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Continuously fabricated transparent conductive
polycarbonate/carbon nanotube nanocomposite
films for switchable thermochromic applications†

Bing Zhou,a Yahong Li, a Guoqiang Zheng,*a Kui Dai, a Chuntai Liu,*a

Yong Ma,bc Jiaoxia Zhang,bd Ning Wang,e Changyu Shena and Zhanhu Guo *b

Flexible transparent conductive films (TCFs) have attracted more and more attention because of their wide

range of potential applications in optical and electronic devices. Industrial-scale manufacturing of high-

performance TCFs is a challenge for a wide range of applications. Here, TCFs based on polycarbonate

(PC) film successively coated with multi-walled carbon nanotubes (MWNTs) and single-walled carbon

nanotubes (SWNTs) are continuously fabricated by a combined spraying and roll-to-roll (R2R) technique.

Moreover, such a continuous and scalable method is programmable and fully automated. The synergism

between the successively sprayed MWNTs and SWNTs significantly enhances the conductivity and

electrical homogeneity of the TCFs. Furthermore, such a film (i.e., PM1S1) still retains its high transmittance

(82% at 550 nm), which is only decreased by 6% compared with the PC film. More importantly, no obvious

decrease in the conductivity of the TCFs was detected after 1000 cycles of repeated bending, indicating

their excellent mechanical flexibility. In addition, due to the synergistic effect, the adhesion and good

environmental resistance have been significantly improved. With these advantages, the as-fabricated TCFs

show great potential for application in flexible smart windows with switchable thermochromic properties.

The proposed technique in this study is an effective approach for fabricating large-scale carbon nanotube/

polymer based TCFs, which are promising for a wide variety of practical applications.

1. Introduction

The development and commercialization of transparent conductive
films (TCFs) have drawn extensive attention recently.1 The ideal
TCFs exhibit a very low sheet resistance and high light transmission
across the UV-vis-NIR spectrum.2 TCFs are widely used as electrodes
in electro-optic devices, including solar cells,3–7 photovoltaics,8–10

touch screen panels,11,12 organic light-emitting diodes,13 and trans-
parent heaters.14,15 The dominant TCFs used today are generally
fabricated based on flexible substrates coated by indium-doped tin

oxide (ITO). However, apart from the high cost and scarcity of
indium sources, ITO suffers from its ceramic nature (i.e.,
mechanical brittleness) as well, hindering its further applica-
tion in flexible electronics.16,17 To overcome these deficiencies,
various alternative nanomaterials, including metal nanowires
(NWs),18,19 poly(3,4-ethylene dioxylene thiophene):poly(styrene
sulfonic acid),3 carbon nanotubes (CNTs),8,20,21 and graphene,11,22,23

have been emerging as candidates for TCF fabrication. Among them,
CNTs have attracted great interest due to their nanoscale diameter,
high aspect ratio, high conductivity and mechanical flexibility.24,25

With the boom of flexible electronics, mechanical flexibility
has become another important measure to evaluate the perfor-
mance of TCFs. The effective combination of CNTs and flexible
plastic is one of the best ways to prepare flexible TCFs. Two
important approaches have been developed to prepare CNT–
polymer TCFs. One is the dry method, that is, films are drawn
directly from CNT arrays, followed by a transfer procedure to
fabricate CNT films on flexible polymer substrates,12,26,27

another one (i.e., the wet method) is dispersing CNTs in an
organic solvent and then fabricating films from the solution.1,28

Compared with the dry method, the wet method is well-known
as a low-cost transfer-free route for the mass production of
large-area TCFs. Many kinds of CNT–polymer TCFs have been
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fabricated from solutions by various methods, including vacuum
filtration,13,29,30 spin-coating,3 rod-coating,31,32 spray-coating,8,33,34

and dip-coating.5,35 However, the continuous large-scale prepara-
tion of uniform CNT–polymer TCFs with superior optoelectronic
properties and excellent mechanical flexibility is still a big
challenge.11,36 This can be ascribed to the following crucial issues:
(a) inhomogeneous dispersion of high-quality CNTs in solvent;
(b) the lack of a continuous large-scale fabrication method for
CNT–polymer TCFs; (c) the complex and costly fabrication process.
Therefore, the development of an efficient, cost-effective and scalable
method to construct highly conductive CNT networks on a flexible
substrate is of crucial importance.

