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a b s t r a c t

Polyimide (PI) is a high-performance polymer with ultrahigh heat stability while carbon nanotube (CNT)
possesses high mechanical strength, excellent electrical and thermal conductivity. Here we report a facile
and low-cost method free from CNT pre-dispersion for fabricating super-aligned carbon nanotube
(SACNT)/PI composite film which combines the advantages of both SACNT and PI. Flexible and scratch-
resistant composite film with high CNT content, uniform dispersion of CNTs, and controlled patterned
CNT structures can be fabricated easily via in situ imidization. The SACNT/PI composite film exhibits
improvement in mechanical strength, Young's modulus, electrical conductivity compared with pristine
PI, and shows good thermal stability. Thanks to these superb properties, a flexible, stable, addressable,
electromagnetic wave permeable, and high-temperature fast-response multifunctional heater as well as
a thermo-mechanical actuator based on SACNT/PI composite film have been demonstrated in this paper.
And it also shows great potential in a variety of applications such as flexible/wearable electronics, RFID,
other thermo-related devices and so on.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Carbon nanotube (CNT) has been stimulating great interests
since the report by Sumio Iijima in 1991 [1]. Because of its unique
physical properties such as flexibility, light weight, highmechanical
strength, excellent electrical and thermal conductivity, CNT is
believed to be an ideal material to improve the performance of
polymers [2e5]. Among the diverse polymer materials, polyimide
(PI) possesses ultrahigh thermal stability (with a glass transition
temperature ranging from 248 �C to 446 �C), resistance to radiation
and solvent, as well as excellent mechanical and dielectric prop-
erties [6e9]. It has been found that the CNT/PI film's properties can
be improved by combining the extraordinary properties of CNT and
PI together. For instance, 5 wt% of CNTs can improve the electrical
. Liu), shiyang@iccas.ac.cn
conductivity of CNT/PI composite by 12 orders of magnitude [10],
and the tensile strength by 40% compared with pristine PI [11]. The
combination of high mechanical strength, ultrahigh flexibility, light
weight, high thermal stability, and good electrical conductivity can
meet the demands of applications in many fields ranging from
microelectronics to aeronautics and astronautics.

A variety of methods for CNT/polymer composites have been
developed including solution blending [12e16], melt blending
[17,18] and buckypaper polymerization [19,20]. These traditional
methods require pre-dispersion of CNTs in which case CNT content
and dispersion uniformity are limited due to the large viscosity of
resin, which restricts the performance of composites and increases
the complexity of fabrication process. Based on the solution
blending method, efforts have been made to improve the fabrica-
tion process. Dual-material aerosol jet printing method was
developed to fabricate smart nanocomposite with tailorable and
controllable intra-part varying CNT loading [21]. Inkjet printing
method (directly printing the carbon nanotube polyimide suspen-
sion on a flexible polyimide substrate) was used to generate
patterned electrical conductive nanocomposite thin films [22]. A
three-dimensional porous PI/CNT composite aerogels were formed
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by freeze-drying method [23]. These methods still need the pre-
dispersion of CNTs and are not environmentally friendly. There-
fore, it is still a challenge to simultaneously achieve high content,
uniform dispersion, and orientation-controlled patterning of CNTs
in composite films with a low-cost method. CNT/PI composites
with high CNT fraction and high degree orientationwere fabricated
by infiltration-winding method [24]. Super-aligned CNT (SACNT)
film is ultrathin, transparent, flexible, stretchable, and highly
conductive, which is a suitable candidate for fabricating composite
since the CNTs are parallel-aligned and uniformly distributed in it
[25e27]. Moreover, the SACNT film can be patterned simply by
laser cutting [28], which enables flexible and scratch-resistant
composite films with controlled patterned CNT structures.

