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Lightweight, mechanically ﬂexible and thermally
superinsulating rGO/polyimide nanocomposite
foam with an anisotropic microstructure†
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We report that lightweight, anisotropic, mechanically ﬂexible, and high performance thermally insulating
materials are fabricated by the assembly of graphene oxide (GO) and polyimide (PI). With an appropriate
ratio between GO and PI building blocks, the rGO/PI thermally insulating material exhibits hierarchically
aligned microstructures with high porosity. These microstructures endow the rGO/PI nanocomposite
with low mass density and super-insulating property (extremely low thermal conductivity of 0.012 W m1
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K1 in the radial direction). Meanwhile, the introduction of PI enhances the mechanical strength and
thermal stability of rGO foam. Our rGO/PI nanocomposites as super-insulating foams with a low thermal
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conductivity are highly attractive for potential thermal insulation applications in aerospace, wearable
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devices, and energy-eﬃcient buildings.

Introduction
With the ever-increasing awareness concerning the global
energy crisis and continuous reduction of carbon footprint,1,2
tremendous interest has been drawn to high-performance
thermal insulation materials, particularly in emerging areas
such as personal energy management,3,4 building insulation5
and space applications. Super-thermal insulation materials
have a complex combination of characteristics, including low
thermal conductivity, good mechanical exibility and low mass
density.2,6,7 However, a plateau has been reached in the development of traditional thermal insulation materials. To further
enhance thermal insulation properties, undesirable compromises have been made in mechanical exibility, manufacturing
complexity, and performance stability.8–10 Common fossil-fuelderived thermally insulating foams, including polyurethane (l
¼ 0.02–0.03 W m1 K1), expanded polystyrene foam (l ¼ 0.03–
0.04 W m1 K1), and porous aramids (l ¼ 0.028 W m1 K1),
are unsatisfactory due to the high thermal conductivities.6,11–13
Sustainable insulation materials, including wool, natural wood
cork and other renewable lignocellulosic biomass, possess high
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thermal conductivities close to that of air (0.03 W m1 K1).6,14,15
Silicon aerogels have been reported to have a low l (approximately 0.02 W m1 K1), but the mechanical brittleness makes
them susceptible to insulation failure.16
Moreover, the typically isotropic microstructure of traditional thermally insulating materials was not ideal for high
performance thermal insulation. Rational design of the anisotropic microstructure can lead to even more enhanced functionalities, especially for the thermal insulation and mechanical
exibility properties. For instance, nanowood with naturally
aligned nanocellulose shows anisotropic thermal properties
(0.03 W m1 K1 in the transverse direction and 0.06 W m1 K1
in the axial direction).17 The alignment of the anisotropic graphene oxide/nanocellulose nanocomposite can result in an
extremely low thermal conductivity of 0.015 W m1 K1 in the
radial direction.18 Examples of multilayer materials and nanomaterials with unique hierarchical microstructures exhibit
signicant advances for eﬀective thermal management.19–23 The
anisotropic microstructures could enhance eﬃcient thermal
dissipation in the axial direction, thereby eﬀectively preventing
heat localization and reducing heat ow across the aligned
channels in the radial direction.17 It would be benecial for the
further improvement of thermal insulation, which cannot be
achieved by isotropic thermally insulating materials.
In addition, composite materials with anisotropic microstructures could oen achieve enhanced functionalities beyond
their instinct performance for the utilization of the advantages
of individual components.24 Current nanosized one- and twodimensional (1D and 2D) building blocks, such as nanotubes
and graphene nanosheets, were widely used in thermally insulating composites for the substantial reduction of solid heat
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conduction by the eﬀect of phonon barriers.25,26 Porous structures endow the thermally insulating nanocomposite with low
density and thus small solid conductivity, as well as partial
suppression of gaseous thermal conductivity.27 Thus, the
formation of hierarchical microstructures and the typical
properties of nanosized materials should be given high-priority
consideration in the design of more eﬃcient insulating
composites.
Here, we present a facile methodology to create a lightweight, highly ordered, and thermally insulating graphenebased nanocomposite with the aid of water-soluble polyimide
(PI).28 rGO/PI insulating materials are achieved by applying
freeze-casting and subsequent thermal annealing procedures.
Owing to the superior exible attribute and excellent thermal
stability,29,30 water-soluble PI is incorporated as a reinforcement
to improve the mechanical exibility property and thermal
insulation performance of the reduced graphene oxide (rGO)
aerogels. The strong orientation eﬀect during the freezing
process leads to a hierarchical cellular architecture,31,32 which
endows the nanocomposite with unique anisotropic thermal
and mechanical properties.18 Furthermore, the highly ordered
cellular walls of the thermally insulating nanocomposite can
eﬀectively impede the heat transport in the radial direction and
result in ultra-low in-plane thermal conductivity.17,33 The
exceptional attributes of GO nanosheets and PI polymeric
building blocks, along with the intriguing anisotropic architectures, make the as-prepared rGO/PI nanocomposite foams as
an attractive option for thermal management.