To fabricate flexible CNT–polymer TCFs, most researchers
pay more attention to the polyethylene terephthalate (PET)
substrate. Polycarbonate (PC), which is usually used in the
aeronautic and automotive fields, has better transparency,
thermal stability and resistance and may show more advantages
in the field of TCFs.37 At present, TCFs based on PC films have
rarely been developed, while most of them are limited in stability
and scalable production.38,39 For example, Hecht et al. reported a
PC/CNT film with good conductivity, while the adhesion of CNTs
on the substrate was poor.

In this paper, a roll-to-roll (R2R) spraying method was
developed to continuously fabricate flexible, large-scale and
transparent CNT–polymer TCFs. By combining the R2R process
with simultaneous spraying, a large area PC/MWNT/SWNT film
was continuously fabricated. The whole fabrication process was
carried out using an automatic program control system without
involving any chemical reaction. The as-prepared TCFs showed
remarkable environmental resistance, strong adhesion to the
substrate and balanced transparent, flexible and electrical
conductive properties. The TCFs were assembled into a smart
window and tested for switchable thermochromic applications.
This study provides a facile, effective and low-cost way to produce
CNT–polymer TCFs, which is also an important step to realize
industrial-scale applications of CNTs in the fabrication of TCFs.

2. Experimental
2.1 Materials

Multi-walled carbon nanotubes (MWNTs) and single-walled
carbon nanotubes (SWNTs), produced by a floating CVD
method, were purchased from Chengdu Organic Chemicals
Co., Ltd, China. They were dried at 80 1C under vacuum for
10 h before usage. Lexan 8010 polycarbonate (PC) film with a
thickness of 125 mm (density: 1.2 g cm�3) was purchased from
General Electric Co. In view of these materials, CNTs were used
as conductive fillers and PC as the transparent flexible substrate.
Sodium dodecyl sulfate (SDS, chemically pure) was purchased
from Sinopharm Chemical Reagent Co., Ltd. Acetone was pur-
chased from Luoyang Wu Hua Chemical Reagent Co. Ltd, China.
Deionized water was obtained from Nabaichuan water treatment
equipment Co., Ltd. Polyurethane (PU) was purchased from
Changzhou Sanhekou Polyurethane Factory. Thermochromic
inks with a color transition temperature of 35 1C were purchased
from Shenzhen Qianbian Pigment Co., Ltd.

2.2 Dispersion of CNTs

Pure MWNT powders (0.01 wt%) were dispersed in acetone
without surfactants. This mixture was placed in an ice water
bath and sonicated using an ultrasonic horn-type sonicator for
45 min at 315 W (Scientz-IID, Ningbo Scientz Biotechnology
Co., China). Typically, SWNTs (0.02 wt%) and SDS (0.1 wt%)
were dispersed in deionized water by ultrasonication in an ice
water bath for 60 min at 315 W. Both MWNT and SWNT
dispersions were centrifuged at 2000 rpm for 10 min in a
high-speed desktop centrifuge (TG16-WS, Hunan Instrument
Laboratory Instrument Development Co., Ltd) to remove aggre-
gates and other impurities. The final dispersions used for
further experiments were obtained by decanting the top 90%
of the supernatant.

2.3 Fabrication of PC/CNT films using the R2R spraying
technique

The PC/MWNT/SWNT films were continuously fabricated at
room temperature using a home-made R2R spraying technique.
Fig. 1a shows the schematic of the R2R spraying technique. It
was mainly composed of five components: an unwinder, a
substrate heating zone, a spraying system, a 2D traverse system,
and a rewinder. The spraying system consists of a solution
dispersion system, a compressor to provide spray droplet
carrier air flow, an atomizing nozzle, and a hot plate to control
the substrate temperature (Fig. S1, ESI†). The rewinder was
equipped with a torque motor to keep appropriate tension of
the PC film. Furthermore, the rolling speed of the PC film
(herein, 90 mm min�1) could be precisely controlled by the
motor speed of the winder and rewind rollers. In addition, a 2D
traverse system, controlled by a Numerical Control (NC) sliding
table, can drive the atomizing nozzle to move at a preset speed
(herein, 4000 mm min�1), perpendicular to the motion direc-
tion of the PC film (Movie S1, ESI†).

