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arbon nanotubes (CNTs) with dif-
ferent diameters and helicity have
distinct chemical and physical
properties. Diameter-selective and diameter-
controlled growth of CNTs has been devel-
oped for specific applications, such as field-
effect transistors,’ field-emission displays,?
and hydrogen storage.® Synthesis of large-
diameter CNTs, especially single-walled car-
bon nanotubes (SWCNTs) within a range of
14—5.6 nm, has been realized with laser
vaporization,* arc discharge,® and chemical
vapor deposition (CVD) method.5~8
When the diameter increases, cylindrical
SWCNTs become energetically unstable. A
number of theoretical studies® '® have de-
monstrated that there exists a tube di-
ameter (Deqe) Where the energy of the
collapsed tube is the same as that of the
round geometry. Near the Deqe energy,
there exists a diameter region where both
geometries can coexist at high tempera-
tures. This has been referred to as a meta-
stable region for the CNT structure. The
cross section configuration of the fully col-
lapsed structure is composed of two highly
strained circular edges bridged by a flat
middle section. We refer to this geometry
as a closed-edged graphene nanoribbon
(CE,GNR) configuration, which is stabilized by
van der Waals interaction between two oppos-
ing walls. Theoretical studies have found Dege
to be an increasing function of the number of
walls>'® Table 1 summarizes a number of
reported values of Deq from the literature
and the methodologies employed to deduce
them. In those studies, Detastable FaNges were
given for SWCNT™ '® and double-walled
carbon nanotubes (DWCNTS);'”"® Di eastable
ranges and Deqe for triple-walled carbon
nanotubes (TWCNTs) have also been
calculated.'®
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ABSTRACT The diameter dependence of the col-
lapse of single- and double-walled carbon nanotubes to
two- and four-walled graphene nanoribbons with
closed edges (CE,GNRs) has been experimentally deter-
mined and compared to theory. TEM and AFM were
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used to characterize nanotubes grown from preformed 4.0 nm diameter aluminum—iron

oxide particles. Experimental data indicate that the energy equivalence point (the diameter at

which the energy of a round and fully collapsed nanotube is the same) is 2.6 and 4.0 nm for

single- and double-walled carbon nanotubes, respectively. Molecular dynamics simulations

predict similar energy equivalence diameters with the use of £ = 54 meV/pair to calculate the

carbon—carbon van der Waals interaction.
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interaction

In addition to the diameter,'%131418

SWCNT collapse is also correlated to exter-
nal factors, such as temperature,'® pres-
sure,’°22 van der Waals force induced by
a substrate®® or neighboring tubes in
bundles,'*** toxic addition in the reaction
system,”> mechanical strain,?®?” and elec-
tron bombardment.?® Modeling of the tran-
sition between a cylindrical and collapsed
configuration in different environments has
been studied extensively.'®?°~3! Further-
more, unusual edge states®? and promis-
ing electronic,***> mechanical,®® and
electromechanical behavior®® of collapsed
SWCNTs have been documented and pre-
dicted. Nanotube collapsing allows for the
band gap modification by its transverse self-
collapse, avoiding the employment of struc-
tural perturbations which disturb the sp?
bonding framework or the position of the
tube ends.>*

Although the formation of a collapsed
structure is largely independent of tube
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TABLE 1. Summary of Values of Equivalent Energy Points for SWCNTs and DWCNTs in the Literature and the

Methodologies Employed

Dege for SWONT D for DWCNT

ref (nm) (nm) methodology
10 3.6—8.6 3.8—104 experimental and continuum model analysis (bending modulus used k = 1.4 eV;
&yqw = 25—100 meV/atom; crossover shapes were calculated from geometrical assumptions)
n 5.9—6.0 molecular dynamics simulation using MPSim
(force field, derived through QM calculations; bending modulus k = 912—963 GPa depending on chirality)
12 2 molecular dynamics simulation (REBO potential to represent covalent bonds;
adaptive Lennard-Jones potential to represent van der Waals interaction)
13 2.2 extrapolation from molecular dynamics simulations of collapsing of hexagonally close-packed bundles
of SWNT using DL_POLY code (macromolecular force field DREIDING parametrized for carbon)
15 41 50 atomic-scale finite-element method simulation and order-N atomistic simulation
method based on Brenner potential for carbon (g,qw = 2.39 meV/atom)
16 19 continuum model analysis and molecular simulation using Discover molecular dynamics
program through Materials Studio 3.0 (polymer consistent force field used)
17 6.2 8.0 atomistic simulations (second-generation Tersoff—Brenner potential and Lennard-Jones potential;
Eygw = 2.39 meV/atom)
present work 2.6 40 molecular dynamics simulation using LAMMPS (AIREBO potential with no torsion term; &,qw = 53.6 meV/pair)
chirality,’'7 the structure of collapsed SWCNTs can 4.0 + 0.4 nm (inset in Figure 1b). The size homogeneity

