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Textual abstract: Anisotropic terahertz response of stretch-aligned composite films
based on carbon nanotube-SiC hybrid structure was investigated.
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Abstract: Well-organized CNT-SiC hybrid structures were prepared by floating

catalytic chemical vapor deposition (CCVD) process. The aligned CNTs-based
composite materials were also fabricated by simply stretching. Gelatin and CNT-SiC
hybrid structures were taken as the matrix and fillers, respectively. The alignment of
CNT-SiC hybrids and anisotropic properties of the composite materials were
discussed by the detection of THz time-domain spectroscopy technology. The results
indicated that the anisotropic properties of CNT-SiC hybrids based composite films
are better than the case of pure MWCNTs. The unique structure of hybrids not only
largely favors the dispersion of CNTs in polymer matrix, but also favors the
alignment of CNTs in the composites by stretching. The CNTs-based composite films
with further improving the anisotropy are highly desirable for various modern

applications in the electrical and optical industry (such as the polarizer).
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1. Introduction

Carbon nanotubes (CNTs) have attracted an increasing interest and attention
worldwide due to their unique structure, extraordinary physical and chemical
properties.”™ Extensive potential applications have been proposed in many fields such
as composite materials, nanometer-sized electronic devices, detectors, polarizer,s'7
sensors’™'? and the probe of electron microscope.''™® In particular, using CNT as a
filler material to fabricate the composites is one of the most realizable industrial
applications in the short term, and the composites usually exhibit superior
multifunctional properties.“"17 However, there are some difficulties in manufacturing
CNTs-based composites due to their nanoscale characteristics. For example, pure
CNTs are not easy to disperse in the composites and often entangled together due to
the high aspect ratio and the strong pair interaction (van der Waals). This problem
could be resolved by an efficient way that is to fabricate multi-scale hybrid structures
by growing CNTs on micrometer-scale materials. Bozlar M. et al. reported that the
epoxy composites used CNT-Al, O3 hybrids as filler can have one order of magnitude
higher thermal conductivity value than those composites adding pure CNTs with
equal content.'® Recently, our group reported that the Poly (vinylidene fluoride)
(PVDF) composites based on the CNT-SiC micro/nano hybrids exhibited a much low
percolation threshold, and the AC conductivity was enhanced significantly."” The
main idea of these works is that the microscale nature of the CNT hybrid, compared to
pure CNTs, greatly favors the homogeneous distribution in the composites due to
increasing size.

Many groups investigated the THz response of single (double)-walled CNTs
based composites.””* In addition, CNTs in the composite could be arranged in certain
direction through some processing technologies (e.g. stretching), thus the composite
materials have anisotropic properties. For example, in the important publication by Y.
Kim et al. substantial alignment of isolated individual single-walled CNTs has been
achieved by mechanically stretching the composite films, and the composite materials

presented highly polarized absorption.24 A.V. Okotrub et al. reported that the
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composite materials have been prepared by repeated forge rolling of polystyrene and
their anisotropic terahertz responses were investigated.”> Based on the anisotropic
property, CNTs-based composite materials will have a wide range of applications.
However, the anisotropic properties of the composites with different CNT
organization modes (CNT types, CNT content, etc) were rarely investigated
systematically.

In this paper, we obtained special CNT-SiC hybrid structure by single-directionally
growing CNTs on plate-like SiC microparticles during chemical vapor deposition
process. The anisotropic composite films were prepared by mechanically stretching
the gelatin films filled with various CNT materials. A systematic study on the
anisotropy of the composite films was presented by utilizing THz time-domain
spectroscopy (THz-TDS) detection. The anisotropic terahertz responses of the
composites containing CNT-SiC hybrids comparing with pure CNTs were
emphasized, and the effect of CNT content on the anisotropy of the composite films

was also explored.

2. Experimental methods

2.1 Synthesis of hybrid structure

The synthesis of hybrid structure was carried out by catalytic chemical vapor
deposition (CCVD). The detailed procedure was as described in previous work."”
Briefly, the plate-like SiC microparticles were used as the substrate, and one layer of
particles were homogeneously dispersed on the surface of a quartz plate, which was
then put into the center of a quartz tube (110 cm long, inner diameter 50 mm). The
substrate was heated to the set temperature by a horizontal tube furnace under the
carrier gases (argon and hydrogen) with varied flow rate ratios. Acetylene was used as
carbon source, and the flow rate was kept at 30 ml min". The catalyst precursor
ferrocene (Fe(CsHs),) was dissolved in xylene (CsHjo) at 0.05 g ml”. The CNT-SiC
hybrid structures were grown on SiC substrates at 600 °C during 10 min.

