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Abstract

Conductive thin transparent films are widely used in many commercial products, such as touch screens,
photovoltaic cells, flexible displays, and more. The ITO (Indium Tin Oxide) films, currently in use are unlikely
to satisfy the future demand owing to the escalating cost of indium, which is in limited supply. This short
communication describes an empirical study of a process of carbon nanotubes (CNT) dispersion under
sonication insolvents and dispersants. The method described is simple and very fast (~10 minutes) compared
with the other literature reports. HRSEM images and surface resistivity imply that the good CNT dispersion
leads to a remarkable improvement in separation and dispersion of the CNT in the organic solvents, which
otherwise would rapidly coagulate and settle. Cyclohexyl-2-pyrrolidone (CHP) was found as having the lowest
surface resistivity and best adhesion to the substrate surface. The film's resistivity and light transparency
decrease while haze increases as the film's thickness increases. Some films exhibited remarkable promising

results: Less than 5% haze, surface resistivity of 1.6 k€/o, and ~60% light transparency.
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INTRODUCTION

What do the Apple iPhone, Samsung Galaxy
smartphone, nanosolar photovoltaic, and Nintendo
DS have in common? Each of these cutting edge
devices uses a transparent material to the visible light
and yet electrically conductive, an essential element
of the device. Currently, LCD is by far the largest
consumer of transparent conductive materials but
many devices are showing a rapid growth in
popularity, such as touch panels (362 million units in
2010 with annual growth of 20% through 2013), E-
paper (30 fold growth expected from 2008 to 2014),
thin film solar (expected sales of over $13 hillion by
2017), and flexible displays (Hecht, Hu, & Irvin,
2011). Transparent conducting oxides (TCOs) are
widely used for this purpose. The main TCO used is
the tin doped indium oxide (ITO), expected to grow
and be a $3 billion market in 2010, with a 20%
growth rate through 2013. However, since indium
resources are limited, it is estimated that it will be
fully consumed within 20 years (Hosono, Ohta, Orita,
Ueda, & Hirano, 2002; Wassei & Kaner, 2010). In
order to overcome this problem, while meeting the
growing market demand, several alternatives were
introduced. One alternative currently investigated is
carbon nanotubes (CNT) (Hecht, et al., 2011;
Hosono, et al., 2002; R. Y. Suckeveriene, Zelikman,
Mechrez, & Narkis, 2011; R. Y. Suckeveriene,
Zelikman, & Narkis, 2012; Wassei & Kaner, 2010).
The conductive thin transparent films major
requirements are surface resistance - 500 Q/o and

80% transparency in the visible region (VLT) (Geng
et al., 2007; Hecht, et al., 2011).

Vaisman et al. (Vaisman, Wagner, & Marom, 2006)
reviewed the role of surfactants in the dispersion of
carbon nanotubes. Different approaches were
suggested to reduce the nanotubes agglomeration,
mainly ultrasonication, high shear mixing, and other
methods, aimed to alter the surface chemistry of the
tubes, either covalently (functionalization) or non-
covalently (adsorption). Generally, ionic surfactants
are preferred for CNT/water soluble solutions.
Alternatively, when organic solvents are used,
nonionic surfactants are proposed.

Rastogi et al. (Rastogi et al., 2008) reported the
dispersion of MWNTSs in four surfactants: Triton X-
100, Tween 20, Tween 80 and sodium dodecyl
sulfate (SDS). This experimentally observed trend for
the dispersion power of surfactants can be explained
on the basis of their chemical structures. In order to
disperse nanotubes in water, surfactant molecules
orient themselves with the hydrophobic tail groups
face toward the nanotube surface while hydrophilic
head groups tend toward the aqueous phase, causing
lowering of the nanotube/water interfacial tension.
Thus, the dispersing power of the surfactant depends
on how firm it adsorbs onto the nanotube surface and
produces by this adsorption energy barrier of
sufficient height avoiding aggregation. Molecules
having the benzene ring structure strongly adsorb to
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the graphitic surface due to m—m stacking type
interaction.

Ultrathin, optically transparent conductive films
prepared from pure carbon nanotubes are widely
studied due to their broad and promising applications.
However, since CNT tend to agglomerate, it is
important to well disperse the CNT prior to the film
formation. Jung de Andrade et al. (Jung de Andrade,
Lima, Skakalova, Bergmann, & Roth, 2007) reported
several methods of preparing CNT films: Dip-
coating, filtration method, spray-coating and
electrophoretic deposition. A suspension of single-
walled carbon nanotubes was prepared in an SDS
aqueous solution using ultrasonication. The dip-
coated films obtained had high optical transparency
(~86%) and low surface resistivity (~186 /sq). Yu
et al. (Yu, Rajamani, Stelson, & Cui, 2006) reported
the preparation of CNT thin films on a
poly(vinylidene fluoride) substrate for use as
actuators and sensors. The CNT were surface treated
in acid and followed by rod-coating. Li et al. (Li et
al., 2007) investigated the behavior of several types
of CNT as conductive transparent layers. Single-wall,
double-wall and multi-wall nanotubes were mixed in
dimethylformamide (DMF) using ultrasonication.
Films were then prepared using air-brush painting.
The double-wall nanotubes have shown better
transparency-conductance performance compared
with the single-wall nanotubes resulting in thin,
transparent and conductive films

A different way to produce CNT films is to
incorporate CNT in polymers. Since many different
methods and polymers are reported, only some will
be described.