be flat, warped, or twisted'*3® due to lattice registry
dependent van der Waals interaction between the
two opposing walls. The morphology of collapsed
nanotubes has been demonstrated by TEM,%37-38
STM,*> and AFM>9° measurements. In previous efforts
in synthesizing large-diameter CNTs, the Zettl group,”
Kiang et al,*' and the Ajayan group*? have observed
the collapsed and twisted structures of multiwalled
carbon nanotubes (MWCNTs), SWCNTs, and DWCNTSs,
respectively. Recently, Alvarez et al.** observed col-
lapsed DWCNTs with a ribbon-like structure. However,
very few observations were obtained in TEM images,
and the collapsed phenomenon of few-walled CNTs
was not discussed in detail. In this study, synthesis
of large-diameter few-walled CNTs was accomplished
using nearly monodisperse aluminum ferrite nanopar-
ticles (Figure 1). TEM characterization was used to
distinguish between uncollapsed and collapsed car-
bon nanotubes based on whether tubes exhibited
kinks as expected for collapsed tubes but not for
uncollapsed tubes. Formulas for conversion of the
widths of collapsed tubes to their respective round
configurations were theoretically determined and per-
mitted a direct comparison of diameter distributions
for both collapsed and uncollapsed tubes.

RESULTS AND DISCUSSION

Figure 1b displays a TEM image of 4.0 nm preformed
AlFe,04 nanoparticles. These nanoparticles have a
narrow size distribution, with an average diameter of
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of the preformed nanoparticles and their chemical
composition were also demonstrated with lower mag-
nification TEM image, AFM image, and X-ray diffraction
(XRD) pattern in Figure S1 (Supporting Information).
The nearly monodispersed nanoparticles have been
employed in the synthesis of large-diameter CNTs in
previous studies.”** It has been shown that by using
these well-defined preformed nanoparticles, one is
able to achieve diameter-controlled synthesis of CNTs.
An additional advantage is that particle size can be
controlled over a large size range. This cannot be
achieved by catalyst evaporation onto a substrate to
form catalyst islands. The dense and vertical growth of
nanotube carpet on the Al,05/SiO, substrate was
achieved in a CVD process from AlFe,O4 nanoparticles
with various concentrations (from 22 to 375 nM, as
shown in Figure S2). As can be seen in the SEM image
(Figure 1¢), a carpet height of ~100 um was obtained in
10 min growth from the nanoparticles with an opti-
mized concentration (25 nM), indicating a high growth
rate of ~10 um/min. A portion indicated by a square
frame in Figure 1c is shown in a higher magnification
SEM image (Figure 1d). A large amount of kinking and
bending is evident. The TEM picture (Figure 1e) shows
that the sample is predominantly SWCNTs, with typi-
cally bent and twisted structures, indicating large
numbers of collapsed SWCNTs. Catalyst particles en-
capsulated at the nanotube ends are also visible.
Figure 1f shows a Raman spectra of the nanotube
sample, which was taken from both the top and

VOL.6 = NO.7 = 6023-6032 = 2012 K@LNMLJ\)

WWW.acsnano.org

6024



(@

$i0:z wafer Step 1 ALzO: film Step 2 AlFe:0: nanoparticles Step 3
f Sputter Al * Catalyst deposition CVD growth
_  —— —_—

or spin-coating
alumoxane

©)

CNT carpet<

CNT Carpet

Bottom G/D=18.5
M.

Intensity (a.u.)

