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There remains a common and critical challenge in the preparation of
carbon nanotube (CNT) composite materials, i.e., random disper-
sion of CNTs in the second phase. Here we have reported a general
method to prepare perpendicularly aligned CNT/olefin composite
films through a conventional slicing technique. The thickness of a
composite film can be accurately controlled from about fifty nano-
meters to fifty micrometers, and the diameter and density of CNTs
may be varied in a wide range as required. In particular, due to the
generated defect at the end during the slicing process, the separated
CNTs from the composite film have been easily unzipped to produce
graphenes in the forms of nanoribbons and nanosheets with a yield of
almost 100% under ultrasonic treatment.

In order to improve the practical application, carbon nanotubes
(CNTs) have been widely studied to form bulk composite mate-
rials.’ Two main methods have been extensively developed to
prepare CNT composites, i.e., solution blending and melt blending.
Solution blending represents the most common approach in
producing CNT composites.*” It mainly includes three steps:
dispersion of CNTs in suitable solvents, mixture with the second
phase, and fabrication of composites by coating, casting, or precipi-
tation. However, it is difficult to disperse CNTs in solvents by simple
stirring. Therefore, high-power ultrasonication had often been used
to make metastable suspensions of CNTs in solvents, but the high-
power ultrasonication would reduce the aspect ratio of CNTs, which
was important to the composite properties.® For the melting blending
method, high temperature and high shear forces were used to disperse
CNTs in the second phase.*'® However, compared with solution
blending, melt blending is generally less effective at dispersing CNTs
and is limited to lower concentrations due to high viscosities at higher
CNT loadings. In addition, there remains a common and critical
challenge to both methods, i.e., random dispersion of CNTs in the
composite material. Therefore, it remains challenging to control the
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structure and improve the physical properties of the resulting
composite materials, which has largely hindered their applications in
many fields.

In order to solve the above problem, various modifications, such as
the use of an external field, mechanical stretching, spin-casting, melt
fiber spinning, and electrospinning, had been investigated.® However,
the alignment of CNTs still needs to be improved. Recently, aligned
CNT materials in the forms of array, film, and fiber have been used as
templates to prepare composite materials in which the aligned
structure of CNTs could be well maintained.’ In the case of
composite films, CNTs were typically horizontally aligned in the
second phase.*

On the other hand, graphene nanomaterials have attracted
increasing attention in recent years due to the novel mechanical and
electronic properties.’* ¢ A wide variety of approaches were reported
for the preparation of graphene nanomaterials, e.g., unzipping CNTs
to produce graphene nanoribbons by ultrasonic treatment.'’®
However, the yield was typically low, e.g., 2%."® Although the yield
can be greatly improved through an oxidative process, the oxidation
may also destroy CNTs."

Herein, we have developed a general method to prepare perpen-
dicularly aligned CNT/olefin composite films in which CNTs were
penetrated through the film at a large scale by a conventional slicing
technique. Specifically, olefin was firstly infiltrated into a pure CNT
array to produce the composite array which could be cut into
composite films with accurately tunable thicknesses, typically from
about fifty nanometers to fifty micrometers. The CNTs were then
separated from the composite film and unzipped to form graphene
nanomaterials after an ultrasonic treatment (Fig. 1). Due to the
generated defect at the end of CNTs during the slicing process, they
can be easily unzipped from one end to the other with a yield of
almost 100% without the use of oxidation.

Experimental section

Carbon nanotube (CNT) arrays were synthesized in a tube furnace
by a chemical vapor deposition process.”®* The catalyst was first
prepared by successive deposition of Al,O; (thickness of 8-15 nm)
and Fe (thickness of 0.8-1.2 nm) films on the modified Si wafer with a
thin SiO, layer at the top (thickness of 1 um). Typically, C,H4 was
used as the carbon source, and a mixture of H, and Ar gases was used
as the carrier gas. The flow rates of C;Hy, H, and Ar were 70-120,
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Fig. 1 Schematic illustration of the fabrication of graphene nanomaterials.

Fig. 2 (a) Photograph of a CNT array. (b) Scanning electron micros-
copy (SEM) image of (a), side view. (c) SEM image of a CNT/olefin
composite film, top view. (d) SEM image of a CNT/olefin composite film,
side view.

25-35, 400-500 sccm, respectively. The growth occurred at a
temperature between 740 and 790 °C in 40-60 min.

