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ABSTRACT: Despite the many processes developed for carbon
nanotube synthesis, few if any of these control the carbon nanotube
diameter and length simultaneously. Here, we report a process where-
by we synthesize vertically aligned carbon nanotube arrays (VA-CNT)
using water-assisted chemical vapor deposition from solution pro-
cessed premade and near-monodisperse iron oxide nanoparticles.
Utilizing a dendrimer-assisted iron oxide nanoparticle monolayer
deposition technique, the synthesis of high quality VA-CNTs is
observed with a surprising degree of walls uniformity and diameters
that correlate closely with the catalyst particle size. Specifically, we
utilize 8.3 and 15.4 nm nanoparticle sizes to grow uniform, large
diameter VA-CNTs. We observe control of the VA-CNT diameter and
number of walls based on the nanoparticle size, with the 8.3 nm
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nanoparticles growing over 90% four-walled CNTs. Additionally, there is a sparse population of VA-CNT's with large diameters and

few walls that tend to flatten into nanostructures resembling paired-layer graphene nanoribbons.
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B INTRODUCTION

The synthesis of vertical arrays of carbon nanotubes (VA-
CNTs) on a planar substrate is a concept that has generated
significant interest.' > As processing of misaligned and en-
tangled carbon nanotubes can be challenging because of their
small diameter and large aspect ratio, VA-CNT synthesis is a
route where the CNTs self-assemble during growth to form a
dense, aligned layer that has electrical, thermal, and mechanical
properties that are appealing for a wide variety of applications.*”
However, many of the potential applications for VA-CNTs are
limited because of an inability to control the crucial aspects of
synthesis that lead to mixtures of metallic and semiconducting
CNTs and CNTs having a wide range of diameters. This is largely
due to the VA-CNT catalyst preparation, which is commonly
achieved by the use of electron beam evaporation or sputtering to
deposit a supporting oxide layer (typically 10 nm or more of
AL,03), and subsequently a thin catalyst layer (0.5—3 nm thick of
Fe).*” Upon deposition and reduction, the catalyst layer forms
densely packed islands that are nucleation sites for CNT growth.'?
Since the nanoparticle size determines the nanotube diameter in
most cases'' " this makes the definition of controlled nanopar-
ticle sizes nearly impossible and hence, there is little or no control
of nanotube diameter in this process.

An emerging process for synthesis of VA-CNTs utilizes wet-
chemistry synthesis techniques to synthesize nanoparticles that
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are dried on oxide-layer supporting surfaces as catalysts for CNT
growth.VF16 This is advantageous in that it makes the diameter
distribution of the CNTs inherently dependent on the mono-
dispersity of the nanoparticles, and additionally provides a scalable,
cost-effective route to catalyst deposition compared to e-beam
evaporation. As a result, catalyst size becomes a controllable
parameter that can lead to processes which result in VA-CNT
structures having CNTs of uniform diameter. The use of solution
processed catalyst nanoparticles for CNT growth has been utilized
extensively for horizontally aligned CNT growth'”'® and the
growth of low-density CN'T mats." Recently, Hata’s group found
that “supergrowth,” water-assisted growth during CVD, that
results in high quality, rapid CNT growth, could be achieved with
Fe—Mo solution processed nanoparticles in the same way as a
catalyst layer formed using evaporation techniques."> However,
the use of nanoparticle films for CNT growth with monodisperse
nanoparticle dispersions, controlled and variable nanoparticle size,
and a controllable process to form densely packed films of
nanoparticles that support VA-CNT growth have yet to be
described. Recently, we outlined a process for near-monolayer
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nanoparticle film formation that can support VA-CNT growth by
utilizing carboxyl terminated dendrimer films."*

Of all the CNTs, one of the least studied species is the large
diameter CNT (d >4 nm) that is typically produced in various CVD
processes.”””" For these CNTs, the electrical properties are en-
hanced by temperature activation of the semiconducting species,”
and the o?tical absorption features for all CNTs are shifted into the
infrared,”" which makes them challenging to study optically. None-
theless, as the CNT's become larger, they also become less stable and
are expected to collapse into tubular structures when the number of
walls becomes low, similar to those documented recently by
Windle’s group.”® With appreciable control of diameter and the
number of walls in the CNT, this process could lead to the
production of rigid multiwall carbon nanotubes (MW-CNT)
structures having a controllable pore size that may be ideal for fluid
transport, or thinner few-walled CNTs that could self-assemble into
collapsed graphene-like materials with interesting properties.
Although the latter remains unstudied, the ability to utilize carbon
nanotubes to form well-defined sheets of graphene is a concept that
has recently been demonstrated”** and has provided synergy
between research focused on the exciting properties of controllable
sized graphene nanoribbons and carbon nanotubes.

