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A B S T R A C T

High-performance thermally insulating materials is highly desirable for many applications in which heat transfer
should be strictly restricted. Traditional organic or inorganic insulation materials are limited by either poor
thermal stability or mechanical brittleness. Here, SiO2 nanoparticles crosslinked polyimide aerogels synthesized
by one-pot freeze-drying are presented, which show excellent mechanical properties and super-insulating be-
havior in a wide temperature range. The highly porous structure of the aerogel and nanosized components
benefit the significant reduction of thermal conductivity through inhibiting gas conduction and imparting in-
terfacial thermal resistance, respectively. The PI/SiO2 composite aerogel with a density of 0.07mg cm−3 can
achieve a low thermal conductivity of 21.8 mWm−1 K−1, which is lower than the most common super-insulating
criterion (25mWm−1 K−1). More importantly, the PI/SiO2 aerogel exhibits good thermal insulation perfor-
mance at elevated temperatures, with a thermal conductivity still lower than 35mWm−1 K−1 even at 300 °C.
Therefore, the mechanically strong and super-insulating PI/SiO2 composite aerogels are promising candidates
for practical thermal insulation applications.

1. Introduction

Decreasing heat transfer via advanced thermal insulators is one ef-
ficient approach to improve the energy efficiency and reduce the
world's total energy consumption, which contributes to a lower carbon
footprint [1–3]. Advanced thermal insulators are also urgently needed
for many optical, electrical and space applications in which heat
transfer should be strictly restricted [4–8]. Therefore, developing ma-
terials with a superior insulation performance is highly desirable, which
possess thermal conductivity (λ) values below those of commercially
available insulation materials, such as polyurethane (PU) foam, ex-
panded polystyrene, mineral wool and fiberglass
(λ=30–50mWm−1 K−1).

Aerogels are believed to be ideal candidates for thermal insulation
due to their high porosity (80.0–99.9%) and low apparent density
(0.003–0.15 g cm−3) [9–11]. Currently, typical silica aerogels are
widely studied and exhibit good thermal insulation properties with a
low λ of 17–21mWm−1 K−1 under ambient conditions, but their po-
tential applications are severely restricted by the poor mechanical
properties [12–17]. The emerging organic aerogels show better me-
chanical properties, but have a slightly higher thermal conductivity of
20–40mWm−1 K−1 as compared to silica aerogels [18]. Moreover,

typical organic aerogels, such as PU aerogels [19,20], cellulose aerogels
[21–23], poly(vinyl alcohol) aerogels [24,25], exhibit poor thermal
insulation performance under elevated temperatures, which tend to
collapse at temperature above 200 °C. Although the thermal stability of
organic aerogels can be improved by incorporating inorganic fillers,
such as silicate and clays, current organic aerogels cannot be stable over
300 °C [26–30]. More recently, some works have presented super-in-
sulating materials (λ as low as ∼21mWm−1 K−1) such as bioinspired
polymeric woods [31] and anisotropic nanowood [1], but their in-
sulation behavior at elevated temperature has not been studied.
Therefore, aerogel materials with both excellent thermal insulation
behavior under a wide temperature range and good mechanical prop-
erties are urgently required, which is highly desirable in many appli-
cations where much higher using temperatures are needed.

Polyimide (PI) aerogels exhibiting excellent mechanical properties
(Young's modulus over 100MPa), low thermal conductivity
(30–60mWm−1 K−1) and high-temperature stability (up to 600 °C)
have drawn much attention recently [32–37]. These properties make
robust PI aerogels promising candidate for thermal insulation applica-
tions, especially under high-temperature circumstance. However, fur-
ther decreasing the thermal conductivity of PI aerogels has reached a
plateau since it would lead to compromises in mechanical properties
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and fabricating complexity. Typically, PI aerogels have been synthe-
sized from dianhydrides and diamines, followed by chemical imidiza-
tion and supercritical drying [38]. Normally polyimide aerogels pre-
pared from supercritical carbon dioxide drying exhibit a nanofibrous
structure while their porous structure cannot be well controlled. Dif-
ferent from supercritical drying, freeze-drying method is a promising
alternative since it is cost effective and environmentally friendly
[39,40]. However, the formation of PI aerogels usually suffers from
large shrinkage, which contributes to the loss of porosity and strength.
Since the thermal insulation performance of aerogels is highly related to
their porous structure, alternative approaches to fabricate PI aerogels
with less shrinkage and well-organized porous structure via freeze-
drying is still a challenge.