CNTs were uniformly coated on the PC film through a
spraying system. A syringe pump regulated the delivery of the
CNT suspensions from the dispersion container into the spray
nozzle. A pressure regulating valve controlled the carrier air
pressure before entering into the nozzle (herein, 0.3 MPa). The
distance from the atomizing nozzle to the substrate was kept
constant at 50 mm, and the discharge rate of the spray precursor
solution was set at 40 mL min�1. Under static conditions, the
atomizing nozzle was able to spray an atomizing region with a
diameter of around 30 mm (seen in the inset in Fig. 1a). MWNT
and SWNT dispersions were successively sprayed on the PC film
and the substrate temperature was maintained at 70 1C for rapid
drying of the solvent.

In a typical process, sprayed with MWNTs, the PC/MWNT
film was collected and reversed for the spraying of SWNTs after
a new SWNT solution was added in the nozzle. Multiple layers
of CNTs were formed by increasing the number of returning
cycles. For the sake of brevity, PC/MWNT/SWNT films are
denoted as PMxSy. Herein, x and y respectively represent the
number of R2R spraying cycles for MWNT and SWNT disper-
sions. For example, PM1S2 represents the PC/MWNT/SWNT
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film that was prepared upon 1 cycle for MWNT dispersion
spraying and 2 cycles of SWNT dispersion spraying.

2.4 Characterization

The sheet resistance of the PC/CNT films was measured by a
four-point probe system (RTS-8, 4 PROBES TECH Co., Ltd,
China) and the final value was averaged from 100 values at
different positions on a sample (50 mm � 50 mm). To evaluate
the uniformity of the film (such as PM1S1), 2000 points over a
100 mm� 100 mm film were selected (in a 2D array with a 5 mm�
5 mm lattice) (see the inset in Fig. 2d) and measured using the
four-probe method (the spacing of the probes was 1 � 0.01 mm).

The current–voltage (I–V) measurement was carried out using an
RST 5000-type electrochemical workstation (Zhengzhou Shiruisi
Instrument Technology Co., Ltd, China) at a scanning rate of
0.05 V s�1 beginning at �1 V and sweeping down to 1 V. To
ensure accuracy, at least 5 specimens were tested for each
condition.

Transmittance was measured in the wavelength range from
400 to 1100 nm using a dual beam, ultraviolet, visible light and
near infrared spectrophotometer (Agilent Cary 5000 UV-Vis-NIR
Spectrophotometer) on a transparent quartz substrate.

Scanning electronic microscopy (Zeiss MERLIN Compact)
was employed to investigate the distribution of CNTs on the

Fig. 2 Sheet resistance and transmittance at 550 nm as a function of the number of R2R spraying cycles (a). I–V curves (b). Distribution of the surface
resistivity of PM1S1 with a size of 10 � 10 cm2 (c). Distribution of the sheet resistance tested at 2000 points (d). Inset image in (d) is the photographs of the
test sample (the background is linear coordinate paper).

Fig. 1 Schematic diagram of the fabrication process: a R2R spraying method for continuous production (a). Inset image in (a) is the photograph of spray
atomization. Photograph of a roll of PM1S1 (top), and that of unfolded PM1S1 (bottom) (b).
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surface of PC/CNT films (such as PM1S0 and PM1S1). In order to
investigate the interface interaction between CNTs and the PC
film, the cross-sectional morphologies of the PC/CNT films
(such as PM3S0 and PM1S1) were observed. Before SEM observation,
the PC/CNT films were quickly cut off by a sharp blade. All
scanning surfaces were then coated with a thin layer of platinum
for better SEM observation. The Fourier transform infrared (FTIR)
spectra of the films were recorded using a Nicolet iS50 spectrometer
in attenuated total reflection (ATR) mode.

X-ray diffraction (XRD) measurements were carried out
using a Rigaku Ultima IV X-ray diffractometer, equipped with
a Cu tube and a scintillation detector beam. XRD scans were
recorded from 51 to 801 2y with a 0.021 step-width and 60 s
counting time for each step.

Raman spectroscopy was used to investigate the interaction
between CNTs and the polymer matrix using a Horbia Labram-010
(JobinYvon, France) with 632 nm laser excitation at 1 cm�1 resolu-
tion in the range from 1200 to 3400 cm�1.

Differential scanning calorimetry (DSC) analysis was carried
out on a DSC/MDSC2920 (TA Instruments Co., USA). Approximately
4 mg of the sample was encapsulated in an aluminum pan and
heated from 40 to 300 1C at a heating rate of 10 1C min�1. All
the tests were performed in a nitrogen atmosphere at a flow
rate of 20 mL min�1.