Here, we demonstrate the synthesis of VA-CNTs using
solution processed nanoparticles with a well-defined particle size
that we called PN-NPs for “premade near-monodisperse nanopar-
ticles” coupled with a dendrimer-assisted monolayer deposition
process that produces densely packed nanoparticle films. We find
that calcination is a key step to achieve high nucleation densities and
optimal VA-CNT growth. Furthermore, detailed imaging studies
confirm that the CNT diameter distribution is representative of the
nanoparticle diameter distribution, with the controlled production
of CNTs having 4 walls when utilizing 8.3 nm catalyst nanoparticles.
In addition, we observe that there exists a sparse population of larger
diameter, few-walled CNT species that are collapsed into structures
that we denote as “tubular graphene nanoribbons.” This work opens
up new insight on controllable synthesis of CNTs with large
diameters from homogeneous catalyst particle dispersions.

B EXPERIMENTAL SECTION

All chemicals and solvents were purchased from Sigma-Aldrich and
they were used without any additional treatments. The oleic acid and
1-octadecene were both 90% technical grade. The 8.3 and 15.4 nm iron
oxide nanoparticles were synthesized from FeO(OH) as a precursor
following our published method.*® Typically, using a three necked flask,
a mixture of FeO(OH) fine powder (0.178 g, 2.00 mmol), oleic acid
(2.26 g,8.00 mmol), and 1-octadecene (5.00 g, 0.019 mmol) was heated
with stirring to 320 °C and kept at that temperature for 30 min. The
nanoparticles were precipitated by adding acetone (25 mL) after cooling
the mixture to room temperature. The supernatant was decanted, and
the precipitated solid was then redispersed in hexanes (10 mL) with
assistance of oleic acid (0.1 mL). Once synthesized, the nanoparticles were
characterized by tapping mode atomic force microscopy (AFM, Veeco
Metrology group, Nanoscope IIla, Santa Barbara, CA) and transmission
electron microscopy (TEM). The analytical characterizations indicated a
monodisperse diameter distribution. The well-dispersed nanoparticles in
hexane solution were spin coated on substrates to study their individual
activity. A monolayer film of nanoparticles was assembled on an electron
beam-evaporated alumina substrate using a method recently published by
our lab."* This technique used carboxylic acid terminated polyamidoamine
dendrimer (PAMAM-CO,H) to develop a thin film of —CO,H that
undergoes ligand exchange with the oleic acid ligands originally bound to
the iron oxide nanoparticles.

The thin film of catalyst nanoparticles was calcined at 375 °C for
different periods of time to improve their nucleation activity and
therefore increase the density of CNTs in the array. The CNT growth
took place in a water-assisted chemical vapor deposition reactor (CVD)
apparatus with hot filament activated catalyst reduction, which has been
described elsewhere.”” >° The CNT growth protocol consists of a 30 s
atomic hydrogen reduction followed by the introduction of C,H,, H,O,
and H,, which were supplied during the growth period (15 min) in a
manner similar to the supergrowth technique described by Hata et al.,*°
except under vacuum.”’ A total flow rate of ~400 standard cubic
centimeters per min (sccm) of H,, 2 scem H,0, and 2 sccm C,H,
was maintained in the 1 in. tube furnace at 1.5 Torr vacuum and 750 °C.

The scanning electron microscope (SEM) images were taken with an
environmental SEM (FEI Quanta 400) at 20 KV. TEM micrographs were
taken with a JEOL field emission gun transmission electron microscopy.
The Raman spectra were collected with an inVia micro-Raman spectro-
meter (Renishaw, Gluocestershire, U.K.). Diameter measurements of the
CNTs were performed using digital Micrograph software.

