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A surfactant-free two-step shearing strategy was applied to disperse vertically aligned carbon nanotube (VACNT)
arrays into individually dispersed CNTs. First, big blocks of VACNT arrays were sheared into fluffy CNTs. The fluffy
CNTs were composed of CNT bundles with a diameter of 1—10 xm and a length of several millimeters. After that, the
fluffy CNTs were further sheared in liquid phase to obtain individually dispersed CNTs. As comparison, sonication and
grinding were also employed for further dispersion of the fluffy CNTs. The length of CNTs dispersed by shearing
method was the longest and up to several hundred micrometers. The CNT dispersions from the three methods can be
used to fabricate transparent conductive films (TCFs). The TCFs from CNTs dispersed by shearing method showed the
highest conductivity at the same transparency. VACNT arrays with a small diameter (~10 nm) were dispersed by the
shearing method as well, from which the TCF with a surface resistance of 2.5 k€2/0 and a transparency of 78.6% (at
500 nm) was obtained. The ratio of dc to optical conductivity (04¢/0,y) Of the as-dispersed CNT array was 0.711, which

can compare beauty with that of single-walled CNTs and double-walled CNTs grown by the CVD process.

1. Introduction

Because of their exceptional mechanical, electrical, and thermal
properties, carbon nanotubes (CNTs) have become one of the
focuses of nanoscience and nanotechnology, finding a wide range
of applications in composite reinforcement,’ transparent conduc-
tive films (TCFs),” etc. For such applications, the CNTs should be
individually dispersed in solution or in the polymer matrix; what
is more, a longer and straighter CNT is beneficial for electrical
and thermal conductivity reinforcement of composites® and for
the performance improvement of TCFs.*

Until now, agglomerated CNTs, in which CNTs are randomly
entangled with each other, can be easily mass produced in fluidized
bed.’ They were widely used as raw materials for dispersion and had
found amazing applications.®” However, the severe entanglements
among CNTs made the procedure for dispersion complex and
tedious. Recently, vertically aligned CNT (VACNT) arrays, in
which the CNTs with high aspect ratio are well oriented, drew more
and more attention. The extraordinary performance was demon-
strated and fascinating applications are under development.® It has
been demonstrated that VACNT arrays can be easily produced by
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radial growth on spheres or intercalated growth among a lamellar
catalyst.”'° 3.0 kg/h of VACNT arrays can intercalated grow among
vermiculite with low cost in a fluidized bed reactor.'" The initial
length of CNTs in the array easily reached 1—8 mm. Compared with
CNTs in the random agglomerates, the interactions among CNTs in
the array are relatively weak, and the length of CNTs increases
obviously. The CNTs in the array are with large aspect ratio and
have found more and more applications in composites, Li-ion
battery, supercapacitor, wave and energy absorbing material, heat
transfer device, etc.'”!?~" The precondition to realize those applica-
tions is to obtain CNTs with good dispersion.

Currently, chemical modification of CNTs via covalent bond-
ing and physical modification via noncovalent bonding are
adopted for CNT dispersion.'®'® Aggressive chemical modifica-
tion at high temperatures created defects on CNTs and shortened
the length severely.'” For physical modification, surfactant mi-
celles, aromatic compounds, and synthetic and biological poly-
mers act as solubilizers to disperse single-walled CNTs via
physical adsorption,'®?**! which will alter the instinct properties
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Figure 1. Two-step shearing strategy for dispersing CNT arrays into individually dispersed CNTs for TCFs. First, the big blocks of CNT
arrays (a) were sheared into fluffy CNTs (b) in the gas phase. The fluffy CNTs were further dispersed into individual CNTs (¢) by high-speed
shearing in liquid phase. Then individual CNTs were transferred onto a flat substrate (d) for TCFs.

of CNTs and hinder the applications.”>* Meanwhile, both
chemical and physical modification approaches usually involved
the process of sonication, milling, etc.'®"'® After treatment by
sonication, the length of CNTs usually decreased sharply to
several micrometers.”* The length of CNTs can even decrease
to less than 1 um if they were treated by milling.>*® The maxi-
mum length of dispersed CNTs is just 20 um among many
literatures,>* %7 which limited the applications of CNTs in the
fields of composites and thermal conductive fluids. It is a critical
issue to develop a novel method to increase the length of dispersed
CNTs, which includes the use of raw materials with higher aspect
ratio and the preservation of the CNT length during the disper-
sion process.

