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a b s t r a c t

Polyimide (PI) composite aerogels with enhanced flame-retardant performance have been fabricated
with the addition of environmentally friendly flame-retardant additives (i.e. graphene (G) and mont-
morillonite (MMT)) via an eco-friendly freeze-drying method followed by a thermal imidization process.
Through the strong interaction between the two components, graphene oxide/MMT hybrid can be
synergistically dispersed in water, providing good dispersibility in PI matrix, thus endowing the com-
posite aerogels with enhanced mechanical, thermal and flame-retardant properties. As a result, the
obtained optimal PI/G/M aerogel exhibits a high compression modulus of up to 14.0 MPa, as well as a
specific modulus as high as 155.5 MPa cm3 g�1. Furthermore, with the incorporation of G/MMT hybrids,
the decomposition temperature at 10% weigh loss of PI/G/MMT aerogels is 574.3 �C, which is 20 �C higher
than that of neat PI aerogels. Moreover, the PI/G/M aerogels exhibit enhanced flame retardant perfor-
mance with the limiting oxygen index (LOI) value up to 55. Therefore, the G/MMT hybrids synergistically
reinforced PI composite aerogels show great potential as high-performance flame-retardant materials.

© 2016 Published by Elsevier Ltd.
1. Introduction

Aerogel is defined as a gel comprised of a microporous solid in
which the dispersed phase is a gas [1]. Benefiting from the gas-
filled structures, aerogels exhibit versatile unique properties such
as extremely high porosity, quite low apparent density, and
considerably high surface area, which enable them to be attractive
materials for applications in chemical sensors, chemical adsor-
bents, catalytic carriers, and space explorations [2e5]. Especially,
they are ideal candidates for both thermal insulation and flame
retardant applications [6]. Although silica aerogels are the most
widely studied, potential applications of silica aerogel monoliths in
daily life have been severely restricted on account of their inherent
fragility, poor mechanical properties, hygroscopic nature, and high-
cost preparing process [7].
ecular Engineering of Polymers, De
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Unlike silica aerogels, polymer aerogels usually exhibit better
mechanical performance and environmental stability, and cost-
efficient manufacturing process. Since the first polymer aerogel
was fabricated in 1980s, various polymer aerogels, including poly
(vinyl alcohol) aerogels [8], poly (vinyl chloride) aerogels [9], cel-
lulose aerogels [10], and pectin-based aerogels [11] have been
prepared and studied. These organic aerogels have low thermal
conductivity comparable to silica aerogels of similar density and
much stronger compressive modulus of 1e10 MPa, but poor ther-
mal stability with decomposition temperature of 190e270 �C.
Polyimide (PI), on the other hand, exhibiting good mechanical
properties and excellent thermal stability because of the rigid ar-
omatic structure of the imide chain, has been widely used in in-
dustries for their high performance. Actually, PI aerogels prepared
from PI gels by a supercritical CO2 drying or freeze-drying process,
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have been reported in the past few years [12e15]. PI aerogels not
only have the typical characteristics of ordinary polymer aerogels
but also show good heat resistance. Therefore, it would be ideal to
design PI aerogels for use as highly porous, lightweight and high-
temperature stable materials.

Even though polymer aerogels are excellent thermal insulation
materials, their applications are usually limited by their poor
resistance to fire. Therefore, modifications are required to decrease
their flammability through the addition of flame retardant com-
pounds. Unfortunately, many of the commonly used flame re-
tardants are halogenated or phosphorous compounds with
negative environmental and health impacts, which have been
restricted by the environmental regulations [16]. Thus, initiating a
search for alternative and environmentally friendly flame-
retardant additives is an urgent issue. Recent work has shown
that some nanomaterials, such as carbon nanotubes [17], clays [18],
and graphene [19], are attractive for this purpose, because they can
simultaneously improve both the physical and flame-retardant
properties of the polymer aerogels. One of the typical clay parti-
cles, montmorillonite (MMT), has been widely used to enhance the
rigidity and flame retardant properties of polymer due to its
excellent thermal stability and gas barrier behavior [20,21]. How-
ever, heavy aggregation of MMT in polymer matrices resulted from
the strong physical interaction between interlayers inhibits their
full performance as fire retardant materials. Therefore, choosing
appropriate nanoparticles and realizing their uniform distribution
in polymer matrix are still key challenges to improve the overall
performance of composite aerogels.