B RESULTS AND DISCUSSION

The use of iron oxide PN-NPs to form monolayers of catalyst
to support VA-CNT growth is advantageous for a number of
reasons. The most important reason is that particle size can be
controlled prior to forming the catalyst layer; this unique control
of the catalyst particle size distribution is not possible through
conventional methods of metal catalyst evaporation to form self-
assembled catalyst islands. This is important since control of
nanoparticle size plays a key role in the diameter of the nanotube
that is synthesized. To demonstrate the use of well-defined
particle sizes for VA-CNT growth, we synthesized iron oxide
PN-NPs with a narrow distribution of diameters, with the average
size near 8.3 nm. Additionally it is worth to mention that these
iron oxide PN-NPs are magnetite as they have shown their crystal
structure by X-ray diffraction (XRD), see Supporting Informa-
tion, Figure S1. As shown in Figure 1, these nanoparticles have
been characterized extensively by AFM and TEM. After spin-
coating these nanoparticles on SiO, at densities of ~60 nano-
particles/um?, the homogeneity of the particle sizes was con-
firmed with AFM measurements, as depicted in Figure la. The
height measurement of 538 iron oxide PN-NPs imaged by AFM
is represented on a histogram shown in Figure 1b, which is well-
fit to a Gaussian distribution having a narrow distribution and
full-width half-maximum (FWHM) of 2.4 nm. This narrow
particle size distribution is also observed in the TEM character-
ization, as is shown by a representative TEM image in Figure Ic.
Additional TEM characterization is provided in the Supporting
Information, Figure S2). This nearly monodisperse particle size
distribution is advantageous for CNT growth, as nanoparticle
size is known to play a crucial role in the diameter of the
nanotube that is grown. To achieve dense VA-CNT growth,
we utilized a recently developed process to construct monolayers
of nanoparticles, using a carboxyl terminated dendrimer layer,
where the dendrimers behave as linkers between the nanoparti-
cles and the alumina support."* PAMAM-CO,H was assembled
as a monolayer film on the evaporated Al,O5 thin film followed
by the nanoparticle assembly over the PAMAM-CO,H film. This
thin film of nanoparticles assembled with 8.3 nm iron oxide PN-
NPs is shown in Figure 1d. It should be noted that the use of a
chemical linker between the nanoparticles and supporting layer is
an advantageous route for VA-CNT growth, as it promotes the
formation of only a single layer of nanoparticles, as opposed to
multilayers formed in most other coating techniques, and results

3467 dx.doi.org/10.1021/cm200664g |Chem. Mater. 2011, 23, 34663475



Chemistry of Materials

Figure 1. Characterization of 8.3 nm iron oxide PN-NP catalyst; (a) AFM images of individual PN-NPs with ~60 PN-NPs/um? areal densities, (b)
height measurements of 538 catalyst PN-NPs represented in a histogram with a Gaussian curve fitted on the distribution. (c) TEM images of the iron
oxide PN-NP catalyst and (d) monolayer of PN-NPs assembled using PAMAM-CO,H dendrimer.

in a stable well-packed layer of nanoparticles that are locked in
place to promote nucleation and growth of a dense VA-
CNT array.

Figure 2a and 2b are side-view SEM images of VA-CNT
growth from dense catalyst layers similar to that shown in
Figure 1d. Simply preparing the catalyst layer and exposing it
to growth conditions consistently resulted in poor growth when
compared to conventional VA-CNTs grown from evaporated
catalyst layers. However, by exposing the catalyst layer to calcination
in air (heating to 375 °C), the height of the CNT array substantially
increased. Figure 2a is an image of a VA-CNT layer exposed to
calcination for 2.5 h, while Figure 2b is a VA-CNT layer exposed
to calcination for 20 h. Comparing the two cases, the extended
calcination of the catalyst more than doubles the resulting
VA-CNTs length. Initially, the goal of calcining the prepared catalyst
layers was to evaporate the oleic acid capping agent from the
nanoparticle surface, with the temperature based on the boiling
point of oleic acid. The finding that the calcination to evaporate the
capping agent produced significantly enhanced VA-CNTs growth
motivated further investigation into this process.

To further investigate the role of calcination on the VA-CNT
growth, we performed short growth experiments (60 s) with
nanoparticle layers having similar aerial density (~60 nanopar-
ticles/um?) on evaporated Al,Og; this is a shorter reaction time
than that required to achieve VA-CNT growth. As depicted in
Figure 3a and 3b, we found that the extended calcination (20 h)
at 375 °C produced higher CNT nucleation density than shorter
periods of calcination, a result that was consistent with the SEM
and AFM data. This difference in nucleation density could be
responsible for the difference in VA-CNT growth as is observed
in the growth experiments depicted in Figure 2. This difference in
nucleation density with calcination time could be a result of a
number of factors, including evaporation of the oleic acid capping
agent, catalyst support interaction on or the crystalline phase of
the PN-NPs, and/or the efliciency of the reduction of the metal-
oxide to a catalytically active metallic state.

