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ABSTRACT Excellent thermal insulating materials are highly
demanded in various applications including buildings, aero-
space and sport equipment. However, in practical applications,
the performance of thermal insulating materials usually dete-
riorates under diverse temperature and humidity conditions.
Therefore, it is highly essential to construct a bulk material
that exhibits outstanding thermal insulation performance
under extremely humid and hot environment. In this work, we
have conceived a green and effective strategy to fabricate a
superhydrophobic and compressible polyvinylidene fluoride/
polyimide (PVDF/PI) nanofiber composite aerogel via elec-
trospinning and freeze-drying technique. Interestingly, the
PVDF nanofibers and PI nanofibers function as the hydro-
phobic fibrous framework and mechanical support skeleton,
respectively, forming a robust three-dimensional framework
with good mechanical flexibility. The PVDF/PI aerogel pos-
sesses outstanding superhydrophobic feature (water contact
angle of 152°) and low thermal conductivity (31.0 mW m 'K
at room temperature. Significantly, even at 100% relative hu-
midity (80°C), the PVDF/PI aerogel still exhibits a low thermal
conductivity of only 48.6 mW m ™' K', which outperforms the
majority of commercial thermal insulating materials. There-
fore, the novel PVDF/PI aerogel is promising as an excellent
thermal insulating material for the applications in high-tem-
perature and humid environment.

Keywords: nanofiber aerogel, polyimide, polyvinylidene fluor-
ide, superhydrophobic, thermal insulation

INTRODUCTION

Energy consumption has been a crucial universal issue

due to the rapid industrial development and reduction of
fossil energy [1,2]. Thermal insulation is one of the ef-
fective ways to decrease energy loss and improve global
energy efficiency [3-5]. Excellent thermal insulating
materials can find demand in various applications in-
cluding buildings, aerospace and sport equipment [6,7].
More importantly, the thermal insulating behavior should
be stable when materials are exposed outdoor under
variable temperature and humid circumstances. However,
in practical applications, the performance of thermal in-
sulating materials usually deteriorates under diverse
temperature and humidity conditions. For instance,
conventional thermal insulating materials, such as poly-
urethane (PU) and expanded polystyrene (PS), show in-
ferior thermal stability at elevated temperature. On the
other hand, the thermal insulating properties of materials
are generally compromised when exposed to high hu-
midity environments since water is a highly thermal
conductive substance [8,9]. The higher humidity air (i.e.,
the water molecule) diffusing into the materials would
weaken the thermal insulation performance and even
destroy the structure of the samples. Therefore, it is
highly essential to construct a bulk material that exhibits
outstanding thermal stability while maintaining good
moisture resistance for thermal insulation under ex-
tremely humid and hot environment.

Aerogels are porous materials with nanostructures and
exhibit promising potential for heat management due to
their high porosity, low density, large specific surface area
and low thermal conductivity [10-14]. In the past few
decades, a variety of aerogel materials have been suc-
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cessfully prepared, including graphene [15-17], silica
[18], carbon nanotubes [19,20] and synthetic polymers
[21,22]. Recently, aerogels based on SiO, have become
promising thermal insulating materials owing to their
ultra-low thermal conductivity [23]. However, brittleness
and hygroscopicity as well as processing complexity limit
their further development [24]. Polymer aerogels fabri-
cated by the traditional sol-gel process possess good
mechanical properties, but they usually have poor ther-
mal stability when used at elevated temperature. More
recently, novel nanofiber aerogels derived from polymeric
electrospun nanofibers with three-dimensional (3D) in-
terconnected fibrous network have attracted extensive
attention [25-27]. On account of their high porosity, low
density, high flexibility and elasticity, nanofiber aerogels
show great potential as next-generation flexible thermal
insulating materials.