Previous work has shown that inorganic nanoparticles, such as clay
nanoplatelets and graphene sheets, can perform as crosslinking agents
for polymer gels, which helps to improve structural stability and me-
chanical properties of the gel [41,42]. The inorganic nanoparticles
behaving like crosslinkers could inhibit shrinkage and maintain the
high porosity of aerogels, which favors the improvement of thermal
insulation. More importantly, it has been reported that the use of na-
nosized components can effectively reduce heat conduction of pore
walls through imparting interfacial thermal resistance [2]. More re-
cently, hollow mesoporous silica nanoparticles crosslinked PI aerogels
have been reported with improved mechanical properties and low
thermal conductivity via supercritical carbon dioxide drying [43].
Therefore, incorporating inorganic nanoparticles into PI aerogels could
further reduce their thermal conductivity, without sacrificing the me-
chanical properties and thermal stability. However, the effect of
crosslinkers on the porous structure as well as corresponding thermal
properties have not been studied yet.

Herein, inorganic SiO2 nanoparticles crosslinked polyimide aerogels
have been synthesized by one-pot freeze-drying followed by thermal
imidization. SiO2 nanoparticles as crosslinkers could effectively control
the porous structure and subsequently optimize thermal properties of
aerogels. The crosslinking points formed from interactions between
amino functionalized SiO2 nanoparticles and PI chains favor the form-
ability of PI/SiO2 composite aerogels, which exhibit a little shrinkage
(< 20%) and a well-organized honeycomb-like porous structure. The
thermal conductivity of PI/SiO2 composite aerogel can be optimized by
tuning the porous structure via crosslinking points, achieving a low
thermal conductivity of 21.8 mWm−1 K−1. More importantly, the
thermal conductivity of PI/SiO2 aerogel only shows a slight increase as
the temperature goes up, with a thermal conductivity still lower than
35mWm−1 K−1 at 300 °C. The super-insulation properties of PI/SiO2

composite aerogel at room and high temperatures make them pro-
mising candidates for thermal insulation applications.

2. Experimental section

2.1. Fabrication of PI/SiO2 composite aerogels

Silica nanoparticles were first functionalized by 3-aminopropyl-
triethoxysilane (3-APTS) to obtain amino functionalized silica nano-
particles (NH2-SiO2) (see details in supporting information). PI/SiO2

composite aerogels were prepared according to our previous work
[39,40]. Briefly, water-soluble poly(amic acid) (PAA) oligomer
(synthesis procedure illustrated Fig. S1), was mixed with functionalized
silica nanoparticles to obtain a homogenous PAA/SiO2 sol. PI/SiO2

composite aerogels was obtained by subsequent freeze-drying and
thermal imidization process. PI composite aerogels with 0, 10, 20, and
30 wt% loading amount of NH2-SiO2 nanoparticles were fabricated, and
denoted as PI, PI/SiO2-1, PI/SiO2-2, and PI/SiO2-3, respectively.

3. Results and discussions

Different from the usually used supercritical drying method, a green

freeze-drying method is employed to prepare PI aerogels in this work.
Water-soluble poly(amic acid) oligomer is dissolved in deionized water
and kept for gelation at room temperature. The PAA hydrogel is sub-
sequently freeze-dried and thermally imidized to obtain PI aerogel. The
influence of the concentration of PAA in the hydrogel on the mor-
phology of as-obtained PI aerogel is first investigated. SEM images of PI
aerogels prepared from PAA concentration of 10, 7, 5, 4 wt% are shown
in Fig. S2 and the corresponding pore size distribution are shown in Fig.
S3. It can be observed that honeycomb-like porous structures are
formed for all the aerogels. However, PAA with high concentrations
exhibits high viscosity, which lead to non-uniform ice growth rate in
the freeze-drying process, resulting in the inhomogeneous porous
structure and thick pore walls of corresponding PI aerogel (Figs. S2a
and 2b). PI aerogels prepared from PAA hydrogel with 5 wt% con-
centration show a much more uniform porous structure (Fig. S2c) with
smaller pore size mainly centered in 15 μm (Fig. S3c) and less shrinkage
(Fig. S4). Further decreasing the concentration of PAA results in the
increase of pore size (30 μm) of PI aerogel since diluted solution favors
formation of larger ice crystals (Figs. S2d and 3d). Therefore, unless
specifically stated, PI aerogels prepared from PAA hydrogel with 5 wt%
concentration, exhibiting uniform porous structure and less shrinkage,
are used in the following text.