Here we report a facile and low-cost fabrication method for
SACNT/PI composite, which shows improved properties and great
potential for a wide range of applications. Several thermo-related
applications such as serving as a heater and an actuator have
been demonstrated in this paper. Commercial PI film heater is
usually made by copper foil or nickel-chromium alloy plate elec-
trodes embedded in PI film. Compared with it, SACNT/PI composite
film heater we develop has the advantages of low cost, simple
fabrication process, fitting more closely together with heated ob-
jects, being freely cut after being fabricated and other special
functions such as high-temperature fast response, controllability
under PID unit, addressability and RF permeability. Besides, SACNT/
PI composite film can work as actuators, showing its potential
application in soft robots. It is expected that more and more ap-
plications of SACNT/PI composite film will be developed in the
future.

2. Experimental

2.1. Synthesis of Poly(amic acid) (PAA)

2.0024 g of ODA (10mmol) is placed in a three-neck flask con-
taining 30.68mL of anhydrous DMAc under nitrogen purge at room
temperature. After ODA is completed dissolved in DMAc, 2.1812 g of
PMDA (10mmol) is added in one portion. Thus, the solid content of
the solution is ~12%. The mixture is stirred at room temperature
under nitrogen purge for 12 h to produce a viscous PAA solution.
The viscosity of the resultant PAA estimated from Cone Plate
Viscometer is 7046 cp.

2.2. SACNT/PI composite preparation

We have used the XPS (ESCALAB 250Xi), Raman (HORIBA Lab-
RAM HR) and TEM (Tecnai F20) to characterize the SACNT. The
Raman result (Fig. 1a) shows the typical line shape of CNT [29]. The
XPS results (Fig. 1b) depict the existence of sp2 (C¼C, ~284.7 eV)
and sp3 hybridization (CeC, ~285.4 eV) bonding from the carbon
peaks of SACNT films [30]. The TEM image (Fig. 1c) shows the CNTs
are multi-walled with a diameter of around 10 nm. Besides, the
tube-diameter distribution of super-aligned arrays is well
controlled in the previous work of our group [31]. The facile
fabrication process for SACNT/PI composite film is shown in Fig. 1d.
SACNT film is directly drawn from as-grown SACNT arrays [25] and
placed on a glass substrate. Multiple layers of SACNT film are
parallel-stacked or cross-stacked to get an aligned thick CNT film or
an uniform CNT mesh respectively. By tuning the number of layers
and patterning SACNT by laser, the CNT content and patterned CNT
structures in the composite film can be precisely controlled. The
monomer solution with ~12% solid content is coated on SACNT
films directly, which will gradually penetrate into the SACNT films
automatically. Following that, thermal imidization, evaporation of
residual solvent and crystallization are achieved in a muffle furnace
at programmed temperature series of 80, 120, 180, 300 and 350 �C
for 1 h respectively. Finally, the film is peeled off from the substrate.
By controlling the amount, alignment and patterning of SACNT film,
different types of SACNT/PI composite films can be fabricated. The
advantages of this method include larger CNT content and
improved dispersion, as compared with traditional methods. At the
same time, it is an easy-operating and low-cost process to make
self-dispersed SACNT preforms, which is more environmentally
friendly due to reduced chemical treatments and favorable for in-
dustrial mass production of SACNT/PI composite film.

2.3. Materials characterization

Mechanical properties are measured by a MicroTester (Instron
5848) with a sensor at 100 N and a tensile rate of 2mm/min. All the
samples have the same dimension of 30mm� 10mm, and five
identical samples are tested for each type. In order to evaluate the
electrical conductivity, SACNT/PI composite film is cut into a uni-
form size of 1 cm� 1 cm with two ends connected to silver elec-
trodes, and the electrical conductivity is averaged from 5 repeated
measurements. Thermogravimetric analyzer (TGA, NETZSCH
STA449C) is used to investigate the thermal stability of the com-
posite films. Samples are heated from 50 �C to 1000 �C at a rate of
10 K/min in flowing air. The coefficient of thermal expansion (CTE)
of PI and CNT film is tested by using TA Q400 thermal analysis
system.