Results and discussion
The steps in the synthesis process of rGO/PI thermally insulating nanocomposite are vividly sketched in Fig. 1. To obtain
the unique hierarchical architecture, a versatile, optimized,
facile and well-controlled unidirectional freezing method,
namely freeze casting,34 was preformed to prepare a highly
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anisotropic graphene-based scaﬀold with a homogeneous
mixture of a water-soluble PI precursor and GO suspension.
During this unique procedure, GO nanosheets and polymeric
building blocks were rejected from the growing ice and simultaneously induced to build sophisticated and highly ordered
architectures, mimicking the manner of honeycomb-like
structures. Aerwards, the resulting monolith was treated by
freeze drying, followed by an annealing treatment in an inert
gas. Through the process of cryodesiccation, the ice was sublimated, leaving the desired anisotropic scaﬀold with a negative
replica of the ice. With the subsequent annealing procedure, GO
nanosheets were partially reduced and water-soluble PI
precursors were imidized to PI.28,35 Due to the readily accessible
synthesis procedure, rGO/PI thermally insulating nanocomposites with desired fractions of GO (GO: 10 wt%30 wt%)
were facilely fabricated. With the increasing content of GO, the
density of the rGO/PI insulating monolith shows a downtrend
(Fig. S1d†). Furthermore, the local volume of the rGO/PI nanocomposite with a high content of PI reveals pronounced
shrinkage for substantial relative material loss during the
imidization procedure (Fig. S1a and b†). Simultaneously, the
relative cellular walls of the nanocomposite were crumpled on
account of the uneven stress distribution of the cell walls,
yielding a slightly waved scaﬀold with some ripples and wrinkles (Fig. S1c†), which was similar to PI foam (Fig. S5d†).36
Moreover, control tests involving rGO/PI thermally insulating
nanocomposites with diﬀerent proportions of GO were conducted to further investigate the mechanical and thermal
insulation properties.
The microstructure and morphology of the rGO/PI nanocomposite with the desired content of GO were systematically
investigated by a combination of scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). Microstructural analysis of the graphene-based nanocomposites
reveals signicant anisotropic architectures, leading to unique
structural and functional capabilities. These highly anisotropic

Structural design of the anisotropic rGO/PI thermally insulating nanocomposite foam with highly ordered structures. Schematic illustration of the fabrication process of the nanocomposite foam by freeze-casting and thermal annealing. The aqueous suspension of GO and
water-soluble PI precursor was subjected to directional freezing in a liquid nitrogen bath, followed by thermal annealing to obtain the rGO/PI
nanocomposite.