In natural structures, the introduction of continuous
fibrous structures has been shown to greatly improve
material utilization and performance. For example, spider
webs draw wide attention for their high specific strength
and toughness [28]. Researchers have found that there are
stable crosslinking points between the azelons, which
make the spider web a stable 2D structure. As advanced
fiber materials, electrospun nanofibers show great pro-
mise as a remarkable nanoscale building block for na-
nofiber aerogels due to their prominent flexibility, low
density, strong mechanical strength and high aspect ratio
[29-31]. Hence, constructing nanofibers into 3D nanofi-
ber aerogels may be an eminent strategy for achieving
promising properties in a wide range of applications. At
present, many polymers, such as polyacrylonitrile (PAN)
[25], poly(vinyl alcohol) (PVA) [32] and polyamide-
imide (PAI) [33], have been electrospun into nanofibers
for the manufacture of 3D nanofiber aerogels. For in-
stance, polyimide (PI) nanofibers have recently been
employed as building blocks and fabricated into nanofi-
ber aerogels due to their excellent mechanical strength,
flexibility, thermostability and solvent resistance [34,35].
The prepared PI nanofiber aerogels have displayed great
potential for outstanding thermal insulating materials.
However, a challenge for PI nanofiber aerogels is their
inferior hydrophobicity. In practical applications, espe-
cially in high-humidity environment, water will intrude
into the aerogels to weaken their thermal insulation
property and even destroy 3D structures. Therefore, de-
signing superhydrophobic 3D nanofiber aerogels with
excellent structure stability and thermal insulation per-
formance under high-humidity is of great importance.

In this work, we present a strategy of compositing
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electrospun polyvinylidene fluoride (PVDF) nanofibers
and PI nanofibers to construct 3D nanofiber aerogels
with excellent thermal insulation performance under
varied temperatures and relative humidity (RH). PVDF
nanofibers were selected to build the hydrophobic fibrous
framework on account of their rich fluorine-containing
segments, while PI nanofibers can provide aerogels with
desirable structure and thermal stability. Specifically, su-
perhydrophobic and compressible PVDF/PI nanofiber
composite aerogels with an open-cell geometry that
consists of bonded nanofibers have been fabricated by
freeze-drying method. The resulting PVDE/PI aerogel
exhibits high porosity, low density and good mechanical
property. More importantly, the PVDE/PI aerogel shows
brilliant thermal insulation properties in extremely hu-
mid (100% RH) and hot (300°C) environment. Besides,
freeze-drying is a simple and cost-effective technique for
creating a porous material, and the whole preparing
process uses only water as a solvent, which greatly re-
duces environmental contamination. Therefore, as a no-
vel thermal insulating material, the PVDF/PI aerogel
shows promising applications in the field of thermal in-
sulation for buildings and outdoor activities.

EXPERIMENTAL SECTION

Materials

PVDF with a molecular weight of 800,000-900,000 was
purchased commercially from Dongguan East Plastic
Trade Co., Ltd. 4,4'-Oxidianiline (ODA), pyromellitic
dianhydride (PMDA), trichloromethane, N,N-dimethyl-
acetamide (DMAc), N,N-dimethylformamide (DMEF),
anhydrous magnesium sulfate and aniline were obtained
from Sinopharm Chemical Reagent Co., Ltd. Sodium
hydroxide was purchased from Shanghai Titan Scientific
Co., Ltd. Bisphenol-A was purchased from Tokyo Che-
mical Industry Co., Ltd. Paraformaldehyde was bought
from Alfa Aesar Chemical Co., Ltd. All chemicals were
used as received without further purification. Deionized
water was used in all experiments.