3. Results and discussions

3.1. Morphology and structure characterization

Microscopic morphology and structure of SACNT/PI composite
film are characterized by scanning electron microscope (SEM, FEI
Nova Nano 450), focused ion beam-scanning electron microscope
(FIB-SEM, FEI Helios G4 CX) and atom forcemicroscope (AFM, Seiko
SPA 300HV). The surface morphology of SACNT/PI composite film
(shown in Fig. 1e) clearly demonstrates that CNTs distribute uni-
formly on the surface. However, after gold-plating on the surface of
sample, CNTs are almost invisible, as shown in Fig. 1f. It can be
induced by the fact that the surface of SACNT/PI composite film is
very flat, and the CNTs very close to the surface also contribute
secondary electron signals resulting in a material contrast [32]. The
AFM tests (Fig. 1geh) indicate that the Ra (arithmetical mean de-
viation of the profile) of the surface before and after gold-plating
are both around 1 nm. The small surface roughness of the com-
posite film makes it an ideal flexible and flat substrate for elec-
tronics. Fig. 1j and k represent the cross-sectional SEM images of
composite film which are polished by sandpaper and cut by Ga
focused ion beam, respectively. Fig. 1j clearly shows that the film
can be divided into two areas, a high CNTcontent area A and PI area
B, which is confirmed by the dividing line in the thickness direction
in Fig. 1k. The inset figure in Fig. 1j reveals that CNTs are uniformly
buried in PI and good interfacial contact is formed.

3.2. Physical property characterization

The tensile test results of SACNT/PI composite film (shown in
Fig. 2aec) indicate that it possesses greater mechanical strength,
higher Young's modulus and larger tensile failure compared with
pristine PI. The tensile strength of 10 layer and 20 layer samples
increases to 85.90MPa and 117.23MPa, corresponding to 9.0% and
48.8% improvement compared with pristine PI. The Young's
modulus of 10 layer and 20 layer sample increases to 3.07 GPa and
4.40 GPa, corresponding to 26.7% and 80.3% improvement respec-
tively. Most notably, the Young's modulus for 100 layer sample is as



Fig. 1. The basic characterization of SACNT film, fabrication process and morphology of SACNT/PI composite film. a-c, The Raman spectrum, XPS spectra and TEM image of SACNT
film. d, Schematic illustration of the fabrication process of SACNT/PI composite film. e-f, SEM images of the SACNT/PI composite film surface: e, Original; f, After 3 nm gold-plating. g-
h, AFM characterization of SACNT/PI composite film: g, Original; h, After 3 nm gold-plating. j-k, Cross-sectional SEM images of the SACNT/PI composite film: j, The composite film is
sandwiched by Si wafers and is polish by sandpaper for SEM, inset: the enlargement of j; k, The composite film is deposited 500 nmPt and cut by Ga focused ion beam with 30 keV
energy for SEM observation, the angle between electron beam and ion beam is 52� . (A colour version of this figure can be viewed online.)

W. Ning et al. / Carbon 139 (2018) 1136e11431138
high as 7.41 GPa which is triple that of the pristine PI. The tensile
failure of 10 layer and 20 layer sample increases to 8.39% and
10.28%, corresponding to 10.7% and 35.7% improvement compared
with pristine PI. Both the tensile strength and tensile failure in-
crease to the maximum for 20 SACNT film layer sample and then
decrease with CNT content, while the Young's modulus continu-
ously goes up with the CNT content. According to Ref. [33], the
mechanical properties of a composite material depend on the
behavior of individual elements and their load transfer across
interface. Yu et al. reported that an individual CNT's tensile strength
and Young's modulus are 11e63 GPa and 270e950 GPa respectively
[34]. The cross-stacked SACNT films form interconnected network,
benefiting good load transfer [33]. It is reasonable that the presence
of CNTs does contribute to the improved mechanical properties of
SACNT/PI composite film. However, since the fracture of film is al-
ways initiated from the formation of cracks and the presence of CNT
might increase the probability of crack formation, the tensile
strength of the composite film is therefore decreased with too
much content of CNT. Since the Young's modulus of CNT is greatly
larger than that of PI and the composite has great load transfer,
adding more CNTs can help to improve the Young's modulus of
composite film. According to our results, the tensile failure of
composite film is positively related to tensile strength and nega-
tively related to Young's modulus, leading to the trend with CNT
content shown in Fig. 2c. The improved mechanical properties of
SACNT/PI composite film make it more durable and stable.