Fig. 1
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structures can be vividly dened as scaﬀolds in the axial and
radial orientations, which are along and perpendicular to the
growth direction of ice respectively (Fig. 2).
As shown in Fig. 2a, a topical top view of the rGO/PI nanocomposite foam with lower content of GO (10 wt%) shows
a randomly oriented porous scaﬀold in the axial direction,
which is similar to the disordered three dimensional (3D)
graphene-based monolith obtained by common freezing.37 A
magnied SEM image exhibits some curled and twisted brils
bridging between the adjacent nanocomposite layers. This can
be attributed to the great loss of small molecule materials
during the thermal annealing process, leading to the structural
failure of highly ordered morphology and the pronounced
volume shrinkage of the nanocomposite. With the increasing
content of GO, the cross-section of the thermally insulating
nanocomposite (GO, 20 wt%) gradually reveals continuous and
uniform architecture. Compared with the wrinkle-like porous
scaﬀold (Fig. 2a), a smoother cell wall structure can be observed
with fewer curled brils, as depicted in the magnied SEM
image in Fig. 2b. With further increase of the GO content (up to
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30 wt%), a honeycomb-like microstructure with aligned tubular
pores can be observed (Fig. 2c). The dimensions of the porous
architecture show a diameter in the scale of 10–30 micrometers
and a cell wall thickness in the range of 0.1–0.3 um.
Due to the dramatic imidization of the polyimide precursor
and thermal reduction of GO, the radially aligned pore structure
is transformed into distorted and shrunken architecture, which
is not lamellar. It was discovered that the longitudinal section of
the nanocomposite monolith (GO, 10 wt%) exhibits highly thick
and corrugated micro-channeled scaﬀolds oriented in random
with a great deal of threadlike structures on the edge of the cell
walls (Fig. 2d). With the increase of GO content (20 wt%), the
rGO/PI nanocomposite exhibits a relatively aligned lamellar
microstructure, decreasing the adverse eﬀect of volume
shrinkage (Fig. 2e). For a typical rGO/PI nanocomposite with
30 wt% content of GO, a side view of the monolith reveals
a vertically aligned microstructure along radial directions,
which is ordered in an almost parallel manner (Fig. 2f). Upon
magnifying the highly ordered lamellar microstructure, it can
be clearly seen that the channel size is estimated to be 20–30

Structural characterization of thermally insulating nanocomposite foams with diﬀerent proportions of GO. (a–c) SEM images of the
nanocomposite sample (content of GO from 10 wt% to 30 wt%) perpendicular to the growth direction of ice, revealing the porous scaﬀold in
radial orientation. (d–f) SEM images of the nanocomposite foam (content of GO from 10 wt% to 30 wt%) in the axial direction, clearly showing the
cross-section view of the micro-channels along the direction of the ice front. The microstructure of the nanocomposite gradually reveals
a highly ordered fashion with increasing content of GO.

Fig. 2

This journal is © The Royal Society of Chemistry 2019

Nanoscale Adv., 2019, 1, 4895–4903 | 4897

View Article Online

Open Access Article. Published on 01 November 2019. Downloaded on 1/8/2023 12:08:42 PM.
This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Nanoscale Advances