Preparation of PVDF nanofibers

Typically, PVDF was dissolved in DMF in an oil bath
(~50°C) by magnetic stirring for 24 h to obtain a 15 wt%
transparent solution. For electrospinning, the PVDF
dispersion was placed in a 10-mL syringe with a spinning
nozzle of 0.5 mm inner diameter. The solution feeding
rate was 0.04-0.08 mm min ' and the voltage was 13-
17 kV. The obtained electrospun nanofibers were dried in
an oven at 70°C for 14 h to remove the residual solvent.
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Preparation of PI nanofibers

Polyamic acid (PAA) was synthesized using ODA and
PMDA according to our previous work [36]. Briefly,
ODA (4.0048 g, 0.02 mol) and 50 mL DMAc were added
into a three-necked flask and magnetically stirred at
300 rpm until ODA was completely dissolved. Then,
equal molar ratio of PMDA (4.4278 g, 0.02 mol) was
added to the reaction system, and the mixture was stirred
under 0°C for 3 h to obtain a faint yellow viscous pre-
cursor solution. Then, PAA nanofibers were prepared
using the same electrospinning parameters as PVDF na-
nofibers. Afterwards, the resultant PAA nanofibers were
thermally imidized by the following process to obtain PI
nanofibers: (1) heating to 150°C (1.5°C min ') and an-
nealing at 150°C for 30 min; (2) heating to 350°C
(1.5°C min ") and annealing at 350°C for 1h; and
(3) cooling down to room temperature.

Synthesis of benzoxazine (BA-a)

BA-a was synthesized using bisphenol-A, paraformalde-
hyde and amine via the Mannich reaction. Bisphenol-A
(30 g, 0.13 mol), aniline (24.48 g, 0.26 mol), and paraf-
ormaldehyde (15.78 g, 0.53 mol) were added into a three-
necked flask under magnetic stirring for 30 min in ni-
trogen atmosphere. Then the temperature was gradually
increased to 110°C. After reaction for 4 h, the mixture
was cooled down to room temperature and dissolved in
100 mL of trichloromethane. The obtained solution was
washed three times with 2 wt% sodium hydroxide and
deionized water successively. Finally, it was processed
with anhydrous magnesium sulfate, filtered, and dried at
50°C for 5 h to obtain pale yellow BA-a powders.

Fabrication of PVDF/PI aerogel by freeze-drying method
A certain amount of PVDF nanofibers and PI nanofibers
with different mass ratios were dispersed in deionized
water (30 mL) by a homogenizer (IKA T25) at 15,000
rpm for 30 min. Subsequently, BA-a (100 mg, as
crosslinking agent) powders were added to the dispersion
with further homogenization for 20 min to form uniform
fiber dispersions. The obtained dispersions were trans-
ferred to the desired mold, frozen in liquid nitrogen and
then freeze-dried using a freeze-dryer (Labconco Free-
Zone freeze-drying system) for 72 h to obtain the un-
crosslinked nanofiber aerogel. Eventually, the obtained
aerogel was heated at 180°C in nitrogen atmosphere for
1 h to give rise to the crosslinked PVDF/PI aerogel. Other
nanofiber composite aerogels were produced by adjusting
the ratio of PVDF nanofibers to PI nanofibers for com-
parison.
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Characterizations

The morphologies of the samples were observed by an
field emission scanning electron microscope (FE-SEM,
S-4800, Japan). Contact angle goniometer (OCA40 Micro,
Germany) was used to measure the water contact angles
of aerogels. Thermogravimetric analysis was studied on a
Netzsch TG 209 F1 Libra under air atmosphere from 100
to 600°C with a heating rate of 10°C min . The thermal
conductivity of the samples was measured by a hot disk
instrument (TPS 2500s, Sweden). All thermal infrared
images were obtained by an infrared camera (FOTRIC
226s, USA). The compression experiments and cyclic
compression experiments were tested on a universal
testing machine (SANS UTM2102, China) with 50-N load
cells at a compression rate of 10 mm min '. Fourier
transform infrared spectra (FT-IR) were obtained using
an FT-IR spectrometer (Nicolet 8700, USA) in a range of
4,000-400 cm . Differential scanning calorimetry (DSC)
measurements were collected on a differential scanning
calorimeter (DSC-822, Sweden). Humidity was controlled
by temperature and humidity test chamber (RTH-80-70,
Shanghai Rece Instrument Technology Co., Ltd.). The
porosity (P) of the aerogel can be calculated according to
Equation (1):

P:[l—%]x 100%, (1)

where P is the porosity, p, is the apparent density of the
aerogel, and p is the density of polymer in bulk state,
which is estimated from the weighted average of densities
of PVDF (1.75 g cm °) and PI (1.38 g cm ).