In this contribution, VACNT array was used as the raw
material, and a two-step shearing strategy for dispersing VACNT
array was proposed as illustrated in Figure 1. The VACNT arrays
were big blocks with highly anisotropic structures (Figure 1a): the
CNTs in the array were strong along the c-axis direction, but
with weak connections among CNTSs along the radial direction.
A moderate anisotropic shearing force with little damage to the
length of CNTs was first applied to large blocks of CNTs to tear
them into small fibrous bundles (fluffy CNTs) (Figure 1b). Then
the fluffy CNTs were further sheared into individual CNTs
(Figure Ic). For the characterization of the length and dispersion
state, the CNTs were transferred onto a flat substrate (Figure 1d).
The dispersion stability was investigated, and the CNT dispersion
was filtrated to fabricate TCFs.

II. Experimental Section

Materials. VACNT arrays fabricated by a floating catalyst
chemical vapor deposition (CVD)** and a thermal CVD method®
were used, and they were named as VACNT array 1 and VACNT
array 2, respectively. The CNTs in VACNT array 1 were with a
length of 5.0 mm and a diameter of 30—60 nm, while the CNTs in
VACNT array 2 were with a length of 0.2 mm and a diameter of
8—12 nm. Both VACNT arrays were directly used without any
specific purification.

Predispersion of CNTs. VACNT array 1 was first sheared
into fluffy CNTs by high-speed shearing as a pretreatment. About
1.0 g of the VACNT array 1 was placed in a high-speed shearer
with a rotor capable of rotating at a speed of 24000 rpm. After
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treatment for 60—600 s, the fluffy CNTs were obtained. Macro-
scopic photographs were taken using a Nikon 4500 digital
camera.

Further Dispersion of CNTs. The fluffy CNTs were further
dispersed in benzyl alcohol with a concentration of ~4.0 mg/L. It
was stirred in the disintegrator for 10 min at a rotation speed of
6000—7000 rpm. For comparison, further sonication and grind-
ing were also carried out. The solution was sonicated for 10 hina
sonication bath (frequency of 59 kHz and power of 80 W). For
grinding, about 0.1 g of fluffy CNTs was grinded in an agate
mortar forabout 2.0 h. They are named as shear CNTs, sonication
CNTs, and grind CNTs.

For VACNT array 2, shearing was directly applied. A solution
with a concentration of ~0.25 mg/L was stirred in the disinte-
grator for 30 min at a rotation speed of 6000—7000 rpm.

Fabrication of TCFs. The TCFs were fabricated using the
filtration method.”> The dispersions of both CNT arrays were
filtrated through a mixed cellulose ester (MCE) filter mem-
brane (220 nm of pore size). The surface resistance of the film
was controlled by filtrating controlled volume of dispersion. The
deposited films were then wet transferred onto glass or polyethy-
lene terephthalate (PET) substrates and dried at 75 °C in vacuum
overnight under a 27 kPa load. Then the membrane on PET
substrate was placed directly in the acetone bath for 20—30 min
and then picked up and transferred to a clean acetone bath for
another 20—30 min to remove dissolved MCE diffused into the
porous film in the first bath. The process was repeated through
several baths (usually four times is enough) to ensure the complete
removal of MCE. The final bath is typically a methanol bath. The
films were picked up and dried to obtain the final CNT film on the
PET substrate.

Characterization. The VACNT arrays dispersed by different
methods were characterized by both scanning electron micro-
scopy (SEM, JSM 7401F) and transmission electron microscopy
(TEM, JEM 2010). Some drops from the diluted suspensions were
dropped onto a Si wafer or a copper grid and dried in an oven
(80 °C) for the observation for SEM and TEM, respectively. The
optical properties of CNT dispersions and TCFs (without PET
substrate) were measured by an A-722 grating spectrophotometer
at a wavelength of 500 nm. The surface resistance of TCFs was
obtained by a four-probe method. Raman experiments were per-
formed with a Raman spectrophotometer Renishaw, RM2000 in
ambient conditions. The spectra were recorded using a He—Ne
laser excitation line of 633 nm. The raw materials of VACNT
array | and VACNT array 2 and grind CNTs were directly used in
powder form (on glass slides). The dispersions of shear CNTs and
sonication CNTs were filtrated through MCE filter membranes,
washed with deionized water, and dried at 75 °C in an oven. Then
the MCE membrane was dissolved in several acetone baths and a
final methanol bath as described above. Opaque thick CNT films
were picked up by glass slides and dried to get the sample for
Raman analysis.

