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ABSTRACT

We have developed a low-cost and effective method to align single-walled carbon nanotubes (SWNTSs) using a series of diamond wire drawing
dies. The obtained SWNTSs are highly dense and perfectly aligned. X-ray diffraction (XRD) indicates that the highly dense and perfectly aligned
SWNTs (HDPA-SWNTSs) form a two-dimensional triangular lattice with a lattice constant of 19.62 A. We observe a sharp (002) reflection in the
XRD pattern, which should be ascribed to an intertube spacing 3.39 A of adjacent SWNTs. Raman spectra reveal that the radical breath mode
(RBM) of SWNTs with larger diameter in the HDPA-SWNTs is suppressed compared with that of as-grown SWNTs. The HDPA-SWNTs have a
large density, ~1.09 g/cm?, and a low resistivity, ~2 mQ cm, at room temperature, as well as a large response to light illumination.

Single-walled carbon nanotubes (SWNTs) have received
intensified interest due to their potential applications in
nanoscale materials and devices since their discovery.! To
date, much effort has been devoted to fabricating large
uniform and ordered nano- and microstructrues of carbon
nanotubes. Meanwhile, bulk materials of SWNTS also attract
particular attention. As we know, the most interesting
properties of carbon fullerenes appear in their condensed
form.>* Theoretical work predicts that this may also be true
for carbon nanotubes.>”’ However, SWNTs are usually
entangled and poorly ordered by usual growth methods of
arc discharge,® laser ablation,” or chemical vapor deposition.'”
Recently, a densely packed SWNT array (SWNT solid)!!
has been achieved by exploiting a liquid-induced collapse
of SWNT forests,'?> while high-performance fibers'® were
obtained by directly spinning of carbon nanotube fibers.'*
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For these two materials, even a peak of (002) was observed
in the X-ray diffraction (XRD) pattern, there is significant
diffuse intensity at angles below the (002) peak. This
indicates that some of the interlayer spacings are greater than
that typical of graphene stacks. In this Letter, we reported a
low-cost and effective method to align SWNTS using a series
of diamond wire drawing dies. It is found that SWNTSs can
form crystalline structure by van der Waals force when they
are perfectly aligned and ideally densely packed. XRD shows
that these nanotubes form a two-dimensional triangular lattice
with a lattice constant of 19.62 A. Most interestingly, we
observe a sharp (002) reflection arising from an intertube
spacing of 3.39 A for adjacent SWNTs, which is unobserv-
able for individual SWNTs or small crystalline ropes of
SWNTs.8 In constrast to the as-grown SWNTs, the radical
breath mode (RBM) of SWNTs with larger diameter in
highly dense and perfectly aligned SWNTs (HDPA-SWNTs)
is notably suppressed.

The SWNTs used in this work were grown by floating
catalytic chemical vapor deposition (CVD).!S Under optimal
growth conditions, the average diameter of individual
SWNTs is ~16.0 A (see Supporting Information, Figure S1).
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Figure 1. Alignment of SWNTSs. (a) Schematic of the diamond
wire drawing dies used to align SWNTs perfectly and densely.
White bars illustrate the SWNTSs alignment direction. (b) Optical
image of SWNT bundle after being pulled through one diamond
die with diameter of 0.55 mm. (c) Highly dense and perfectly
aligned SWNTs (HDPA-SWNTs) after being pulled through the
last diamond die with diameter of 0.2 mm. The sample has metallic
luster.

After growing for about 6 h, large-sale SWNT films can be
carefully peeled off the inside wall of the quartz tube with
a hook. During this removal process no obvious level of
orientation is found (see Supporting Information, Figure S2).
In order to align the SWNTSs, a series of diamond wire
drawing dies were used. The drawing was carried out through
the diamond dies with decreasing pore diameters in sequence
(18 dies in total ranging from 1.2 to 0.2 mm) (see Supporting
Information, Figure S3 and video S1). Before being drawn,
the as-grown nanotubes looked black. During each drawing,
the SWNTs formed a bundle with the same diameter as that
of the die used. Finally, the SWNTs became gray with
metallic luster as shown in Figure 1 (see Supporting
Information, Figure S4).

