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ABSTRACT: Through combined application of wormlike-micelle and rod-coating
technique, a general method was demonstrated for the facile reparation of thin
transparent conductive films (TCF) of various nanomaterials and their hybrids on
flexible plastics. The cetyltrimethylammonium hydroxide (CTAOH)/p-toluenesul-
fonic acid (CTAT) wormlike micelle system was selected for both the dispersion of
different nanomaterials and the enhancement of viscosities of the coating fluids.
With the single-walled carbon nanotubes (SWNTs)/wormlike micelle aqueous
dispersions as coating fluid, TCFs of SWNTs on flexible poly(ethylene
terephthalate) (PET) substrates made by rod-coating method were demonstrated.
After doping by immersion into thionyl chloride solution, the sheet resistance of
SWNTs thin films, which had a transmittance of about 78%, was as low as 480€/sq.
This coating method was extended to the preparation of thin films or networks of
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other materials such as reduced graphene oxide and Ag nanowires. The obtained
TCEF from Ag nanowire networks has a low sheet resistance of 17€/sq, which is comparable to the value of best indium tin oxide
(ITO) coating on plastic substrates. Finally, hybrid thin films of different nanomaterials were demonstrated by this method.
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B INTRODUCTION

Thin, transparent, conductive films (TCFs) serve as crucial
components in various electronic devices, including head up
displays, organic light emitting diodes, and plastic solar cells.' ™
Although tin-doped indium oxide (ITO) thin films have been
widely utilized as transparent electrodes for decades, the
brittleness as well as the high price of ITO inhibits their further
applications in the area of flexible electronics.* Fortunately, the
rapid development of nanotechnology provides various
alternative materials such as single-walled carbon nanotubes
(SWNTs), graphene sheets, and metal nanowires for the
replacement of ITO. To fabricate TCFs based on these novel
nanomaterials, researchers have developed solution-based
methods®™® such as filtration,'®™"® spin coating,m_?'3 and
spray coating.”*** These methods offer several advantages such
as low processing temperatures and the avoidance of expensive
equipment.”® However, because of the size limitation of the
filter and the inhomogeneity of carbon nanotube films caused
by the spin coating or spray coating,lm’26 great challenges still
exist for large-scale processing of these materials if they are to
result in transparent, homogeneous thin films.

The rod coating method, in which the precoated substrate
passes under a wire-wrapped cylinder to meter off excess
coating, has long been considered as a continuous and scalable
approach to fabricate thin films of various materials in industry,
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and has recently emerged as a promising method for large scale
fabrication of transparent conducting thin films of nanomateri-
als. Dan et. al first reported a rod coating approach for the
continuous and scalable fabrication of transparent SWNTSs
films.*” In their work, a SWNTs-SDBS-Triton 100 aqueous
solution was chosen as the coating fluid, and large area SWNT's
thin film were obtained. Recently, a scalable rod coating
method for the preparation of Ag nanowires networks was also
developed®® by Hu et al. via the use of methanol as a
nonaqueous organic solvent. Despite these promising results, to
our best knowledge, the fabrication of TCFs based on graphene
or reduced graphene oxides (RGO), as well as hybrid materials
which combine unique properties together from individual
components, are unexplored until now. The latter is especially
important since it has been recently found that hybrid thin films
are of great merit in device applications.”” For this aim, a
general dispersion system which is compatible with various
nanomaterials has to be applied, so that the mixing of the
coating fluid based on different nanomaterials could become
effective for the fabrication of TCFs. From this point of view,
the reported approaches based on SDBS-Triton 100 aqueous
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solution and methanol are not desirable, due to great
differences between dispersion systems used in these two
methods.