To analyze the thermal stability and weight fraction of CNTs
in the PC/CNT films, thermogravimetric analysis was per-
formed under a nitrogen atmosphere on a Q5000IR TGA/TA
(TA Instruments Co., USA). A sample of about 8 mg was heated
from ambient temperature to 800 1C at a constant heating rate
of 10 1C min�1 in a nitrogen atmosphere. The nitrogen flow rate
was 25 mL min�1. Five samples were tested to obtain an average
value of the residue percentage.

The flexibility of the PC/CNT films (such as PM1S1) was
evaluated upon repeating outer/inner bending. A bending
durability test was carried out by measuring the resistance
between two electrodes. Before the test, PM1S1 was first cut
into rectangular shapes (50 mm � 10 mm) and both ends of the
rectangle were coated with conductive silver paste to eliminate
contact resistance. The mechanical properties of PM1S1 were
investigated using a specially designed inner/outer bending
system. The outer bending will induce tensile stress on the
CNT layer, whereas the inner bending will induce compressive
stress on the reverse side. In addition, dynamic fatigue bending
tests were carried out using a home-made cyclic bending
test machine, operated at a crosshead rate of 10 mm min�1

for 1000 cycles. The resistance of PM1S1 was measured during
the cyclic bending process.

2.5 Switchable thermochromic applications

The pure PC film was cleaned with ethanol and dried with
pressurized nitrogen before use. A sandwiched PM1S1/PU/PC
composite film was first prepared as follows: the middle layer
of the PU film with 0.2 mm thickness was hot pressed on a PC
film (100 mm � 100 mm) using a compression molding
machine. After that, PM1S1 was laid directly on the PU film.

A sandwiched PM1S1/thermochromic ink/PC composite film
was also prepared. The thermochromic ink was coated on the PC
film by spin-coating at a speed of 6000 rpm for 5 min, forming
an approximately 75 mm thick layer. After that, the composite
film was laid directly on PM1S1.

3. Results and discussion
3.1 Optoelectronic properties

Fig. 1a illustrates the schematic of the home-made R2R spraying
method, which can realize continuous fabrication at room tempera-
ture. Fig. 1b (top) shows the photograph of the obtained rolled-up
PM1S1 (width of 100 mm, length of 3000 mm). The unfolded film
shows better transmittance and flexibility (Fig. 1b, bottom).

To exactly study the optoelectronic properties, the transmittances
and sheet resistances of pure PC and the PC/CNT films with
different R2R spraying cycles of MWNTs and SWNTs are inves-
tigated. The optical and electrical properties of the fabricated PC/
MWNT films (i.e., PMxS0) that were only sprayed with MWNTs
(Fig. S2, ESI†) were first investigated. After five R2R spraying
cycles, although the resistance can be decreased to 19.3 kO sq�1,
the transmittance is as low as 65.7%. In other words, both sheet
resistance and transmittance are not desirable. It is well known
that SWNTs have a higher conductivity compared to MWNTs
when the same amount of CNTs is used. Fig. S3 (ESI†) shows a
typical photograph of the PC/SWNT films (i.e., PM0S1) that were
only sprayed with SWNTs and the corresponding SEM images.
The SWNT coating observed was non-uniform in both the micro-
and macro-scale. Therefore, only spraying SWNTs is not the ideal
choice for the preparation of PC/CNT films. To simultaneously
improve the transmittance, conductivity and other properties,
SWNTs and MWNTs are used jointly in the following section.
Fig. 2a shows the transmittances and sheet resistances of pure
PC and the as-fabricated PC/MWNT/SWNT films (PM1Sy) with
different R2R spraying cycles of SWNTs. As shown in Fig. 2a, the
sheet resistance of PM1Sy strongly depends on the spraying
cycles of the SWNT dispersion. Particularly, the sheet resistance
of the TCFs (i.e., PM1S1) dramatically decreases even upon
1 spraying cycle of the SWNT dispersion. However, with further
increasing the spraying cycle, the sheet resistance cannot be
significantly reduced. This indicates that the ideal conductive
network has been formed after only 1 spraying cycle of the SWNT
dispersion, and further spraying will not make any further
remarkable contribution to the improved conductivity. Fig. S4
(ESI†) shows the transmittance spectra of pure PC and PM1Sy. It
is well known that the transmittance of TCFs at 550 nm is
important for opto-electronic applications due to it being the
most sensitive wavelength of the human eye.40 Thus, the trans-
mittance at 550 nm was adopted as the major study object,
as shown in Fig. 2a. Particularly, the transmittance of PM1Sy

generally decreases with increasing the R2R spraying cycle of the
SWNT dispersion. However, PM1S1 still retains a high trans-
mittance of 82%, which only decreases by 6% compared with the
pure PC film. This should be ascribed to a uniform distribution
and low content of CNTs.41 The I–V curves of PM1Sy shown in
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Fig. 2b exhibit the typical Ohmic behavior, indicating the stable
electrical properties. Considering the balanced transmittance
and conductivity, PM1S1 will be employed for further study
unless specifically stated.