RESULTS AND DISCUSSION

The schematic illustration for the preparation of super-
hydrophobic PVDEF/PI nanofiber composite aerogel is
shown in Fig. 1a. The corresponding digital photos of the
fabrication process are also shown in Fig. Sla. The fab-
rication of superhydrophobic aerogels began with the
electrospinning of PVDF and PI nanofiber membranes.
The two prepared flexible nanofiber membranes and BA-
a were homogenized in deionized water to obtain a
homogeneous nanofiber dispersion, which was then fro-
zen and freeze-dried to get the pre-aerogel. As shown in
Fig. S1b and ¢, nanofibers are well dispersed by homo-
genizing. However, the pre-aerogel could not self-
assemble into a stable aerogel because of weak interaction
between nanofibers. Hence, to bring about robust bond-
ing among the nanofibers, the obtained pre-aerogels were
further heated at 180°C for 1 h to build crosslinked 3D
networks. Fourier transform infrared spectroscopy con-
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Pre-aerogel PVDF/PI aerogel

Figure 1 Preparation and structural characterization of the PVDF/PI aerogel. (a) Schematic illustration of the synthetic steps. (b, c) SEM images of
the PVDE/PI aerogel. (d) The digital image of PVDF/PI aerogel placed on the top of stamen. (¢) Photographs of the PVDF/PI aerogel with different
shapes and (f) water droplets on surface of the PVDF/PI aerogel. (g) Digital and thermal infrared images of the PVDF/PI aerogel in high-temperature
and humid environment. Left is a digital image, and right is the corresponding thermal infrared images.

firmed the successful synthesis of BA-a (Fig. S2a). During
this process, BA-a melted to tightly bond the nanofibers
(the melting point of BA-a is about 146°C as shown in
Fig. S2b), endowing the resultant aerogels with good
structural formability and mechanical properties. As
comparison, uncrosslinked aerogels without BA-a as
crosslinking agent exhibit poor mechanical stability
(Fig. S3). In addition, the mass ratio of PVDF nanofibers
to PI nanofibers was investigated to obtain composite
aerogels with the optimal performance. As shown in
Fig. S4, the PVDF/PI aerogel with mass ratio of 3:1 ex-
hibits the optimized density, thermal conductivity and
mechanical property. Therefore, unless specifically noted,
PVDE/PI aerogel with mass ratio of 3:1 was investigated
and discussed in the following text. Moreover, the effect
of nanofiber diameter on composite aerogel was also
studied in this work. As shown in Fig. S5a and b, PVDF
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nanofibers and PI nanofibers with average diameters of
~200, ~300 and ~400 nm were prepared by electrospin-
ning, respectively. Then PVDE/PI aerogels were manu-
factured from these nanofibers and named as FP,,, FP;,
FP4y, respectively, in which “FP” refers to PVDEF/PI
aerogel and the subscript refers to the nanofiber diameter.
As illustrated in Fig. S5c¢ and d, FP,y, FPsy and FP,
show similar compression property and thermal con-
ductivity. This is because that the mechanical properties
mainly depend on the degree of crosslinking and en-
tanglement of nanofibers, while the thermal conductivity
generally decreases with increasing porosity, barely re-
lated to the size of nanofibers. Therefore, the diameter of
nanofibers has almost little effect on the mechanical
properties and thermal insulation properties of the re-
sulting PVDF/PI aerogels.