To address the above problems, we pay attention to the
wormlike micelle-based dispersion system. During the past two
decades, wormlike micelle systems which show interesting
viscoelastic properties have been widely investigated®*™* and
exploited to obtain well-dispersed SWNTs solutions.>> >’
Enlightened by these works, we have fabricated transparent
conductive thin films and networks with the assistance of
wormlike micelles. Wormlike micelles are chosen as the coating
fluid for the following reasons: (1) the rheology properties of
wormlike micelles are sensitive to temperature and the ratio
between cationic and anionic ions, so that the viscosity of the
coating fluid is conveniently adjustable.’*™>**® (2) The
viscosity of the wormlike micelle system is induced by the
self-assembly of ionic surfactants and the presence of other
nanostructures,”>~*' which often increase the viscosity of such
systems. The wormlike micelle based coating fluid technique
could be extended to various nanostructures including SWNTs,
multiwalled-carbon nanotubes (MWNTs), graphene, or metal
nanomaterials. (3) Various wormlike micelle systems with
different surfactants are available for the preparation of
nanomaterial thin films,****** so the design flexibility is greatly
enhanced. (4) Unlike polymer-based dispersion systems,
surfactants and organic counterions in the wormlike micelles
can be easily removed from dried SWNTs/surfactant
composite thin films, in order to prepare SWNTs based
transparent thin films.>* In the present work, we proposed for
the first time that the combination of wormlike micelle
dispersion systems and rod-coating techniques could afford a
general dispersion and coating method for the fabrication of
TCFs from various nanomaterials and their hybrids on flexible
plastics.

In this manuscript, we first selected SWNTs as a model
material with which to demonstrate our strategy design, and
then the wormlike micelle assisted rod coating method was
extended to the preparation of thin films based on other
nanomaterials such as reduced graphene oxide (RGO) and Ag
nanowires. Finally, a one-step method for the fabrication of
hybrid films of different nanomaterials was demonstrated with
this strategy.

B EXPERIMENTAL SECTION

Materials. Both the SWNTs (purity 90%, diameter <2 nm) and the
MWNTs (purity 95%, diameter 10—20 nm) were purchased from
Chengdu Organic Chemicals Co. Ltd. and were synthesized by
chemical vapor deposition. SWNT's were further purified by reflux in 7
M HNO,; for 3 h. Cetyltrimethylammonium hydroxide (CTAOH) was
purchased from Tokyo Chemical Industry Co. Ltd. P-toluenesulfonic
acid was purchased from Beijing Chemical Reagent Corp. AgNO; and
ethylene glycol were purchased from Beijing Chemical Works.
Artificial graphite was provided by Dong Xin Electrical Carbon Co.
Ltd., with a nominal size of 15 ym. Graphene oxides were synthesized
throu§h the modified Staudenmaier’s method reported in our previous
work.*' Ag nanowires were purchased from Blue Nano, Inc.

Preparation of SWNTs Fluid. In a typical experiment, 15 mg of
SWNTs were added into 15 mL of 0.05 M CTAOH/water solution,
and then sonicated with ultrasonic cell disruption at 100W for 10 min.
The resulting black suspension was centrifuged at 9000 rpm for 15
min. After the centrifugation, 10 mL of the supernatant suspension was
carefully recovered. The viscoelasticity of the SWNT's suspension was
adjusted by dropwise addition of 1 mL of 0.45 M p-toluenesulfonic
acid aqueous solution into the SWNT's suspension.
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Fabrication of SWNTs Thin Films. Four-tenths of a milliliter of
freshly prepared SWNTs fluid was poured onto a SO pm thick
polyethylene terephthalate (PET) substrate. Then, a Mayer rod was
pulled over the fluid to form a uniform thin film of the SWNTs
suspensions on the PET substrate at 50 °C. The wet SWNTs fluid was
then dried at 20 °C, which produced a thin layer containing SWNT's
and surfactants. The surfactants were further removed by immersing
the SWNT film into ethanol solution for 24 h, followed by extraction
with ethanol for 48 h.

Characterization. The morphology of the SWNTSs transparent
thin films was observed by a scanning electron microscope (SEM,
Hitachi S-4700 operated at 20 kV) and atomic force spectroscope
(AFM, Nanoscopelll Digital Instruments/Veco Metrology Group). X-
ray photoelectron spectra (XPS) of the samples were measured with
an ESCALAB 250 (VG Scientific) photoelectron spectrometer using
monochromatic Al KR radiation. The viscosity of the wormlike
micelles was studied with controlled-stress Haake RS150 rheometer,
using a C60/1 cone and plate sensor system. The viscosity of the
CTAOH aqueous solution was measured by a DG 41 double gap
sensor system. The sheet resistances of SWNTs transparent thin films
were recorded on a SX1934 four-point testing instrument.

