the model pollutant on the sample,
flowing water could easily remove the pollutant, keeping the
DAF dry and clean (Fig. 6b). The DAF shows the contact
angles with water, 1 M NaOH, oil, 1 M HCI, milk, and cof-
fee of 125°, 123°, 114°, 119°, 105°, and 108°, respectively
(Fig. 6¢). Figure 6d shows the changes in the water contact
angles of the DAF from the initial to lasting for 30 h. The
contact angles of the DAF are stable within 30 h, while that
of the filtrated CNF aerogel film decreases rapidly after 20 s
and remains at 31.9° only after 60 s (Fig. S15), suggesting
the stable hydrophobicity of the DAF. This is because the
ethoxy groups in perfluorodecyltriethoxysilane (PFOTES)
decompose easily in water to generate silanol, converting
the hydrophilic CNF surface into dehydrated Si—O-C cova-
lent connections. Furthermore, the —CF;, —CF,, and Si—O-Si
groups are highly hydrophobic with low surface energy.
Durability is a critical performance metric for high-
performance solar-thermal controlled energy-saving
windows. Thus, the aging test was used to evaluate the
environmental stability of the DAF. After being exposed

@ Springer
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Fig. 6 Durability of the DAF. a Photograph of casting the drops of water, | M NaOH, oil, 1 M HCI, milk and coffee on DAF. b Self-cleaning
tests conducted on DAF using water flux to remove pigments. ¢ Contact angles measured for water, | M NaOH, oil, 1 M HCI, milk and coffee on
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ambient air

outdoors for 20 and 60 days, the DAF did not appear
blistering, peeling, cracking, or discoloration, and its
transmittance in the range of 380-790 nm remains above
85% (Fig. 6e). Figure 6f shows that the DAF has distinct
absorption peaks both before and after aging due to the
presence of abundant fluorine-containing groups, which
still exhibit the characteristic stretching vibrations of —CF,
and —CF; at 1255 and 1196 cm™!, respectively, as well as
the absorption peaks of Si—-O-C at 890 cm™'. The emissivity
spectrum of DAF shows a slight fluctuation with the
increasing aging time (Fig. 6g), which is due to the minimal
yellowing effect after UV irradiation during the aging
process. The cooling curves and temperature differences
of DAF within 6 h before and after aging for 20 days and

© The authors

60 days were tested on the roof (Oct. 14th, 2022, Shanghai,
China), as shown in Fig. 6h. The average temperature
difference between the as-prepared DAF and after being
aged for 20 and 60 days is 8.7, 7.3 and 7.3 °C, respectively
(Fig. 6i), demonstrating that the DAF has an outstanding
cooling capability after long-term aging, further confirming
its excellent durability for practical applications.

4 Conclusions

In summary, we have successfully fabricated a highly
porous yet transparent and mechanically flexible DAF via
the filtration-induced delaminated gelation and ambient

https://doi.org/10.1007/s40820-024-01356-x
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drying strategy. The strong intra-plane and relatively
weak inter-layer hydrogen bonding maintain the structural
stability of the delaminated and intra-layer nanopore
structure within the DAF after the removal of non-polar
solvents in ambient pressure conditions. The resulting DAF
exhibits an impressive mechanical strength of 28.7 Mpa
and shows excellent resistance to complex deformations,
thanks to the high-density hydrogel bonding within the
intra-layer nanofibers and between the delaminated stacked
structures. The presence of mesoporous structures within
the aerogel film contributes to its low thermal conductivity
of 33 mW m~! K7\, Additionally, the DAF demonstrates a
high visible-light transmittance of 91.0%, and notably, the
abundance of C-O-C, C-F, Si-O-Si, and Si-O-C groups
in the DAF results in a high selective emissivity of 90.1%
within the atmospheric transparent window. Furthermore,
the DAF exhibits remarkable hydrophobicity and durability
due to the presence of fluorine-containing groups, which
contribute to its lower surface energy and UV resistance. By
serving as a solar-thermal regulation energy-saving window,
the DAF not only provides effective indoor lighting but also
facilitates indoor radiative thermoregulation. In comparison
with traditional transparent glass, the DAF achieves superior
cooling performance, with a temperature decrease of
approximately 2.6 °C under direct sunlight.
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