um, which is in agreement with the honeycomb-like pore
dimension. Moreover, twisted and curled sheets can be
observed bridging the adjoining rGO/PI layers, which can be
attributed to the uneven stresses produced in the process of
lyophilization.38 On account of the freeze casting mechanism,
ice crystals present strong anisotropic growth kinetics along the
temperature gradient, resulting in the formation of highly
ordered anisotropic porous architectures. This hierarchical
microstructure can eﬀectively impede thermal transport and
reduce thermal conductivity.
The microstructures of the nanocomposite with diﬀerent
contents of GO are further characterized by TEM. It is noteworthy that carpet-like pristine rGO nanosheets display a twodimensional morphology with some ripples and wrinkles, as
shown in Fig. S2d.† Aer the introduction of water-soluble PI,
rGO nanosheets reveal an encapsulating morphology (Fig. S2a–
c†). Compared with the original rGO foam, the freeze-dried
rGO/PI nanocomposite exhibits a thicker and nanoscale
roughness cell wall structure with some visible dark spots
(Fig. S2a†). With the increasing content of GO, the rGO/PI
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nanosheets gradually show a relatively at morphology with
some ripples and wrinkles (Fig. S2b and c†).
To investigate the chemical composition and possible
bonding interactions between rGO nanosheets and PI building
blocks in the thermally insulating nanocomposite, spectroscopic analyses such as Fourier transform infrared (FT-IR) and
X-ray photoelectron spectroscopy (XPS) were conducted. Aer
thermal treatment, the FT-IR spectra of rGO exhibit three typical
peaks (Fig. 3a), which are ascribed to the broad O–H stretching
vibration (3435 cm1), aromatic C]C stretching vibrations
(approximately 1621 cm1) and C–O–C stretching vibrations
(about 1110 cm1). Moreover, it can be clearly observed that the
characteristic oxidation peaks of GO decrease sharply, indicating the partial reduction of GO.35 Compared with the normal
rGO foam, the characteristic absorption peaks of the rGO/PI
nanocomposite can be observed at 1360 cm1, 1483 cm1,
and 1706 cm1, which are assigned to C–N stretching vibration,
C]C stretching vibration, and imide C]O symmetric and
asymmetric stretches, respectively. It has been clearly documented in the literature that hydrogen bonds and interfacial

