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ARTICLE INFO ABSTRACT

Keywords: High-performance thermal insulating materials are greatly needed in many areas. Polyimide aerogels by freeze-
Aero'ge¥ drying method have shown great potential as thermal insulating materials. Improving the mechanical perfor-
Polyimide mance of polyimide aerogels, meanwhile without deteriorating their thermal insulating performance, is very
Electrospun nanofiber . . s e . . o .

Homogeneity significative. In this work, a significant homogeneity reinforcement of polyimide aerogels has been achieved by

using electrospun polyimide nanofibers as the reinforcing fillers. Short nanofibers could improve strength and
toughness of polyimide aerogels by dispersing stress along the pore wall and nanofibers via mechanical inter-
locking effect due to the good compatibility between them. Consequently, the nanofiber-reinforced polyimide
(NRPI) aerogels exhibit better structural formability and excellent mechanical performance, showing compres-
sive modulus of 3.7 MPa with a density of 54.4 mg cm™, nearly twice that of neat polyimide aerogel. More
importantly, owing to the high porosity and intertwined three-dimensional network, NRPI aerogels exhibit better
thermal insulating properties compared with commercial insulating materials, especially at high temperatures.
Therefore, the nanofiber reinforced polyimide aerogels with good mechanical performance are promising can-

Thermal insulation

didates for thermal insulating applications.

1. Introduction

Nowadays, the total energy consumption worldwide is still growing
and it is essential to reduce the energy consumption [1-4]. Heat energy
management is of great importance since energy loss is mainly dissi-
pated in the form of heat energy [5]. Except exploring new resources,
developing thermal insulating materials and reducing heat transfer is
one of the most useful ways to reduce energy loss and improve energy
efficiency [4,6-9]. Commercial thermal insulating materials including
mineral wool, fiberglass, polyurethane (PU), expanded polystyrene (PS),
and so on, exhibit thermal conductivity in the range of 30-80 mW m*
K 1. However, these thermal insulating materials either suffer from
inferior mechanical properties or poor thermal stability. Moreover,
further reducing the thermal conductivity is highly desirable for thermal
insulation applications in extreme conditions [10].

Since the 20th century, aerogels, which own low density and high
thermal insulating performance, are widely used in thermal insulating
areas [11,12]. Aerogel is defined as a gel that consists of a microporous
solid with gas as the dispersed phase [13]. As a typical inorganic aerogel,
SiO, aerogel owns low thermal conductivity, which can be used in high
temperature environment [14,15]. However, owing to their brittle na-
ture and crystallization-induced pulverization behaviours, SiO, aerogels
exhibit high modulus but low toughness [16]. Therefore, they would
suffer from serious strength degradation and structural collapse under
external force.

Compared with inorganic aerogels, polymer aerogels own both good
thermal insulating and mechanical performance [17-20]. Among the
polymer aerogels, polyimide aerogels exhibiting excellent mechanical
properties and high-temperature stability have drawn much attention
recently [21-23]. Normally, polyimide aerogels can be fabricated via
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sol-gel transition, supercritical carbon dioxide drying or freeze-drying,
followed by chemical or thermal imidization. Compared with super-
critical drying, freeze-drying method has several advantages, such as
green, simple and inexpensive. However, polyimide aerogels prepared
by freeze-drying method normally exhibit inferior mechanical perfor-
mance due to the large ice crystals formed during the freezing process
[24]. Therefore, improving the strength of polyimide aerogels by
freeze-drying method, meanwhile without deteriorating its thermal
insulating performance, is very significative.