Nasibulin et al. (Nasibulin et al., 2008) developed a
simple thermo-compression method, with adjustable
film thickness, transparency and conductivity.
Carbon nanotube mats were collectedin the
downstream of an aerosol reactor. The CNT were
filtered through disk filters, while controlling the
thickness by changing the deposition time. The CNT
films were then transferred to a medium density
polyethylene (MDPE) using a compression molding
process. Dettlaff-Weglikowska et al. (Dettlaff-
Wegglikowska, 2006) prepared transparent and
conductive SWNT/poly(methyl methacrylate)
(PMMA) composites. SWNT were doped by mixing
inthionyl chloride (SOCI,). The resulting CNT were
diluted in  chloroform and mixed  with
PMMA/chloroform solution followed by drop-casting
on glass to obtain a transparent, conductive film. The
SOCI; increased the composite conductivity by a
factor of 5, where the SWNT percolation threshold
was very low (0.1%). Ramasubramaniam et al.
(Ramasubramaniam, Chen, & Liu, 2003) mixed
SWNT with poly(phenyleneethylene) (PPE) in
chloroform  using vigorous shaking and/or

ultrasonication films were prepared using spin-
coating or drop-casting techniques. Homogenous
nano-composites were obtained with improved
electrical conductivity and a very low percolation
threshold (0.05-0.1% SWNT). Benoit et al. (Benoit et
al.,, 2001) prepared SWNT/PMMA composites in
toluene using ultrasonication. Using drop-casting
films were deposited on a glass substrate. The
conductivity increased by 9 orders of magnitude from
0.1% to 8% CNT. Bocharova et al. (Bocharova et al.,
2006) used poly(2-vinylpiridine) grafted onto SWNT
for better dispersion of the SWNT. Films were spin-
coated on glass and silicone substrates. As
transparency decreased the conductivity increased
(from 80% transparency and 250 kQ/sq to 50%
transparency and 5 kQ/sq).

Suckeveriene et al. (R. Y. Suckeveriene, Mechrez,
Filiba, Mosheev, & Narkis, 2013; Ran Yosef
Suckeveriene & Narkis, 2014)described an in-situ
interfacial dynamic inverse emulsion polymerization
process under sonication of aniline in the presence of
nine different types of carbon nanotubes in toluene,
which resulted in PANI coated nanotubes. The
dispersions prepared were found stable during several
months. The nanotubes were coated with PANI,
which interacts with the nanotubes and thus exhibit
improved film properties. Surface resistivity was
found lowest for N-7000 and N-3100 MWNTSs. The
film resistivity and light transparency decrease while
haze increases as the film thickness increases.

Only a limited research work has been carried out
with  surfactant-assisted dispersions in organic
solvents, compared to the aqueous systems. As
opposed to aqueous solutions, hydrophobic carbon
nanotubes are expected to be wetted by organic
solvents, and therefore, be less self-assembled in
bundles and ropes. However, carbon nanotubes were
shown to exhibit sufficient dispersability only in a
limited number of solvents, namely, DMF, dimethyl
acetamide (DMAC) and dimethyl pyrrolidone (NMP)
(Kim, Lee, Ryu, & Suh, 2006).

This short communication describes an empirical
study of the development of production methods of
thin transparent electrically conducting films. The
films were prepared using carbon nanotubes
dispersions with different solvents and surfactants.
Commercial binders were also used to improve the
adhesion of carbon nanotubes to the polymer (PET)
substrate's surfaces.

MATERIALS
The studied Nanocyl 7000 MWNT have an average

diameter of 9.5 nm and average length of 1.5 um
(Nanocyl, Belgium). Toluene, chloroform (Bio Lab
LTD., Israel), N-methyl pyrrolidone (NMP) (Merck
KGaA, Germany), and CycloHexyl-2-Pyrrolidone
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(CHP) (Aldrich, USA) were used as solvents.
Commercial binders, Binder 388-07 (
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Figure 3: Surface resistivity of different binder/CNT
weight ratios, for different wet film thicknesses
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Figure 4: Surface resistivity of different binder/CNT
weight ratios, for different wet film thicknesses
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Figure 5: Film resistivity, light transparency and haze witzerland), were used to disperse the CNT in the

dependence on N-7000/binder 388-07 weight ratio organic solvents, to enhance their adhesion to the
substrate surface.