Panels a and b of Figure 2 show high and low magnifica-
tion scanning electron microscopy (SEM) images of the
SWNT bundles, respectively. It can be seen that the SWNTs
fabricated in this way are perfectly aligned and highly
densely packed. The width of the well-aligned SWNTSs areas
is roughly several micrometers. A few white dots shown in
Figure 2a are traces of iron catalysts. In addition, individual
bundles of SWNTs with diameters of several micrometers
can be observed. For instance, bundles with diameter of 2.2
and 3.5 um are shown in the left and right parts of Figure
2b, respectively. These bundles are composed of dense
SWNTs, and the good flexibility of SWNTSs can be clearly
observed at the end of the left bundle. Diameters of bundles
in this work are about 2 orders of magnitude larger than those
reported in refs 8 and 9. Accordingly, the number of SWNTs
in each bundle is estimated to be as high as 10,° about 4
orders of magnitude higher. High-resolution transmission
electron microscopy (HRTEM) also reveals the as-fabricated
SWNTs have a perfectly aligned microstructure as shown
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in Figure 2c. It should be noted that these SWNT materials
are very clean, free of amorphous carbon.

In order to characterize the structure of these HDPA-
SWNTs materials, several aligned SWNT bundles were put
together and pressed into a rectangular piece under a pressure
of 10 MPa then annealed at 400 °C for 5 min for XRD
measurements. XRD data were recorded on a Rigaku D/max
2500 diffractometer with Cu Ka radiation (A = 1.5406 A)
of 40 kV and 250 mA and a step width of 0.02°.

The XRD pattern of these HDPA-SWNTs exhibits sig-
nificant difference compared to that of the as-grown SWNTs
(see Supporting Information, Figure S5). Figure 3 shows the
XRD data of these HDPA-SWNTs after subtracting the
background. At low angles of the XRD pattern, a strong and
discrete peak appears at 260 = 5.20°. This Bragg peak can
be indexed to (10) diffraction (d;o-spacing of 16.97 A) based
on a two-dimensional triangular lattice of SWNTs.8%-16-19
Therefore, the lat_tice constant, a = 19.62 A, is obtained by
the equation aV3/2 = do-spacing. The following four
relatively broad peaks can be indexed as (11), (20), (30),
and (40), respectively. These peaks marked by arrows in
Figure 3 are listed and indexed in Table 1. Assuming there
are no azimuthal correlations between SWNTs within the
HDPA-SWNTs, we can calculate the XRD patterns by
employing a homogeneous charged cylinder model for
individual tubes,”'® which are closely packed into a triangular
lattice (inset of Figure 3). This calculation permits us to
simulate the positions, shapes, and intensities of these five
peaks. By fitting the experimental data with cylindrical Bessel
function Jo(QR)*'%2° (middle one in the inset of Figure 3,
for a peak broadening of 0.2 °), the tube diameter (2R) is
determined to be 16.30 A with an uncertainty of £0.05 A.

An interesting and important feature in the XRD pattern is
that we observe a very sharp and strong peak at 26 = 26.3°.
This peak corresponds to a d-spacing of 3.39 A, which is usually
found in graphite or multiwalled carbon nanotubes (do2) = 3.4
A).39 In the cases of Journet et al.8 and Thess et al.,® although
a similar peak is observed, it is so weak that it was attributed
to the remaining graphite particle introduced during the arc
discharge or laser ablation. In contrast, Futaba et al. also
found a similar but very broad peak, whose broadness arises
from the imperfect long-range order of the SWNT sample
with an average intertube spacing of 9 A.!!

However, the very sharp and strong peak at 260 = 26.3°
in the present work, corresponding to a d-spacing of 3.39
A, is believed to arise from the nearly ideal graphitic packing
of SWNTs due to van der Waals interaction. In our case,
the presence of graphite particles and/or multiwalled carbon
nanotubes (MWNTSs) can be excluded based on the following
three reasons. First, from TEM images (see Figure 2 and
Figure S6), it can be seen that our sample is nearly free of
graphitic particles, even in a large area of ~8 um x 8 um.
Second, XRD data of the as-grown SWNTs (see Figure S5)
also reveal the absence of the graphitic particles and/or
MWNTs, because no obvious (002) peak is observed in the
XRD pattern. Third, previous works'>?'-2% have demonstrated
that the SWNTs prepared by CVD method are nearly free
of graphitic particles and MWNTSs. This CVD growth method
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Figure 2. (a) High-magnification SEM image of the HDPA-SWNTs. The white dots are traces of catalyst of iron as indicated by arrows.
(b) SEM image of two bundles of HDPA-SWNTs, the good flexibility of SWNTS is shown by the white arrows. (c) HRTEM image of the

