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Carbon nanotube/polyurethane films with high
transparency, low sheet resistance and strong
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Antistatic technology has been applied in all aspects of modern life, including the manufacture of electronic
products, aerospace systems, daily necessities and so on. The main purpose of this study is to obtain, using
the Mayer rod-coating method, a flexible antistatic film with high transmittance, low sheet resistance and
strong adhesion. With the help of the dispersant, single-walled carbon nanotubes (SWCNTs) were
dispersed in water to form an homogeneous dispersion. The SWCNT dispersion was coated onto
a poly(ethylene terephthalate) (PET) film with use of a rod to produce a uniform film. The antistatic films
obtained had special characteristics, such as high transparency, low sheet resistance and excellent
resistance to water and heat. Sheet resistance varied between 102-10° Q sq~* by controlling the content

S 20 of water-based polyurethane (WPU), changing the thickness of the films and the post-treatment. The
Received 11th September 2017 ) . 1. o . . "
Accepted 2nd Novernber 2017 best film had a sheet resistance of 423 Q sq™~ with 82.7% transmittance. In particular, the addition of the

WPU binder greatly improved the adhesion between the CNTs and the PET film. Scanning electron

DOI: 10.1038/¢7ra10092b microscopy, energy dispersive X-ray spectroscopy and Scotch™ tape method were conducted to
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1. Introduction

With the development of various productions, antistatic tech-
nology has been widely used in productions and life including
plastic packaging materials. Improving the antistatic properties
of plastic packaging materials will contribute to the develop-
ment of electronic products, aerospace applications and other
fields. Poly(ethylene terephthalate) (PET) films are one of the
commonly used packaging films. Because of their high trans-
parency, excellent mechanical properties,' gas barrier* and
vapor barrier,” the PET films have many packaging applications
including food packaging films, electronic products packaging
films, display device packaging films, and so on. In recent years,
PET packaging films have been widely used in thin film tran-
sistors,® solar cells,” and so on. As packaging film, PET films
have a lot of inherent advantages, but PET films can also carry
electrostatic charge or discharge easily during the process of
production and transportation because of the accumulation of
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determine the microstructure, cleanliness, and adhesion of the film, respectively.

static electricity resulting from electrical insulation,® which can
cause explosions and difficulties in the sealing of powder
products, especially in the packaging of electronic devices. So
research on improving the antistatic properties of PET pack-
aging films will have a significant role on our daily lives.

At present, the antistatic materials mainly include carbon
black,® carbon nanotubes (CNTs),'* carbonaceous fibers,"* metals
and metal oxides,"" antistatic agents,"*"” conductive poly-
mers,'*?’ and so on. Although the use of metals and metal oxides
can give high transparent antistatic films (TAFs), the cost is too
high for general use. Conductive film made by adding an anti-
static agent easily loses its efficacy, because the antistatic agent
easily dissolves in water or loses from the substrate which can
lead to contamination and static failure. Although carbon black
is widely used as an antistatic agent, it is not the ideal choice
because of its poor conductive properties and relatively poor
dispersion. Because the conductive polymer itself has some
shortcomings, such as poor rigidity, low transparency, and
difficulty in forming, it cannot be used as a packaging film
directly and ideally should be blended with another polymer
matrix. However, properties, such as transparency, flexibility and
tensile properties, of the polymer matrix may be affected by
adding a large amount of conductive polymer that is used to
improve the electrical properties of the films. CNTs, are a one-
dimensional conductive material with excellent mechanical
properties and electrical conductivity, which is widely used in
transparent conducting thin films,”*** chemical sensors,* and

This journal is © The Royal Society of Chemistry 2017
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light-emitting diodes,***” and so on. In antistatic applications,
many researchers have utilized CNTs as a conductive material to
make antistatic films. Huang et al. made use of multi-walled
carbon nanotubes (MWCNTSs) and cellulose to make films on
glass, but the films did not have good conductivity or flexibility.*®
Yoon et al used in situ polymerization to make composites
containing MWCNTSs and poly(ethylene), and then used them to
make films with a surface resistance of 10"° Q, which was high
enough for them to be used in practical applications.” Kim et al.
utilized MWCNTs and isopropyl alcohol to make films on
poly(ethylene naphthalate). Using this method, the resistance
decreased, but the transmittance was between 55% to 60% at the
wavelength of 550 nm, which was too low.** Kitamura et al. made
a composite film containing aligned CNTs, but the surface
resistance of this film was not uniform in all directions.** For
antistatic films, it is better to improve various properties at the
same time. A method to fabricate antistatic films was found
which could simultaneously have properties with good perfor-
mances, such as transmittance, low sheet resistance, flexibility,
large area, uniformity, and strong adhesion at room tempera-
ture. Single-walled carbon nanotubes (SWCNTs) have better
conductivity than MWCNTs but have poor adhesion to the PET
substrate, which caused short-lived antistatic film and pollution.
To solve this problem, a water-based poly(urethane) (WPU) was
chosen as a binder to improve the adhesion. Comparing organic
solvent-based poly(urethane)s, WPU has many advantages such
as non-toxicity, it is environmentally friendly, has high adhe-
sion®* and it has been widely used in adhesives, coating mate-
rials,>*>** and so on.