Fig. 1b and c display SEM images of the PVDF/PI
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aerogels. The cellular architecture shows a distinct open-
cell geometry and the size of major cellular pores is about
80 um (Fig. 1b). Fig. 1c shows that the PVDF nanofibers
and PI nanofibers are firmly interconnected to form a 3D
network in which there are two ways of joining, i.e.,
chemical crosslinking and physical entanglement, with
the former being the primary connection. The PVDEF/PI
aerogels have an attractive advantage of low density due
to the large amount of air in the skeleton. As shown in
Fig. 1d, the PVDF/PI aerogel with a density of
22.0 mg cm ° can be stably placed on top of the stamen
without deforming it. The shapes of aerogels can be easily
adjusted due to the simplicity of the preparing method
and the facile availability of electrospun nanofibers. As
shown in Fig. le, we can easily prepare aerogels with
desired shapes, such as cones, cubes, triangular prisms
and cylinders. Besides, the PVDEF/PI aerogel exhibits ex-
cellent hydrophobicity. When dyed water droplets were

152° 151°

b . -
I

] . !T
I

dripped on the surface of PVDF/PI aerogel, it was ob-
served that the water droplets steadily stayed on the
aerogel instead of penetrating into it (Fig. 1f). The su-
perhydrophobic properties of the PVDF/PI aerogel enable
it to display remarkable thermal insulating properties in
high-temperature and humid environment (Fig. 1g).
PVDF has frequently been used to construct functional
materials with excellent hydrophobic properties because
of its rich fluorinated segments [37]. As illustrated in
Fig. 2a, the water droplet on the surface of PVDF/PI
aerogel maintained its round shape with a high contact
angle of 152° and held 151° after 10 min, indicating its
superhydrophobic property. When the superhydrophobic
PVDEF/PI aerogel was immersed in water by an external
force, the surface of the aerogel was surrounded by the
bubbles to present a silver mirror-like surface (Fig. 2b).
Moreover, the as-prepared PVDEF/PI aerogel can float
easily on water, which can be ascribed to its super-
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Figure 2 Hydrophobic and compressive performance of the PVDE/PI aerogel. (a) Water contact angles of the PVDF/PI aerogel taken at 10 s and
10 min. (b) The digital image of PVDF/PI aerogel immersed in water under the action of external force presents a silver mirror-like surface due to the
surrounding bubbles. (c) The digital image of the PVDF/PI aerogel floated on water due to its superhydrophobicity and lightweight. (d) Photographs
of the dynamic measurements of the water adhesion on the surface of PVDF/PI aerogel. (e) Comparison of hydrophobicity between PVDF/PI aerogel
and PI aerogel. (f) Compressive stress-strain curves of the PVDF aerogel, PVDEF/PI aerogel and PI aerogel at 50% strain. (g) Photographs of the PVDF/
PI aerogel and PVDF aerogel under a compressing and releasing cycle (¢ = 50%). (h) Fatigue test of the PVDF/PI aerogel at 50% strain for 1000 cycles.
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hydrophobicity and lightweight (Fig. 2c). Except for su-
perhydrophobicity, the resultant PVDF/PI aerogel also
displays low adhesion to water. Even if the needle is
preloaded, the water droplet did not spread out on the
surface of PVDEF/PI aerogel, which could be attributed to
low adhesion between the specimen and the droplet
(Fig. 2d). The process of continuous hydrophobicity is
presented in Movie S1. The water droplets fall onto the
aerogel and roll off rapidly, further indicating that the
PVDEF/PI aerogel equips outstanding hydrophobicity and
low water adhesion. In comparison, pure PI aerogel has a
water contact angle of only 75° (Fig. S6). We immersed
both PI aerogel and PVDEF/PI aerogel in water separately,
stirred by external force, and then took them out on the
filter paper. It can be seen that the PI aerogel leaves a
large water trail on the filter paper, while the filter paper
with the PVDEF/PI aerogel is still dry (Fig. 2e and Movie
S2). Moreover, the water contact angle achieved by the
PVDEF/PI aerogel is much higher than other hydrophobic
materials including PAN/carbon nanotube/Fe;O, aerogel
[6], nanocellulose aerogel [38], silica aerogel [39], konjac
glucomannan-silica aerogel [40], clay/PVA aerogel [41],
PV A/cellulose nanofibril aerogel [42] and hydroxyapatite
nanowire aerogel [43] (Fig. S7). Besides the above intri-
guing superhydrophobic performance, the PVDF/PI
aerogel also exhibits good mechanical properties, which
are highly crucial for constructing thermal insulating
materials. The mechanical properties of the PVDF aero-
gel, PVDE/PI aerogel and PI aerogel were also measured.
As shown in Fig. 2f, both PVDF/PI aerogel and PI aerogel
exhibit good compression resilience at 50% strain, while
the compressive property of PVDF aerogel is relatively
inferior. This can be explained that PI nanofibers with the
conjugated structure of five-membered rings and six-
membered rings show higher strength than that of PVDF
nanofibers. Therefore, as mechanical support skeleton, PI
nanofibers are sufficient to support the entire aerogel
structure and enhance their structural stability after
crosslinking by BA-a. Notably, the PVDF/PI aerogel can
be reversibly compressed and released, showing a good
compression property that is completely different from
PVDF aerogel (Fig. 2g). The PVDEF/PI aerogel can still be
restored to its original shape after being compressed by a
weight more than 2,000 times its own weight (Fig. S8).
Furthermore, the PVDF/PI aerogel can bear 1,000 cyclic
loading-unloading compression tests at a strain of 50%
(Fig. 2h). Under cyclic compression test, the stress decay
occurs mainly in the earlier period of the cycle and the
structure becomes relatively stable in the subsequent cy-
cles. This is because in the initial cycle, the composite
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aerogel consumes energy from incompletely crosslinked
nanofibers and unstable crosslinking points to counteract
external forces, thereby keeping the overall structure of
the aerogel stable. After 1000 cycles, the stress-strain
curves are almost overlapped, demonstrating the excellent
mechanical stability of the PVDF/PI aerogel.