Top GID=2.8

!60 10‘ﬂ0 15‘00 20‘00 25‘00 30‘00
Raman shift (cm™)

Figure 1. Synthesis of a large-diameter CNT carpet from monodispersed AlFe,0, preformed nanoparticles. (a) Schematic
description of the preparation process of the collapsed CNTs. (Step 1) Sputtering aluminum or spin coating water-soluble
alumina particles on the SiO, surface to fabricate the Al,05/SiO, substrate. (Step 2) Drop drying preformed AlFe;0,
nanoparticle solution on the substrate surface and calcining at 200 °C to form a metal oxide catalyst layer. (Step 3) Growing
the CNT carpets by water-assisted CVD method. (b) TEM image of uniformly dispersed performed nanoparticles with oleic
acid coating. The inset histogram shows the diameter distribution of the preformed nanoparticle, with an average size of
4.0 + 0.4 nm. (c) SEM image of the CNT carpet with a height of ~100 xm grown on the Al,03/SiO, substrate in 10 min growth.
(d) Close-up SEM image of the CNT arrays at higher magnification, corresponding to the indicated region in (c). (¢) TEM image
of the large-diameter CNT. (f) Raman spectra of the top and bottom region of the CNT carpet, showing G/D ratios of 2.8 and

18.5, respectively.

bottom region of the nanotube carpet using a wave-
length of 633 nm for excitation. Radial breathing
modes (RBMs) are clearly observed in the range of
100—300 cm ™. Moreover, the subsidiary peak shown
in the low-frequency range of the G band and the lack
of subsidiary peak on its high wavenumber side in-
dicate that the nanotubes in the sample are mainly
single-walled,® in agreement with the TEM observa-
tion (Figure 1e). The carpet bottom shows a G/D ratio of
~18.5, much higher than that in the top region (~2.8).
It is found that the base-growth mechanism** dom-
inates in our conditions since residues of catalyst
particles in high density can still be seen anchored to
the substrate after removing the nanotubes. Catalytic
processes that cause amorphous carbon formation
during the initial stage of nanotube growth are likely
responsible for the lower G/D ratio commonly found at
the top of a carpet. The bottom G/D ratio is a better
indicator of nanotube quality, and we take the ratio of
16—18:1 to be an indicator of largely defect-free
SWCNTs. Thus we expect their mechanical behavior
to be quite similar to that for the calculated mechanical
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behavior of structurally perfect SWCNTs. We cannot
exclude the possibility of twists or kinks of the nano-
tubes on the surface; however, there are large domains
that appear free of those defects.

Figure 2 shows the TEM images of collapsed and
uncollapsed nanotubes. Collapsed SWCNTs, DWCNTs,
and TWCNTs are shown in Figure 2a—c. Kinked
(Figure 2a), folded (Figure 2b), and twisted (Figure 2c)
structures which are typical features of collapsed
nanotubes'* are clearly observed (as indicated by the
arrows in Figure 2a—c). These structures are used as an
identifier of closed-edged graphene nanoribbons. A
collapsed and twisted MWCNT ribbon is also observed
in Figure 2c. The widths of the flattened ribbons in this
image formed by SWCNTs, DWCNTs, TWCNTs, and
MWCNTs are found to be 4.6, 8.0, 7.8, and 8.2 nm,
respectively. Previous studies have suggested that
collapse does not necessarily occur throughout the
entire tube® and is most likely caused by mechanical
activation rather than thermal activation.'” It has also
been suggested that kinked deformations formed
locally in some regions on the nanotube might serve

VOL.6 = NO.7 = 6023-6032 = 2012 W)

WWww.acsnhano.org

11D1L¢

6025



i Kinked

14

L5 Twisted

Figure 2. TEM images of the collapsed and uncollapsed CNTs. TEM images for collapsed (a) SWCNTs, (b) DWCNTSs, and
(c) TWCNTs. TEM images for uncollapsed (d) SWCNTSs, (e) DWCNTSs, and (f) TWCNTs. Kinked, folded, and twisted deformation
parts are shown in collapsed nanotubes, indicating they are collapsed to corresponding bilayer, four-layer, six-layer, and
multilayer closed-edge graphene nanoribbons. The uncollapsed nanotubes are identified by their straight geometry, with

typically smaller diameters than that of collapsed nanotubes.

