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ABSTRACT (hanging the carbon feedstock from pure ethanol to a 5 vol % mixture of

acetonitrile in ethanol during the growth of vertically aligned single-walled carbon

nanotubes (SWNTs) reduces the mean diameter of the emerging SWNTs from approximately

2 to 1 nm. We show this feedstock-dependent change is reversible and repeatable, as i

demonstrated by multilayered vertically aligned SWNT structures. The reversibility of this

process and lack of necessity for catalyst modification provides insight into the role of

nitrogen in reducing the SWNT diameter.
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he properties of single-walled carbon
Tnanotubes (SWNTs) are strongly de-

pendent on their structure, and typically
become more enhanced as the nanotube di-
ameter decreases. As a result, chirality and di-
ameter control—particularly during synthesis—
offers great potential for tuning the properties
of SWNTs. It is widely accepted that the SWNT
diameter is largely determined by the size of
the catalyst nanoparticle, and this size rela-
tionship has been thoroughly studied.'® Be-
cause of this relationship, there have been
many attempts to reduce the SWNT diameter
by reducing the catalyst particle size. SWNTs
with diameters in the range of 0.6—1.1 nm
have been synthesized by impregnating SiO,
particles with Co/Mo.>>'® A similar selectivity
has been obtained using Co/Fe,®'" Fe/MgO,"?
and Co incorporated into MCM-411."® These
methods, however, require the use of a
powder, mesoporous material. Separating
the SWNTs from the support requires sig-
nificant postprocessing, which can alter the
SWNT properties.

Several methods to alter the SWNT struc-
ture during growth have also been demon-
strated by changing growth temperature,’®
and/or pressure.'*'> Changes in diameter
along a nanotube axis due to rapidly changing
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temperature have been previously reported
for individual SWNTs,'® DWNTs,'” and other
configurations of intramolecular junctions.'® %
There are fewer studies on the influence of
the precursor, but SWNT diameters have
been found to be sensitive to abrupt changes
in feedstock flux.2*~2® Tian et al.?’ recently de-
monstrated successful control over the diam-
eter in the range of 1.2—1.9 nm by adjusting
CO, concentration. Selectivity of diameter and
chiral angle have also been shown by selec-
tive etching.2® 3" We have previously reported
that incorporating acetonitrile (CHsCN) into the
ethanol feedstock results in a reduction of
mean SWNT diameter from 2.1 nm to less than
1 nm,*>** but the role of nitrogen in this
diameter change is not yet understood.

In this study, we demonstrate reversible
diameter modulation of vertically aligned
SWNTs (VA-SWNTs) by adding acetonitrile
to the feedstock during synthesis by alcohol
catalytic chemical vapor deposition (CVD).
This change was observed regardless of the
sequence in which the carbon feedstocks
were introduced. On the basis of this rever-
sibility, investigation of the layer interface,
and our previous findings, we put forward
an explanation of nitrogen's role in reducing
the diameter of SWNTSs.
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Figure 1. Reversibility of SWNT diameter demonstrated by growth of a triple-layered SWNT array characterized by SEM
(a) and 488 nm resonance Raman spectra (b). The yellow arrows in panel a denote the interfaces between different

SWNT layers.

RESULTS AND DISCUSSION

Reversible and Repeatable Diameter Modulation. To de-
termine whether or not the diameter of SWNTs with-
in the same array can be modulated by changing
the feedstock we split the growth into multiple
stages as follows. We first initiated VA-SWNT synthe-
sis using 5 vol % acetonitrile in ethanol (5% AcN).
After 2 min of synthesis we stopped the feedstock
supply for 90 s, then supplied pure ethanol (EtOH)
into the CVD chamber. After exposure to ethanol for
90 s, we again stopped the supply and changed the
feedstock back to 5% AcN. A scanning electron
microscope (SEM) image showing a cross-section of
the resulting array is shown in Figure 1a. The VA-
SWNT array is composed of three layers, with the
interface between layers (indicated by arrows) ap-
pearing as a change in contrast in the SEM image.
Since the formation of VA-SWNTs is known to be a
root-growth process>® the upper part of the array is
formed first, and the part nearest the substrate is
formed last.

Resonance Raman spectra were obtained at several
points along the height of the array, with the approx-
imate positions indicated by the circles numbered 1—7
in Figure 1a. Raman spectra corresponding to these
positions are shown in Figure 1b. The very different
spectra along the array indicate the layers are com-
prised of very different nanotubes. Spectra obtained
from the central region (points 3, 4, and 5) are typical
of ethanol-grown VA-SWNTs (Et-SWNTs), whereas the
spectra obtained from regions above and below
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(points 1, 2, 7, and 8) are remarkably similar to those
grown from 5% AcN (Ac-SWNTs).32

The low-energy radial breathing mode (RBM) peaks
originate from SWNTs of a specific chirality that are in
resonance with the excitation laser (here, 488 nm), and
the frequency of this mode is known to have a clear
diameter dependence.®*3® A corresponding diameter
scale is shown on the upper axis in the RBM region of
Figure 1b. We used the empirical relation®” wggy =
217.8/d + 15.7 to estimate the tube diameter, where
wrem is the Raman shift in cm™' and d is the tube
diameter in nm. Peaks from larger-diameter semicon-
ducting Et-SWNTs at 145 and 160 cm ™' originate from
resonances of third (E3;) and fourth order (E5,) optical
transitions, whereas peaks at 245 and 265 cm ™' origi-
nate from a resonance of the excitation laser with
the first optical transition of small-diameter metallic
SWNTs (V).