Fig. 3 Chemical structure and mechanical properties of the thermally insulating foam with diﬀerent contents of GO: (a–c) FT-IR, XPS, and TGA
dates for the rGO/PI nanocomposite. (d–f) The stress–strain (s–3) curves of the rGO/PI thermally insulating nanocomposite (GO, 10–30 wt%)
with diﬀerent set strains in the axial direction and (g–i) for the radial direction.
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eﬀect contribute to the interaction force between GO and watersoluble PI.39 The nanoscale surface roughness and high surface
area of rGO nanosheets enhance this interaction. The chemical
composition of the graphene-based nanocomposite was further
investigated by XPS analysis. The C 1s spectra of GO exhibit
three peaks at 284.6, 286.6, and 287.8 eV and 288.2 eV, indicating the existence of sp2 and sp3 C, C–O single bond, C]O
and O–C]O of carboxyl groups, respectively (Fig. S3a†). Aer
thermal annealing, the peak intensity related to C–C (284.6 eV)
rises sharply, but the intensities of the peaks of oxidation
groups (C–O, C]O, O–C]O) decrease signicantly, indicating
a high level of reduction (Fig. 3b).40 With the employment of
water-soluble PI, the wide-scan XPS survey spectroscopy of the
rGO/PI nanocomposite shows signicant peaks located at
284.6 eV (C 1s), 400 eV (N 1s), and 532 eV (O 1s), as shown in
Fig. S3b.† Moreover, the C 1s spectrum exhibits four characteristic peaks at 284.6, 285.5, 286.3, and 288.6 eV, corresponding to C]C/C–C, C–N, C–O, and C]O, respectively (Fig. 3b).
The thermal stabilities of the graphene-based nanocomposites
were measured by thermogravimetric analysis (TGA) (Fig. 3c).
With the employment of water-soluble PI, the decomposition
temperatures of the rGO/PI monolith with high content of GO
are observed at around 462  C and this decomposition process
continues until 540  C. The increasing content of PI endows the
rGO/PI foam with an enhancement of thermal stability (from
462 to 475  C), which substantially inuences the thermal
insulation property of this graphene-based nanocomposite.
Also, the TGA dates of rGO, PI and rGO/PI nanocomposite were
compared to show that the employment of PI could enhance the
thermal stability of rGO foam (Fig. S5c†).
To better assess the relationship between the hierarchical
microstructure and mechanical properties of the rGO/PI nanocomposite, a set of compressive tests were conducted in axial
and radial directions (Fig. 3d–i). The stress–strain curves of
rGO/PI aerogels with diﬀerent contents of GO reveal that the
variation of the microstructure plays a vital role in determining
the mechanical properties of the nanocomposites.
During the loading process in the axial direction (Fig. 3d),
three characteristic regions can be observed in the stress–strain
curves, which show the typical deformation behavior of opencell or honeycomb-like elastomeric foams:41 the initial linear
elastic region at low strain (3 < 8%), corresponding to the elastic
cell edge bending; a at stress plateau region (8% < 3 < 35%),
indicative of elastic buckling of the honeycomb-like cell walls;
and the steeply increasing stress region (3 >35%), attributed to
densication of the cell walls. As for the loading process in the
radial direction (Fig. 3g), however, the curves obtained display
two distinct deformation stages, a linear-elastic region at low
strain, followed by a densication region with stress rising
steeply. This hysteresis loop can be observed in common
freezing graphene foam and foam-like carbon nanotube (CNT)
lms.37,42 Based on the strain–stress curves of the nanocomposite with diﬀerent contents of GO, the compressive
strength of the nanocomposite in the axial direction is signicantly higher than that in the radial structural deformation,
analogous to the typical feature of anisotropic cellular foam.43
This is due to the hierarchical architecture obtained by the
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unidirectional freeze-casting mechanism, which endows the
nanocomposite with anisotropic mechanical properties. With
the increasing content of PI, the maximum stress of rGO/PI
nanocomposites (at the same strain) exhibits diﬀerent growth
trends in the axial and radial direction. High content PI could
signicantly enhance the maximum stress of the nanocomposite in the axial direction (from 11.5 to 15.7 kPa, at
a strain of 50%), while a slight increase of the stress in radial
orientation (from 7.9 to 9.2 kPa, at strain of 50%). It demonstrates clearly that the employment of PI can eﬀectively improve
the mechanical strength of the rGO/PI nanocomposite.
Considering the pronounced shrinkage of PI building blocks
under the action of signicant relative material loss during the
imidization procedure, the anisotropic insulating property of
the rGO/PI nanocomposite would be strongly aﬀected by the
introduction of high content of PI. Therefore, an appropriate
ratio between the two building blocks favors the formation of
anisotropic microscale architecture. The synergistic eﬀect
between GO nanosheets and PI building blocks contributes to
the elasticity of the nanocomposite, which is strongly aﬀected
by van der Waals attraction. Also, the thermal reduction of GO
can enhance this cooperative eﬀect, owing to the strong p–p
interaction of rGO.37 Furthermore, PI building blocks act as
a bridge between the neighboring giant graphene sheets, and
some graphene akes are even encapsulated by PI. This coorganized microstructure of the nanocomposite favors eﬃcient load transfer between graphene nanosheets and PI
building blocks, endowing the rGO/PI nanocomposite with
excellent toughness and elasticity.
A schematic diagram concerning the contributions of
conduction (lg for gas conduction and lsol for solid conduction), convection (lconv) and radiation (lrad) to the typical
thermal transport mechanism of the rGO/PI nanocomposite is
vividly illustrated in Fig. 4a. The synergistic eﬀect between
convection, conduction and radiation plays a critical part in
determining the thermal conductivity of the anisotropic thermally insulating nanocomposite. The thermal insulation in
diﬀerent orientations of the nanocomposite, parallel and
perpendicular to the freezing direction, was evaluated by the
transient plane source (TPS) technique (Fig. S4†).44 As shown in
Fig. 4b, the thermal conductivity in the radial orientation is
signicantly lower than that in the axial direction for the rGO/PI
nanocomposite with diﬀerent contents of GO. In the case of the
nanocomposite with the GO fraction of 10%, thermal conductivity normal to the tubular pores is 0.022 W m1 K1 and that in
axial orientation is slightly higher (0.027 W m1 K1). This is
due to the randomly oriented three-dimensional (3D) framework, which is formed by the large volume shrinkage of the
composite foam during the thermal treatment. The structural
similarity in axial and radial directions contributes to no
obvious diﬀerence in thermal insulation properties. Upon
increasing the fraction of GO, the thermal conductivity of the
rGO/PI nanocomposite in the axial direction exhibits a signicant increase (from 0.027 to 0.038 W m1 K1), whereas that in
the radial direction apparently decreases (from 0.022 to 0.012 W
m1 K1). A high content of GO nanosheets can decrease the
volume shrinkage and reduce the linkage of curled brils within
Nanoscale Adv., 2019, 1, 4895–4903 | 4899
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Fig. 4 Thermal insulation properties of the rGO/PI nanocomposite. (a) Thermal insulation mechanism analysis of the graphene–polyimide