The electrical conductivity of composite films is plotted against
the number of CNT layers in Fig. 2d, revealing that SACNT/PI
composite film possesses good electrical conductivity even though
PI is an insulator. The sheet resistance of pristine one-layer SACNT
film is about 1 kU/sq [27], while the sheet resistance of one-layer
SACNT/PI composite film is also around 1 kU/sq. Although the



Fig. 2. Mechanical, electrical and thermal properties of the SACNT/PI composite film. a-c, The tensile strength, Young's modulus, tensile failure of SACNT/PI composite film at
different CNT content; d, The sheet resistance of film at different CNT content, inset: the schematic diagram of measured sample; e, Extrapolated initial decomposition temperature
(Tei), extrapolated final decomposition temperature (Tef), and the temperature of weight loss of 5% (T5) of SACNT/PI composite films at different CNT content via TGA tests. (A colour
version of this figure can be viewed online.)
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majority of SACNTare embedded in PI (as shown in Fig.1j), they still
can greatly improve the electrical conductivity. A possible reason
might be that electrons will tunnel through the very thin PI coating
on CNTs. Some CNTs exposing on the surface also attribute the
electrical conductivity. The other side of SACNT/PI composite film is
almost pure PI, which is an excellent insulator. In general, the
electrical conductivity of SACNT/PI composite film increases with
CNT content as shown in Fig. 2d. Because the space ratio of one
layer SACNT film is about 80%, there are many voids among SACNT
films [27]. The CNTs will fill the voids to form a denser electrical
conductive network with increasing the number of SACNT layers,
leading to a sharp decrease of sheet resistance. However, when the
SACNTcontent is larger than 20 layers, the electrical conductivity of
SACNT/PI film grows slowly with the CNT content because enough
conductive paths have already been built. The good electrical
conductivity of SACNT/PI composite film makes it an ideal
conductor for a variety of applications including conductive sur-
faces that preventing electrostatic charge accumulation.

Thermal properties of the composite films are characterized by
using Thermogravimetric analyzer (TGA). The heat stability is
characterized by the extrapolated initial decomposition tempera-
ture (Tei), extrapolated final decomposition temperature (Tef ), and
the temperature at which weight loss reaches 5wt% (T5). PI is one
of the most thermally stable polymers [35,36], and SACNT also
exhibits great heat resistance. The TGA test results (shown in
Fig. 2e) reveal that the combination of SACNT and PI keeps the high
temperature performance of them. The Tei of pristine PI and SACNT
are 566.9 �C and more than 600 �C [37] respectively. The Tei and T5
of SACNT/PI composite film reaches up to 562e575 �C and
539e554 �C, indicating great potential in thermal applications.
3.3. Thermo-related applications of SACNT/PI composite film

Due to the improved mechanical strength, electrical conduc-
tivity, and heat resistance, SACNT/PI composite film can be widely
used in thermo-related applications such as multifunctional
heaters and actuators, with the merits of very thin and truly flex-
ible. Especially, the patterned SACNT structures on composite film
can act as electrodes. As shown in Fig. 3aeb, the SACNT/PI com-
posite film can be easily heated by an electric current. The
temperatureetime curves of SACNT/PI composite film at different
pulsed voltages (in Fig. 3c) clearly show a very fast high-
temperature thermal response and a relatively constant tempera-
ture under a constant voltage. As shown in Fig. 3d, the response
time from room temperature to the steady temperature ranges
from 1.3 s to 4.9 s, while the time for cooling down to room tem-
perature is less than 2.2 s. The heating rate and cooling rate range
from 3.3 �C/s to 118.0 �C/s and 9.9 �C/s to 116.0 �C/s respectively,
both show a roughly positive correlation with the steady temper-
ature. When being controlled via a PID control unit (Fig. 3e), the
SACNT/PI composite film can keep its temperature stable and the
standard deviation of the controlled temperature is less than 5.2 �C
(Fig. 3feg). These results indicate that the SACNT/PI composite film
is capable of being used as a heater which can response quickly to a
preset temperature.