The uniformity is another crucial factor for the large-scale
production of TCFs and practical applications.32 Fig. 2c illustrates
the sheet resistance distribution of PM1S1. The surface resistivity
reveals a mean value of 3 kO sq�1 and a standard deviation of
1 kO sq�1, indicating a high electrical homogeneity. A statistical
analysis of the sheet resistance values, presented in Fig. 2d, clearly
shows that most dominant sheet resistance values fall in the range
of 2–4 kO sq�1. This suggests its good resistance uniformity, which
will be necessary for further functional applications. The homo-
geneity of conductivity should be ascribed to the optimized spray-
ing conditions of MWNTs and SWNTs.

3.2 Morphology

To better understand the transmittance and electrical conduc-
tivity of the TCFs, the surface morphologies of PM1S0 and
PM1S1 were observed by SEM. Fig. 3a and a0 show the typical

surface morphology of PM1S0. Generally, PM1S0 shows a rough
surface coated with smaller aggregates of MWNTs. Although
the ends of MWNTs are adhered to the surface of the PC film,
an effective conductive network cannot be formed because of
the sparse snake-like MWNTs (Fig. 3a0). Furthermore, from the
cross-sectional morphology shown in Fig. 3b and b0, it is clear
that one end of the MWNTs has entered into the interior of the
PC film, while the other end suspends over the PC surface.
The main reason for this is that the sprayed acetone dissolves
the PC surface and allows one end of the MWNTs to easily
enter the PC surface. Although the embedded end of the MWNTs
may enhance the interface interaction between MWNTs and the
PC film, the overall adhesion is poor, which will be proved in the
following adhesion experiment. After 1 spraying cycle of SWNTs,
as shown in Fig. 4a, the surface of the film (PM1S1) becomes
rougher. It is worth noting that the isolated MWNTs and their
smaller aggregates are well connected by longer SWNTs, building
a spider web (Fig. 4a0). Interestingly, the suspended MWNTs are
coated by SWNTs with a larger aspect ratio and are tightly
adhered on the film surface (Fig. 4b and b0). Moreover, as shown
in Fig. 4c and c0, almost all CNTs are tightly adhered to the PC
surface and some even immersed into the interior of the PC
substrate (shown by arrows in Fig. 4c0). In short, the successive
spraying of MWNTs and SWNTs has a synergistic effect on
promoting the adhesion of CNTs and building a good CNT
network.

3.3 Fourier transform infrared spectroscopy and X-ray
diffraction analysis

Fig. 5a shows the FTIR spectra of MWNTs, SWNTs, pure PC and
PM1S1. For MWNTs and SWNTs, three bands at 3425, 2924, and
1640 cm�1 and those in the range of 1300–950 cm�1 are the
typical signals of the CNT structure.42 For pure PC, the bands at
2873, 2931, and 2967 cm�1 are due to the C–H bond stretching.
Another band at 1218 cm�1 is ascribed to the C–O bending
vibration. For CQO, the band at 1768 cm�1 is observed.42

However, several bands for pure PC are found to have shifted
after the spraying of MWNTs and SWNTs. For example, the band

Fig. 3 Surface (a and a0) morphology of PM1S0 and cross-sectional (b and
b0) morphology of PM3S0 at different magnifications.

Fig. 4 Surface (a, a0, and b, b0) and cross-sectional (c and c0) morphology of PM1S1 at different magnifications. SEM images (b and b0) taken from a
perspective angle (451 from the normal direction).
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at 2931 cm�1 has shifted to 2917 cm�1 and that at 2873 cm�1 has
shifted to 2849 cm�1. These changes suggest chemical inter-
actions between the PC macromolecular chain and CNTs.43,44