nanocomposite, (b) Thermal conductivity of the highly ordered rGO/PI nanocomposites with diﬀerent GO contents. (c and d) Thermographic
images of the highly ordered graphene–polyimide nanocomposite foam in the axial orientation and radial orientation and corresponding
temperature distribution. (e and f) rGO/PI nanocomposite as a ﬂexible and wearable thermal insulation ﬁller in a glove.

the cell walls, leading to the reduction of thermal conductivity
in the radial direction. Furthermore, an isotropic rGO/PI
nanocomposite with identical composition and PI foam
prepared with the same fabrication process was compared with
the anisotropic rGO/PI nanocomposite to investigate the eﬀect
of anisotropic microstructures and composition ratio on the
thermal conductivity (Fig. S5a and b†).
On the basis of these observations, we infer that the
remarkable anisotropic thermal properties of the freeze-cast
nanocomposite contribute to the synergistic eﬀect of the
highly ordered architecture and thermal properties of the
nanosized components. The thermal transport in the radial
direction can be signicantly impeded by the anisotropic pore

4900 | Nanoscale Adv., 2019, 1, 4895–4903

and wall structure formed by the strong orientation eﬀect
(Fig. 4a). The interspacing within the nanostructured
composite, which is smaller than the mean free path of air, can
impede the thermal conduction through air.17 Also, the thermal
convection perpendicular to the aligned channels may be
insignicant, for the reason that the size of tubular pores
cannot meet the requirement for the onset of natural convection.45 Moreover, the eﬃcient infrared absorption property of
carbonaceous materials can reduce the thermal radiation in
insulating materials.46 It is estimated that the nanosized pores
in the cell walls can further reduce the thermal conductivity of
the nanocomposite foam. This may be analogous to the eﬀect of
air pocket microstructures in rGO lms and biomimetic porous
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bers.47–49 However, the apparent thermal conductivities in the
axial direction exhibit a tendency to increase, owing to the
eﬀective thermal conduction along the vertically aligned cell
channels. The typical thermal transport mechanism of the rGO/
PI nanocomposite can be ascribed to the highly ordered architecture formed by the strong orientation eﬀect and the synergistic eﬀect between orientation-dependent radiation, solid
conduction of the nanostructured cell walls and insignicant
natural convection along the cellular channels. The thermal
properties of the nanosized components impart a typical
interfacial thermal resistance (Kapitza resistance RK) and strong
phonon scattering eﬀects,18,50 which play an important role in
the reduction of solid conduction in the cell walls of the thermally insulating rGO/PI nanocomposite. Further analysis of the
eﬀect of the nanosized composition and microstructure on the
thermal insulation properties can be found in the ESI (Table
S1).†
The thermographic images of anisotropic heat transfer in
both the axial and transverse directions of nanocomposite foam
are visually illustrated in Fig. 4c and d. Temperature distribution in diﬀerent directions of the rGO/PI nanocomposite shows
anisotropic thermal insulation. As for the aligned cellular walls
of the composite oriented perpendicular to the heat source
plane, thermal energy can be conducted along the highly
ordered channels, leading to a higher temperature distribution
(about 76  C). By comparison, the apparent lower temperature
distribution (about 62  C) reveals that the highly ordered
microstructure endows the rGO/PI nanocomposite with eﬃcient thermal insulation property in the radial orientation. We
also put the nanocomposite as the ller in a glove to further
evaluate the thermal insulation property (Fig. 4e, f). This
phenomenon together with the good mechanical properties
promises the application of the rGO/PI nanocomposite as
a thermal insulation material.