Before fabricating PI/SiO2 composite aerogels, SiO2 nanoparticles
were first functionalized by 3-APTS to enhance the interaction between
SiO2 nanoparticles and polymer chains. SEM image shows SiO2 nano-
particles are 10–20 nm in size (Fig. S5a) and FTIR spectra prove suc-
cessful functionalization of SiO2 nanoparticles (Fig. S5b). Compared
with pure SiO2, additional peaks located at 2980-2850 cm−1 and
1190 cm−1 of functionalized SiO2 are associated to C-H and C-N
stretching modes, indicating that amino groups (-NH2) are grafted onto
SiO2 nanoparticles. The NH2-SiO2 nanoparticles were subsequently
mixed with PAA precursor to fabricate PI/SiO2 composite aerogels as
illustrated in Fig. 1.

The morphology of PI/SiO2 composite aerogels with different
loading of SiO2 is shown in Fig. 2a–d. All the aerogels exhibit honey-
comb-like porous structures with the pore size varied by adding dif-
ferent amount of SiO2. Neat PI aerogel shows a large pore size in the
range of 10–20 μm with a broad distribution (Fig. 2a). With SiO2 na-
noparticles, the composite aerogels exhibit smaller pore sizes and more
uniform distributions, with PI/SiO2-2 composite aerogel exhibiting the
smallest pore size of ∼9 μm among those samples (Fig. 2b and c). TEM
images of PI/SiO2-2 aerogels (inset in Fig. 2c and Fig. S6) verify SiO2

loaded in PI and indicate the uniform dispersion of SiO2 nanoparticles
in PI matrix. However, further increasing the amount of SiO2 nano-
particles leads to the slight increase of pore size (∼13 μm) as for PI/
SiO2-3, which is probably due to the aggregation of SiO2 nanoparticles
in PI matrix as indicated by the inset in Fig. 2d. The smaller pore size of
PI/SiO2-2 composite aerogel is attributed to the strong interaction be-
tween polymer chains and functional groups on SiO2 nanoparticles as
well as steric effect of inorganic SiO2 as schematically illustrated in
Fig. 2e. Theoretically speaking, the porous structure of aerogels is
highly dependent on structural planarity and intermolecular interaction
formed during the gelation process [44]. In the PAA/SiO2 hydrogel,
physical or chemical interactions between PAA and NH2-SiO2 nano-
particles through hydrogen bond and amide bond can form crosslinking
points, which could maintain the 3D interconnected structure during
the freeze-drying process, thus forming a porous structure. More func-
tional groups on SiO2 nanoparticles lead to increased crosslinking
points formed in the hydrogel, thus forming a smaller pore size in the
final aerogel. The chemical interaction between PAA chain and NH2-
SiO2 nanoparticles can be inferred from the XPS characterization (Fig.
S7). As compared with PAA, the intensity of C-N bond increased while
the intensity of O-C]O bond decreased for PAA/SiO2 composite, in-
dicating more amide bond formed between PAA chains and NH2-SiO2

nanoparticles.
The structural formability and mechanical properties of PI/SiO2
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composite aerogels are investigated in Fig. 3 and Table S1. The aerogels
show very low density of ∼0.07 g cm−3 and good structural form-
ability, which can be shaped into letters of DHU (Fig. 3a). The light-
weight aerogel can withstand 7000 times of its own weight, indicating
excellent anti-compressibility (Fig. 3b). As shown in Fig. 3c, the
shrinkage of PI/SiO2 composite aerogels is less than 20%, much smaller
than that (32%) of neat PI aerogel. Silica nanoparticles in polyimide
matrix are treated as the crosslinker, which play dual roles for reducing
the shrinkage of the polyimide gels. First, crosslinking points formed
between PAA and functionalized SiO2 would maintain the 3D inter-
connected structure during drying. Second, SiO2 nanoparticles help to
inhibit the stacking between polymer chains (steric effect), which in-
hibits the shrinkage and maintain a uniform porous structure. Conse-
quently, PI/SiO2-2 aerogels exhibit a high porosity up to 96%. The
strain-stress curves shown in Fig. 3d indicate that the PI/SiO2 aerogels
can be compressed by 80% or more without catastrophic collapse. The