The microstructure of the TCFs is of further interest and it
was studied by XRD and the results are shown in Fig. 5b. It
can be clearly seen that there are four dominant peaks at
2y = 25.851, 42.851, 53.561 and 78.271, which correspond to
the hexagonal graphite planes (002), (101), (004) and (110) of
CNTs, respectively.45 Moreover, pure PC shows a broad peak
(halo) at around 2y = B16.731, indicating its amorphous
nature.46 Compared with pure PC, the characteristic peak of
PC in PM1S1 shows no obvious difference in position. However,
its intensity is attenuated after the decoration of CNTs. This
phenomenon should be ascribed to the interfacial interaction
between PC and CNTs. The disappearance of these peaks could
be ascribed to the homogeneous dispersion of CNTs on the PC
film, which can be confirmed by our previous study.47 On the
other hand, the mass of CNTs in this composite film is very low
relative to PC, and their characteristic peaks might be shielded
by the characteristic peaks of PC.

3.4 Raman spectroscopy and differential scanning
calorimetry analysis

Raman spectroscopy was further performed to analyze the
interface interaction between the CNTs and the PC film.

The main characteristic peaks are shown in Fig. 6a. For MWNTs
and SWNTs, three typical peaks at 1323, 1591, and 2639 cm�1

respectively corresponding to the D, G, and 2D bands are the
signals of the CNT structure.48 As is well known, the D band is
related to the defects induced by disorder, whereas the G and
2D bands correspond to the in-plane vibration of the C–C
bond.49,50 For pure PC, three typical peaks at 1232, 1603, and
1773 cm�1 are the characteristic vibration bands of PC.51 In the
spectrum of PM1S1, the characteristic bands of CNTs are easily
identified. Compared with the spectra of SWNTs and MWNTs,
it is worth noting that several characteristic bands of CNTs in
PM1S1 have been up-shifted. For example, the D band peak is
up-shifted from 1324 to 1395 cm�1 and the G band increased
from 1591 to 1601 cm�1. Moreover, other PC characteristic
bands are attenuated or even disappear after the spraying of
MWNTs and SWNTs. The above observations suggest the
existence of a strong interface interaction between pure PC and
CNTs.52

DSC experiments were also carried out to investigate the
effects of the interaction on the thermal properties of the film,
such as the glass transition temperature. Fig. 6b shows that the
glass transition temperature (Tg) of pure PC is about 149.94 1C.
However, after the spraying of MWNTs and SWNTs, the Tg of
PM1S1 increased to 151.08 1C. From this viewpoint, an interface
interaction occurs between PC and CNTs.53

Fig. 5 FTIR spectra (a) and XRD spectra (b) of SWNTs, MWNTs, pure PC and PM1S1.

Fig. 6 Raman spectra of SWNTs, MWNTs, pure PC and PM1S1 (a). DSC curves of pure PC and PM1S1 (b).
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3.5 Thermal stability

TGA was carried out to evaluate the thermal stability and the
CNT content of the TCFs. Fig. 7 shows the TGA curve and the
corresponding differential thermogravimetric (DTG) curve. As
shown in Fig. 7a, the onset degradation temperature of PM1S1

shifts towards higher temperature compared with pure PC and
PM1S0. Moreover, compared with pure PC and PM1S0, the
temperature of maximum degradation rate (Tmax) of PM1S1

increases from 495 1C to around 508 1C, suggesting that the
successive spraying of MWNTs and SWNTs can improve the
thermal stability (see Fig. 7b). The CNT content of TCFs can be
obtained from TGA. After the successive spraying of MWNTs
and SWNTs, the total CNT content in PM1S1 was 0.77 wt%.54,55

3.6 Adhesive properties

Strong adhesion is of significant concern for TCFs because poor
adhesion of CNTs to the substrate may hinder their practical
applications.23 Fig. 8a shows the resistance change of PM1S1

and PM3S0 upon repeated Scotch tape peeling. Note, the con-
ductivity of PM3S0 can be thoroughly damaged even after
1 peeling cycle. However, the conductivity of PM1S1 does not
degrade upon repeated Scotch tape peeling, even up to
100 cycles. Obviously, pure MWNTs have the poorest adhesion
to PC while the combination of MWNTs and SWNTs can
significantly enhance the adhesion. For PM3S0, as shown in
Fig. 3b0, the segments of MWNTs are suspended over the
surface of PC and are tightly adhered to the Scotch tape.

Fig. 7 TGA curves (a) and DTG curves (b) of pure PC, PM1S0 and PM1S1.