HDPA-SWNTs.
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Figure 3. XRD patterns of the HDPA-SWNTs after subtraction of
the quartz glass background (the inset of Figure S5). The inset
shows the XRD pattern at low angle and the corresponding
simulation by the cylindrical Bessel function Jo(QR), where wave
vector Q = 4 sin 6/, and R is the radius of the SWNT. Here the
nanotube was considered as a homogeneous charged cylinder
(cylinder with uniform charge distribution, regardless of the
hexagonal lattice). Then the cylindrical Bessel function Jo(QR) is
employed to calculate the intensities, positions, and shapes of the
XRD peaks. The calculated profile is the lattice packing function
after multiplying by the Bessel function. By comparison with the
experimental XRD pattern, the most optimized lattice constant (a
= 19.62 A) and tube radius (R = 8.15 A) can be obtained. The
calculated tube radius (R= 8.15 A) is well consistent with that
deduced from the experimental XRD results and that of the most
probable diameter from AFM results (Figure S1).

is very different from that of Journet® and Thess.” So this
strong and sharp peak at 260 = 26.3° comes indeed from the
HDPA-SWNTs themselves. Moreover, the intertube spacing
(d-spacing) can be figured out by d-spacing = a — D, where
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Table 1. Indexes of the XRD Pattern of the
HDPA-SWNTSs¢

peaks 20 (deg) @ (A1 dexp (A)  index note

5.20 0.370 16.97 (100> HDPA-SWNTs
8.40 0.597 10.52 (11> HDPA-SWNTs
9.47 0.673 9.33 (20 HDPA-SWNTs
14.90 1.058 594 (30® HDPA-SWNTs
20.84 1.475 426  (40® HDPA-SWNTs

26.28 1.854 3.39 (002 HDPA-SWNTs
43.42 3.017 2.08  (100) SWNTs
44.62 3.097 2.03  (110) Fe (catalyst)
65.04 4.385 1.43  (200) Fe (catalyst)

0 82.64 5.386 1.17  (211) Fe (catalyst)

@ Wave vector Q = 4z sin 0/A, dexpy = 271/Q. Peak (100) originates from
the graphene nature of SWNTSs. The last three peaks are indexed to those
of the catalyst iron used in our experiment. ” Represents the diffraction of
a two-dimensional triangular lattice. © Represents the diffraction of intertube
spacing in the HDPA-SWNTs.

= O 010Uk WN =

a is the lattice constant of 19.62 A and D is the average
diameter of the SWNTs. D (16.0 A) can be derived either
from the AFM measurements (see Supporting Information,
Figure S1) or by fitting the XRD data with Jo(QR) as
discussed above. Thus, the calculated d-spacing is 3.62 and
3.32 A, respectively, which are close to 3.39 A obtained from
the XRD measurement. Therefore, we conclude that the peak
at 20 = 26.3° originates from the relatively uniform intertube
spacing of the HDPA-SWNTs, which is very different from
the SWNT solid.!" For simplicity and clarity, we call this
peak (002) although its origin is quite different from that of
graphite or multiwalled carbon nanotubes. The intertube
spacing of 3.39 A in this study also agrees well with the
theoretical value of 3.42 A in a carbon nanotube crystal
predicted by Tersoff et al.” based on van de Waals interaction.
In addition, it is close to the experimental average value of
3.44 A in the Cg crystal.?*

Supposing that the triangular packing SWNTs are com-
posed of SWNTs with identical diameter (2R), we can
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Table 2. Calculated Density of Ideally Packed SWNTs
with Nanotube Radius of ~8.15 A

CNT RA) Tswir (A) Nswnt pr (g/em?)
(17,6) 8.10 88.15 1708 1.16
(19,3) 8.10 88.15 1708 1.16
(12,12) 8.15 2.46 48 1.16
(13,11) 8.16 88.77 1732 1.16
(14,10) 8.19 44.54 872 1.17

estimate the theoretical density (p7) with the lattice constant
19.62 A by the following formula:

M Ngwr

o1 Statiice /' swNT M
where M. 1.993 x 1072 kg is the carbon atomic mass, Nswnr
the atoms in one unit cell for a single SWNT, Sj,yicc the area
of the triangular lattice, Tswnr the length of the unit cell along
the tube axis. In Table 20, we list the possoible SWNTs with
different radius ~8.15 A (C—C, 1.422 A), and the corre-
sponding theoretical density. pr is estimated to be ~1.16
g/cm’. The actual density (o) of the HDPA-SWNTSs can be
obtained by directly measuring the size and mass of the
sample, respectively. The typical dimension of an experi-
mental sample is ~8.80 mm x 4.50 mm x 0.06 mm with a
mass of ~2.60 mg, and pr is estimated to be ~1.09 g/cm?,
representing ~94% ideal packing. If this material was put
into water, you will find it sinks quickly (see Supporting
Information, video S2).

The HDPA-SWNTs and the as-grown SWNTs were
characterized by micro-Raman spectroscopy (Renishaw inVia
Raman spectroscope). The wavelengths of the excitation laser
were 632.8 nm (1.96 eV) and 514.5 nm (2.41 eV), respec-
tively. The laser spot size is ~2 um. Figure 4 shows the
Raman spectra of the as-grown SWNTs and the HDPA-
SWNTs collected using 632.8 nm excitation line with the
laser power of ~1 mW. Interestingly, the RBM of the
HDPA-SWNTs change significantly in comparison with the
as-grown SWNTs, which is in sharp contrast to almost
identical Raman spectra between the SWNT forest and
SWNT solid."" The RBM signals for larger diameters
SWNTs in the HDPA-SWNTs are suppressed. This sup-
pression may result from the stronger coupling between the
neighboring SWNTs in the HDPA-SWNTSs, which is caused
by smaller intertube spacing of 3.39 A than 9 A in the SWNT
solid.!" Similar RBM suppression is also observed in the
Raman spectra measured with 514.5 nm laser excitation (see
Supporting Information, Figure S7).

Figure 5 shows the photoresponse of the HDPA-SWNTs
measured in a vacuum of 1073 Pa. The outmost two
electrodes serve as the source and drain electrode, respec-
tively (inset of Figure 5). In order to eliminate the Joule
heating effect, a small voltage bias of 10 4V was applied to
the sample, and the background current was ~10 uA. Once
the HDPA-SWNTs was illuminated by a camera flash with
a ultraviolet (UV) filter, the current changes from 10 A to
—290 uA. Compared with other forms of SWNTSs, such as
films,? sheets,?° and filaments,?” the HDPA-SWNTs have a
relatively large photoresponse as they are illuminated. The
possible reason should be attributed to the perfectly aligned
SWNTs structure, as discovered in the SWNT bundles.?® In
addition, the HDPA-SWNTs are expected to exhibit excellent
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Figure 4. Raman spectra of the as-grown SWNTs and the HDPA-
SWNTs. The wavelength of the excitation laser was 632.8 nm.
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Figure 5. Photoresponse of the HDPA-SWNTs measured in a
vacuum of 1073 Pa illuminated with a camera flash. The inset shows
the optical image of the studied device.

electrical properties. The room-temperature resistivity of the
HDPA-SWNTs is estimated to be ~2 m&2 c¢cm measured by
a four-probe technique (inset of Figure 5), which is close to
that of graphite (0.3 mQ cm) and SWNTs crystalline ropes.’
This may permit us to study the doping effect on
SWNTSs”-230 in the future, such as in graphite'3? and Cg.333*

In summary, we have demonstrated a new method using
a series of diamond wire drawing dies to align and pack
SWNTs. SEM and TEM show that these SWNTs are highly
dense and perfectly aligned. The XRD patterns of these
SWNT materials are characterized with two groups of
diffractions: group one is the two-dimensional triangular
lattice indexed with (10), (11) etc., and the other is the (002)
diffraction. Raman spectra reveal that the RBM of SWNTs
with larger diameter in the HDPA-SWNTs is suppressed
compared with that of the as-grown SWNTSs. The perfectly
aligned and highly dense SWNTs are sensitive to light
illumination.
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