Aerogel is one of the most outstanding thermal in-
sulating materials with dramatically low thermal con-
ductivity due to its high porosity [35]. The prepared
PVDE/PI aerogel has high porosity (98.6%) and tortuous
porous channels, which effectively reduce the thermal
transportation of the gas and solid phases. As shown in
Fig. 3a, compared with other commercial thermal in-
sulating materials, the PVDF/PI aerogel owns a low
thermal conductivity of 3.0 mW m ' K ' at room tem-
perature. Due to the good thermal stability of PVDF/PI
aerogel (stable even at 300°C in air atmosphere as shown
in Fig. §9), it exhibits good thermal insulation perfor-
mance in a wide temperature range from —60°C to 300°C.
As shown in Fig. 3b, the thermal conductivity increases
with the increasing temperature. However, thermal con-
ductivity of the PVDF/PI aerogel is still only
582mW m 'K ' even at 300°C. Herein, in order to ex-
plore the thermal insulation performance of the PVDF/PI
aerogel in practical applications, we placed a PVDF/PI
aerogel with a height of 15 mm on the hot stage with
different temperatures or freezing copper billet to take
thermal infrared images (illustrated in Fig. 3c). The
temperature of the hot stage was set to 100, 200 and
300°C, respectively, and freezing copper billet was —30°C.
Infrared thermal images of the PVDEF/PI aerogel captured
at 0, 1 and 5 min are presented. As displayed in Fig. 3d,
when the heating time increased to 5 min, the detected
surface temperatures of the PVDF/PI aerogel on —30, 100,
200 and 300°C stage are only 6, 32, 41, and 55°C corre-
spondingly, demonstrating its excellent thermal insulat-
ing properties at varied temperatures. The corresponding
temperature-time curves are shown in Fig. 3e. As time
goes on, the surface temperature of PVDEF/PI aerogel is
quite steady with little change, indicating an extra-
ordinarily stable thermal insulation. In addition, their
corresponding side thermal infrared images are shown in
Fig. S10, further indicating excellent thermal insulating
properties of the PVDF/PI aerogel. Significantly, com-
pared with commercial PI foam, the PVDEF/PI aerogel
exhibits better thermal insulation properties, showing the
broad prospects of the aerogels in practical applications
(Fig. S11). Usually, thermal insulating materials are easily
squeezed or vibrated under practical working conditions,
which requires them to still have good thermal insulation
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Figure 3 Thermal insulating properties of the PVDF/PI aerogel. (a) Thermal conductivity of PVDF/PI aerogel, PS foam, mineral wool, slag wool, rock
wool and glass wool. (b) Thermal conductivity of the PVDF/PI aerogel with different temperatures. (c) Schematic diagram of the PVDF/PI aerogel
placed on the hot stage. (d) Thermal infrared images of the PVDF/PI aerogel on hot stage or freezing copper billet for different time. (e) Variation of
the temperature detected on the upper surface of the PVDF/PI aerogel with heating time. (f) Thermal conductivity of the PVDF/PI aerogel at different
compressive strains. (g) Thermal infrared images of the PVDF/PI aerogel at different compressive strains on the hot stage. (h) Surface temperature of
the PVDF/PI aerogel with different compressive strains on 200°C hot stage. The error bars indicate standard deviations from five different samples in