Fig. 3h also shows that SACNT/PI composite film can be used as a
flexible heater, boiling 30ml water from 20.7 �Cwithin 5.3min, at a
power consumption of 40W. The energy efficiency is about 78%
without any measures to prevent heat dissipation. Because of its
small thickness, the film can be attached tightly to surfaces simply,
which also gives rise to good temperature uniformity. Unlike con-
ventional heater which is made from heating wire, the SACNT/PI
thin film heater can be penetrated through by RF field. As shown in
Fig. 3i, an inductively coupled plasma (ICP) was generated by using
a RF coil. A SACNT/PI thin film heaterworking at 200.7 �C is inserted
between the coil and the quartz tube, which do not affect the for-
mation of the ICP. This offers great convenience for applications
which require both ICP and high temperature simultaneously.

Another big advantage over the conventional heater is that the
SACNT/PI thin film heater can be patterned simply by laser cutting



Fig. 3. SACNT/PI composite film as fast thermal response, temperature controllable, flexible and RF permeable heater. a, The infrared image of SACNT/PI composite film heated
around 50 �C; b, The photo of SACNT/PI film heater; c, The temperature-time curves of SACNT/PI film heater under different heating voltages; d, The response time and speed of
SACNT/PI film heater during heating and cooling; e, The diagram of PID temperature control system, inset: the image of PID temperature control system; f, The temperature-time
curves of SACNT/PI film heater under a PID temperature control; g, The temperature fluctuation by PID temperature control; h, The photo of a flexible SACNT/PI film heater attached
to glass cup to boil the water; i, Experimental installation of the inductively coupled plasma (ICP), in which case RF field can penetrate through SACNT/PI heater. (A colour version of
this figure can be viewed online.)
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[28], which enables an addressable heater array as shown in Fig. 4a.
SACNT film is first cut into “L” shape on substrate forming a 16� 16
patterned array, then the patterned SACNT film is made into the
SACNT/PI composite film. The row and column electrodes and the
electrical insulation layer are screened-printed with conductive
and insulating pastes, respectively. Fig. 4b shows the IR images of
an individual pixel and a 4� 4 array under different applied
voltage. The temperature of the pixel can be controlled by the po-
wer supply (see in Fig. 4b(i-ii) and supporting movie 1). The
addressable heater can perfectly work in case of arbitrary defor-
mation (see in Fig. 4b(iii-iv) and supporting movie 2). The IeV
curves of the addressable heater shows an Ohmic-conductive
behavior (Fig. 4c), and the experimental data of the selected
pixel's and 4� 4 array's temperature versus power can be well
fitted to a straight line (red and green line in Fig. 4d). This offers the
feasibility of precise temperature control. Besides, the addressable
heater exhibits a fast response to the voltage owing to the ultra-
small heat capacity per unit area. The response time and heating/
cooling speeds at different applied voltage are shown in Fig. 4eef.
The heating response time is decreasing with voltage (1.6 s at 20 V),
while the cooling response time is almost constant (2e3 s). Both
the heating and cooling speed increase with voltage.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.carbon.2018.08.011
In SEM images (Fig. 1jek), we can see that the composite film

can be divided into two part in the thickness direction. One is the
area A with a high content of oriented CNTs and exhibits great
electrical conductivity, the other is the area B which consists of PI.
In the temperature ranging from room temperature to about
350 �C, the measured coefficient of thermal expansion (CTE) of PI
and CNT film are 46 ppm/�C and �0.7 ppm/�C respectively. The
notable difference in CTE between SACNT and PI as well as the fast
thermal response imply that the SACNT/PI composite filmmight act
as a fast-response flexible thermal actuator. When applying a
voltage, the electrical conductive composite film can be heated.
Because of the small thickness of the composite film, the heat can
spread quickly so that the composite film has a relatively uniform
heat distribution in the thickness direction. The different CTE of
two sides of the composite film results in different deformation,
leading to the mechanical movement. The actuator can be easily
shaped into different 3D structures like a flower, grass, gripper and
so on. Fig. 5 and supporting movie 3-4 show a flower and a grass
actuator made from SACNT/PI composite films, which are obviously
deformed when the voltage is switched on. The deformation can
recover rapidly after switching off the heating. Besides, the SACNT/
PI gripper of 20mg can easily move an object of 51mg, as shown in