In this work, graphene oxide (GO) is employed as a co-
dispersion agent to improve the dispersibility of MMT, which can
realize the synergistic dispersion of GO and MMT in polymer
matrices by physical interaction between these two layered mate-
rials. Well dispersed GO/MMT hybrids were used to fabricate
reinforced PI composite aerogels by an environmentally friendly
freeze-drying technique and a thermal imidization process.
Benefiting from the homogeneous dispersion of hybrids and the
enhanced interaction between nanofillers and matrix, obtained PI/
graphene/MMT (PI/G/MMT) composite aerogels exhibit high
compression modulus (14.0 MPa), excellent thermal stability as
well as high flame-retardance.
2. Experimental section

2.1. Preparation of GO/MMT hybrids

The exfoliated GO suspension (10 mg mL�1) was prepared from
natural graphite according to Hummers method [22]. Separately,
MMT suspension was obtained by heating at 80 �C for 3 h and
Fig. 1. Schematic illustration of the prepa
vigorously stirring at a high speed for 0.5 h [23]. Afterward, the two
suspensions were mixed and further ultrasonicated for 0.5 h and
vigorously stirred for 20 min. The weight ratio of GO and MMT was
adjusted to 2: 1, 1: 1, 1: 2, 1: 4 with GO concentration fixed to
5 mg mL�1. The stable GO/MMT hybrid suspensions were collected
for subsequent use.
2.2. Preparation of PI/graphene/montmorillonite (PI/G/M)
composite aerogels

The PI/G/M composite aerogels were prepared via a sol-gel
process followed by a thermal imidization process (Fig. 1). Briefly,
2 g polyimide precursor, poly (amic acid) (PAA), synthesized ac-
cording to our methods reported previously [15], and 1 g triethyl-
amine were first mixed, followed by addition of 30 mL GO/MMT
suspension. The solution was continually stirred for 20 min, and
then cast into molds. The mixture was kept for gelation at room
temperature for at least 2 h to form PAA/GO/MMT hydrogels. Af-
terward, the resulting hydrogels were frozen in liquid nitrogen, and
dried in a freeze-dryer for ice sublimation. After 48 h in the
lyophilizer, the obtained PAA/GO/MMT aerogels were imidized in a
tube furnace by thermal treatment under nitrogen atmosphere
[15]. At the same time, GO can be reduced to graphene during this
thermal treatment. The obtained composite aerogels were noted as
PI/Gx/My, where x and y respectively represent the mass concen-
tration of GO and MMT in the corresponding hydrogel. For com-
parison, neat PI, PI/G and PI/M aerogels were also fabricated
according to the similar procedures.
2.3. Characterization

Transmission electron microscopy (TEM) observations were
conducted on a Tecnai G2 20 TWIN transmission electron micro-
scope under an accelerating voltage of 200 kV. Morphological
microstructure of the aerogels was investigated using a Zeiss Ultra
55 scanning electron microscopy (SEM) at an acceleration voltage
of 5 kV. Compression testing was characterized on the cylindrical
specimens (~20 mm in diameter and height) by using SANS
CMT4104 testing machine based on the ASTM D3575 method.
Thermal stabilities were measured on a Mettler Toledo TGA 1
thermogravimetric analyzer under a nitrogen flow from 100 to
800 �C at a ramping rate of 20 �Cmin�1. Limiting oxygen index (LOI)
values of aerogels were tested on a XYC-75 oxygen index meter in
accordance with ASTM D 2863-2009. Samples of aerogels with a
dimension of 100 mm � 100 mm � 5 mm were characterized for
combustion behaviors with an FTT (UK) cone calorimeter according
to ISO 5660-1 standard.
ration of PI/G/M composite aerogels.
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3. Results and discussion