Introducing reinforcing fillers into the polymer matrix is an efficient
way to improve the mechanical performance of composite materials
[25]. Nanofillers such as SiO, nanoparticles [17], carbon nanotubes
[18], MXene [26] graphene [27], boron nitride [28] and clay [29] have
been used to fabricate polyimide composite aerogels. For example,
lightweight and superelastic MXene/polyimide aerogels have been re-
ported by freeze-drying, showing a compressive stress of 0.17 MPa at
50% strain [26]. Reduced graphene oxide/polyimide aerogel prepared
by freeze-drying shows a compressive stress of 2.5 kPa at 50% strain
[27]. A polyimide/clay aerogel has been reported by Wu et al. by
freeze-drying, which show compressive modulus of 0.33 MPa with a
density of 90 mg cm™3 [29]. These nanofillers reinforced polyimide
aerogels still exhibit limited mechanical performance, which is probably
due to the poor dispersion of nanofillers in polymer matrices as well as
weak interfacial adhesion between the filler and matrix originated from
the heterogeneity or incompatibility of fillers and matrix. Therefore,
homogeneity reinforcement of polyimide aerogels provides a promising
solution for the mechanical improvement of composite materials.

In this work, we report a significant homogeneity reinforcement of
polyimide aerogels using short electrospun polyimide nanofibers as
reinforcing phase. It is found that the short nanofibers could help stress
transfer via mechanical interlocking effect within polyimide matrix,
thus avoiding stress concentration and supporting the whole framework
of composite materials. The nanofiber-reinforced polyimide (NRPI)
aerogels exhibit improved structural formability and mechanical per-
formance, showing compressive modulus of 3.7 MPa with a low density
of 54.4 mg cm ™. Moreover, owing to the high porosity and intertwined
three-dimensional (3D) network, NRPI aerogels exhibit better thermal
insulating properties compared with commercial insulating materials,
especially at high temperatures. Therefore, the NRPI aerogels with both
high strength and toughness may find wide application prospects in the
fields of building, aerospace and high temperature reaction catalyst
carriers.

2. Experiment
2.1. Fabrication of short polyimide nanofibers

The short polyimide nanofibers were prepared by electrospinning,
thermal imidization followed by cutting. First, 4,4’-oxidianiline (ODA)
(0.01 mol) was completely dissolved in 50 mL N,N-dimethylacetamide
(DMAc). Then, 3,3',4,4'-biphenyltetracarboxylic dianhydride (BPDA)
(0.012 mol) was slowly added into the above solution with intense
stirring at 0 °C for 10 h. The resultant poly(amic acid) (PAA) solution
was diluted to 4 wt% by DMAc and applied for electrospinning process.
The applied voltage is 20 kV, and the bolus speed is 0.055 mm min ",
The aligned nanofibers were collected by a rotating disk (width: 3 cm,
diameter: 15 cm) with a speed of 1500 rpm. The as-prepared PAA
nanofiber membranes were first dried in vacuum at 70 °C for 6 h and
then thermally imidized to obtain aligned polyimide nanofiber mem-
branes. The imidization process is carried out in nitrogen atmosphere
with a tube furnace by heating to 150 °C and kept for 30 min followed by
heating to 350 °C and kept for 60 min. Finally, the obtained polyimide
nanofibers were cut into short polyimide nanofibers with different
lengths (processed by Jiangxi Advanced Nanofiber S&T Co., Ltd.).
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2.2. Fabrication of nanofiber-reinforced polyimide (NRPI) aerogels

Triethylamine (TEA) capped PAA oligomer was fabricated according
to our previous work [17]. 3 g of TEA capped PAA and 2 g TEA were
completely dissolved in deionized water. Afterwards, 0.3 g short poly-
imide nanofibers were added into the PAA solution and homogenized by
the homogenizer (IKA T25, Germany) for 30 min, forming uniform
dispersions. Afterwards, the dispersions were poured into a desired
mould, frozen in liquid nitrogen, then freeze-dried for 72 h with a
freeze-dryer (FreeZone, Labconco Corporation, USA) to obtain the
pre-NRPI aerogel. Finally, the obtained precursor aerogel was heated to
150 °C and kept for 30 min followed by heating to 350 °C and kept for
60 min for imidization of PAA into polyimide. The obtained
nanofiber-reinforced polyimide (NRPI) aerogels were indexed as
NRPI-x, in which x represents the content of short polyimide nanofibers.
Besides, NRPI aerogels by adding short polyimide nanofibers with
different lengths were also fabricated for comparison.