Fig. 8 The durability of PC/CNTs films. Resistance variation as a function of cycle number upon peeling by 3M Scotch tape (a). Resistance variation of
TCFs exposed to air at room temperature for 140 days (b). Resistance variation of PM1S1 soaked in water for 10 days (c). Resistance variation of PM1S1

upon the impact of flowing water (d).
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Therefore, it is reasonable that they can be easily wiped off from
the substrate. For PM1S1, after solely spraying MWNTs, the
surface of PC becomes rough, which is equivalent to the micro-
nano treatment on the surface. This micro-nano structure is
beneficial for the entrapment of SWNTs on the surface of PC,
which results in strong adhesion even in the absence of a
binder.33,56 On the other hand, due to van der Waals interactions
between MWNTs, SWNTs and PC,57 the embedded MWNTs act
as a bridge connecting SWNTs and PC, resulting in SWNTs
anchoring onto the film tightly (see Fig. 4a and a0).

Excellent environment resistance is another important issue
for the application of TCFs.23 Fig. 8b shows the resistance
change of PM1S1 and PM3S0 exposed to the atmosphere at
room temperature for 140 days. Clearly, the resistance of
PM3S0 increases significantly after 20 days of exposure to the
atmosphere. However, the resistance of PM1S1 does not change
even after 140 days. In addition, the conductivity of PM1S1 did
not change significantly even though it was immersed in water
for 10 days (Fig. 8c). More interestingly, PM1S1 can bear attack
by flowing water, which lasts as long as 24 hours (Fig. 8d). That
is, with increasing the time of water impact, the sheet resis-
tance does not change significantly. The above results firmly
demonstrate that PM1S1 shows better environmental stability
compared to PM3S0.

3.7 Flexible properties

The mechanical properties, particularly the fold ability, are
another critical factor for flexible device applications.11 To the
understand bending properties, they were characterized with
Dl/l0 = (l0 � l)/l0 as a criterion, where l0 is the length of the film
and l is the distance between two ends of the bending state (see
the inset of Fig. 9b). The mechanical flexibility of PM1S1 was
evaluated through inner and outer bending and cyclic fatigue
tests using a home-made bending test system (see Fig. 9a).
Fig. 9a illustrates the relation between DR/R0 and Dl/l0. DR/R0 is
defined as DR/R0 = (Rt � R0)/R0, where R0 is the initial resistance
and Rt is the measured resistance after bending. The sheet
resistance change curves of PM1S1 were tested under different
bending strains (for example, 10%, 20%, 40%, 60%, and 80%).

As shown in Fig. 9a, regardless of the inner or outer bending,
PM1S1 generally exhibits constant resistance not only at low
bending strain but also at the bending limit of 80%. Fig. 9b
shows the dynamic outer and inner bending fatigue test results
of PM1S1 with increasing the bending cycle at a fixed bending
strain of 50%. Even after 1000 bending cycles, both the outer
and inner cyclic bending fatigue tests show no obvious change
in the resistance (DR), demonstrating the superior flexibility of
PM1S1.

In summary, the aforementioned strong adhesion, high
environmental stability, superior flexibility and high thermal
stability of TCFs should be ascribed to the strong interaction
between CNTs and the PC film.

3.8 Applications for switchable thermochromism

The fabrication of a uniformly interconnected CNT network is
crucial to achieve a homogeneous temperature distribution in
CNT derived transparent heaters. The uniformity of the fabri-
cated TCFs was tested by Joule heating followed by infrared
thermal imaging.58 Fig. 10a shows the infrared thermal image
of PM1S1 taken using an infrared thermal imaging camera
(FLIR T650sc) with a constant DC voltage of 80 V. The trans-
parent heater shows a relatively uniform temperature distribu-
tion across a large area, which is consistent with the uniform
sheet resistance distribution shown in Fig. 2c. Furthermore,
under a bending strain of 50%, the transparent heater can also
work well (Fig. 10b). Therefore, it can serve as an ideal choice
for the fabrication of flexible electronic devices.