3.1. Morphology and structure of PI/G/MMT composite aerogels

The stability of GO, MMT, and GO/MMT hybrids in aqueous
suspension was investigated by a sedimentation experiment, as
shown in Fig. 2(a). Owing to the presence of hydrophilic oxygen
groups attached on the basal plane and the sheet edge of GO, dark
brown colloidal suspensions of GO can be easily formed (Fig. 2(a))
upon sonication. In contrast, MMT cannot be stably and finely
dispersed in water after sonication in such concentration. When
combining these two nanoparticles under sonication, a series of
stable brown dispersions of GO/MMT hybrids can be obtained with
the weight ratio of GO to MMT no larger than 1/2, indicating strong
stabilizing ability of GO sheets for MMT in water. The possible
mechanism to prepare water stable GO/MMT hybrids is attributed
to two types of physical interactions, i.e. the linker effect formed by
positively charged sodium ions and the hydrogen-bonding in-
teractions between GO and MMT [23]. Fig. 2(b) shows the TEM
image of GO sheets, revealing the carpet-like structure with a few
wrinkles. TEM image of MMT nanoplatelets at low magnification
(Fig. 2(c)) exhibits a layered structure with dimensions of several
micrometers in heavily aggregated form. As for GO/MMT hybrids
(Fig. 2(d)), exfoliated MMT nanoplatelets can be observed on GO
nanosheets, indicating the significant decrease of aggregations.
Furthermore, low contrast derived from the similar laminar mor-
phologies between GO and MMT nanoplatelets also shows the
successful preparation of exfoliated MMT nanoplatelets. Therefore,
the hybridization of GO and MMT realizes the co-dispersion of GO
and MMT nanoplatelets. Unless explicitly noted, GO/MMT hybrid
with weight ratio of 1/2 is utilized for fabricating composite aero-
gels, taking both the dispersibility and flame retardant perfor-
mance into consideration.

The as-prepared GO/MMT stable suspension was then mixed
with PAA to fabricate PI/G/M composite aerogels via a sol-gel pro-
cess followed by a thermal imidization. The morphology of PI-
based composite aerogels is shown in Fig. 3. It can be seen that PI
aerogels can form a three-dimensional (3D) network structure,
Fig. 2. (a) Digital photographs showing the suspensions of GO sheets (5 mg mL�1), GO/MMT
3 h prior to capturing the pictures. TEM images of (b) GO, (c) MMT, and (d) GO/MMT hybr
with different pore size ranging from 5 to 20 mm (Fig. 3(a)). With
the incorporation of graphene, PI/G5 aerogels show more uniform
pore distribution and much smaller pore size than that of neat PI
aerogels (Fig. 3(b)), presumably because that the strong interaction
between PAA and GO increases the number of cross-linking points
formed during the sol-gel process. In contrast, as shown in Fig. 3(c),
the pore size of PI/M10 aerogels is not so uniform obviously and
apparent aggregations of MMT nanoparticles appear on the pore
walls, which indicate theweak interaction betweenpolymermatrix
and clay particles. As for PI/G5/M10 aerogels, the average pore size
is less than 10 mm and no obvious aggregation of nanofillers can be
found (Fig. 3(d)). This result can be attributed to the good
compatibility of GO/MMT hybrids with PAA chain, leading to the
good dispersibility of GO/MMT hybrids in the polymer matrix
during the sol-gel process. As illustrated in Fig. 4(a), both MMT and
graphene sheets will form aggregates and cannot disperse well in
polymer matrices due to the strong interaction between the in-
terlayers of nanoparticles. In contrast, by employing GO as a co-
dispersion agent, it can realize the synergistic dispersion of GO
and MMT by physical interaction between these two layered ma-
terials [23,24]. As shown in Fig. 4(b), the oxygen-containing groups
on GO sheets and the functional groups on PAA chains can form
hydrogen bonds, improving the dispersion of hybrid nanofillers in
PI matrix. Moreover, the strong interaction between GO and PAA
can also increase the number of cross-linking points formed during
the sol-gel process, thus decreasing the pore size of as-formed
aerogels. Therefore, GO sheets can not only improve the dis-
persibility of MMT in PI matrix but also enhance the interfacial
interaction between nanofillers and PI matrix, resulting in a more
compact and uniform porous structure.

3.2. Mechanical property and thermal stability of PI/G/MMT
composite aerogels

Typical stress-strain curves from compression tests of the PI-
based aerogels are shown in Fig. S1. The compression modulus,
apparent densities, and specific modulus (the ratio of the
compressionmodulus to apparent density) are presented in Table 1.
hybrids, and MMT nanoplatelets (10 mg mL�1). All the samples were left standing for
ids.



Fig. 3. SEM images of (a) neat PI aerogel, (b) PI/G5 aerogel, (c) PI/M10 aerogel, and (d) PI/G5/M10 aerogel.

Fig. 4. Schematic illustration of (a) synergistic dispersion of GO/MMT hybrids, and (b) interaction between GO sheets and PAA chains.

Table 1
Mechanical properties and densities of PI-based aerogels.