III. Results and Discussion

3.1. Predispersion of VACNT Array 1 into Fluffy CNTs.
The VACNT array 1 obtained by a 150 min synchronous
growth® were large blocks with a size of several millimeters
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Figure 2. Macroscopic images of big blocks of CNT arrays (a),
fluffy CNTs obtained after high-speed shearing (b), and flufty
CNTs in benzyl alcohol (d). (c) is the SEM image of flufty CNTs.

(Figure 2a) and a length of about 5.0 mm. The array was treated
by a high speed shearing in air, and macroscopically fluffy CNTs
were obtained (Figure 2b), whose apparent density was about
4.0 g/L. From the SEM image, it can be observed that the fluffy
CNTs consisted of CNT bundles with bundle diameters of 1—
10 um (Figure 2¢). The CNTs in the VACNT array showed an
anisotropic connection along the CNT radial direction where
weak connections existed. When the arrays were sheared, they
were torn into pieces along the c-axis direction. The pieces became
smaller with prolonged shearing duration. As a result, fluffy
CNTs were obtained by shearing the VACNT array. The high-
speed shearing in air was effective for the predispersion of CNT
arrays. However, in fluffy CNTs, the CNT bundles can hardly be
further torn into smaller pieces due to the limitation of rotation
speed and the thickness of rotor (0.5 mm). The shock might have
been relaxed by bundle torsion due to the flexibility of CNT
bundle.*” In the fluffy CNTs, the length of CNT bundles was still
at the order of several millimeters (Figure 2d). Taking advantage
of the higher shearing force in the liquid phase, the fluffy CNTs
were further sheared in the liquid phase to obtain individually
dispersed CNT in the second step.

3.2. Dispersion of Fluffy CNTs by Different Methods.
Various kinds of solvents, such as ethanol, ethylene glycol, benzyl
alcohol, N-methyl-2-pyrrolidone (NMP), and dimethylformamide
(DMF), were selected for CNT dispersion. After the same proce-
dure, we found individually dispersed CNTs can be easily obtained
in benzyl alcohol. This was mainly attributed to the 7— stacking
between the benzyl ring in benzyl alcohol and CNTs. Furthermore,
the viscosity of benzyl alcohol is 5.474 mPa-s, which was obviously
higher than that of DMF and NMP (0.796 and 1.666 mPa-s at
25 °C, respectively) and thus was beneficial to form the high
shearing force environment. Some other kinds of solvents, such as
1,2-dichlorobenzene and chloroform, might be more appropriate
for two-step shearing for CNT dispersion.”'*? But here, to illustrate
the strategy easily, we choose benzyl alcohol as the solvent.

The individual CNTs dispersed in benzyl alcohol were further
characterized. Figure 3 shows the SEM images and length
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distribution of CNTs treated by different methods (shearing,
sonication, and grinding). The CNTs were all simply lapped on
each other, and no entanglement was observed (Figure 3a—c). As
measured from Figure 3a,b, the length of shear CNTs was
5.1—106.1 um and sonication CNTs was 7.4—113.9 um. The
length distributions of both shear CNTs and sonication CNTSs
were between normal and log—normal distribution (Figure 3d,e).
The average length and standard deviation for shear CNTs and
sonication CNTs were 38.5 + 19.3 um and 31.4 £ 20.1 um,
respectively. The length of grind CNTs distributed uniformly with
an average value and standard deviation of 1.5 £ 0.8 um
(Figure 3c,f). The length of grind CNTs showed a narrow normal
distribution, which is in accordance with previous report of
Kukovecz et al.®