B RESULTS AND DISCUSSION

When applying the rod coating method to prepare a uniform
thin layer, two criteria must be fulfilled. First, the spreading of
the coating fluid through a Mayer rod must lead to a ribbed or
waved surface (see the Supporting Information, Figure S1, and
Scheme 1). Driven by the surface tension, the ribbed liquid

Scheme 1. Schematic Illustration of the Procedure for
Preparing SWNT-Based Transparent Thin Films through
the Rod Coating Method

Leveling
Immersionl

Extraction i

layer of coating fluid could gradually level to a homogeneous
thin film (Scheme 1). However, the leveling process is resisted
by the viscosity of the coating fluid.** The leveling time of the
coating fluid is proportional to its viscosity, which means that
the viscosity of the coating fluid has to be low enough to avoid
the formation of a waved surface.* For the rod coating method,
the optimum viscosity range of coating fluids is between 0.02
and 1 Pa S* In addition, during the drying process, the
dewetting process or gravitational force will induce secondary
flow; to maintain the uniformity of the SWNTs film, the
viscosity of the SWNTs fluid should be high enough to hinder
the secondary flow caused by the dewetting after coating.
Therefore, a good balance that controls the viscosity of the
SWNTs fluid is critical for the fabrication of high-quality
SWNTs films on substrates.

In this work, the well-studied CTAOH-p-toluenesulfonic
acid—water (CTAT) wormlike micelle system was used for the
preparation of SWNTs fluid. The p-toluenesulfonic groups
insert into the headgroups of the micelles at a depth and induce

SWNTs ink Rod coating
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the elongation of micelles. Similar to polymeric systems,
wormlike micelles or threadlike micelle systems show
interesting rheolo§ical behaviors due to the entanglement
between micelles.” *"3* Generally, the addition of nano-
particles into wormlike micelle systems will enhance the
viscosity of the whole system, due to the formation of a so-
called “double network”.*® Because of the different surface
chemistries of various nanoparticles, the interactions between
wormlike micelles and nanoparticles range from electrostatic
forces®®*%*® to noncovalent wrapping, > which drive the
dispersion of SWNTSs in our system.

Figure 1 shows the viscosity of a CTAT wormlike micelle
system at different temperatures. The mole ratio of CTAOH/p-
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Figure 1. Viscosity vs shear rate for the CTAOH aqueous solution and
CTAOH/p-toluenesulfonic acid wormlike micelle system at different
temperatures.

toluenesulfonic acid is 10/9. Although the viscosity of CTAOH
was at the order of 1 X 107 Pa s at 20 °C, the viscosity of the
wormlike micelle system increased by 4 orders of magnitude at
the same temperature, with the adding of p-toluenesulfonic acid
into the CTAOH system. As the temperature increased, the
viscosity of the wormlike micelle system decreased drastically.
This phenomenon was possibly induced by the decreasing of
the average length of wormlike micelles, caused by the higher
thermal fluctuation induced by the elevation of temper-
atures.*®*** %" Temperature also exhibited a strong influence
on the shear-thinning property of the wormlike micelle system.
The shear-thinning property was obvious at lower temperatures
up to 40 °C, because of the scission of micelles at high shearing
rates.>>>> When the temperature was further increased to 50
°C, the wormlike micelles behaved almost like a Newtonian
fluid.>* Therefore, to satisfy these two requirements mentioned
above simultaneously, the coating processes were performed on
a hot stage with the temperature holding at 50 °C. At 50 °C,
the viscosity of the wormlike micelle was equal to 0.02 Pa-s, and
kept constant with the change of shearing rate. As mentioned
above, the introduction of SWNTs brings an elevation of the
system viscosity.””>°> Nonetheless, the final viscosity of the
SWNT-micelle system should be still in the optimum viscosity
range (0.02—1 Pa s) for the coating fluid, because the viscosity
increase resulting from the adding of SWNTs is usually
confined with a range of 1 order of magnitude.55 As a result, a
homogeneous thin film of SWNTs was achieved by pulling the
Mayer rod over the SWNTs fluid on the PET substrate. The
coated film was then dried at 20 °C because the high zero shear
viscosity of the wormlike micelle at 20 °C prevented the flow
and dewetting during the drying of the SWNTs fluids.
Another criterion of SWNTs fluids relates to the stability of
the SWNTs dispersion after mixing in other additives. It has
been reported that the adding of salt or changing pH would
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reduce the electrostatic repulsion between surfactant molecules,
and decrease the interaction between the surfactant and
SWNTs. Consequently, the SWNTSs suspension solution is
extremely sensitive toward additives, and any inappropriate
additives could lead to the a§6gregation and coagulation of the
SWNTs in the dispersion.>®” In our work, the SWNTs
dispersion was stable for more than 24 h at room temperature
when the mole ratio of CTAOH and p-toluenesulfonic acid was
10:9. At this ratio, all p-toluenesulfonic acid added into the
CTAOH/SWNTs dispersion was neutralized by CTAOH.
With the decrease in the mole ratio between CTAOH and p-
toluenesulfonic acid, the extra p-toluenesulfonic acid cannot be
neutralized by surfactant CTAOH, and the SWNTs in the
dispersion aggregate immediately (see the Supporting
Information, Figure S2).