https://doi.org/10.1016/j.carbon.2018.08.011


Fig. 4. Characterization and performance of flexible addressable SACNT/PI film heater array. a: i, Schematic illustration, ii, photo image, and iii, microscope image at 20� of SACNT/
PI film addressable heater array; b, The infrared images of heater array: i, individual pixel at 12 V, ii, 4� 4 array at 12 V, iii, flat 4� 4 array, and iv, deformed 4� 4 array; c, I-V curves
of the addressable heater (the red line and green line represent linearly fitted data); d, Temperature-power curves of the addressable heater (the red line and green line represent
linearly fitted data); e, The response time of heater during heating and cooling; f, The response speed of heater during heating and cooling. (A colour version of this figure can be
viewed online.)
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Fig. 5c and supporting movie 5-6, indicating its potential applica-
tion in soft robots.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.carbon.2018.08.011.

So far we have demonstrated the applications such as flexible
addressable heaters and actuators. However, the SACNT/PI com-
posite film has great potential in even more diverse applications
such as flexible conductive substrates for electronics integration
and energy storage device, electrostatic shielding materials, RFID
and so on. The heater can be used in heating biological and medical
equipment, heating satellite and spacecraft component to prevent
failure by low temperature, maintaining constant temperature of
optoelectronic devices and outdoor electronic equipment and so
on. Compared with the commercial PI film heater, SACNT/PI film
heater do not need additional electrodes made by copper foil or
nickel - chromium alloy plate, being much cheaper and more easily
to be fabricated. The SACNT/PI film can be patterned easily by low-
power laser without molds, and easily to be tailored to the desired
shape. It can be attached to the object more conveniently for its tiny
thickness of ~10 mm. Thanks to the ultra-thin thickness, flexibility,
heat uniformity, fast high-temperature thermal response, control-
lability under PID unit, addressability, and tunable electromagnetic
transmittance, more and more applications of the SACNT/PI com-
posite film will be developed in the near future.
4. Conclusion

In this paper, SACNT/PI composite films with high content of
well-dispersed and orientation-controlled patterned CNT struc-
tures are obtained via a simple approach without prior CNT
dispersion. Not only can the self-dispersed and self-supported
SACNT films simplify the preparing of composite film, but also

https://doi.org/10.1016/j.carbon.2018.08.011


Fig. 5. Thermomechanical behavior of the actuator based on SACNT/PI composite film. The driving power are 5.6W(a), 2.7W(b) and 1.2W(c), respectively. a-b, The composite film
can be shaped into the 3D structures of flower as well as grass, and it is deformed when the voltage is switched on; c, The gripper (weighted 20mg) made by composite film can
move an object weighted 51mg: i, Original state; ii, The gripper stretches when the voltage is switched on; iii, Move the gripper to plug the object into the gripper; iv, The object
gets stuck by gripper when the voltage is switched off; v, Move the object; vi, The object is released when the voltage is switched on. (A colour version of this figure can be viewed
online.)
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they can work as patterned transparent electrically and thermally
conductive networks to improve the properties of composite film.
The SACNT/PI composite film exhibits improvement in mechanical
strength, Young's modulus, electrical conductivity compared with
pristine PI, and shows good thermal stability. Several thermo-
related applications based on these properties have been demon-
strated, such as a flexible, stable, addressable, electromagnetic
wave permeable, and high-temperature fast-response heater
which is much superior to commercial PI film heater as well as a
thermo-mechanical actuator. Our work provides a great avenue to
fabricate low-cost and high-performance multifunctional materials
based on self-dispersed nanomaterials, especially a wide variety of
SACNT/polymer composite films, in a simple method which is
favorable for industrial mass production. Furthermore, it is ex-
pected that the SACNT/polymer composite film will play important
roles in more and more applications, such as electrostatic shielding
materials, flexible/wearable devices, RFID and so on.
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