After shearing in a solvent, the dispersion was standing for
30 min and carefully decanted (Figure 4a (I)). Figure 4a (11, III)
shows the macroscopic images of CNTs dispersed by sonication
and grinding. They all looked transparent and homogeneous. The
absorbance vs concentration curves of different CNT dispersions
are shown in Figure 4b. The absorbance was proportional to the
concentration. The mass absorbance coefficients were 34.53 (1),
39.02 (1I), and 49.18 mL mg~' cm™' (III), respectively. The
sequence of mass absorbance coefficients in increase order was
shear CNTs < sonication CNTs < grind CNTs, which was oppo-
site with the length sequence shown in Figures 3 and 4. As the
length of CNTs increased, the mass absorbance coefficient
decreased. Very recently, Moon et al. reported that the absorption
coefficients were found to be ~42.58 mL mg ' cm ™' for long
CNTs (length of 1000 + 200 nm) and ~34.88 mL mg~ ' cm™" for
short CNTs (length of 200 + 40 nm).** However, herein the length
distributions of CNTs were larger, and the CNTs were dispersed
without covalent functionalization. As illustrated in inset images
of Figure 4b, the length of CNTs dispersed by shearing and
sonication was much larger than the wavelength of visible light.
At the same concentration, the longer the CNTs, the larger the
gap among CNTs; thus, fewer photons were scattered by CNTs.
Therefore, the mass absorbance coefficient can be regarded as an
effective macroscopic parameter to evaluate the length of dis-
persed CNTs in solution.

3.3. Mechanism of Shearing To Disperse Fluffy CNTs. It
is noticed that the CNTs were shortened after the liquid phase
dispersion. The stress applied on a single CNT during dispersion
process was a key point to understand those phenomena. As
proved by both theoretical calcuation®® and experimental re-
sults,® a stress as strong as 10°—10'" Pa can be generated during
a simple grinding process. Also, the pestle contact with the CNTs
in a noncushioned way, plus the brittleness caused by large
diameter, led to the fracture of long CNTs into tiny pieces. As
shown in Figure Sla,b of the Supporting Information, the
fracture of the grind CNTs was irregular and the graphite layer
was exfoliated and collapsed severely. Meanwhile, the wall of
CNTs was distorted seriously, which were in agreement with the
results in the literature.”® The Raman spectrum is an important
way to characterize the defect densities of carbon products
macroscopically. Here, the ratio of intensity of D peak to G peak
(Ip/Ig) can be used to characterize the degree of defect of
multiwalled CNTs (MWCNTSs). The Ip/lg ratio of VACNT
array 1 was 0.647, while the Ip/Ig ratio of grind CNTs increased
to 0.911 (Figure S2).
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For sonication, the ultrasonic waves of high-intensity ultra-
sound generate cavitations in liquids. The cavitations result in
extreme shearing stress locally. As estimated by Ahir et al.,* the
maximum tensile stress generated by viscous forces near the
imploding bubble was as high as o, ~ 70 GPa, which was strong
enough to break most of the nanotubes.>”*® However, sonication is
usually carried out in the liquid phase due to the cushion of solvent;
the viscous force decays as the length decreases and finally reaches a
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threshold that will no longer break the tube. Thus, the length of
CNT will reach a critical value and has been demonstrated in
Hilding’s experiment.”* After sonication (Figure Slc,d), the frac-
ture was irregular and the graphite layers were destroyed. Some of
them were dilacerated, and also the graphite walls were with some
distortion. Such observation is in accordance with that reported by
Lu et al.¥ The Ip/Ig ratio of sonication CNTs was slightly
increased from 0.647 to 0.656 (Figure S2).

Here, we used the classical solution to calculate the minimum
shearing stress needed to fully disperse the long carbon nanotubes
(see the Supporting Information). For two identical tubes with the
diameter d = 30 nm and contour length L = 5 mm, aligned parallel
to each other with a separation H = 30 nm, the average shear
strength should be over ~160 Pa to disperse the CNTSs. In our
experiment, the average shear stress calculated was about 5 Pa.
However, the flow in the disintegrator is not simple shear flow and
eddy current exist in some local space. Then the shearing stress
easily exceeded 160 Pa, which was adequate to separate CNTs
apart. This stress is not strong enough to break the perfect
structure of CNTs. But CNTs tended to be fractured at the
position of defects formed during the CVD process. The fracture
of shear CNT was relatively regular and the graphite layers were
almost broken at the same position, and the tube wall was still
straight with little distortion (Figure Sle,f). The Ip/Ig ratio of
shear CNTs even decreased from 0.647 to 0.618 (Figure S2), which
can be attributed to the removal of amorphous carbon during the
dispersion process. It can be seen that both the TEM and high-
resolution TEM observations (Figure S1) agreed well with the
Raman spectra results (Figure S2). The sequence of the degree of
defects was shear CNTs < sonication CNTs < grind CNTs.