as an initiator for an entire flattening of a tube through
a zipper effect’ Others have attributed collapsed
structures to high pressure during the reaction.*¢*
Collapsed nanotubes with twisted structures have also
been observed with multiwalled CNTs (MWCNTs) in
other studies.”*® Lattice registration between oppos-
ing walls is thought to be responsible for the twisted
phenomenon: the interaction between the two paral-
leled graphene walls (innermost walls in the DWCNTs,
TWCNTs, and MWCNTSs) tends to achieve the lowest
energy AB stacking via the translations along radial and
axial directions. Thus, achievement of more favorable
interlayer registry acts as a driving force for twisting or
warping of collapsed nanotubes. In order to better
understand the difference of the structural char-
acteristics between the collapsed and uncollapsed
nanotubes in the TEM images, TEM pictures of the
uncollapsed SWCNTs, DWCNTs, and TWCNTs are also
provided in Figure 2d—f for comparison with the
collapsed ones. We have assumed that the uncollapsed
nanotubes are observed as straight structures without
kinks and bends. The diameters of the uncollapsed
SWCNTs, DWCNTs, and TWCNTSs are observed to be 3.6,
6.3,and 7.1 nm, respectively, smaller than the observed
widths of the collapsed nanotubes as expected. These
structural and morphological features of the collapsed
and uncollapsed nanotubes are utilized to distinguish
these two counterparts during collection of their
counts and performing the statistics detailed in the
following discussion. More TEM pictures showing the
collapsed nanotube features are provided in Figure S3.

ZHANG ET AL.

The presence of the twisted collapsed nanotubes is
usually observed to be free-standing, which suggests
that the translations between the innermost two walls
achieve a favorable lattice stacking which prevents the
twisted ribbon from untwisting.>® Tapping-mode AFM
was used to study the collapsed structure of carbon
nanotubes. A suspension of nanotubes was prepared
by bath sonication in dichloroethane solution. Subse-
quently, a drop of the suspension was spin-coated
onto the surface of a cleaned silicon wafer and dried
at room temperature. The sample was analyzed by
AFM (Digital Instruments, Nanoscope Ill Veeco Metrol-
ogy Group, Santa Barbara, CA) using a TETRA 15/Au tip
(KeTEK Nanotechnology LLC, Digital Instruments). The
number of walls of a collapsed nanotube is defined
from the height measurement information. It is known
that the height of single graphene layer is around
0.34 nm, which is also the interlayer distance of
graphite. Thus we infer that the heights of the fully
collapsed SWCNTs (bilayer graphene), DWCNTSs (four-
layer graphene), TWCNTs (six-layer graphene), and
four-walled nanotubes (eight-layer graphene) are
around 0.7, 14, 2.0, and 2.7 nm, respectively, which
we use for the following estimation of the number of
walls for collapsed nanotubes. Our approximation is
consistent with the definition for number of layers
reported by Yu et al.*® Shown in Figure 3a,ce are
AFM height images of a collapsed SWCNT, DWCNT,
and TWCNT, respectively. Their corresponding height
profiles are presented in Figure 3b,df. Images are
shown in same height scale on each nanotube.
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Figure 3. AFM height measurements of the collapsed nanotubes. AFM images of collapsed (a) SWCNTs, (c) DWCNTs, and (e)
TWCNTs. Ribbon-like structures are shown in AFM images. Height profiles of the corresponding collapsed (b) SWCNTs, (d)
DWCNTs, and (f) TWCNTs. Height measurements were taken along the corresponding colored lines indicated in the AFM

images.

The heights were measured along the corresponding
lines marked at three different set points along the
nanotube length. The lengths of collapsed nanotubes
in these images are typically 1—2.5 um, much shorter
than the CNT carpet height, probably due to cutting off
during the sonication process. As shown in Figure 3b,
the heights in three different regions are 0.6, 0.8, and
0.7 nm, corresponding to two closely stacked gra-
phene layers. Height averaging along the length of
the nanotube with a SIMAGIS software package
(Carbon Nanotube Length, Height, Curvature, and
Aspect Ratio Analysis. Ver. 2. Nanotechnology. Smart
Imaging Technologies, Houston, Texas) provides an
average height of 0.7 nm (more detailed information
on measuring average height of nanotube by SIMAGIS
can be found in Figure S4 and Table S1). This strongly
indicates that the SWCNT has fully collapsed into a
closed-edged bilayer graphene nanoribbon. A col-
lapsed DWCNT with a length of ~3 um is shown in

ZHANG ET AL.