2.2 Preparation of composite material
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CNT-SiC hybrid structure was used as a starting material. Granular gelatin from
alkali-processed bovine bone was obtained from Wako Chemicals. An aqueous
solution was obtained by dissolving 4g of gelatin in 100ml of deionized water and
then continuously heated and stirred at 65 °C for one hour. CNT hybrids were
dispersed in aqueous solution and heated at 65 °C to concentrate the solution.”® Then
CNT/gelatin films were obtained by casting the solution in the petri dish and dried at
room temperature for 24 hours. Gelatin was chosen because its solution undergoes
gelatin at 37 °C during the cooling, which was expected to prevent the aggregation (or
rebundling) of CNTs.** Dried films were soaked in ethanol for 10 min and then taken
out of the petri dish. Thus obtained free-standing films were swollen in a mixture of
water and ethanol (3:2) for 15 min and fixed on a glass substrate by stretching. After
being stretched (to 2.5 times of the original length), the films were dried in air under
the constant elongation. The sample obtained was shown in Fig. 1a. The thickness of
the sample films was about 0.25 (£0.02) mm. Also we purchased the multi-walled
carbon nanotubes (MWCNT, diameter: ~8nm; length: 10-30 um; purity: >95%) from
Beijing Dknano S&T Ltd to fabricate the MWCNT/gelatin composite films as a
comparison.

2.3 Characterization of sample

(i)__ stretching : (b) G;Iatln
THz field chT- S|C

Fig. 1. (a) The real figure of the stretched CNT-SiC/gelatin film. (b) Sketch of the experimental
configuration used, showing the interaction between the CNTs-based composite film and the
linearly polarized THz electric field.

The collected samples were characterized by the following techniques: scanning
electron microscope (SEM, LEO Gemini 530), transmission electron microscope
(TEM, JEOL JEM-3010 at 300 kV), and a custom-designed THz-TDS system (Ti:

Sapphire femtosecond laser: Maitai Spectra-Physics, repetition rate 80 MHz, pulse
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width 70 fs, central wavelength 800 nm). As schematically shown in Fig. 1b, the
CNTs-based composite film was rotated about the propagation direction of the THz
wave, which changed the angle, 8, between the stretching direction and the
polarization direction of the THz electric field. Here, we chose two directions to test,
6 = 0° and 6§ = 90° (the stretching direction parallel or perpendicular to the

polarization direction of the THz electric filed, respectively).

3. Results and discussion

In this paper, we manufactured the various CNTs-based composite materials. In
order to understand the performance of the composites, we comparatively analyzed
the THz transmission spectroscopy about the composites based on the different
organization modes of CNTs. Also we discussed the relationship between the THz
transmission spectroscopy and the alignment of CNTs in the composite film by
analyzing the distribution of CNTs on the cross section of polymer.

3.1 Morphology of CNT-SiC hybrid structure

(@) ) S| ®)

pha -t f i i
Fig. 2. (a, b) SEM images and (c, d) TEM images of CNT-SiC hybrid structure prepared at 600
°C for 10 min with Ar:H,:C,H, = 0.9:0.1:0.03 L/min.

The diameter, length and number density of CNT could influence the CNT
alignment in the hybrids and thus the CNT distribution in the composites. The bigger
diameter, shorter length and higher number density of CNT favored straighter CNT

array."”?’ The reaction conditions can influence the structure (diameter, length,
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number density, etc.) of CNT-SiC hybrids. For examples, higher H; ratio (0.3 L/min)
favored the growth of multi-directions hybrids,"” which resulted in the decrease of
CNT alignment degree. Therefore, we chose single-direction hybrids grown at 600 °C
for 10 min with the fixed gas ratio (Ar:H,:C;H; = 0.9:0.1:0.03 L/min). SEM and TEM
images of the hybrids were shown in Fig. 2. As shown in Fig. 2(a-b), the CNT-SiC
hybrid structure was micro-scale structure. Compared with the independent CNTs, the
hybrid structures were more helpful for dispersing and processing in the composites
due to the increasing size. The CNT bundles perpendicular to the plate-like SiC
particles were grown uniformly along one direction, and the average length of CNTs
was about 20 pum. The special structures of CNT hybrids were easily adjusted to
certain directions in composites and produced some direction-related properties. From
the TEM pictures in Fig. 2(c-d), we can also see that the aligned CNTs were grown on
the surface of the SiC substrate, and the diameter of each nanotube was in the range of
8-10 nm.

3.2 THz transmission of various CNTs-based composites
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Fig. 3. (a-d) THz transmittance spectra of MWCNTs/ gelatin films with the concentration of
MWCNTs are for 1%, 3%, 5%, 7%. (e-g) THz transmittance spectra of CNT-SiC/ gelatin films
with the concentration of CNT-SiC are for 1%, 3%, 5%, 7%. Black lines with triangle marks are
for the perpendicular case, and red lines with circle marks are for the parallel case.