Dispersions Preparation

The dispersion of CNT in a given organic solvents is
conducted as follows: Acertain amount of CNT and
dispersants is added to an organic solvent. Different
dispersion parameters such as CNT:binder ratio, CNT
loading etc. were studied. The samples are sonicated
for 10 min. in an ice bath. The CNT dispersions then
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serve for film formation using a series of coating rods
to produce films of different thicknesses (K Hand
Coater Large Starter Set, RK Print Coat Instruments,
UK).

RESULTS AND DISCUSSION

As expected, most of the CNT dispersions were poor
and unstable, with visible aggregation and
sedimentation. However, several systems, shown in

Table 3, exhibited good dispersion. Figure 1 depicts
a) Poor, b) Medium, and c¢) Good dispersions in
NMP. The films prepared are strongly related to the
dispersion quality: Good dispersions resulted in good
films and poor dispersions poor films. Good
dispersions were obtained using the NMP and CHP
solvents. It is speculated that the presence of nitrogen
atoms in the chemical structure of these solvents has
improved the CNT dispersability. Similar phenomena
were achieved using polyaniline, also containing
nitrogen atoms(R. Y. Suckeveriene, et al., 2013; R.
Y. Suckeveriene et al., 2011).

Figure 2 depicts three films deposited from good
dispersions on PET substrates. A transparent and
insulating film (Figure 2a) was obtained using sample
#23. This sample had the highest studied binder
concentration. The binder improved the CNT
dispersion; however it reduced the film conductivity,
since it represent an insulating molecule. A non-
transparent and conductive film (Figure 2b) was
obtainedusing sample #7. This sample has a low
binder concentration. A transparent and conductive
film (Figure 2c) was obtained using sample #34,
prepared using the CNT/CHP dispersion. It can be
concluded that low binder concentrations are
sufficient for the CNT dispersion. Moreover, CHP is
a better solvent for the CNT dispersion and film
production.

Figure 3 and

Figure 4 depict surface resistivity of different
binder/CNT weight ratios. The films were fabricated
using different coating rods resulting in various wet
film thicknesses.The films were deposited using the
N-7000 nanotube dispersions in CHP ofdifferent
weight ratios of binder 388-07. The film resistivity
decreases from ~3 k€/o for the thinest film down to
~0.5 kQ/o for the thickest. The binder/CNT ratio has
a little effect on the surface resistivity. Thus, it is
suggested that the CNT dispersion quality and film
forming are mostly affected by solvent, rather than by
the binder.

Figure 5 depicts film resistivity, light transparency
and haze dependence on N-7000/Binder 388-07
weight ratio. The films were deposited using
CHP/CNT dispersions with the coating rods. The

different CNT/Binder ratios have little effect on film
resistivity, light transparency and haze

Figure 6depicts high resolution scanning electron
microscopy (HRSEM) images of films prepared
using a) Good and b) Poor CNT dispersions. As
expected, the poor dispersions resulted in poor films
(b), while the good dispersions resulted in good
homogeneous film (Figure 6a). In addition, the
binder/CNT interactions can be observed: The poor
film exhibits large CNT agglomerates surrounded by
the binder, while the good film exhibits no
agglomerates and the CNT are well dispersed, thus
covering a larger area.

CONCLUSIONS

Nanotubes were successfully dispersedin different
organic solvents, using various dispersants. The good
dispersions were used for the preparation of thin,
transparent and conductive films. These films
exhibited good results: Less than 5% haze, surface
resistivity of 1.6 kQ/o, and ~60% light transparency.
The CNT/binder studied ratios have little effect on
the film's properties, thus it can be used in small
portions needed for the fine dispersion. Also, CHP is
a better solvent for the dispersion of CNT and film
production. These films will be used for the
preparation of different commercial applications
requiring conductive thin transparent films, such as
touch screens, photovoltaic cells, flexible displays,
and more.
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Table 1: Binder 388-07

DESIGNATION ACCORDING TO EC GUIDE-LINES Concentration %wt
4-Hydroxy-4-methylpentane-2-one 10 - 15
Dihydro-2-furanone 2.5-10
Solvent naphtha light 1-25
Acetic acid-3-methoxy-N-butylester 15-25
Propylene glycol di acrylate 10-25

Table 2: Binder 655-05

DESIGNATION ACCORDING TO EC GUIDE-LINES Concentration %wt
Ethylenglykolmonobutylethylacetate <10
Anone <20
4-Hydroxy-4- methyl-pentan-2-on <40

Table 3: Systems of good dispersability

Code Nanocyl 7000 [Yowt] Dispersant Solvent
7 0.025 0.25%wt BINDER 388-07 NMP
15 0.025 0.25%wt BINDER 655-05 NMP
23 0.025 1%wt BINDER 388-07 NMP
32 0.5 1%wt BINDER 388-07 CHP
33 0.5 0.75%wt BINDER 388-07 CHP
34 0.5 0.5%wt BINDER 388-07 CHP
36 0.5 1.25%wt BINDER 388-07 CHP