Figure 3¢, and the deformed parts that change the
orientations of the nanotube are visible. The AFM
section analysis shows the height of the nanotube is
in the range of 1.4 to 1.7 nm, and a SIMAGIS average
measurement gives an average height of ~1.3 nm,
consistent with the height of a flattened DWCNT. When
measuring a collapsed TWCNT, the AFM section anal-
ysis and a SIMAGIS measurement give an average
height of 2.1 nm, which is consistent with the height
of a fully collapsed TWCNT. The contrast variation
shown in each AFM height image (Figure 3a,c,e) is also
consistent, indicating the additional carbon layers in
the collapsed DWCNTs and TWCNTs.

According to the structural identifiers for distin-
guishing the two different structures, we collected
the total counts of collapsed and uncollapsed SWCNTs
and DWCNTs from hundreds of HRTEM images. Coex-
istence of collapsed and uncollapsed structures can
usually be found in one image. Sum counts of 641
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Figure 4. (a) Size distribution of uncollapsed SWCNTs (diameters) and collapsed SWCNTs (CE,GNR). (b) Size distribution of
uncollapsed DWCNTSs (diameters) and collapsed DWCNTs (CE;GNR). Column bars showing that the counts versus diameters of
each structure are fitted by the corresponding colored curves (blue and solid line for the uncollapsed structures, red and

dashed line for the collapsed structures).

(a)
W=747nm,D =492 nm
AL

(37,37)
W=4.13nm,D=2.79 nm Cc60

O
(21.21)

W=246nm,D=173nm

) gl
oo 3404

D=120nm [ =

(©.9)

(b)

.
W= =D - 0.25287
(CE,GNR)
m
W= 5D = 0.64663

(CEGNR)

i
. W= ED - 0.23072
(CE,GNR on substrate)

n
W= ED — 0.64727

w=2D (SWCNT on substrate)

(SWCNT, nwc:v;‘)
0 1 2 3 4 5 6
Diameter (nm)

Figure 5. (a) Uncollapsed and collapsed SWCNTs with different diameters in free space generated by LAMMPS molecular
dynamics simulation. The geometry of a collapsed SWCNT consists of two highly strained bulbs on the two edges and a
collapsed region where the two opposing walls are flattened and stabilized due to the van der Waals interaction, leaving the
interlayer distance as 3.4 A. The heights of the two-edged bulbs are found to be a constant around 4.9 A, independent of initial
diameter of the nanotube. The height of the bulb is comparable in size to Cgq, as is shown in (a). (b) Linear relationships
between measured width (W) and original cylindrical diameter (D) for uncollapsed and collapsed structures in free space
(SWCNT, DWCNT, CE,GNR, and CE;GNR) and on a substrate (SWCNT on substrate and CE;GNR on substrate) are shown by the
straight lines and their corresponding equations. For simple comparison, a conversion equation of W = 7zD/2 is given if the

formation of highly strained bulbs is not taken into account.

SWCNTs have been collected, in which the collapsed
and uncollapsed SWCNTs account for 44 and 56%,
respectively. Likewise, 650 DWCNTs have been coun-
ted, in which the collapsed and uncollapsed DWCNTs
account for 53 and 47%, respectively. The fitting curves
for the size distribution of the uncollapsed nanotubes
(diameters of SWCNTs or DWCNTSs) and the collapsed
nanotubes (measured width of CE,GNR or CE4,GNR) are
plotted in Figure 4.

In order to convert the widths of the collapsed
SWCNTs and DWCNTs to the diameters of its uncol-
lapsed state, we generated collapsed and uncollapsed
SWCNTs with different diameters and optimized the
geometry using molecular dynamics simulations im-
plemented in LAMMPS (Figure 5). The van der Waals
interaction energy reaches a maximum when the
distance of two opposing walls gets close to 0.34 nm
(as shown in the inset in Figure 5a), which is the
interlayer spacing of adjacent sheets in a graphite
crystal. The height of the highly strained bulbs on
the two edges is found to be a constant around
0.49 nm independent of the initial nanotube diameter

ZHANG ET AL.