In this research, SWCNTs were used as the conductive
material and WPU as the binder to improve the adhesion
between the CNTs and the PET substrate. The low-power bar
coating technology, which can easily control the film thickness
and has many advantages including its simplicity, it does not
require use of raw materials, it keeps the nature of the original
films, and was adapted to obtain large area, uniform, trans-
parent and conductive films at room temperature. Finally, the
TAFs made of CNTs were further post-treated to reduce the
sheet resistance. Scanning electron microscopy (SEM), energy
dispersive X-ray spectroscopy (EDX), and the Scotch™ tape
method were conducted to determine the properties of the
TAFs. The results obtained showed that this method gave films
which gave a good performance in antistatic applications.

2. Experimental

2.1 Preparation of CNT solution

High purity SWCNTs (95 wt%, diameter < 2 nm, length of 5-30 um)
grown using chemical vapor deposition were purchased from
the Chengdu Organic Chemicals Co. Ltd. China. Sodium
dodecylbenzenesulfonate (SDBS) and Triton X-100 (TX-100)
were purchased from Aladdin and used as received. The WPU
mass fraction of 30% was obtained from Tianjin BoYuan
Advanced Materials Co. Ltd, China and used as received.
SWCNTs (1 mg ml~"), SDBS (1 wt%) and deionized water were
placed in to a vial bottle. The suspension was mixed ultrasoni-
cally in a bath sonicator for 10 min, and then sonicated in
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a probe sonicator for 70 min followed by centrifugation at
8000 rpm for 15 min. TX-100 and WPU were added into the
SWCNT-SDBS dispersion and stirred at 65 °C for 10 min in
a water bath. A stable CNT suspension was obtained for the
production of the TAFs. The schematic in Fig. 1 shows the
preparation of the CNT suspension, coating method, post-
treatment and characterization of TAFs.

2.2 Coating method

The PET films were produced by Tianjin Wanhua Co., Ltd,
China with an average thickness of 75 pm. First of all, the PET
film was soaked in acetone for 30 min, dried in an oven at 70 °C
and then fixed on a temperature controlled heating plate or
a glass plate at room temperature. CNT suspension (0.2 ml) was
drawn in a uniform line over the fixed PET film from left to right
using a straw, and then the line was spread up and down the
PET film using a Mayer rod equipped with a wire with a diam-
eter of 0.2 mm or 0.3 mm corresponding to a wet film thickness
of 18 pm or 27 pm, respectively. The uniform CNT film was
dried at 70 °C for 1-2 min. The CNT films obtained were
described as CNT-TAFs.

2.3 Post-treatment of CNT-TAFs

The CNT-TAFs obtained were immersed in deionized water for
10 min and rinsed for 2-3 times to remove most of the SDBS and
TX-100 on the surface of the CNTs and this was followed by
drying at 80 °C until the CNT-TAFs were completely dry. The
resulting TAFs were described water washed CNT-TAFs. Then
the water washed CNT-TAFs were immersed in 12 M of nitric
acid for 30 min to further remove the residual SDBS and TX-100
on the surface of the CNTs to obtain acid treated CNT-TAFs.
Different contents of WPU were added to the CNT dispersion
to explore the impact of WPU on the sheet resistance of the
CNT-TAFs. The content of WPU was optimized to obtain CNT-
TAFs with high adhesion and proper sheet resistance.