To investigate the effect of reduction on the catalyst particle
nucleation density, reductions were performed with N,H,
instead of atomic hydrogen on noncalcined catalyst. Reduction
experiments were performed for 60 s at 400 and 600 °C under
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Figure 2. SEM images of VA-CNTs grown from 8.3 nm iron oxide catalyst PN-NPs with prior (a) 2.5 h of calcination and (b) 20 h of calcination before

exposure to carbon flux.

Figure 3. SEM images of similar catalyst PN-NPs areal distributions that were exposed to 60 s CNT growth environment (8.3 nm iron oxide PN-NPs)

after (a) 2.5 h of calcination and (b) 20 h of calcination.

100 mTorr N,H, vapor exposure in a manner similar to the
process reported recently.'® Figures 4a and 4b include SEM
images that confirm that the CNT nucleation from PN-NP
catalyst were significantly lower at 400 °C compared to that at
600 °C. As N,H, is a highly aggressive reducing agent for metal-
oxides, this provides evidence that nanoparticle reduction is
important for CNT nucleation. Although N,H, has been shown
effective to reduce the metal-oxide to metal catalyst, in the case of
PN-NP catalyst, N,H, could also remove the oleic acid and
promote an effective contact between the PN-NPs and Al,O;
substrate, thereby mimicking the effect of long calcinations.
Nonetheless, we find that the treatment of the catalyst particle
monolayer, either by calcination or by the use of aggressive
reduction species prior to nucleation, is an integral part of
achieving the high nucleation density that is coincident with
the most efficient VA-CNT growth.

With the ability to achieve efficient VA-CNT growth from the
PN-NP monolayers, we focused on detailed imaging and char-
acterization of the synthesized CNTs to determine the level of
control that is achieved in the use of narrow diameter distributions
of nanoparticles. Figure Sa is a TEM image showing many CNTs
grown in VA-CNT arrays using this technique, and Figure Sb

includes a histogram that depicts the individual diameters of 93
CNT's imaged at lower magnification as in Figure Sa. Evident from
Figure Sb in comparison to Figure 1b is the correlation between
the CNT diameter (average = 7.4 nm, FWHM = 3.0) and the PN-
NP catalyst diameter (average = 8.3 nm, FWHM = 2.5) distribu-
tions. More accurate diameter measurements were obtained with
TEM at higher magnification; these TEM images indicate that the
average CNT diameter is slightly higher than the average particle
size, where the diameter is still strongly correlated to the particle
diameter. Although the average CNT diameter is slightly lower
than that of the PN-NP catalyst, slight changes to the shape or
arrangement of the PN-NP catalyst and the accuracy of the
measurements at this magnification could be responsible for
discrepancy. Higher magnification TEM images confirm changes
in catalyst shape, as shown in Figures 6a and 6b, where PN-NP
catalyst found in the nanotubes are observed to be elongated. This
may explain small difference in CNT diameter compared to
particle diameter.

From similar high magnification images, we were able to
extract the internal and external diameter of the CNTs grown
from 8.3 nm nanoparticles and plot corresponding histograms of
80 CNTs, shown in Figures 6¢ and 6d. The internal diameter of
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Figure 4. SEM images of similar PN-NPs areal distributions that were exposed to 60 s CNT growth environment (8.3 nm iron oxide PN-NPs) after
prior (a) N,H, reduction at 400 °C and (b) N,H, reduction at 600 °C. The side length of the insets are 3 um.
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Figure S. (a) Typical low magnification TEM images of CNTs grown from the 8.3 nm diameter PN-NPs that illustrates diameter similarity of the
nanotubes to their correspondent PN-NP catalyst; (b) CNT diameter measurements represented in a histogram with an average diameter size of 7.4 nm

and FWHM of 3.0 nm.