The THz setup we utilized to study the samples was a custom-designed
time-domain THz spectroscopy system as shown in Figure S1 (in the Supporting

Information). The THz pulses were generated by a photoconductive antenna under the
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excitation of a 70-fs laser which its center wavelength is 800 nm and the repetition
rate is 80 MHz. Then the pulses were detected by an electro-optic sampling with a
ZnTe crystal. The all optical path was in the N, atmosphere to avoid the effect of the
humidity. The THz beam was already highly linearly polarized. To extract the spectral
features of our CNTs-based composite films, we obtained the transmittance spectra
calculated after Fourier transformation of the time domain signals in the range of
0.4-1.0 THz. The transmittance was defined as T =|ES/E,|2, where E; and E, were the
complex THz signals in the frequency domain after Fourier transform from their
time-domain data for the sample and reference, respectively. THz absorption results
on the pristine gelatin films and films with only SiC particles embedded in them were
shown in the Figure S2 (in the Supporting Information). We can see that the
transmittance curves of SiC/gelatin composites in two directions nearly overlap with
that of pure gelatin samples in the studied frequency range. The results indicate that
the influence of SiC particles in our samples on the THz transmittance is negligible.
Fig. 3 shows the THz transmittance spectra of CNTs-based composite materials.
Black lines with triangle marks are for the samples with THz polarization
perpendicular to the stretching direction, and the red lines with circle marks are for
the parallel case. For Fig. 3(a-d), the concentrations of MWCNTs in the composite
materials are 1%, 3%, 5%, 7%, respectively. The transmittance of perpendicular case
is a little higher than that of the parallel case, and the gaps of transmittance between
the two cases are very small even when the concentration of MWCNTs in the
composite film increases to 7%. The reason may be that, although the MWCNTs in
composite materials will be aligned after stretching and the composites may have
anisotropic properties, aggregated MWOCNTs in the composites degrades the
alignment of MWCNTs in the composites. For Fig. 3(e-h), the concentrations of
CNT-SiC hybrid structure in the gelatin polymers are 1%, 3%, 5%, 7%, respectively.
Compared with the Fig. 3(a-d), the transmittance of the composite films of the
perpendicular case is higher than that of the parallel case, and the gaps of
transmittance between the two cases are obvious. The result indicates that the

alignment of the CNT-SiC hybrid structure in the films is better than the case of pure
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MWCNTs. We can include that the alignment degree and the dispersion state of the
CNT-SiC hybrids in the composite materials are better than the case of pure
MWCNTs due to the increasing size. Also, the gap of transmittance between the two
directions firstly increases with the content of the CNT-SiC hybrid structures and
reaches the maximum at 5%, and then decreases a little when the concentration of the
hybrids further increases to 7%. More detailed explanation about this result will be

given in the following section.

2.0 2.0
(@) MWCNTs/Gelatin (b) CNT-SiC/Gelatin
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Fig.4. Linear dichroism of (a) MWCNTs/gelatin polymer films and (b) CNT-SiC/gelatin polymer
films. Black lines with the square marks, red lines with circle marks, blue lines with triangle marks ,
and magenta lines with star marks are for the samples with the CNT concentration of 1%, 3%, 5%,
7%, respectively.

In addition, to quantify the degree of alignment of CNTs in the composites from
these THz transmission data, we employ a data analysis procedure developed for
studying anisotropic optical properties of CNTs in the optical range.**** We introduce
the isotropic absorbance 4, defined as 4y = (4, + 24.,)/3, where A4, is the parallel
absorbance and A, is the perpendicular absorbance.® This physical quantity
represents the absorbance expected if the nanotubes were randomly oriented. Finite
alignment moves up (down) A4, (4.) with respect to 4y and induces a finite linear
dichroism, LD = A, - A,. However, it is the reduced linear dichroism, LD, =LD/A,,
that provides a normalized measure of alignment. For example, LD increases with the
film thickness, while LD, remains the same.” The degree of alignment of CNTs in the