A PET film with a large-area SWNTSs coating, 25 cm X 10
cm, was further obtained by the wormlike micelle assisted rod
coating method (Figure 2c), which showed good optical

Figure 2. (a) SEM, (b) AFM, and (c) optical images of SWNT thin
films on a PET substrate, prepared through the rod coating method
with the assistance of wormlike micelles. In ¢, a 25 cm long PET
substrate with SWNTs thin coating is shown as a transparent film.

transparency. The surface morphology of SWNTs thin films
was investigated by both SEM (Figure 2a) and AFM
measurements (Figure 2b). Homogeneous coatings consisting
of interconnected nanotube networks were observed. The
density distribution of SWNTs bundles was also investigated
through counting the number of SWNTSs bundles in 1 square
micrometer at different sites. For an 80% transparency SWNTs
thin film, mostly, the number of SWNTs bundles within 1
square micrometer is between 140 and 180, which further
demonstrates the homogeneity of SWNTs in the thin layers
(see the Supporting Information, Figure S3).

Because the residual surfactant trapped in the SWNTs
transparent thin film will induce additional resistance, the
removal of such surfactants after the rod-coating and drying
process could greatly decrease the sheet resistance of the
SWNTs transparent films. In this work, a multistep method is
adopted for the removal of CTAT. Large amounts of
surfactants introduced on the PET substrate were removed
by a simple immersion process. The small amount of remaining
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surfactants was further eliminated through extraction, which
was reported as a highly efficient method for the removal of
residual surfactants.'' The atomic percentage of N for CTAOH
and S for p-toluenesulfonic acid could serve as an effective
indicator for the amount of residual surfactants. Figure 3 shows

films were immersed into thionyl chloride for 20 min, followed
by rinsing with ethanol 3 times to decrease the resistance of
SWNTs films. The sheet resistance versus transmittance curve
for films with different thicknesses of SWNTs was shown in
Figure 4. After the coating and removal of surfactants, a sheet
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Figure 3. XPS measurement of PET films before and after coating
with a thin layer of SWNTs. (a) Nls spectra on a pristine PET film;
(b) S2p spectra on a pristine PET film; (c) N1s spectra on a PET film
coated with a thin layer of SWNTs after immersion; (d) S2p spectra
on a PET film coated with a thin layer of SWNTs after immersion; (e)
N1s spectra on a PET film coated with a thin layer of SWNTs after
extraction; (f) S2p spectra on a PET film coated with a thin layer of
SWNTs after extraction.