3. Result and discussion

The preparation of nanofiber-reinforced polyimide (NRPI) aerogels
is schematically described in Fig. 1A. Specifically, short polyimide
nanofiber was obtained by electrospinning, thermal treatment and ho-
mogenization. The polyimide nanofibers (length about 300 pm, diam-
eter about 400 nm, Fig. S1) were mixed with water soluble poly(amic
acid) (PAA) to form a homogeneous suspension, in which short poly-
imide nanofibers can be dispersed uniformly (photograph shown in step
2). Moreover, the resulting homogeneous dispersion could remain stable
without any sedimentation. After the following freeze-drying and ther-
mal imidization, NRPI aerogels can be obtained (photograph shown in
step 3). The samples are indexed as NRPI-x, in which x represents the
content of short polyimide nanofibers. The aerogels show good struc-
tural formability and can be tailored into different shapes, such as
triangular, prism and cylinder. Moreover, NRPI aerogels could be sha-
ped into a cuboid on large scale (Fig. 1B). The resulting NRPI aerogel
could withstand 700 g weight (about 2000 times of NRPI aerogel) with
no deformation, indicating its excellent anti-compressibility (Fig. 1C).
Meanwhile, the NRPI aerogels exhibit a low density of 54.4 mg cm > and
could freely stand on stamen (Fig. 1D), indicating its lightweight nature.

Scanning electron microscope (SEM) images of NRPI aerogels with or
without short polyimide nanofibers are shown in Fig. 2. As shown in
Fig. 2A and B, polyimide aerogels without adding short polyimide
nanofibers, exhibit uniform 3D porous structure with smooth lamellar
pore walls and pore size of ~50 pm. With 10% short polyimide nano-
fibers as reinforcement, NRPI-10 remains the 3D porous structure and
exhibits a cellular honeycomb-network with nanofibers interconnected
with lamellae (Fig. 2C). SEM images indicate that the short polyimide
nanofibers are closely attached with polyimide lamellae and arranged to
form oriented filament architecture (Fig. 2D). Besides, the short poly-
imide nanofibers are homogeneously distributed in polyimide aerogels,
which can be attributed to the good interfacial interaction between the
matrix and the short nanofibers. By varying the nanofiber content, the
NRPI aerogels exhibit similar cellular honeycomb-network as for NRPI-5
and NRPI-20 (Fig. S2). With the content of short polyimide nanofibers
increased, more short polyimide nanofibers could be obviously observed
from SEM images.

As is well known, polyimide aerogels produced by freeze-drying and
thermal treatment would suffer from severe volume shrinkage, because
of the thermal stress shock during thermal imidization process. On the
contrary, by adding short polyimide nanofibers into the polyimide ma-
trix, shrinkage of the aerogels is inhibited obviously (Fig. 3A). With the
increase of nanofiber content, the shrinkage rate of NRPI aerogels is
decreased from 42% to 20% with short polyimide nanofiber content of
20%, exhibiting much better structural formability (Fig. 3B). This can be
attributed to the fact that short polyimide nanofibers could share the
thermal stress and support aerogel structure during thermal imidization
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Fig. 1. Structure design and architecture of nanofiber-reinforced polyimide (NRPI) aerogels. (A) Schematic illustration of preparation of NRPI aerogels. (B)
Photograph of NRPI aerogels with different shapes. (C) Photograph of NRPI aerogel that could withstand over 2000 times of its own weight. (D) Photograph showing

NRPI aerogel standing on stamen.

Fig. 2. Morphology of NRPI aerogels. (A and B) SEM images of NRPI-0 aerogel
with different magnifications. (C and D) SEM images of NRPI-10 aerogel with
different magnifications.

process, resulting in lower shrinkage rate and higher structural integrity.
Due to the reduction in shrinkage, there is a little decline in apparent
density of NRPI aerogels with the increase of short polyimide nanofibers,
which is reduced from 62.8 mg cm ™3 (NRPI-0) to 54.4 mg cm™> (NRPI-
20) (Fig. 3B). With the increase of short polyimide nanofibers content,
the porosity changes from 95.6% to 96.1%, which proves that the
addition of short polyimide nanofibers has little influence on its porosity
(Fig. 3C). This could be schematically illustrated in Fig. 3D. Short pol-
yimide nanofibers serve as supports among pores and could inhibit the
shrinkage during the freeze-drying and thermal imidization processes.
In contrast, for NRPI-0, it will suffer from severe shrinkage as there exists
no supporting structure in NRPI-0.