3.4. Stability of CNT Dispersion. The dispersion stability
of CNT dispersion is a very important aspect. Here, we investi-
gated the optical properties of CNT dispersion to characterize the
stability.*” Because of the high aspect ratio, the CNTs tend to
flocculate and aggregate to form loose floccules moving ran-
domly.*' Then the read of transmittance will have a wide flounce
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Figure 5. Transmittance vs standing time curve (a) and the macro-
scopic images of CNT dispersed by the shearing method after
different standing time.

range, and this phenomenon can be used as the criteria of tran-
sition from stable to unstable. The transmittance of CNT disper-
sion is stable in 180 min and showed wide flounce at 210 min
(Figure 5a). This is in good accordance with the macroscopic
images (Figure 5b). When the time increased to 3.5 h, small
agglomerates appeared and grew up into floccules with a size of
several millimeters. Finally, large agglomerate formed and sus-
pended in the solution. The CNTs was prone to lap on each other
due to large aspect ratio, and loose ellipsoidal agglomerate
formed, accordingly. However, when shaking the solution, the
floccules disappeared and the solution became uniform again. So
these floccules were thought to be “soft agglomerates” which can
be redispersed easily. The stability can be improved by functio-
nalization or the assistance of surfactants. However, it will
generate negative effects for further applications in the fields of
electrical and thermal conductivity enhancement.?>*

3.5. TCFs Made from VACNT Array 1 Dispersed by
Different Methods. The shear CNTs possessed a large aspect ratio,
which benefited the applications in the fields of composites, thermal
conductive fluids, and TCFs, etc.>** Research works™>* ™ have
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Figure 6. (a) VACNT array 2 with diameter of ~10 nm dispersed
by shearing method. The inset image shows the HRTEM image of
one tube. (b) Surface resistance vs transmittance of transparent
conductive films using VACNT array 1 dispersed by shearing (a),
sonication (@), and grinding (M) and using VACNT array 2 disper-
sed by shearing (%).

shown that CNT TCFs possess high optical transparency and
electrical conductivity, which now has matched the demand for
some applications such as touch screens (500 Q/O0 at 85% T is
needed for practical applications). Moreover, CNT TCFs are far
more flexible and environmentally resistant than ITO film,*’ in
addition to that carbon is a much more abundant resource than
indium. Consequently, CNT TCFs are considered to be one of the
most promising fields for the near-term industrial application of
CNTs. Most researchers use surfactant to disperse single-walled
CNTs (SWCNTs) for the fabrication of TCFs.>**%7% The
existence of insulating surfactant caused larger contact resistance
between tubes, and the surfactant has to be removed by immer-
sing in nitric acid, etc.”* Herein the CNTs dispersed by the three
methods were used to prepare TCFs. As shown in Figure 6b, the
performances were 10.3 kQ/O at 72.5% T, 360 kQ/O at 81.6% T

and 507 kQ/O at 72.9% T for TCFs made from shear CNTs,

(49) Saran, N.; Parikh, K.; Suh, D. S.; Munoz, E.; Kolla, H.; Manohar, S. K.
J. Am. Chem. Soc. 2004, 126, 4462.
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Table 1. Fitting Parameters of CNT TCFs in the Literature and This Work

type of CNTs preparation diameter (nm) treatment t O4ce/Oop  Oac (S/em) 0,y (S/cm) refs