(Figure 5a), which is comparable to the diameter of Cgq
(0.7 nm).*® Therefore, the width of the fully collapsed
structure is linearly dependent on the width of the
flattened region which is set by its diameter as a
cylinder. Using optimized geometries, we found linear
relationship between the width of collapsed form and
diameter of cylindrical form of the free-standing
SWCNTs (Figure 5b). The same procedure was per-
formed for SWCNTs and DWCNTSs on a substrate (as a
model of a substrate, we used a graphene plane for
simplicity).

Using those equations, the measured widths of
collapsed SWCNTs and DWCNTs in Figure 1 were
converted into the diameters in their uncollapsed
state. Figure 6 shows the resulting distribution of
diameters of collapsed and uncollapsed SWCNTs and
DWCNTSs and their sum. The cross section point of the
fitting curves of uncollapsed and collapsed structures
is taken to represent the equivalent energy point
(referred to as Dgge), at which there is no energy
difference between the collapsed and uncollapsed

exp

nanotube. Below Dgg2, the cylindrical tube is the
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Figure 6. Fraction of uncollapsed and collapsed SWCNTs (a) and DWCNTs (c) versus diameters in the sum. (b,d) Resulting
diameter distributions of uncollapsed (SWNTs and DWNTs shown by blue fitting curves) and collapsed structures (CE;GNR
and CE,GNR shown by red fitting curves) and their sum (shown by green fitting curves) after conversion of measured widths of
the collapsed structures into the cylindrical diameters using the equations for CE;GNR and CE,GNR shown in Figure 5b. Cross

section point of the fitting curves for uncollapsed and collapsed structure corresponds to the critical diameter (D

) (“exp”

represents that the diameter is obtained from experimental data, “eqe” represents the equivalent energy point), above which
the collapsed form of SWCNT or DWCNT is energetically favorable. From the fitting of our experimental data, the Dgge values
for SWCNTs and DWCNTs are found to be 2.6 and 4.0 nm, respectively.
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Figure 7. Calculated energy for uncollapsed and collapsed SWCNTSs (a) and DWCNTSs (b) with different diameters in free space
by performing LAMMPS molecular dynamics with AIREBO potential (no torsion term). The energies of uncollapsed SWCNTs
and DWCNTs are shown by blue curves, and the energies of collapsed SWCNTs and DWCNTs are shown by red curves. By using
van der Waals interaction energy ¢ = 53.6 meV/pair, the calculated diameter Dg?,'e (“cal” represents the diameter that is
obtained from calculation, “eqe” represents the equivalent energy point) corresponds very well to the Dt for both SWCNTs

and DWCNTs.

energetically favorable geometry, whereas the col-
lapsed structure becomes energetically more stable
when the diameter is above Dgge because the van der
Waals force between two walls will exceed bond
bending stiffness. The Dgga values for SWCNTs and
DWCNTs are found to be 2.6 and 4.0 nm, respectively,
from our experimental fitting. This determination of
equal energies for the two structures assumes that they
are in thermodynamic equilibrium with each other. It is
also likely that the equilibrium temperature is close to
the growth temperature, 750 °C, with the respective
structure populations frozen by the rapid cooling of
the sample. It is possible that the measured equivalent
energy point is affected by the experimental miscount-
ing of uncollapsed nanotubes since a collapsed tube
can appear straight in TEM images. A sensitivity check
of the energy equivalence point to miscounting was
carried out by assuming that miscount of nanotubes
may have occurred for nanotubes greater than 1.5 nm
with the miscount increasing linearly by diameter up to
50% at a diameter of 6 nm. For this degree of mis-
counting, the energy equivalence point was found to
decrease by only 0.1 nm. Calculations for different
miscounts are shown in Figure S5. The structures
corresponding to the diameters shown by A, B, C,

ZHANG ET AL.