The mechanical properties of NRPI aerogels are investigated in
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Fig. 3. Structural formability and dimensional stability of NRPI aerogels. (A)
Photograph of NRPI-0 and NRPI-10 before and after freeze-drying and thermal
treatment, indicating much less shrinkage by adding nanofibers. (B) Shrinkage
rate and density of NRPI-x aerogels. (C) Porosity of NRPI-x aerogels. The
porosity of aerogels was calculated by (1 - py/p) x 100%, where p, is the
apparent density, and p is the skeletal density, which is estimated from the
density of polyimide (1.4 g cm™3). (D) Schematic illustrating the good struc-
tural formability of NRPI-10, while NRPI-O0 suffers from severe shrinkage.

Fig. 4. The stress-strain curves (Fig. 4A) indicate that NRPI aerogels
could be compressed by 70% without serious collapse and could with-
stand a high strain even more than 90% without structure destruction
(Fig. S3). The Young’s modulus of NRPI aerogels is 1.8 + 0.2 MPa, 2.2 +
0.1 MPa, 3.7 + 0.1 MPa and 1.3 + 0.3 MPa for NRPI-0, NRPI-5, NRPI-10
and NRPI-20, respectively (Fig. 4B). The Young’s modulus of NRPI
aerogels generally increases concomitantly as the content of short pol-
yimide nanofiber increase. The NRPI-10 aerogel exhibits the optimized
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Fig. 4. Mechanical performance of NRPI aerogels. (A) Stress-strain curves, (B) Young’s modulus, and (C) elastic strain energy of NRPI-x aerogels. (D) Finite element
method (FEM) simulations of honeycomb structures with/without nanofiber reinforcement. The honeycomb structures are colored by the total displacement of
element nodes. (E) Comparison of specific modulus of NRPI-10 with several common aerogel-like materials, including SiO, aerogels, PU aerogels, polymer/SiO,

aerogels, nanocellulose aerogels, polymeric woods.

modulus, which is nearly twice that of NRPI-O aerogel. The increasing
modulus of NRPI aerogels with increasing nanofiber contents is due to
the good interfacial interaction between nanofibers and matrix with
homogeneity reinforcement, and nanofibers could help disperse stress
along the pore wall and nanofibers. However, with further increasing of
the content of short polyimide nanofibers, too much short polyimide
nanofibers would aggregate as indicated by SEM image in Fig. S4, and
the number of fiber ends and defects created by fiber ends increased
[30], leading to the decreasing of Young’s modulus for NRPI-20.
Furthermore, the mechanical performance of NRPI aerogels with
different lengths (0.2 mm, 0.3 mm, 0.4 mm) of short polyimide nano-
fibers is also investigated (Fig. S5). From strain-stress curves, it is
observed that NRPI aerogel reinforced by short polyimide nanofibers
with length of 0.3 mm shows better mechanical performance. The
strength and modulus of short-fiber-reinforced composites normally
increase with the increase of fiber length due to its higher aspect ratio
(17d). However, long fibers tend to bend or curl during molding, which
causes reduction in the effective length of the fiber below the optimum
length, leading to the deteriorated mechanical performance [31].
Therefore, short polyimide nanofibers with an optimum length of 0.3
mm are used in this study. The relative modulus and relative density of
NRPI aerogels are shown in Fig. S6. Compared with neat polyimide
aerogel, nanofiber reinforced polyimide aerogels show higher relative
modulus with relative density changed a little, indicating that nano-
fibers can improve Young’s modulus of aerogels without increasing the
density. Elastic strain energy, which is defined as the ability of materials
absorbing elastic deformation, is an important parameter to prove its
toughness. As shown in Fig. 4C, from NRPI-0 to NRPI-10, the elastic
strain energy increased from 0.32 mJ cm 2 to 0.40 mJ cm ™3, indicating
that the addition of short polyimide nanofibers improved the toughness
of aerogels. However, when the content of short polyimide nanofibers
increases to 20%, elastic strain energy of NRPI aerogels will decrease,
which might be due to that too much short polyimide nanofibers would
aggregate as indicated by SEM image in Fig. S4. Furthermore, the NRPI
aerogels exhibit an elastic performance at a low strain (25%) for 100
cycles without structure collapse as shown in Fig. S7. Finite element