The SWNTs grown in the presence of 5% acetoni-
trile (Ac-SWNT) exhibit an increased D-line intensity
(near 1350 cm™"). This is a common characteristic
when N is incorporated into the nanotubes.?®3°
By contrast, the SWNTs grown from pure ethanol
(Et-SWNTs) exhibit a much weaker D-line. The G-line
(1500—1600 cm™") shows an increasing intensity of
the Breit—Wigner—Fano (BWF) line shape for Ac-SWNTs,
indicating an increased resonance with metallic SWNTs.
This is corroborated by the appearance of intense RBM
peaks from metallic SWNTSs.

On the basis of the RBM spectra in Figure 1b, the
layers containing Ac-SWNTs appear to have con-
siderably smaller diameters than the Et-SWNT layer.
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Figure 2. Interface examination (a) and SEM images of SWNT arrays synthesized, respectively, from 5% AcN and EtOH (b) in
which the top layer was attached to adhesive tape before detaching the bottom layer with some continuous nanotubes
indicated by yellow arrows (c); LAADF-STEM image of five layers array (d) with observable nanotube junctions between small-
and large-diameter SWNTSs observed from the interface region by HRTEM (e, f).

The strong presence of RBM peaks associated with
small-diameter SWNTs for the 5% AcN case—and the
absence of these peaks in the EtOH case—is strong
evidence for diameter reduction. The RBM peaks in
the resonance Raman spectra of double-layered VA-
SWNTSs (Supporting Information, Figures S1 and S2)
also reveal a similarity of multilayered SWNTs and
single arrays of as-grown Et- and Ac-SWNTs (Sup-
porting Information, Figure S3,a—c). Resonance Raman
spectra of the 2D (G') line obtained using the same
488 nm excitation wavelength (Supporting Information,
Figure S3,d—f), were decomposed using two Voigtian
peaks at 2620 and 2666 cm ' for EtOH-grown SWNTs,
and three Voigtian peaks at 2610, 2650, and 2680 cm™!
for 5% AcN-grown SWNTs. All peak components (black
solid lines) were fitted with a constant full-width at half-
maximum (FWHM) of 19.7 cm ™. Supporting Informa-
tion, Figure S3 panels d—f show identical G’ spectra in
all cases at the position of 2666 cm™' for EtOH-grown
SWNTSs, and at 2610 cm ™" for 5% AcN-grown SWNTs. A
large downshift is due to the vast difference in SWNT
diameter, which has been observed in previous studies
on N-doped SWNTs.324%*1 These data clearly show that
Ac-SWNTs and Et-SWNTs maintain their characteristic
diameter distribution, regardless of the sequence of
feedstock introduction.

While the Raman spectra of the double-layered
arrays are consistent with those shown in an earlier
report in which we confirmed the significant di-
ameter reduction when using acetonitrile,?? we ac-
knowledge that the mean diameter and diameter
distribution cannot be rigorously determined only
from these spectra. Therefore, we performed trans-
mission electron microscope (TEM) observations
on the different layers of a double-layered sample
(Supporting Information, Figure S1) in which EtOH
was introduced first, followed by 5% AcN. Diameter
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measurements made from the images indicate a re-
duction in mean diameter from 1.66 + 0.46 nm to
1.14 + 0.40 nm when the feedstock was changed
from EtOH to 5% AcN (see Supporting Information,
Figure S4).

Investigating the Role of Nitrogen. To determine the
role of nitrogen, we must examine what happens at the
interface between the layers. Several previous studies
of multilayered SWNT growth have reported that
two different layers of carbon nanotubes** ** are
very weakly connected at the interface. We examined
the strength of the interlayer connection by detach-
ing the top layer of a double-layered array from the
bottom layer using adhesive tape. We removed the
entire array from the growth substrate by attaching
tape to the top surface of the array (Ac-SWNTs, A) and
peeling the array away from the substrate. Another
piece of tape was then attached to the bottom
surface of the array (Et-SWNTs, B), and the two pieces
were then separated. SEM images obtained after
separation are shown in Figures 2a—c. As seen in
the figures, most of the layers cleanly separated from
each other, indicating that the majority of SWNTs are
not connected at the interface. However, some areas
remained connected (indicated by arrows in Figure 2c),
suggesting some of the SWNTSs could be continuous
through the interface.