compression modulus calculated from the linear part of strain-stress
curve of PI/SiO2-2 composite aerogel is about 30.4 ± 2.9MPa, which
is much higher than that (0.7–12MPa) of previously reported poly-
imide-silica hybrid aerogels with similar density [45,46]. The specific
compression modulus represents the ratio of compression modulus to
apparent density, which can better indicate the mechanical properties
for ultralight materials. The specific modulus of PI/SiO2-2 aerogel is
384 kNm kg−1, which is substantially higher than most aerogel mate-
rials as listed in Fig. 3e, normally exhibiting specific modulus less than
100 kNm kg−1.

Aerogels are one of the most excellent thermal insulation materials,
with significantly low thermal conductivity due to their high porosity.
As shown in Fig. 4a, pure PI aerogel with a density of ∼0.1 g cm−3

shows a thermal conductivity (λ) of 52.8mWm−1 K−1, which is com-
parable to the commercial insulation materials like expanded poly-
styrene (35–55mWm−1K−1) and glass wool (38–50mWm−1 K−1).

Fig. 1. Schematic illustration for preparation of PI/SiO2 composite aerogels.

Fig. 2. Morphology and structural characterization of PI/SiO2 aerogels. (a–d) SEM images and corresponding pore size distribution of PI/SiO2 composite aerogels
with different loading of SiO2. (a) PI, (b) PI/SiO2-1, (c) PI/SiO2-2, and (d) PI/SiO2-3. Inset in Fig. 2c shows the corresponding TEM image of PI/SiO2-2. (e) Schematic
illustration for porous structure of aerogel and interaction between PI chains and functionalized SiO2 nanoparticles.
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Adding SiO2 nanoparticles into PI aerogels can further decrease the
thermal conductivity. The PI/SiO2-2 composite aerogel with a density
of 0.07mg cm−3 can achieve a lower thermal conductivity of
21.8 mWm−1 K−1, in contrast to 26.0 mWm−1 K−1 for air,
30.8 mWm−1 K−1 for aromatic polyimide aerogels [34],
26 mWm−1 K−1 for polyimide fiber sponges [5], 31.8 mWm−1 K−1 for
polyimide aerogels [47] under ambient conditions. This super-insula-
tion property of PI/SiO2-2 composite aerogel can be explained by the
following factors. The thermal conductivity can be divided into several
contributions related to conduction (λcond), convection (λconv), and
radiation (λrad). Due to the low application temperature, radiative heat
transfer is neglected in the following analysis. A simple theoretical
model can be used to estimate the effective thermal conductivity of the
PI-based aerogels:

=

− +

λ λ
φ λ φλ

λ
(1 )

s g

g s (1)

where φ is the porosity of aerogel, λg is the thermal conductivity of gas,
and λs is the solid thermal conductivity, respectively.

The thermal conductivity of gas is strongly dependent on the pore
size and can be estimated according to the following equation:

=

+

λ
λ

αl D1 2 /g
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(2)

where λg0=26.0mWm−1 K−1 is the thermal conductivity of gas in the
free space, α≈ 2 for air, l is the mean free path of gas (∼70 nm at
ambient condition) and D is the mean pore size.

PI/SiO2-2 composite aerogel exhibits a high porosity up to 96%,
which contributes to low thermal conductivity according to Eq. (1).

Furthermore, PI/SiO2-2 composite aerogel has a smaller pore size as
compared with the other samples (Fig. 2), which favors the reduction of
gas conduction (λg) according to Eq. (2). Furthermore, smaller pore size
contributes to numerous solid-air interfaces, which leads to tortuous
photon conduction and multiple scattering at interfaces, resulting in
enhanced thermal insulation behavior. In addition, the incorporation of
nanosized components (SiO2) leads to interfacial thermal resistance, the
so-called Kapitza resistance, resulting reduction of the solid conduction
of the walls [2]. Therefore, benefiting from its high porosity and tor-
tuous porous channels, reduced pore size as well as nanostructure, the
PI/SiO2 composite aerogel exhibits excellent thermal insulation beha-
vior at ambient temperature, much better than that (25mWm−1 K−1)
of the most common super-insulating criterion.