each case.

properties under deformation. The thermal conductivity
of the PVDEF/PI aerogel under different compressive
strains is displayed in Fig. 3f. It can be seen that the
PVDEF/PI aerogel owns a low thermal conductivity of
37.5mWm 'K ' even at 75% strain, superior to some
commercial insulating materials. The thermal infrared
images and surface temperature curves of the PVDF/PI
aerogel under different compression strains are also ex-
hibited in Fig. 3g and h. As the compression strain in-
creases, the temperature of upper surface of PVDF/PI
aerogel only slightly increases, and the gap between sur-
face temperature and the hot stage temperature (200°C) is
approximately 139°C at 75% strain. More relevant tests
and temperature profiles for the PVDF/PI aerogel are
shown in Fig. S12, indicating its excellent thermal in-
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sulating performance under different temperatures and
compressive strains, which makes the PVDF/PI aerogel
an ideal thermal insulating material. In addition, the
PVDEF/PI aerogel is fire-retardant and can be self-ex-
tinguished after burning (Fig. S13), indicating its great
potential as both thermal insulating and fire-resistant
materials.

To further obtain insight into the thermal insulation of
PVDEF/PI aerogel in extremely humid environment, we
measured its thermal conductivity at different tempera-
tures and RH (Fig. 4a). The PVDEF/PI aerogel displays low
thermal conductivities of 43.5, 45.5, 46.7 and
486 mW m 'K ' at 20, 40, 60 and 80°C (100% RH), re-
spectively. And it also possesses low thermal con-
ductivities of 44.1, 45.7, 46.6, 48.2 and 48.6 mW m 'K '
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Figure 4 Thermal insulating properties of the PVDF/PI aerogel in extremely humid conditions. (a) Thermal conductivity of the PVDF/PI aerogel at
different temperatures and RH. (b) Thermal conductivity of the PVDF/PI aerogel, commercial PU foam, commercial SiO, aerogel and cellulose
aerogel at different temperatures and RH. (c) The PVDE/PI aerogel or PI aerogel in hot water. (d) Thermal infrared images of the PVDF/PI aerogel
and PI aerogel in hot water. (e) Temperature change of the PVDF/PI aerogel and PI aerogel at 60 and 180 s.