method (FEM) simulations were further conducted to explain the
deformation mechanism of aerogels, where hexagonal hollow columns
(Figs. S8 and S9) are used as an ideal model to help understand the
underlying deformation and damage mechanisms of polyimide aerogels
with/without nanofibers. As shown in Fig. 4D, for the porous honey-
comb structure, the main failure is caused by the bending-dominated
buckling of thin walls. For neat polyimide aerogels, the thin walls at
the top would suffer from large stress under compression, leading to
bending and warping of thin walls, resulting in low Young’s modulus
and strength of the aerogel. As for the nanofiber reinforced polyimide
aerogel, the nanofibers would interconnect with the thin walls and help
with stress transfer between thin walls. During the compression, this
mode shows less stress concentration and stress would disperse along
those supporting nanofibers (Fig. 4D). Thus, the NRPI aerogels show
enhanced Young’s modulus, attributing to the reinforcement of short
nanofibers. As shown in Fig. 4E, the specific compression modulus
(normalized by apparent density) of NRPI-10 aerogel is 65.7 kN m kg%,
which outperforms the previously-reported aerogels including SiO,
aerogel [32], PU aerogel [33,34], polymer/SiOy aerogel [35-39],
nanocellulose aerogel [40] and polymeric woods [41].

Due to the high porosity and low density, aerogels show excellent
thermal insulating performance. As shown in Fig. 5A, NRPI-0, without
addition of short polyimide nanofibers, manifests a low thermal con-
ductivity (41.2 + 1.4 mW m! K’l) similar to that of commercial
insulating PS foams (35-43 mW m~ 'K 1) and PU foam (42-51 mW m ™!
K™1). Notably, the thermal conductivity for NRPI-5, NRPI-10 and NRPI-
20 is 40.4 + 2.8, 40.9 + 1.2, and 38.8 + 2.7 mW m ™! K™}, respectively.
The addition of short polyimide nanofibers into polyimide aerogels has
little influence on thermal conductivity due to the similar pore structure
and density of those aerogels. The low thermal conductivity of NRPI
aerogels could be explained as follows. The measured total thermal
conductivity of aerogels usually contains 4 components: radiative heat
transfer coefficient ();), convective heat transfer coefficient (A.), solid
thermal conductivity (As), and gas thermal conductivity (Ag):

Motal = Ar + As + A + }“g (€]
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Fig. 5. Thermal insulating performance of NRPI aerogels. (A) Thermal conductivity of NRPI aerogels. (B) Thermal conductivity of NRPI-10 under different tem-
peratures. (C) Infrared images of NRPI-10 on a hot stage of 300 °C for 5, 10 and 30 min. (D) Photograph and infrared images of commercial PI foams and NRPI-10 on
a hot stage of 300 °C. (E) Temperature versus height of commercial PI foam and NRPI-10 obtained from infrared images. (F) The photograph and infrared images
(taking from the top) of PU, PS and NRPI-10 on a hot stage of 300 °C with different times. (G) Surface temperature versus time of PS, PU and NRPI-10 obtained from

infrared images.