XPS analysis of a pristine PET film, and the SWNTSs coated
PET film after immersion and solvent extraction. As shown in
panels a and b in Figure 3, there are small amounts of N on the
surface of the pristine PET substrate which may be attributed to
additives. Also, the S2p spectrum indicates that no S is present
on the surface of the PET substrate. After immersion, The N1s
and S2p peaks demonstrate that the residual surfactant
remained in the SWNTs thin layer (Figure 3c and 3d). Further
extraction clearly removed p-toluenesulfonic groups absorbed
in the SWNTs thin layer, because the S2p signal on the SWNT-
coated film was measured at zero, as was the level on the
pristine PET film (Figure 3f). However, the atomic percentage
of N on SWNTs coated PET films after extraction is still 0.82%
(Figure 3e), which can be ascribed to two sources, the N
containing additives in the PET substrates, and the small
amount of cationic surfactants adsorbed on the surface of the
SWNTs because of the electrostatic force between the cationic
surfactants and the carboxyl groups on the ends and sidewalls
of carbon nanotubes.

For the purpose of reducing the sheet resistance of SWNT's
based transparent thin films, several dopants including high-
concentration HNOj, oleum, or thionyl chloride were utilized
to dope the SWNTs thin film.""*” In this work, all SWNTs thin
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Figure 4. Sheet resistance versus transmittance for SWNT-based thin
films before and after thionyl chloride treatment.

resistance of 1086 Q/sq for corresponding transmittances of
78% was achieved. The sheet resistance could be further
reduced to 480 Q/sq by thionyl chloride treatment, without
significant impact on the transmittance of the SWNTs film (see
the Supporting Information, Figure S4).

An inherent advantage of using wormlike micelles is that
such a system is particularly effective for the dispersion of
various nanomaterials, and the adding of different nanostruc-
tures often enhances the viscosity of wormlike micelles
systems.>>**~*"5% Therefore, there is a great chance to extend
this rod coating method conveniently to a variety of
nanostructures. Figure S shows the SEM images of MWNTs,
graphene oxide (GO), and Ag nanorod thin films on the PET
substrate prepared by using this wormlike micelle dispersion as

o
um $4700 20.0kV 11.8mm x15.0k

— «

U
$4700 20.0kV 12.1mm x5.00k 10.0um

Figure 5. SEM images of various nanomaterial-based thin film
prepared through the rod coating technique with wormlike micelle
dispersions as the coating fluid: (A) MWNTs; (B) GO; (C) RGO;
(D) Ag nanowire network.
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the coating fluid. Similar to the case of SWNTSs, a uniform thin
layer of different nanostructures could be observed. The GO
thin film coated on the PET substrate (Figure Sb) could be
further reduced by simply immersing it into 1% hydrazine
monohydrate solution at 90 °C for 12 h, which lead to a
conductive, reduced GO (RGO) film (see the Supporting
Information, Figures S5—S7). The sheet resistance of the Ag
nanowire network is 17.3Q2/sq at a transmittance of 85% at 550
nm. In addition, hybrid thin films of different nanomaterials
could also be prepared by this method (see the Supporting
Information, Figures S8—S11).

B CONCLUSION

In summary, through the combination of the viscoelastic CTAT
wormlike micelle system and the rod coating technique, a facile
method for the fabrication of transparent high conductive film
(TCFs) on flexible PET substrate was demonstrated in this
work. Comparison with reported rod-coating techniques which
only offer a single application, this method offers a general
dispersion system for preparing coating fluids that could be
applied to versatile conductive nanomaterials such as SWNTs,
MWNTs, Ag nanowires, GO, and hybrid films made from
them. The use of organic solvents to disperse the nanomateri-
als, especially Ag nanowires, is excluded to afford low-cost and
environmentally benign compatibility. Given the wide
application of the rod coating method for the scalable coating
of different materials onto flexible substrates, the method
developed in this manuscript shows great merit both for the
industrialization of flexible electronic devices and the scalable
deposition of various nanostructures onto different surfaces.

B ASSOCIATED CONTENT

© Supporting Information

UV—vis spectra data of SWNTs thin films, XPS data for the
reduced graphene oxide film, SEM images and sheet resistance
data of the reduced graphene oxide film, Ag nanowires
networks and various hybrid films. This material is available
free of charge via the Internet at http://pubs.acs.org.
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