CNT arrays were synthesized by a chemical vapor deposition
process which had been previously described.” The arrays were first
immersed in liquid olefin at 100 °C for 24 h, followed by cooling to
room temperature to produce solid CNT/olefin composite arrays.
The composite films were prepared by a conventional slicing tech-
nique. The CNT/olefin composite films were then heated at 300 °C
in vacuum for 24 h and at 900 °C in a mixture of H, and Ar gas for
0.5-2 h. Finally, the composite films were immersed in ethanol or
dimethyl formamide, followed by ultrasonic treatment for 3-24 h
with a frequency of 59 Hz and power of 180 W. The structures were
characterized by scanning electron microscopy (SEM) (Hitachi
FE-SEM S-4800, operated at 1 kV), transmission electron micros-
copy (TEM) (JEOL JEM-2100F, operated at 200 kV), and atomic
force microscopy (AFM) (SHIMADZU SPM-9500J3). The optical
transmittances were measured by UV-vis spectroscopy at a

wavelength range of 300 nm to 800 nm (UV-3150, Shimadz). The
electrical resistance of the composite film under bending was moni-
tored by an Agilent 34401A digital multimeter. Raman measure-
ments were made on a Renishaw inVia Reflex with an excitation
wavelength of 514.5 nm and a laser power of 20 mW.

Results and discussion

The CNTs were perpendicularly grown from the silicon substrate.
Fig. 2a shows scanning electron microscopy (SEM) images of a
representative CNT array with a height of ~3 mm. Fig. 2b further
shows that the CNTs are highly aligned in the array. The height of the
CNT arrays may be controlled from about fifty micrometers to four
millimeters mainly by varying the growth time, while the diameter of
CNTs was mainly controlled from about 8§ to 20 nm by varying the
thickness of catalyst used and growth temperature (Fig. 3).2%*!
Accordingly, they exhibited increasing wall numbers from 2 to 10.
The CNT arrays were then filled with olefin to produce CNT/olefin
composite arrays by dipping pure CNT arrays into liquated olefin at
100 °C, followed by solidification of the olefin. Perpendicularly
aligned CNT/olefin composite films were then prepared by slicing the
composite array in a direction normal to the CNT length. Fig. 2c and
d represent typical SEM images of a CNT/olefin composite film from
top and side views, respectively. Obviously, the CNTs maintain the
originally aligned state after the infiltration of olefin and formation of
the composite film. The CNT densities of as-synthesized arrays
ranged from 10'° to 10'! cm™2, and they can be further improved

Fig. 3 High-resolution transmission electron microscopy (TEM) images
of CNTs with different diameters. (a) 8 nm; (b) 10 nm; (¢) 13 nm; (d) 20 nm.
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Fig. 4 Optical micrographs and photographs of the CNT/olefin composite film with increasing thickness (6) from 50 nm to 10 pm. (a) 6 = 50 nm;
(b) 6 = 100 nm; (c) 6 = 500 nm; (d and e) 6 = 1 pm; (f) 6 =2 pm; (g) 6 = 5 pm; (h) 6 = 10 pm.

to 10'2 cm ™2 by pressing the as-synthesized arrays from one or both
sides. The arrays were not observed to shrink after the incorporation
of olefin, so the CNT density in the composite array should remain
the same as that of the original pure CNT array. In other words, the
CNT density of the composite film can be tuned by choosing the pure
array with the desired CNT density. A CNT density of 10'' cm ™2 was
mainly used in the following discussion. Fig. 4 further shows
photographs of composite films with increasing thickness from 50 nm
to 10 um, which were accurately controlled by using an ultramicro-
tome and a microtome during the preparation. These composite films
could be optically transparent with thicknesses of less than 2 pm. The
transmittance was further quantitatively measured from 300 nm to
800 nm in wavelength by UV-vis spectroscopy. Fig. S1t
shows transmittances above 85% for a composite film with thickness
of 100 nm.

Fig. 5 shows typical SEM images of the cross-section of two
composite films. Obviously, these composite films are uniform in
thickness. As CNTs were perpendicularly aligned and penetrated
through the composite film, the length of CNTs was close to the film
thicknesses. The composite films were highly flexible and mechan-
ically stable. For instance, the electrical resistances between the top
and bottom surfaces of a composite film were monitored under
bending, and they remained almost unchanged when it was bent with
a different radius (Fig. S2t). After bending for more than 500 cycles,
the resistance only varied by less than 4%. Typically, the electrical
conductivities in the perpendicular direction of these composite films
were calculated on the level of 10* S cm™!.