SWCNTs HiPCO 2 chloroform 1 ~1 53

SWCNTs arc carbon solutions SDS 1 9.143 1600 175 54

SWCNTs CO/Co—Mo 0.6—0.9 DMF 1 0.256 52

SWCNTs laser 1.2—-1.7 1.667

DWCNTs Fe—Mo/MgO 1.5-29 0.588

RF-MWCNTs  Fe—Co/CaCOs 5-35 0.357

SWCNTs arc Ijin 1.3—-1.5 SDS 1 13.0 2300 177 56
SDBS 10.5 1900 180

SWCNTs arc Ijin 1.3-1.5 SWCNTs/PEDOT:PSS 1 15.0 1650 110 57

HiPCO ~1 33 400 110

SWCNTs arc Ijin 1.3—1.5 SDS 0.999 7.525 55

DWCNTs arc Ijin 2-3 0.992 0.864

t-MWCNTs CCVD 4—6 0.962 0.248

MWCNTs CCVD 10—16 0.884 0.161

SWCNTs arc [jin 1.3—-1.5 SDS 1 10.1 1500 150 58
HNO; 25.3 5700 225

MWCNTs floating catalyst CVD 30—60 grinding 0.738 0.036 this work
sonication 0.901 0.009

thermal CVD 8—12 shearing 0.907 0.136

shearing 0.952 0.711 ~100 ~140

sonication CNTs, and grind CNTs. The sequence of surface
resistance at the same transmittance was shear CNTs < sonica-
tion CNTs < grind CNTs. These results consisted well with the
length order in Figure 3 and the TCFs from SWCNTs with
different length.*

3.6. Dispersion of VACNT Array 2 and Performance of
TCFs. The two-step shearing method is a general effective
strategy for dispersing CNT arrays. To prove this point, VACNT
array 2 with a diameter of about 10 nm was also dispersed by this
shearing method. As shown in Figure 6a, in the visual field, the
CNTs were all individually dispersed, indicating the generality of
this shearing method in the dispersion of CNTs with different
diameters. Both VACNT array 1 and VACNT array 2 dispersed
by shearing method showed clean walls without surfactant con-
tamination (see the inset images of Figure 6a and Figure Sle).
VACNT array 2 dispersed by the shearing method was also used
to fabricate TCFs. At the same transmittance, the surface
resistance was decreased by one order compared with that
fabricated by VACNT array 1, as shown in Figure 6b. Thus,
the CNTs with smaller diameter and fewer wall numbers were
beneficial for applications as TCFs, which is in accordance with
the literature.* 2 In our case, the TCFs from VACNT array 2
were with a resistance of about 2.5 kQ/O at a transmittance of
78.6% (500 nm). As indicated from the visible spectra, an even
higher transmittance of 79.7% at a wavelength of 550 nm
(commonly used in literatures) was observed (Figure S3).

To describe the performance of the TCFs more clearly, the
electro-optical properties for a metallic thin film (film thickness
much smaller than wavelength of light) in air was used, which was
similar to many reports for SWCNT TCFs.™*** It can be

expressed as follows:
-2
l —“"P) (1)

T=|(1
( +2ngdc

where 0. 1s the dc conductivity, o, is the optical conductivity,
and Z, is the characteristic impedance of free space (~376.73 Q).
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(53) Hu, L.; Hecht, D. S.; Gruner, G. Nano Lett. 2004, 4, 2513.

(54) Zhou, Y. X.; Hu, L. B.; Gruner, G. Appl. Phys. Lett. 2006, 88, 123109.

Langmuir 2010, 26 (4 ), 2798-2804

A material with relatively high conductivity and yet low optical
absorbance as manifested by a large ratio of dc to optical
conductivity, g4c/0op, is strongly demanded for thin, transparent,
conductive films for electrode applications in devices from liquid
crystal displays to organic light-emitting diodes and solar cells.
Here, the thickness is about 50—100 nm for MWCNT film, which
cannot meet the assumption that the film thickness was much
smaller than wavelength of light (500 nm). Thus, the modified
equation by Geng et al.> as follows was used:

T:z(l +ﬁ@) h 2)