PI PI/G5 PI/M10 PI/G5/M10

Modulus (MPa) 8.3 ± 0.3 10.0 ± 0.4 8.7 ± 0.3 14.0 ± 0.6
Shrinkage (%) 27.8 ± 0.5 21.9 ± 0.4 25.0 ± 0.2 21.1 ± 0.2
Density (g cm�3) 0.099 ± 0.002 0.085 ± 0.002 0.101 ± 0.002 0.090 ± 0.002
M/d (MPa cm3 g�1) 84.3 ± 1.3 117.1 ± 1.3 86.1 ± 1.7 155.6 ± 2.1
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Fig. 5. Digital photographs showing the compressibility of PI/G5/M10 aerogels. (a) Bare PI/G5/M10 aerogel, (b) PI/G5/M10 aerogel enduring a weight of 500 g, and (c) PI/G5/M10
aerogel after removal of loading.
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All the aerogels show very low density below 0.1 g cm�3, implying
the high porosity of those aerogels. The specific modulus of neat PI
aerogel averages 84.3 ± 1.3MPa cm3 g�1, which is much higher than
the common used silica aerogels, implying its universality for
practical application. PI/G5/M10 aerogel shows a specific
compression modulus of 155.6 ± 2.1 MPa cm3 g�1, almost twice of
that of pure PI aerogel andmuch higher than that of both PI/G5 and
PI/M10, further implying that GO can efficiently enhance the
interfacial interaction with PI chain and improve the dispersibility
of MMT in PI matrix. In addition, Fig. 5 directly shows the high anti-
compressibility of PI/G5/M10 aerogels, in which an aerogel with a
weight of 115 mg can endure a weight of 500 g without any
deformation.

The thermal properties of PI-based aerogels were investigated
by TGA (Fig. 6(a)) and differential thermal gravimetry (DTG)
(Fig. 6(b)). The decomposition temperatures at 5% mass loss (Td, 5%),
Fig. 6. (a) TGA and (b) DTG curves of PI-base

Fig. 7. Representative photographs of PI/G5/M10 aerogels (a) before fire tests, (b) burning in
loss of PI-based aerogels vs. firing cycles.
10% mass loss (Td, 10%), and maximum decomposition temperatures
(Td, max) are summarized in Table S1. It can be observed that neat PI
aerogels have a high onset decomposition temperature (Td, 5%)
about 520 �C, and the value is much higher than the reported
general polymer-based aerogels [6,8,25,26]. Compared with neat PI
aerogel, the composite aerogels containingMMT have a lower Td, 5%,
which attributes to the decomposition of organic surfactants in the
interlayers of clay at about 350 �C (Fig. S2). However, PI/G5/M10
aerogel shows much higher Td, 10% (20 �C higher) and Td, max (10 �C
higher) as compared with pure PI aerogel, which can be explained
by that nanofillers can act as thermal insulators and present a mass
transport barrier to oxygen and the flammable volatiles generated
during polymer degradation [26]. These results demonstrate that
G/MMT hybrid nanofillers can significantly enhance the thermal
stabilities of PI aerogels.
d aerogels under nitrogen atmosphere.

air, (c) after the 1st firing cycle test, and (d) after 5th firing cycle test. (e) Plots of weight
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3.3. Combustion behavior of PI/G/MMT composite aerogels

The combustion behavior of PI-based aerogels was first tested by
burning them in air with repeated 5 times to monitor the change of
their shape and mass after each cycle (Fig. 7). As observed, all the
PI-based aerogels show no significant flame and kept their pristine
shape except for a little volume shrinkage (Fig. 7(aed)). The weight
loss of PI-based aerogels vs. firing cycle plot (Fig. 7(e)) indicates that
the PI/G5/M10 aerogel preserves near 80% of its mass after 5 cycles,
while the PI, PI/G5, PI/M10 aerogels lost over 35% of their weight,
which reveals that the PI/G5/M10 composite aerogels exhibits
much better flame retardancy than the single filler reinforced
aerogels or neat PI aerogels. In order to quantitative evaluate the
flame-retardant performance of PI-based aerogels, LOI tests were
further carried out, which gives the oxygen concentration (in%)
needed to keep a material burning. Generally, aerogels with higher
LOI value show higher flame retardant performance. As summa-
rized in Table 2, the LOI values of PI/G5/M10 is up to 55, which is
about 20% higher than that of the other three samples, and is 160%
higher than the O2 level in air (21%). The significant improvement of
the LOI value for the PI/G5/M10 composite aerogels can be attrib-
uted to the incorporation of graphene and MMT as well as the
synergistic effect between them.

The combustion behaviors of PI-based aerogels were further
studied by cone calorimetry, which can better evaluate their
Table 2
LOI values and cone calorimeter data of PI-based aerogels.