composites can be expressed by the value of LD, (=0 when the nanotubes are
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randomly oriented and =3 when the nanotubes are perfectly aligned) and increases
with the LD,. Fig. 4 shows the LD, of CNTs-based composite materials. Black lines
with the square marks are for the samples with the CNT concentration of 1%, red
lines with circle marks are for 3%, blue lines with triangle marks are for 5%, and
magenta lines with star marks are for 7%, respectively. For Fig. 4a, pure MWCNTs
were used as the filler in the composite materials. We can see that the LD, curves for
the composites with different CNT concentrations in the range of 0.4-1.0 THz are
centralized together, and all the LD, values are very small (near the 0). This result
indicates that pure MWCNTSs in the composites are almost randomly oriented even
after being stretched. The reason may be that pure MWCNTs due to the smaller size
are always entangled together and not easily dispersed in the polymer matrix, which is
responsible for the low alignment degree of pure MWCNTSs in the composite
materials. For Fig. 4b, the CNT-SiC hybrid structures were used as the filler in the
composite materials. We can clearly see that the LD, curves for the composites with
different CNT concentrations in the range of 0.4-1.0 THz are set apart well, and the
LD, values of the composite films for the corresponding concentration are higher than
those of pure MWCNTs. Also the LD, value of the composites firstly increases with
the content of the CNT-SiC hybrids and reaches the maximum value (about 1.2) at
5%, and then decreases a little when the concentration of the hybrids further increases
to 7%. The result about the change of LD, value with the CNT-SiC hybrid
concentrations can be explained by the Fig. 5. At the lower contents of the CNT-SiC
hybrids (e.g., =1%), although each CNT-SiC hybrid structure is aligned along the
stretching direction in the composites, the effective connections between the
CNT-SiC hybrid structures are not formed and thus the anisotropic properties of the
composites are not obvious, as shown in Fig. 5a. With the increase of the
concentration of CNT-SiC hybrid structures, the aligned connections will be gradually
formed between the CNT-SiC hybrid structures, giving rise to a network at 5%, as
shown in Fig. 5b.*° As a result, the anisotropic properties of CNT-SiC hybrids based
composites approach to the best. However, if the concentration of CNT-SiC hybrid

structures further increases, as show in Fig. 5c, the aligned connections will be
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destroyed and the axial directions of part of CNT-SiC hybrid structures are not
parallel to the stretching direction due to the agglomeration of the CNT-SiC hybrid
structures, and thus the anisotropic responses of the composite films will become
weak. The results about the linear dichroism of the composites are consistent with the

analysis of the transmittance of the composites above.

«——stretching—>  «—stretching——>  «— stretching——>
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Fig. 5. Schematics of the distribution of CNT-SiC hybrids in the stretched composite materials
with the different concentrations: (a) 1%, (b) 5%, (c) 7%.

3.3 The mechanism of terahertz response for various CNTs-based composite materials

For better understanding the terahertz response and the aligned nature for various
CNTs-based composite materials, we analyzed the CNT distribution in the
cross-surface (perpendicular to the stretching direction) of composite films, as shown
in the Fig. 6. Fig. 6(a-b) show the cross-surface of pure MWCNTs based composite
films. We can see that MWCNTs are randomly distributed in the gelatin polymer. The
axial directions of part of MWCNTSs are not perpendicular to the cross-surface and
oriented along various directions, especially in the high-magnification SEM image
marked by green ellipse. Also we can see some MWCNTs are aggregated or
entangled together in the polymer. This could explain why there is no obvious
difference about the terahertz responses of two directions (parallel and perpendicular
to the stretching direction) for pure-MWCNTSs based composite materials. Fig. 6(c-d)
show the cross-surface of CNT-SiC hybrid structures based composite films. We can
see that CNT-SiC hybrid structures are orientationally arranged in the gelatin polymer.
The axial directions of most of CNTs in the hybrid structures are perpendicular to the
cross-surface and oriented along the stretching directions, especially in the

high-magnification SEM image marked by yellow circle. Also the CNT-SiC hybrid
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structures are rarely aggregated or entangled together in the composite films. The
result indicates that with the SiC microplate fixing the aligned CNTs, the
entanglement of nanotubes can be effectively prevented inside the polymer matrix.
Therefore, we can conclude that the unique structure of hybrids not only largely
favors the dispersion of CNTs in polymer matrix, but also favors the alignment of

CNTs in the composites by stretching.

S b | "

Fig. 6. SEM images of the fractured cross-surface of MWCNTs/gelatin composite film (a, b) and
CNT-SiC/gelatin composite film (c, d). (b) and (d) are the enlarged images of the square part
marked in (a) and (c), respectively.

4. Conclusion

Well-organized CNT-SiC hybrid structures were fabricated by growing CNT
arrays on the plate-like SiC microparticles using the floating CCVD method.
CNTs-based composite films were also prepared using CNTs-SiC hybrids as the filler
and the gelatin polymer as the matrix, and the CNT-SiC hybrids were aligned in the
composite films by stretching. Through the analysis of THz time-domain
spectroscopy, there was an obvious difference about the terahertz responses between
the two directions (parallel and perpendicular to the stretching direction), which made
the composite films have the property of anisotropy. What is more, the anisotropic
properties of CNT-SiC hybrids based composite films are better than the case of
pure-MWCNTs due to the increasing size of the filler. The unique structure of hybrids

not only largely favors the dispersion of CNTs in polymer matrix, but also favors the
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alignment of CNTs in the composites by stretching. The CNTs-based composite films
with further improving the anisotropy are highly desirable for various modern
applications in the electrical and optical industry (such as the polarizer). In addition,
in virtue of the method this study proposed, we can simply examine the alignment of

CNTs (conductive filler) in the composite materials without destroying the samples.
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