Smart windows have attracted increasing attention with
intriguing functions, such as switchable transparency and
thermochromism. The progress in this field has been promoted
with the development of transparent electrode technology.
However, as a common transparent electrode material, ITO
may restrict the development of smart windows because of its
inflexibility, high-cost, and limitation in large-area and scalable
production. Therefore, it still remains a challenge to find ideal
transparent electrodes for smart windows. In our work, con-
sidering its high transparency, good electrical conductivity and
excellent flexibility, the as-prepared PM1S1 is used successfully

Fig. 9 (a) Outer and inner bending test results at different bending strains. The inset shows the automatic bending apparatus used in this study. (b) Cyclic
outer and inner fatigue test results of PM1S1 at a bending strain of 50% with increasing bending cycles. Inset is a schematic diagram when the film was
bent.
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as an electrode for the fabrication of smart windows. Above all,
its Joule heating property is further studied. Resistive Joule
heating is induced by applying a constant DC voltage at
both ends of the PM1S1 electrode. Fig. S5 (ESI†) shows the
temperature–time curves of PM1S1 at different voltages. Clearly,
when a DC voltage is applied, the temperature gradually
increases and reaches a maximum that is proportional to the
applied pulse voltage. Moreover, it can steadily return to the
original room temperature after removing the voltage. A
10 � 10 cm2 composite film (PC/PU/PM1S1) for smart windows
was firstly fabricated with a typical sandwiched structure in this

work (Fig. S6, ESI†). The composite film is initially opaque
(Fig. 10c), while it becomes transparent after a certain voltage is
applied (Fig. 10c 0). Then, it turns back to an opaque state when
the voltage is turned off (Fig. 10c00). The whole process can be
seen in Fig. S7 in the ESI.† The opaque-to-transparent transi-
tion can be ascribed to the following fact: herein, the melting
point of PU confirmed by DSC is 46.6 1C (Fig. S8, ESI†).59 When
the voltage is applied, the temperature of the composite film
rapidly reaches over 70 1C (above the melting temperature of
PU), thus the PU crystal will melt and the composite film
transforms into a transparent state. When the voltage is turned

Fig. 10 Infrared thermal image of PM1S1 (10 � 10 cm2) for a transparent heater (a) and that under a bending strain of 50% (b). An opaque composite film
is connected to two copper electrodes (c), switches from opaque to transparent after turning on voltage (c0), and reverses back to opaque after turning
off voltage (c00). Heat-induced thermochromism (from top to bottom) is also observed in two dyed films (d–d00 and e–e00).
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off, the temperature returns to room temperature (below the
melting temperature of PU), resulting in the crystallization of
PU with an opaque state. This opaque-to-transparent transfor-
mation can be controlled with the on–off switch of the voltage.
Moreover, the reversible behavior can also be observed in two
thermochromic composite films (see Fig. 10d and e). The
thermochromic ink used here has different colors at low
temperature and high temperature. When a certain voltage is
applied, the film shown in Fig. 10d turns from black to white
(Fig. 10d0), and the film shown in Fig. 10e turns from red to
white (Fig. 10e0). When the voltage is off, the films return to
their initial color (Fig. 10d00 and e00). The whole process can be
seen in Fig. S9 and S10 (ESI†). These switchable thermochromic
properties are attributed to the ohmic heating under a certain
voltage. The color-changing process could be repeated due to
the heating/cooling cycling stability of PM1S1 and the color
reversibility of the thermochromic inks. It is worth noting that
our fabricated TCFs have the advantages of stability and easy
fabrication over those silver nanofiber-based or organic
polymer-based TCFs that might be easily oxidized in air.3,18,40

Overall, the aforementioned results demonstrate the potential
capability of the fabricated TCFs in switchable thermochromism
for flexible smart windows.

4. Conclusions

Large area flexible and transparent PC/MWNT/SWNT compo-
site films were successfully fabricated by a home-made R2R
spraying technique combined with successive spraying of
MWNTs and SWNTs. The combination of MWNTs and SWNTs
exhibited a synergistic effect to obtain good optoelectronic
properties, excellent flexibility and strong adhesion to the
substrate. Specifically, successive spraying of MWNTs and
SWNTs enhanced the adhesion, which could protect the film
from damage for further applications. Moreover, a big sheet
(10 � 10 cm2) multifunctional smart window with switchable
transparency and thermochromic applications was successfully
fabricated using the as-prepared composite film as the electrode.
The opaque-to-transparent transition and color-changing of the
composite films can be easily controlled by altering the voltage.
The experimental results also demonstrate its good mechanical
flexibility, exceeding that of the ITO-based smart windows.
Moreover, the room-temperature R2R spraying procedure shows
promising potential in the mass production of TCFs at low cost,
which will also accelerate the actual implementation of this
composite film in the fabrication of new-generation flexible
smart windows and functional composites with other unique
nanofillers for other applications such as energy storage/
conversion,60 environmental remediation,61 sensing,62 functional
coating,63 and electromagnetic interference (EMI) shielding,64 and
biomedical field.65
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