2.4 Characterization

The contact angle of the SWCNT suspension to the PET film was
measured using a drop analyzer (DSA100, Kriiss). The trans-
mittance of the films was measured using an ultraviolet-visible

CNT SDBS TX-100 WPU
\ W4
dispersion centrifugation stirring
Water
SWCNT ink

Characte- post-
rization D treatment @
\ ' PET

Fig. 1 Schematic about preparation of CNT suspension, coating
method, post-treatment and characterization of TAFs.
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(UV-vis) spectrophotometer at the wavelength of 550 nm. The
sheet resistance of the film was measured using a four point
probe meter (Keithley 2400 SourceMeter, Tektronics). The
morphology of the TAFs was observed with afield-emission
scanning electron microscope (FE-SEM, S-4800 Hitachi). The
EDX spectroscopy was used to determine the residual additives
on the surface of the TAFs. A Scotch™ tape method was used to
determine the adhesion of the film.

3. Results and discussion

The CNT suspension was spread over the surface of the PET film
using a rod coating method with external force, and then the CNT
suspension showed contractility because of surface tension.
There are some ways to prevent this from happening, for example
reducing the surface tension of the suspension or increasing the
surface energy of the PET film, but these methods are limited.
The optimized dispersion condition was obtained with a mass
ratio of SWCNT to SDBS of 1:10 as mentioned in a previous
report.** The concentration of SWCNT was 1 mg ml ™', so the
optimized concentration of SDBS was 10 mg ml~". The contents
of other components were added one after another at the same
concentration. The effect of various types of suspension on the
contact angle on the PET surface is shown in Fig. 2a. It can be
seen that the contact angle decreased greatly after adding SDBS.
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Fig. 2 (a) Effect of different additives on the contact angle of the
suspension; (b) the film surface resistance as a function of trans-
mittance with different contents of TX-100, and the points were ob-
tained by changing the dilution of the CNT suspension and the wire
diameters.
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The contact angle decreased a little after adding WPU, and
showed almost no change after further addition of TX-100. The
addition of TX-100 increased the viscosity of the CNT suspension
and this then increases the dewetting time of the suspension on
the PET film substrate, so it then takes more time to dry the
liquid film. Fig. 2b shows sheet resistance as a function of
transmittance of the film when the TX-100 was added at its
minimum amount and this was the usual amount that was used
in this research. When the weight ratio of SWCNT, WPU, TX-100
was changed from 1:1:13to1:1: 50, it can be seen that there
is no obvious effect on the sheet resistance and transmittance of
the film with different amounts of TX-100.
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Fig. 3 The relationship between transmittance and sheet resistance of
(a) water washed CNT-TAFs and (b) acid treated CNT-TAFs, the points
were obtained by changing the dilution of the CNT suspension and
wire diameters; (c) adhesion factor (f,) at different mass ratios of
SWCNT to WPU.
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Depending on the various applications, there are different
requirements for transmittance and surface resistance of anti-
static films, but the adhesion is very important for all the TAFs
in practical applications. In this research, the environmentally
friendly WPU adhesive, a linear thermoplastic polymer, was
added to improve the adhesion of the TAFs. After rod coating,
the CNT-TAFs were rinsed in deionized water and dried at 80 °C
three times, and these were described as water washed CNT-
TAFs, then these water washed CNT-TAFs were further
immersed in nitric acid for 30 min followed by washing with
deionized water to get acid treated CNT-TAFs.

Because of the short time of the acid treatment, the effect of
the acid on the PET films was slight. The relationship between
the sheet resistance and transmittance of water washed CNT-
TAFs and acid treated CNT-TAFs at different weight ratios of
SWCNT, WPU and TX-100 are shown in Fig. 3a and b, respec-
tively. From Fig. 3a, it can be seen that the content of WPU has

/\N: CNTs : Chains of WPU

Drying
NI =

(a)

Drying
RS =

(d)

Fig. 4 Schematic for the formation and shape of films made using
pure CNT and CNT/WPU.

’
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a great influence on the surface resistance of the films. The
higher the content of WPU they contain, the greater is the
surface resistance. The acid treatment can significantly reduce
the surface resistance to less than 10° Q and this can be seen by
comparing Fig. 3b with Fig. 3a. Cao et al. used poly(phenylene
sulfide), poly(ether ether ketone) and MWCNTs to fabricate
films, but the conductivity of these films was low.*” Chou and
Cheng utilized MWCNTs and polyimide to make films with
a surface resistance of 1.02 x 10° Q cm™23% Obviously, the
surface resistance of these films were far higher than the acid
treated CNT-TAFs obtained in this research. The adhesion
factor (f,), which can be easily measured from transmission
spectroscopy,*® was used to characterize the adhesion between
SWCNTs and the PET substrate:

Tn_TO

o=l o o

where T, and T, are the transmittance of the detached film after
the tape trial and the pristine sample, respectively. Adhesion is
good when the value of the f; is close to 1. The adhesion factors
of these films after water washing and acid treatment are shown
in Fig. 3c. It can be seen that if a small amount of WPU is added
it can increase the adhesion of the film significantly. The
adhesion increased with the increase of WPU content, but the
growth trend became less obvious after the weight ratio of
SWCNT to WPU was higher than 1:1. Meanwhile, the acid
treatment has little effect on the adhesion. This shows that the
adhesion of CNT-TAFs is good even after acid treatment,
indicting a relatively high resistance to acid soaking.