CNTs grown from PN-NP catalyst has a Gaussian distribu-
tion, with an average diameter and FWHM of 5.8 and 2.4 nm,
respectively. Although the external diameter is still compar-
able to that of the particle distribution, the distribution is
broader with an average diameter and FWHM of 8.8 and
4.2 nm, respectively. The difference between external and
internal radius divided by 0.336 nm (the spacing between
consecutive graphitic layers in a CNT) provides information
about the number of walls. High magnification TEM images
(Figure 7a) were taken from 80 tubes to construct a statistical
representation of the average number of walls in the CNTs
(Figure 7b). Interestingly, 90% of the CN'Ts had only 4 walls,
with no CNTs having more than S or less than 3 walls. This
further emphasizes the monodispersity in CNT diameter and
number of walls that can be achieved with the ability to grow
CNTs from monodisperse nanoparticles, and the unique
correlation that exists between the CNT characteristics and
the particle size.

In addition to 8.3 nm diameter PN-NP iron oxide catalyst,
15.4 nm nanoparticles were synthesized for comparison of the
catalytic activity and CNT growth between the two particle sizes
(see Supporting Information, Figure S3). Dendrimer-assisted
iron oxide PN-NP catalyst assemblies shown by the height AFM
image in Figure 8a reveals small spots with both double layers and
absence of nanoparticles; however, the surface covered by a
single layer coatings of iron oxide PN-NP catalyst is still
predominant. In addition, the VA-CNTs grown from 15.4 nm
PN-NP catalyst are significantly shorter compared to VA-CNT's
grown from 8.3 nm PN-NP catalyst, with heights of only ~2 um
(Figure 8b). Despite the efforts made to activate the catalyst
through extended calcinations in a manner similar to that for the
8.3 nm, 15.4 nm iron oxide PN-NP catalyst calcined for 20 h still
resulted in poor growth. Similar TEM analyses performed on
CNTs from 15.4 nm catalyst PN-NPs, shown in Figures 9a and
9b, reveal a wider diameter distribution compared to CNT's grown
from 8.3 nm PN-NP catalyst. On the basis of measurements of 43
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Figure 6. High resolution TEM images of CNTs grown from 8.3 nm iron oxide PN-NPs; (a) typical CNT showing the PN-NP catalyst slightly
elongated and inside of the CNT, and (b) with the nanoparticle completely enclosed at the tip of the CNT. (c) Internal and (d) external diameter
distribution of the CNTs represented in a histogram with diameter average of 5.8 and 8.8 nm, FWHMs of 2.4 and 4.2 nm respectively.
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Figure 7. (a) Typical diameter measurements of the CNTs by TEM to determine their number of walls by measuring the difference between external
and internal diameter. (b) Bar diagram that illustrates the number of walls of CNTs on a histogram with a Gaussian distribution fit curve, average number

of walls 3.8 and 0.7 FWHM.
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Figure 8. (a) Height AFM images of 15.4 nm iron oxide PN-NPs assembled using PAMAM-CO,H dendrimer that reveals the nanoparticle monolayer,
double layer (bright spots) and empty areas (dark spots) suggesting that despite void regions and double-layer spots, the single layer is predominant.
(b) SEM of the VA-CNTs grown from monolayer of PN-NP catalyst shown in panel a. Inset illustrates the height of the VA-CNTs; inset scale bar is 2 um.
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Figure 9. High resolution TEM images of CNTs grown from 15.4 nm iron oxide PN-NPs; (a) typical CNTs showing the variety of diameter and
number of walls, (b) typical shapes of catalyst nanoparticles observed inside of the CNTs. (c) Internal and (d) external CNT diameter distribution
represented in a histogram with FWHMs of 5.8 and 12.6 nm respectively.

CNTs grown from 15.4 nm PN-NP catalyst, it was determined 14.6 nm, respectively, with FWHM values of 5.8 and 12.6
that the average internal and external diameter were 8.4 and assuming a normal distribution. However, only the inner diameter
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Figure 10. Raman spectra of CNTs grown from (a) 8.3 and (b) 15.4 nm iron oxide PN-NPs.