and D in Figure 6a can be found in Figure 5a. Larger
critical diameter for DWCNTSs than that for SWCNTs can
be interpreted from an energy point of view. Upon
collapsing, the graphitic layers will increase their bend-
ing energy by forming the two-edged highly strained
bulbs at the expense of the attractive van der Waals
energy obtained by the innermost walls. The increase
of the deformation energy from forming bulbs hap-
pens to each graphitic layer, whereas only the inner-
most walls gain the attractive energy. Therefore, the
compensation to the increase of the deformation
energy requires the increase of the Dqe With increas-
ing the number of walls.>'® The fractions of the
uncollapsed and collapsed SWCNTs and DWCNTSs versus
their diameters are shown on the top in Figure 6a,c,
from which we can tell the population changing of the
uncollapsed and collapsed structures below and above
the Dgge. Moreover, given a certain diameter, the
fraction of each structure as part of the sum is shown.

Using molecular dynamics with AIREBO potential
(torsion term excluded to gain reasonable bending
modulus of k = 1.4 eV), we performed energy calcula-
tions for collapsed and uncollapsed tubes of different
diameters, as shown in Figure 7. The energy of van der
Waals interaction can be adjusted (in our simulations, it
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Figure 8. Calculated energy for uncollapsed and coIIaPsed
ca

SWCNTs on a single-layer graphene substrate. Dege of
SWCNTs on a substrate is around 1.89 nm, smaller than
the Dgge of SWCNTSs in free space. Energies of uncollapsed
and collapsed SWCNTSs on a substrate versus diameters are
shown by blue and red lines, respectively. Correspondingly,
their uncollapsed and collapsed geometries are also shown
next to the energy curve.

was represented by depth of minima of Lennard-Jones
potential) in order to match DS3. with DS2. It was
found that the value of &,qw = 54 meV/pair is the best
to achieve this goal. For DWCNTs, we used the same
parameters as for SWCNTs and obtained good agree-
ment with experimental data. The calculated energy
changing of uncollapsed and collapsed structure
around the equivalent energy point is consistent with
other studies.'" ">’

Energy calculations are also performed for the
SWCNT on a single-layer graphene substrate. The Dé’;'e for
it was found to be 1.9 nm, smaller than that of the
SWCNT in free space, which suggests that the substrate
enhances the stability of the collapsed structure, con-
sistent with the literature.*® As shown in the upper
geometry in Figure 8, the van der Waals interaction
between the cylindrical SWCNT and substrate can
distort its circular shape and induce a radial deforma-
tion. On the other hand, the rigid circular shape still
tends to be maintained to the maximum extent at
smaller tube diameters. The interplay between the
surface van der Waals interaction and the rigid bond
bending stiffness results in a partial collapsed and
elliptical geometry."® The heights of the edged bulbs
of the fully flattened SWCNT on a substrate are found
to be 0.75 nm from the substrate surface, which is
about twice the height of a single-layer graphene on
substrate.

Figure 9 shows the diameter distributions of
SWCNTs, DWCNTs, and catalyst particles. The parti-
cles playing the catalytic role in growing nanotubes
areiron particles reduced from the metal oxide state.
Their size distribution is calculated for the iron only
size from the metal oxide particle size distribu-
tion and percent of iron in the oxide and the density
of Fe (7.8 g/mL) and AlFe,0,4 (4.6 g/mL). Compared to
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Figure 9. Size distributions of the catalyst particles, sum of
the SWCNTs, and sum of the DWCNTs. Size distribution of
iron only catalyst particles (Fe) is obtained from that of the
metal oxide particles (AlFe;,0;) shown in the inset of
Figure 1a.

the initial monodisperse nanoparticles, the broa-
dened size distribution of the SWCNTs and DWCNTs
is a strong indication that Ostwald ripening, where
some particles grow larger and some smaller,
takes place during the preheating, reduction, and
growth process. Also, clearly, the growth of double-
walled nanotubes is strongly favored at larger
diameters.