As shown in Fig. 4a and d, the chains of WPU will twist with
the CNTs in the mixed solution after stirring and there will exist
many contact points between the WPU chains and the CNTs

Fig.5 SEM images of water washed films with SWCNT : WPU (a) 1 : 25, (b) 1: 10, (c) 1 : 1, and acid treated films with SWCNT : WPU (d) 1 : 25, (e)

1:10, (f)1:1.
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that are beneficial for fixing the CNTs. During the process of
drying, most of the water will be evaporated and the chains of
WPU gradually form a film through interdiffusion® (Fig. 4e and
f). Comparing Fig. 4b, c, e and f, the addition of WPU helps the
CNTs to establish more contact points with the PET. Finally, the
CNTs are fixed by WPU on the PET substrate. In the tape trial,
this mechanism makes the films remain on the surface of PET
substrate.

The CNT dispersions were added with different amounts of
WPU, which was used as a binder. The more WPU that is added,
the higher the adhesion and surface resistance of the CNT film
is. After coating, the CNT films on the PET substrates were
washed with water and soaked in nitric acid to remove additives
and reduce the sheet resistance. Fig. 5 shows the SEM images of
water washed and acid treated CNT-TAFs with different
contents of WPU and these can be used to determine the surface
morphology. By comparing Fig. 5a and b (or Fig. 5d and e) with
Fig. 5c (or Fig. 5f), it can be seen that the higher the content of
WPU, the more the additives remain on the surface of the TAFs.
In particular, when the weight ratio of CNT : WPU is 1 : 25, it is
difficult to see the CNTs in Fig. 5a and d. The surface of the CNT

View Article Online
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film became cleaner and more tidy after the acid treatment and
this can be seen by comparing Fig. 5c and f with Fig. 5b and e,
which explains why the resistance of acid treated film is lower
than that of film washed with water as shown in Fig. 3a and b.
CNTs are responsible for the conductivity and increasing the
content of WPU will give a greater surface resistance and higher
adhesion. Considering the surface morphology, surface resis-
tance and adhesion of CNTs to PET substrate, the weight ratio
of SWCNT to WPU of 1 : 1 was chosen as an optimized solution
for CNT-TAFs and the acid treatment was adopted to reduce the
sheet resistance. The thicknesses of films, which can be ob-
tained by using atomic force microscopy (AFM) images, along
the edge of film are around 50-100 nm depending on the
different transmittances. The films also show a large area
uniformity with less 3% variation in transmittance.

In practice, the antistatic film will inevitably contact with
water or be used at high temperature. As is known, for the
antistatic film prepared with surfactants, it is easy to lose the
antistatic ability in water. To evaluate the water resistance of the
optimized TAFs, the films were immersed in water and then
taken out to test the sheet resistance after drying every 24 hours.

10k
(a) —n—Water-washed CNT-TAFs dip in water (b) o |[| T Water-washed CNT-TAFs after
one year
% 3k —e— Water-washed CNT-TAFs under 80°C ,ma 8k [| —#— Water-washed CNT-TAFs o
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Fig. 6

(a) Influence of the duration of water immersion and high temperature treatment on the sheet resistance; (b) time stability test of water