Conclusion
In summary, we have reported a thermally anisotropic rGO/PI
nanocomposite prepared by the synergy of GO nanosheets
and PI building blocks by the freeze-casting method. The newly
developed rGO/PI nanocomposite (GO, 30 wt%) exhibits
anisotropic thermal insulation properties with an ultralow
thermal conductivity of 0.012 W m1 K1 in the radial direction.
The high performance of the thermally insulating nanocomposite is due to the synergistic eﬀect of the highly ordered
architecture and thermal properties of the nanosized components. The novel rGO/PI nanocomposite as a super-thermal
insulation material could be benecial for potential applications in personal wearable devices, thermal insulation materials
for aerospace applications, and energy eﬃciency of buildings.
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H2O2 (30%), and HCl (37%) were purchased from Sinopharm
Chemical Reagent Co., Ltd. Natural graphite powder (325 mesh)
was provided by Alfa-Aesar. All these reagents were used without
further purication.
Synthesis of graphene oxide
GO was synthesized based on the modied Hummers'
method.51 Expandable graphite powder (3 g) was mixed with
a mixture of concentrated H2SO4/H3PO4 (360/40 mL) and
KMnO4 (18 g). Aer reaction at 50  C for 10 h, the mixture was
cooled to room temperature, poured into an ice bath (500 mL),
and further treated with H2O2 (30%, 5 mL). The bright-yellow
suspension obtained was ltered, and the resulting solid
material was washed successively with 10% HCl and deionized
water by centrifugation (9500 rpm for 1 h). GO sheets were
collected and then diluted to the desired concentration.
Preparation of water-soluble polyimide precursor solution
Water-soluble PI precursor solution was synthesized according
to the literature (Scheme S1†).28 4, 40 -ODA was dispersed in
DMAc with a magnetic stirrer. Then, a quantity of PMDA was
dissolved in the mixture with vigorous stirring for 5 h to obtain
PAA solution. Note that the PMDA/4, 40 -ODA molar ratio was
100 : 99. The resultant solution was poured into excessive
deionized water, and the produced precipitate was ltered,
washed, and dried to remove the residual deionized water. Aer
that, an ammonium salt solution of PAA (20 mg mL1) was
prepared from PAA (1 g) and TEA (0.7 mL) in deionized water
(49.3 mL) with stirring for 5 h at room temperature. Finally, the
water-soluble polyimide precursor solution was obtained for
further use.
Preparation of the rGO/PI nanocomposite
The rGO/PI nanocomposite was fabricated in two steps, namely,
freeze drying and thermal annealing. The ratio between GO and
PI in the rGO/PI nanocomposite is determined by mass fraction.
For the rGO/PI sample containing 10 wt% of GO, the mixed
aqueous solution of GO (5 mg mL1, 10 mL) and water-soluble
polyimide precursor (20 mg mL1, 22.5 mL) were stirred for
0.5 h. Then, the suspensions were subjected to freeze-casting by
controlled freezing in a liquid-nitrogen bath. The obtained
sample was subjected to freeze drying for 36 h followed by
thermal annealing at 300  C in an argon atmosphere for 2 h.
Monolithic rGO/PI nanocomposites with diﬀerent contents of
GO were obtained by the same procedure.

Conﬂicts of interest
There are no conicts to declare.

Experimental section
Materials
4,40 -Diaminodiphenyl ether (ODA, 98%), pyromellitic dianhydride (PMDA, 99%), N,N-dimethylacetamide (DMAc, 99%),
triethylamine (TEA, 99%), KMnO4, H2SO4 (98%), H3PO4 (85%),
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