where ¢ presents the diameter effect of MWCNT film. The fitting
curves are shown in Figure 6b which fitted well with the experi-
mental data. The fitting results and other reported data are
presented in Table 1.°7°% It can be found that ¢ is lower with
the increase of film thickness. For VACNT array 1, the diameter
is large and both 7 and 04./0,, are small. The o4./0,,, of the shear
CNTs, sonication CNTs, and grind CNTs were just 0.136, 0.009,
and 0.036, respectively. For VACNT array 2, the diameter of
CNTs was small (8—12 nm), and the g4/, value of VACNT
array 2 dispersed by shearing method was 0.711. Geng et al.
reported that TCFs obtained from sodium dodecyl sulfonate
(SDS)-assisted dispersed MWCNTSs were with a 04c/0,,, value of
0.161.% Li reported that TCFs obtained from MWCNTs dis-
persed in DMF by sonication were with a 04¢/0, value of 0.357.
The reported 04¢/0,p values of double-walled CNTs (DWCNT)
TCFs were about 0.588—0.864.°>% Some O4c/Oop Values of
SWCNT TCFs were less than 0.7.°> SWCNTSs obtained from arc
discharge are always with a quite high 0,./0,,, value over 10.°7
These indicated that the VACNT array 2 dispersed by the
shearing method were with long length and good dispersion,
which can compare beauty with SWCNTs and DWCNTSs grown
by CVD. The dc conductivity of TCFs from VACNT array 2 was

(55) Geng, H. Z.; Lee, D. S.; Kim, K. K.; Kim, S. J,; Bae, J. J.; Lee, Y. H.
J. Korean Phys. Soc. 2008, 979.

(56) Doherty, E. M.; De, S.; Lyons, P. E.; Shmeliov, A.; Nirmalraj, P. N.;
Scardaci, V.; Joimel, J.; Blau, W. J.; Boland, J. J.; Coleman, J. N. Carbon 2009, 47,
2466.
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Nirmalraj, P. N.; Boland, J. J.; Scardaci, V.; Joimel, J.; Coleman, J. N. ACS Nano
2009, 3, 714.
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Chem. Phys. Lett. 2008, 455, 275.
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~100 S/cm, which was lower than that of SWCNT TCFs.>*¢-
Using the dc conductivity, the optical conductivity of TCFs from
VACNT array 2 was ~140 S/cm at 500 nm, which was compar-
able to results in the literature®**® and Oop = 200 S/cm obtained
from buckypaper.*’

The performance of the as-obtained MWCNT film has fulfilled
the requirements for various applications such as electrostatic
dissipation and electromagnetic shielding inside of cathode ray
tubes.®® Taking advantages of the low-cost mass production of
VACNT arrays and the simple dispersion strategy, it is promising
for the real application of long CNTSs in the field of TCFs.
Furthermore, the long individual CNTs in benzyl alcohol can
also be used to fabricate strong CNT films, sensors, and other
devices in the future.

IV. Conclusions

In conclusion, by a two-step shearing strategy, we have
obtained individually dispersed CNTs from VACNT arrays.
First, big blocks of VACNT arrays were sheared into fluffy
CNTs. The fluffy CNTs were composed of CNT bundles with a
diameter of 1—10 um and a length of several millimeters. After
that, fluffy CNTs were further sheared in liquid phase to obtain
individually dispersed CNTs. As a comparison, sonication and
grinding were also employed for further dispersion of the fluffy
CNTs. The length of CNTs dispersed by the shearing method was
the longest and with an average length of about 40 um. The length
can be further validated by measuring the optical properties of
CNT dispersions. Avoiding the local strong shear stress generated

(59) Ugawa, A.; Hwang, J.; Gommans, H. H.; Tashiro, H.; Rinzler, A. G.;
Tanner, D. B. Curr. Appl. Phys. 2001, 1, 45.
(60) Kaempgen, M.; Duesberg, G. S.; Roth, S. Appl. Surf. Sci. 2005, 252, 425.
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in sonication or grinding, the shearing treatment along the axis
direction is effective and gentler to preserve the CNT length. The
dispersion possesses good stability and is stable within 3.5 h. The
CNTs dispersed by the shearing method can be used to fabricate
TCFs and showed a better performance (10.3 kQ/O at 72.5% T)
over that from sonication CNTs and grind CNTs. The shearing
method was effective for the dispersion of VACNT arrays with a
small diameter (~10 nm) as well. The performance of TCFs was
further improved, and the surface resistance was about 2.5 kQ/OI
with a transparency of 78.6% (at 500 nm). The o4./0,, value of
VACNT array 2 dispersed by the shearing method was 0.711,
which can compare beauty with SWCNTs and DWCNTSs grown
by the CVD process. The reported two-step dispersion strategy
provides a general method to obtain individual CNTs with the
length of tens of micrometers for further applications in compo-
sites and devices.
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