For aerogels, the main heat transfer is contributed by heat conduc-
tion of solid and gas. The solid thermal conductivity (A) is as follows:

14
As = Agotia* F;D_y 2

Vs

where Aglig is the solid thermal conductivity of the basic materials, p is
the apparent density, ps is the skeletal density, v is the velocity of
phonon, and vs is the velocity of the phonon in the solid skeleton [42,
43]. Because of low density and solid fraction, NRPI aerogels exhibit a
lower solid thermal conductivity (As;) compared with commercial ther-
mal insulating materials. The interconnected 3D networks also reduce
the solid thermal conductivity by creating more tortuous paths for
polymer molecule to transport heat, leading to diffusive thermal trans-
port. Intertwined 3D network of NRPI aerogels will prolong the motion
path of air molecules, which will help to reduce gas thermal conductivity
(Ag) in NRPI aerogels. Furthermore, the high surface-to-volume ratio of
nanofibers provides many solid-air interfaces, which improves reflec-
tance of thermal fluent by creating a “multiple reflective effect”. All the
above factors make NRPI aerogels own low thermal conductivity. As
shown in Fig. S10, the NRPI aerogels show similar thermal conductivity
in different directions, indicating the isotropic feature of NRPI aerogels.
More importantly, polyimide owns excellent thermal stability and its
decomposition temperature is up to 400 °C as shown by thermogravi-
metric analysis in Fig. S11. Therefore, the NRPI aerogels show superior
thermal insulating property at increased temperatures from 100 to 300

°C (Fig. 5B). The thermal conductivity of NRPI-10 shows a little increase
with the increase of temperature, exhibiting a low thermal conductivity
of 77.0 + 2.1 mW m~! K! at 300 °C. As a demonstration, the temper-
ature change of NRPI-10 (15 mm thick) heated on a 300 °C stage for 30
min is shown in Fig. 5C. After heating for 30 min, the surface temper-
ature of the sample is 87 °C, about 1/6 of the stage temperature, indi-
cating its stability of thermal insulation for a long time. Then, we
compared thermal insulating performance of NRPI-10 with commercial
polyimide foam. Both NRPI-10 and commercial polyimide foam are
placed on a hot stage with 300 °C. The surface temperature of NRPI-10
(20 mm thick) renders a much lower temperature (67 °C) compared with
that (80 °C) of commercial polyimide foam (Fig. 5D). As shown in
Fig. 5E, with decreased thickness, the NRPI-10 composite aerogel
manifests a better thermal insulating property than the polyimide foam.

The thermal insulating performance of NRPI-10 aerogel is further
compared with other common thermal insulating materials. PS foam, PU
foam, and NRPI-10 aerogel with thickness of 1 cm are placed on the
same hot stage (300 °C). The surface temperature of these samples is
monitored by an infrared camera (Fig. 5F). Compared with PS foam and
PU foam, NRPI-10 aerogel shows much lower surface temperature as
time goes on, indicating its better thermal insulating performance. In the
first 30 s, the surface temperatures of PS foam and PU foam exhibit a
dramatic change, and start to degrade. However, the surface tempera-
ture of NRPI-10 aerogel is always the lowest with a little change. When
at 300 s, PS foam and PU foam are degraded and lost thermal insulating
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performance. However, the NRPI-10 aerogel remains original shape and
still owns excellent thermal insulating performance. The surface tem-
perature of NRPI-10 aerogel is stable at 67 °C after thermal equilibrium,
which is significantly lower compared with that (above 200 °C) of PS
foam and PU foam (Fig. 5G). Therefore, the excellent thermal insulating
performance in wide temperature range makes NRPI aerogels as
advanced thermal insulators.

4. Conclusions

In summary, NRPI aerogels have been prepared by using short
electrospun polyimide nanofibers as reinforcing phase. The addition of
short polyimide nanofibers makes NRPI aerogels exhibit low shrinkage
(~25%), high porosity (>96%) and excellent structural stability. Due to
the homogeneity reinforcement, short polyimide nanofibers could
improve strength and toughness of polyimide aerogels by dispersing
stress along the pore wall and nanofibers. The NRPI-10 with a low
density exhibits good mechanical performance with compression
modulus of 3.7 MPa, which is among the high level compared with
polyimide aerogels by freeze-drying. Furthermore, due to the high
porosity and intertwined 3D network, NRPI aerogels show good thermal
insulating performance over a wide range of temperatures. The good
mechanical property and low thermal conductivity make NRPI aerogels
could find many potential applications such as in buildings, sport
equipment and spacecrafts.
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