at 60%, 70%, 80%, 90% and 100% RH (80°C), respectively.
Although the thermal conductivity of PVDF/PI aerogel
increases with temperature and humidity slightly, it still
remains quite a low level (below 50 mW m ' K) due to
its hydrophobicity. Compared with other aerogel mate-
rials, the PVDF/PI aerogel shows much better thermal
insulation performance in high humidity. As shown in
Fig. 4b, cellulose aerogel has a high thermal conductivity
of 423.3, 561.9 and 6013 mW m ' K ' at 60%, 80% and
100% RH (80°C), respectively, due to its high hygro-
scopicity. Although SiO, aerogel has excellent thermal
insulation properties in dry environment, it is difficult to
maintain this performance in humid environment be-
cause of its poor moisture resistance. Commercial SiO,
aerogel shows a thermal conductivity of 93.7, 99.4 and
1205mWm 'K ' at 60%, 80% and 100% RH (80°C),
respectively. Similarly, commercial PU foam possesses a
thermal conductivity of 60.1, 64.2 and 68.9 mW m 'K’
respectively in the same environment. This may be due to
the fact that water gradually invades into the interior of
the samples under high humidity, and water is a highly
thermal conductive substance (thermal conductivity of
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about 600 mW m ' K '), which will weaken the thermal
insulation performance and even destroy the structure of
the samples. However, the PVDF/PI aerogel exhibits a
low thermal conductivity of only 48.6 mW m ' K ' even
at 100% RH and 80°C, which can be attributed to the
following two reasons. On one hand, the thermal con-
ductivity of PVDEF/PI aerogel only increases slightly with
increasing temperature due to its good thermal insulation
properties under a wide range of temperatures. On the
other hand, on account of the excellent hydrophobicity
and low water adhesion of PVDEF/PI aerogel, water mo-
lecules are blocked and can hardly infiltrate into aerogels.
A demonstration on the thermal insulation performance
of PVDE/PI aerogel and PI aerogel at high humidity is
shown in Fig. 4c. The two aerogels are placed into the
water (>70°C) container in a high-humidity environment.
Thermal infrared images indicate that the surface tem-
perature of PVDF/PI aerogel is below 35°C and only in-
creases by 2.2°C after 180s, while that of PI aerogel
increases by 7.3°C after 180 s (Fig. 4d and e), further
indicating stable thermal insulating ability of the PVDF/
PI aerogel at high humidity. Furthermore, as shown in

May 2021 | Vol.64 No.5
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Fig. S14, the PVDEF/PI aerogel possesses much lower
thermal conductivity compared with other kinds of
thermal insulating materials at different temperatures and
RH, such as laterite rocks [44], aerogel-enhanced plaster
[45], aerogel gypsum board [45], pure plaster [45],
lightweight aggregate concrete [46], PU foam [47] and
cement mortar [48]. These results support the employ-
ment of the superhydrophobic PVDEF/PI aerogel as a
superior thermal insulating material in high-temperature
and humidity environment.

CONCLUSIONS

In summary, we have described a green and convenient
route for the fabrication of superhydrophobic and com-
pressible PVDF/PI nanofiber composite aerogel by the
combination of electrospinning and freeze-drying meth-
od. PVDF and PI nanofibers are crosslinked together via
BA-a to form a stable 3D network by heat treatment. The
resultant PVDEF/PI aerogel exhibits high porosity (98.6%),
low density (22.0 mg cm °), good mechanical properties
and low thermal conductivity (31.0 mW m ' K ' at room
temperature). More importantly, owing to its excellent
thermal stability and superhydrophobicity with a water
contact angle of 152°, the PVDEF/PI aerogel possesses a
low thermal conductivity of only 582 mW m ' K ' even
at 300°C and 48.6 mW m 'K ' even at 100% RH, in-
dicating its excellent thermal insulating ability in high-
temperature and humidity environment, which is super-
ior to many commercial insulating materials. Therefore,
the PVDF/PI aerogels with prominent thermal insulation
performance are highly promising to be used for building
insulation materials, especially in extremely humid and
hot environment.
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