Sample LOI TTI
(s)

PHRR
(kW m�2)

FIGRA
(kW m2 s�1)

THR
(MJ m�2)

TSR
(m2 m�2)

PI 44.6 ± 0.2 5 92.8 2.1 11.5 55.4
PI/G5 46.0 ± 0.2 5 55.8 1.9 10.8 33.5
PI/M10 45.4 ± 0.2 0 86.8 5.8 14.3 40.6
PI/G5/M10 55.0 ± 0.2 4 52.5 1.0 10.7 18.4

Fig. 8. Combustion behaviors of PI-based aerogels as a function of the burning time. (a) Heat
production.
flammability in thermodynamic terms (Table 2 and Fig. 8). The
results include time to ignition (TTI), heat release rate (HRR), peak
of heat release rate (PHRR), total heat release (THR), total smoke
release (TSR) and fire growth rate (FIGRA). Notably, TTI refers to the
time required for a sample to ignite, under a desired heat flux of a
cone calorimeter. The TTI value of PI/G5/M10 composite aerogels
decreases compared with neat PI aerogels while the PI/G5 aerogel
remains the same TTI value with neat PI aerogels. This is probably
that the clay incorporated in PI/G5/M10 composite aerogels would
catalyze degradation of the polymer during cone calorimetry tests
[26]. As shown in Fig. 8(a) and Table 2, with the addition of both
clay and graphene, the PHRR value of PI/G5/M10 aerogels signifi-
cantly decrease to 52.5 kW m�2, indicating the synergistic effect of
graphene and MMT can mitigate the negative effect of organic clay
decomposition and reduce the PHRR value of composite aerogels.
Furthermore, the FIGRA data is a key parameter used to evaluate
the flame behavior [27], the PI/G5/M10 composite aerogels with the
lowest FIGRA value shows the highest flame retardancy among all
the aerogels. Moreover, the THR and TSR value of PI/G5/M10
composite aerogels are much lower than those of the PI, PI/G5 and
PI/M10 aerogels (Fig. 8(b) and (c)), which can be attributed to the
incomplete combustion within the PI/G5/M10 composite aerogel,
revealing its superior flame retardant performance. It is worth
noting that the CO production of the PI/G5/M10 aerogels increased
(Fig. 5(d)), which results from the incomplete burning of composite
aerogels with the incorporation of additives.

From the results of above combustion tests, it is concluded that
the PI/G5/M10 composite aerogels demonstrate the best flame
retardant performance among all PI-based aerogels, which is
attributed to the synergistic effect of graphene/MMT hybrid addi-
tive that plays an important role in insulating the PI/G5/M10
composite aerogels to prevent decomposition. On one hand,
physical interactions between GO sheets and MMT nanoplatelets
lead to the formation of GO/MMT hybrids in water, endowing the
good dispersibility of MMT sheets in water as well as in PI matrix.
release rate (HRR), (b) total heat release (THR), (c) total smoke release (TSR), and (d) CO
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On the other hand, the MMT sheets attached to the surface of GO
sheets can fill the leakage or defect paths on GO sheets derived
from the chemical oxidization process, improving the oxygen bar-
rier behavior. Moreover, as shown in Table S2, the thermal, me-
chanical, and flame-retardant properties of this PI/G5/M10
composite aerogels are very competitive when compared with
those of other polymer-based composite aerogels reported previ-
ously. Therefore, PI/G5/M10 composite aerogels with uniformly
dispersed nanofillers and 3D porous structure, hold great potential
for high-performance flame-retardant materials.

4. Conclusions

PI-based composite aerogels have been fabricated with the
addition of environmentally friendly nanofillers, i.e. GO/MMT hy-
brids, followed by a freeze-drying technique and a thermal imid-
ization process. In this composite, GO is employed as a co-
dispersion agent to improve the dispersibility of MMT in PI ma-
trix, which can realize the synergistic dispersion of GO andMMT by
physical interaction between these two layered materials and
achieve the homogeneous dispersion in polymer matrices.
Furthermore, incorporation of GO sheets can enhance the interfa-
cial interaction between nanofillers and PI matrix and increase the
number of cross-linking points formed during the sol-gel process,
thus decreasing the pore size of as-formed aerogels. As a result, the
obtained optimal PI/G/M aerogel exhibits high specific modulus of
155.5 MPa cm3 g�1, high onset decomposition temperature of
574.3 �C, and good fire retardancy with LOI value up to 55. This
work demonstrates that the G/MMT hybrids synergistically rein-
forced PI composite aerogels show great potential as high-
performance flame-retardant materials, making them promising
substitutes for polymer foams with requirements for fire safety.
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