CONCLUSIONS

In summary, large-diameter few-walled carbon
nanotubes (CNTs) have been produced using nearly
monodispersed preformed aluminum ferrite nano-
particles with an average diameter of 4.0 &+ 0.4 nm.
CNTs with sufficiently large diameter are observed to
collapse into closed-edged graphene nanoribbons
(CE,GNR), including collapsed SWCNTs, DWCNTs,
and TWCNTSs. TEM characterization of CE,GNR shows
collapsed versus uncollapsed in the presence of
kinked, folded, or twisted deformations as an indi-
cator that a carbon nanotube has collapsed into a
ribbon-like structure, while uncollapsed are identi-
fied by a lack of such structures and are typically
observed to be straight. Using the structural identi-
fiers, diameters and measured widths of abundant
collapsed and uncollapsed SWCNTs and DWCNTs
have been collected from TEM images. By experi-
mentally fitting the size distribution and computa-
tionally calculating the energy of the uncollapsed
and collapsed SWCNTs and DWCNTSs, a zero energy
difference between the two forms for SWCNTs and
DWCNTs is found at 2.6 and 4.0 nm, respectively, with
the assumption equilibrium between the two states.
Theory also indicates that the Deqe is even smaller for
tubes sitting on a surface (i.e.,, 1.9 nm for a SWCNT
sitting on a graphene surface). The assignment of
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equal energy for the two structures at a diameter
where the populations of both are equal makes the
assumption that the two structures are in thermo-
dynamic equilibrium at a temperature that is likely
to be near the growth temperature of 750 °C since
the sample is rapidly cooled to room tempera-
ture from the growth temperature. This also assumes
that the population change of the uncollapsed and
collapsed SWCNTs and DWCNTs around the equal
energy diameter provides a measure of the fraction
of each structure for specific diameters at the growth
temperature.

METHODS

Chemicals. Iron oxide, hydrated FeO(OH) (catalyst grade,
30—50 mesh), oleic acid (technical grade, 90%), and 1-octade-
cene (ODE, technical grade, 90%) were purchased from Sigma-
Aldrich. Iron oleate ([Fe] = 3 mg/mL) was synthesized using the
method mentioned in the previous research,*® and aluminum
oleate was purchased by Fisher Scientific. All iron oxide nano-
particles were synthesized under nitrogen. Aluminum iron
oxide was obtained by modifying the standard method for
monodispersed iron oxide nanocrystals; iron and aluminum
oleate were decomposed in the presence of oleic acid at 320 °C
for 2 h.>® For the purification of as-synthesized nanocrystals,
5 mL of resulting colloid was washed and precipitated using
25 mL of methanol and 25 mL of acetone by centrifugation at
4500 rpm for 30 min. The resulting black colloid was redispersed
in 15 mL of hexane.

Synthesis of (atalyst and Large-Diameter (NTs. The following
synthetic process involving deposition of catalyst particles on
a substrate and growth of collapsed CNTs is illustrated in
Figure 1a. The substrate was prepared using a SiO, wafer, on
which the Al,O3 layer was formed by sputtering aluminum or
spin coating water-dispersed alumoxane solution. An alumi-
num layer with a uniform thickness of 10 nm was prepared in a
sputter coater. Synthesis of water-soluble Al,O5 particles and
fabrication of an Al,05/SiO; layer from solution were achieved
by a previously reported technique.®’ A preformed AlFe,0,
nanoparticle solution was diluted into different concentrations,
followed by drop drying onto Al,05/SiO, substrates. Prior to
growth, in order to remove the oleic acid coating and expose
the preformed metal oxide nanoparticles, the samples were
calcined at 200 °C for 2 h in oxygen with a flow rate of 200 sccm.
The growth of carbon nanotubes was carried out in a
hot filament chemical vapor deposition (CVD) apparatus at
750 °C, which has been described elsewhere.***? H, (210 sccm)
and C,H; (2 sccm) were supplied during the reduction and
growth stages as reducing agent and carbon source gas,
respectively. H,O was supplied by bubbling H, throughout
degassed water at 200 sccm to assist carpet supergrowth. The
catalyst particles were reduced at 25 Torr in a 30 s reduction
process, during which a tungsten filament was activated by
ramping to a current of 9—10 A. The high temperature of the
filament (typically ~2500 °C) enables dissociation of H; to form
atomic hydrogen, which rapidly reduced the preformed nano-
particles to catalytically active metal particles. The pressure was
then reduced to approximately 4 Torr, and the hot filament was
switched off. Nanotube growth was then continued for an
additional 10 min.
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