washed CNT-TAFs and acid treated CNT-TAFs, and EDX surface characterization of (c) water washed CNT-TAFs and (d) acid treated CNT-TAFs.
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The results are shown in Fig. 6a. It can be seen that the resis-
tance of water washed CNT-TAFs were still very stable after
multiple water immersion tests, which showed good resistance
to water. However, the resistance of acid treated CNT-TAFs
increased a lot after the first 24 hours and the resistance
became stable in the following tests, which also showed good
resistance to water. To test the duration of exposure to high
temperature, the CNT-TAFs that had been post-treated were
placed in an oven with a constant temperature of 80 °C, and
then the films were taken out to test their sheet resistance every
12 h. From Fig. 6a, it can be seen that the water washed film has
a good duration of high temperature for a long time. The
resistance of acid treated CNT-TAFs increased a lot in the first
24 hours, which may because of the dedoping effect.*' But the
resistance of acid treated CNT-TAFs was very stable after 24 h,
and they also showed good resistance to high temperatures. To
test the long-term stability of TAFs, a series of water washed
CNT-TAFs and acid treated CNT-TAFs were fabricated using the
same stable CNT suspension. The content of each component
adopted the optimum weight ratio which was 1:1:50 of
CNT : WPU : TX-100. Different surface resistances and trans-
mittances were obtained by changing the film thickness. At
first, the surface resistance and transmittance of these TAFs
were tested immediately, and then the TAFs were put in normal
atmospheric environment for more than one year. Finally, the
transmittance and surface resistance were tested and compared
in the same TAFs group. The resistance and transmittance of
the water washed CNT-TAFs and acid treated CNT-TAFs both
showed little change after one year as shown in Fig. 6b, which
suggests that the films had long-term stability at room
temperature. Also, the resistance of acid treated CNT-TAFs were
lower than those of water washed CNT-TAFs after a long
immersion or high temperature as shown in Fig. 6a, which may
be because more dispersants were washed off in the acid
treatment as shown in Fig. 6¢c and d. EDX was conducted to
determine the weight ratio changes of the elements using
different treatment processes. The element contents are shown
in Table 1. In the water washed CNT-TAFs, the films contain
CNTs, WPU, TX-100, and SDBS. In the acid treated CNT-TAFSs,
the films contain CNTs, WPU, TX-100, SDBS, and small
amounts of nitric acid. CNTs with a high purity have excellent
electrical conductivity after the purification process.**** There
may still be a small amount residual catalyst inside the CNTs
after purification, which may cause defects to the CNTs and
thus, influence the conductivity of the CNT films. But this will
have very little effect on the antistatic application, and it is the
CNT content that mainly determines the antistatic property in

Table1l Element content (wt%) of TAFs by different treatment process

Element content (wt%)

Processing method C (0} S N Na

CNT-TAFs 69.10 23.48 2.36 2.16 2.50
Water washed CNT-TAFs 72.33 24.35 0.57 2.57 0.19
Acid treated CNT-TAFs 72.97 23.66 0.37 2.91 0.10

This journal is © The Royal Society of Chemistry 2017
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| Pure PET‘ | CNT-TAFs

Fig. 7 Antistatic tests of (a) pure PET and (b) acid treated CNT-TAFs.

antistatic films. The sulfur (S) element comes from the SDBS
and the amount of the S element was greatly reduced after
washing in water and acid. The nitrogen (N) element comes
from nitrate oxidization and WPU, and the amount of the N
element was increased after acid treatment and this may
because of nitric acid doping. These results indicate that water
and acid treatment can both remove SDBS, and that the acid
treatment is more efficient than water treatment to remove the
additives on the surface of the CNT films,** so the surface
resistance of acid treated CNT-TAFs are lower than those of
water washed CNT-TAFs after a long water immersion or high
temperature.

The antistatic character was compared between the pure PET
film and the acid treated CNT-TAFs as shown in Fig. 7. The two
films were abraded and polystyrene microspheres were placed
on the two films, then the two films were pulled gently so that
they were vertical. The pure PET film adsorbed a lot of poly-
propylene microspheres as shown in Fig. 7a. However, the acid
treated CNT-TAFs did not adsorb any polypropylene micro-
spheres as shown in Fig. 7b. This phenomenon shows that the
acid treated CNT-TAFs can be used as an antistatic film with
high transmittance.

4. Conclusion

High performance SWCNT/WPU/TX-100 hybrid TAFs were
fabricated using low power bar coating technology involving
different hybrid weight ratios of SWCNT, WPU and TX-100. The
addition of WPU can contribute to improve the adhesion of
CNTs to the PET film and the content of WPU influence
promotion degree. Antistatic films with a high quality need to
have an elevated performance in all aspects. Through compre-
hensive determinations of surface morphology, surface resis-
tance and adhesion of CNTs to PET substrate, a weight ratio of
SWCNT to WPU of 1 : 1 was chosen as the optimized solution
for TAFs. Washing with water and further acid treatment could
effectively remove most of the additives, thereby decreasing the
sheet resistance of the films. In addition, these films showed
excellent antistatic properties and high stability to water and
high temperature. Finally, films were obtained that had a large
area, were uniform, were transparent, had low sheet resistance
and had strong adhesion at room temperature, and so can be
used in wide fields of antistatic applications.
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