Figure 11. TEM images of CNTs grown from 15.4 nm iron oxide PN-NPs revealing collapsed CNTs forming continuous ribbon-like structures.

of the CNTs fit well to a normal distribution, while the outer
diameter does not as evidenced by a diameter population larger
than expected for a normal distribution. Additionally, the number
of walls and the geometrical shapes of the PN-NPs, shown
Figure 9b, are more diverse. Several factors in the use of the
15.4 nm PN-NPs prove to be difficult to control as compared to
the 8.3 nm PN-NPs, such as the monolayer assembly of catalyst
nanoparticles, and eflicient nucleation activity to support VA-
CNT growth. Some nonmonolayer coverage could cause particle
coalescence resulting in an increase of larger diameter CNTs
growth than expected for narrow particle distribution. If we neglect
the larger diameter population of CNTs due to particle coales-
cence, it is likely that the diameter distribution would be peaked
near the observed peak of ~12 nm. This indicates that CNTs
grown from larger particles are likely to be somewhat smaller than
the particle size. A geometrical change from spherical catalyst
nanoparticles to cylindrical ones has been observed, as seen in
Figures 6a, 6b, 9a and 9b. Most of the particles imaged after CNT
growth have cylindrical shapes, some more absorbed into the
internal diameter of the nanotube than others.

In general, we do find that the diameter distribution of the
CNTs correlates well with the starting PN-NP diameter dis-
tribution with a larger deviation for the larger diameter nano-
particles. This difference may be explained by a larger elongation
of the nanoparticle such as seen in the inset of Figure 9b. This is a
topic that has received significant attention in recent years,>"**
but often with conflicting results regarding whether the particle
diameter is directly correlated to the CNT diameter. It should be
noted that our ability to measure CNT and nanoparticle dia-
meters with statistically accurate HR-TEM and AFM measure-
ments tends to emphasize a striking correlation between these
two features. However, additional factors, such as Ostwald
ripening during the growth process, can lead to inaccuracy in
postgrowth characterization of particle size compared to CNT
diameter.**** In addition, optical characterization techniques,
such as Raman spectroscopy, used to analyze the size distribu-
tions of CNTs can often be misleading.21 As noted elsewhere,
small diameter CNTs resonate more strongly with visible and
near-IR excitation, which makes these populations appear sig-
nificantly enhanced. As an example of this, Raman spectra of the
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CNTs grown from 8.3 (Figure 10a) and 15.4 nm (Figure 10b)
PN-NP catalyst have similar features to what one may expect
from a sample containing small diameter CNT's, with a significant
number of radial breathing modes (RBMs) present between 130
and 250 cm ™. Although it is unclear whether these RBMs are
indicative of small diameter CNTs, the TEM imaging did not
show any such small diameter CNTs. This indicates that the
small diameter CNTs are in low abundance but are the most
Raman-active because of the resonance condition of the small-
diameter CNT's with visible/near-IR excitation. Additionally, in
the CNTs grown from 154 nm PN-NP catalyst, we have
observed unique CNT nanostructures composed of collapsed
double wall CNTs with a ribbon-like structure, as is shown in
Figures 1la and 11b. It has been reported previously that a
double wall CNT with a diameter above ~5 nm will collapse to
form a four layer graphene ribbon-like structure with no defined
edges.*® This carbon nanostructure has a unique structure that
combines features of even-layer graphene ribbons with the
diameter controllability and layer commensurability that can be
achieved by the CNT growth process. Although we foresee this
being an exciting structure to further investigate both experi-
mentally and theoretically, very few such structures were ob-
served in the large diameter, few-walled VA-CNTs.

Bl CONCLUSION

Successful VA-CNT growth from PN-NP large-diameter
catalyst (8.3 and 15.4 nm) was demonstrated with a good
correlation between the diameter of the catalyst nanoparticles
and the CNTs. To achieve this, we found that pretreatment of the
PN-NP catalyst monolayers is essential to increase nucleation
densities and optimize VA-CNT growth from the catalyst
monolayer assemblies. Additionally, through statistical charac-
terization of the CNT's grown from PN-NP catalyst by HR-TEM
imaging, we establish the production of near-monodisperse CNT
distributions with 90% of CNT's having four walls and the CNT
diameter distribution having a dispersion comparable to that of
the PN-NP catalyst. Finally, we found a sparse population of few-
walled, larger diameter CNTs that spontaneously collapse to
form tubular graphene nanoribbons. As CNT properties are
strongly correlated to diameter, there is now a clear route by
which self-assembled arrays of aligned CNT's can be synthesized,
thereby providing simultaneous control of CNT diameter, the
number of walls in the CNTs, and CNT length. This represents a
key step to produce materials for applications where CNT
properties strongly influence the application performance.

B ASSOCIATED CONTENT

(5 ) Supporting Information. Further details are given in
Figures S1—S3. This material is available free of charge via the
Internet at http://pubs.acs.org.
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