Owing to the excellent thermal stability of PI/SiO2 composite
aerogel, which exhibits a high decomposition temperature up to 560 °C
(Fig. S8), it shows good thermal insulation performance even at high
temperatures. The thermal conductivity of PI/SiO2-2 composite aerogel
only shows a slight increase as the temperature goes up, with a low
thermal conductivity of 33.2 mWm−1 K−1 at 300 °C (Fig. 4b). In con-
trast, pure PI aerogel shows a much faster increase of thermal con-
ductivity, with a thermal conductivity more than 100mWm−1 K−1 at
300 °C. This high-temperature insulation performance of PI/SiO2 com-
posite aerogel offers great superiority over current insulating materials.
Fig. 4c compares PI/SiO2-2 composite aerogel with many frequently
used organic aerogel materials in thermal conductivity versus max-
imum working temperature. As shown in Fig. 4c, most polymeric in-
sulation materials such as PU, cellulose or resorcinol-formaldehyde
(RF) aerogels are easily collapsed at temperatures above 400 °C, which
limit their further application under high temperatures. In contrast, our

Fig. 3. Dimensional stability and mechanical properties of PI/SiO2 aerogels. (a) Digital photo of PI/SiO2 aerogels that can be shaped into letters of DHU. (b) Digital
photo showing the PI/SiO2 aerogel compressed by an ion block. (c) Shrinkage and porosity of PI and PI/SiO2 aerogels. (d) Strain-stress curves of PI and PI/SiO2

aerogels. (e) Comparison of specific modulus of our PI/SiO2 aerogel to common aerogel-like materials, including SiO2 aerogels (Ref. [12]), PU aerogels (Refs.
[18,19]), polymer/SiO2 aerogels (Refs. [13–17]), nanocellulose aerogels (Ref. [21]), cellulose aerogels (Ref. [22]), RF aerogel (Refs. [27–29]), polymeric woods (Ref.
[31]), polyimide aerogels (Refs. [33,38]).
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PI/SiO2 composite aerogel can be stable up to 480 °C while still re-
maining a low thermal conductivity. It is worth to mention that al-
though the maximum working temperature of this organic PI based
aerogel is lower than traditional ceramic aerogels, such as SiO2, Al2O3,
and ZrO2, which exhibit excellent heat resistance up to 1200 °C, our PI/
SiO2 composite aerogel shows much better mechanical properties
(Fig. 3e) that is very important for practical applications. As a proof of
concept for thermal insulation applications, the PI/SiO2 composite
aerogel is placed on a hot stage comparing to commercial PI foam. After
stabilization for 10min, the temperature distribution of the PI/SiO2

composite aerogel upon heating is monitored by infrared camera. As
indicated in Fig. 4d, the top of PI/SiO2 composite aerogel (20mm thick)
maintains a relatively low temperature of about 55 °C after being placed
on a 300 °C heating stage, much lower than that (78 °C) of PI foam.
Moreover, with the height increase, the PI/SiO2 aerogel exhibits a much
quicker temperature decrease inside as compared to PI foam (Fig. 4e),
indicating its excellent thermal insulation ability even at a small
thickness. Therefore, their outstanding thermal insulation in a wide
temperature range and the excellent mechanical performance place PI/
SiO2 composite aerogels among the state-of-the-art thermal insulators.

4. Conclusions

In summary, thermal insulating PI/SiO2 composite aerogels have
been synthesized by freeze-drying method followed by thermal imidi-
zation. The amino functionalized SiO2 nanoparticles behaving like
crosslinkers could inhibit shrinkage (< 20%) and maintain high por-
osity (> 95%) of aerogels, resulting in PI/SiO2 composite aerogels with
good structure stability and a uniform porous structure. The highly
porous structure and nanosized components (SiO2 nanoparticles) ben-
efit the reduction of thermal conductivity through inhibiting gas con-
duction and imparting interfacial thermal resistance, respectively.
Consequently, the PI/SiO2 aerogel with a low density exhibits good
mechanical properties with specific compression modulus as high as

334 kNm kg−1, which is among the highest level in aerogel materials.
More importantly, the PI/SiO2 composite aerogels show super-insula-
tion properties in a wide temperature range with a low thermal con-
ductivity of 21.8 and 33.2 mWm−1 K−1 at room temperature and
300 °C, respectively. The PI/SiO2 composite aerogel with excellent
mechanical and super-insulation properties may find broad applications
in many civil and military fields.
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