Pure CNTs were separated after the CNT/olefin composite films
were heated at 300 °C in vacuum to remove the olefin, followed by
calcination at 900 °C in a mixture of Ar and H, gases and solvent
treatment with ethanol. The resulting materials were carefully
investigated by transmission electron microscopy (TEM) and atomic
force microscopy (AFM). Fig. 6a and b show typical high-resolution
TEM images of two intermediate products, i.e., two CNTs are axially
unzipped from the end to form nanoribbons. Fig. S3t further shows

Composite
film

Composite

Fig. 5 SEM images of the cross-section of two CNT/olefin composite
films which were attached on a glass slide. The film thicknesses are (a) 400
and (b) 350 nm, respectively.
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Fig. 6 High-resolution TEM images for the unzipping process of two
typical CNTs from one end.

high-resolution TEM images of the final product after sonic treat-
ment of the cut CNTs. The obvious kink structure indicates the
production of nanoribbons.’® As a comparison, the same CNTs
without the slicing process were heated and treated by ultrasonication
under the same conditions. Fig. S4+ showed that the structures of the
CNTs were well maintained, and almost no unzipped CNTs were
found. Therefore, the produced defects at the CNT end after cutting
were mainly responsible for the high unzipping yield, which was
further confirmed by AFM. Fig. 7a shows a typical AFM image of
the product in Fig. S4.1 Obviously, the CNT had not been unzipped.
As a contrast, the production of nanosheets was clearly confirmed
with different thicknesses from 3.6 to 4.9 nm, which correspond to
about 11 to 15 carbon layers, respectively (Fig. 7b).

Fig. 8 shows a typical TEM image of the resulting product after
ultrasonic treatment of the CNTs with a length of 60 nm and
diameter of 12 nm for 6 h. No CNTs could be found in the product.
Additionally, the large area SEM images in Fig. S5t further
demonstrate the same result, i.e., no CNTs are observed. The same
phenomenon had been observed for the other five different samples.
For instance, Fig. S61 shows the product of CNTs with a length of
200 nm and diameter of 8 nm after ultrasonic treatment for 6 h, and
almost all the CNTs in the solution were unzipped to produce gra-
phene nanomaterials. This may be explained by the fact that some

VA G W Py
M

Fig.7 Atomic force microscopy (AFM) images and height graphs of (a)
a treated CNT after heating and (b) the resulting graphene nanosheet
after further ultrasonic treatment of the heat-treated CNT.

Fig.8 TEM image of the resulting product after an ultrasonic treatment
of heat-treated CNTs (the inset image corresponds to a high
magnification).

defects were produced at the end of the CNTs when they were cut
during the preparation. This hypothesis was further verified by
Raman spectroscopy. Fig. S71 shows typical Raman spectra of the
as-synthesized CNTs, CNTs after cutting, and unzipped CNTs. The
intensity ratios between D and G bands were 0.47, 0.54, and 0.58,
respectively, which indicated the increasing defects in the above three
nanomaterials.>* The presence of defects at the end of the CNTs
made them unzip more easily under ultrasonication. The resulting
nanoribbons or nanosheets could be further coated into films which
were also transparent and showed excellent electronic properties. For
instance, the transmittance of a nanosheet film with thickness of 40
nm was higher than 80% between 400 and 800 nm in wavelength
(Fig. S8%).

It should be noted that pure CNTs were very difficult to directly
cut to produce shorter ones as they were very smooth and would slide
against each other. As a contrast, here the CNTs were cut into shorter
ones due to the stabilization of olefin in the composite. The CNT
length may be relatively tuned by varying the thickness of the CNT/
olefin composite films. In particular, if a better alignment of CNTs in
the composite film and a higher quality of CNTs had been realized,
the length of cut CNTs could be accurately controlled as required,
and the resulting graphene nanomaterials would show tunable
structures and excellent properties. More effort is underway to
explore the details.

Conclusions

In summary, a general method has been developed to prepare
perpendicularly aligned CNT/olefin composite films through a
conventional slicing technique. The film thickness and the CNT
diameter and density can be accurately controlled. In particular, the
separated CNTs from the composite film were easily unzipped to
produce graphenes with a yield of almost 100%, much higher than
those of the other fabrication processes based on the CNTs as sources
under the same conditions.
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