A 5 um, five-layer SWNT array was synthesized for
interface examination (see Supporting Information,
Figures S5,56). Its low-angle annular dark-field STEM
(LAADF-STEM) image is depicted in Figure 2d in which
the interface can be clearly seen. Figure 2 panels e and
f show high-resolution TEM (HRTEM) images of five-
layer arrays obtained from the interface region (Sup-
porting Information, Figure S7). These images clearly
show a nanotube changing diameter from 1.2 to
0.8 nm in panel e, and from 2.4 to 1.1 nm in panel f.
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Although statistics could not be performed regard-
ing the frequency of junctions due to the entangle-
ment of nanotubes at the interface, these observa-
tions demonstrate some SWNTs can be connected
across the interface.

As previously mentioned, abrupt changes in growth
conditions such as temperature'®'” and feedstock
flux>*~2® have been reported to induce continuous
junctions in SWNTs and DWNTs. While the temperature
was unchanged in the experiments reported here, the
presence of nitrogen may have altered the flux of
carbon into the catalyst. It has been shown that the
mean diameter of SWNTs grown from ethanol is
dependent on the precursor supply,®*” but the sen-
sitivity is not enough to explain the findings reported
here based on the availability of carbon. We suspect,
however, that nitrogen acts only at the catalyst
surface, disrupting the SWNT formation. It is well-
established that incorporation of nitrogen will easily
induce defects into the SWNT structure,*® and den-
sity functional theory (DFT) calculations*” have shown
that the binding energy between Co and N is higher
than between Co and C. This means any nitrogen
present on the catalyst will be less mobile than the
surrounding carbon. This condition has been predicted
to result in narrower SWNTs.*8

Fiawoo et al.* recently proposed that SWNT for-
mation occurs near the edge of a catalyst particle when
the growth condition is near thermodynamic equi-
librium. This is called a “tangential” growth mode
and explains why the diameter of a SWNT is typically
dependent on the catalyst particle size. This also
explains the gradual increase of mean diameter that
typically results from increasing the growth tem-
perature.®'%172%31 Away from thermodynamic equi-
librium, a “perpendicular” growth mode is possible,
in which the SWNT diameter is independent of the
catalyst particle size. These growth modes have been
studied by in situ TEM observation.**>2 Fiawoo et al.
proposed that nucleation occurs primarily by the
perpendicular mode, which is dominant during the
early stage of nanotube growth. After nucleation and
the growth process approaches equilibrium, the
tangential mode becomes dominant and remains
so until growth stops.

Considering our experimental findings in light of
the available literature, we propose that the diameter
change caused by the presence of nitrogen is due to a
process at the catalyst surface that causes a change from
the tangential to the perpendicular growth mode. We
rule out formation of a nitride with the metal catalyst
because that is unlikely to be reversible. Furthermore, the
production of N, during synthesis® suggests a mecha-
nism by which nitrogen could often leave the catalyst,
thereby being reversible. Moreover, a process which only
occurs at the catalyst surface helps explain why a small
percentage of nitrogen can have a significant effect.
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Figure 3. A possible mechanism of diameter change along
VA-SWNT array from Co catalyst nanoparticles (a) without
and (b) with N (green ball). Blue and red tubes represent
larger and smaller SWNTSs synthesized from ethanol (EtOH)
and 5 vol % acetonitrile (5% AcN), respectively.

We propose the role of nitrogen is as follows. In the
presence of pure ethanol, SWNTs grow by the tangen-
tial growth mode. The diameters of the SWNTs are
therefore similar to the catalyst diameters, which are
approximately 2 nm.>** When nitrogen is introduced
into the system, some nitrogen atoms adsorb onto the
surface of the catalyst particles. Since N interacts more
strongly with the Co nanoparticles than C, the less-
mobile N frustrate the formation of the sp? network
that is to become the nanotube sidewall. As a result, it
becomes difficult to sustain the tangential growth
mode, and the perpendicular growth mode becomes
energetically favorable. It is possible for the transition
between growth modes to be continuous, resulting in
SWNT junctions like those shown in Figure 2ef, but
discontinuous growth is more likely. A schematic of this
diameter change is shown in Figure 3.

As reported in ref 32, the diameter distribution of
Ac-SWNTs is considerably narrow, which is expected
for the perpendicular growth mode. While nucleation
from different small-diameter catalyst particles is a
possible alternative explanation, we expect such small
catalyst particles to be quite few in number thus unable
to initiate vertically aligned growth (Figure 1a). Syn-
thesis of small-diameter SWNTs from larger catalyst
particles via the perpendicular mode would result in
more SWNTs and would be less sensitive to nanopar-
ticle diameter.

CONCLUSION

We have demonstrated multilayered growth of ver-
tically aligned SWNTs in which the layers have vastly
different diameters. Our empirical finding convincingly
shows that this diameter change is both reversible and
repeatable and suggests that the diameter of sub-
strate-supported SWNTs can be changed on-demand
without the need to alter catalyst preparation or chem-
istry. Such growth is also independent of the sequence in
which the precursors are introduced. We suggest this
diameter reduction is due to nitrogen at the catalyst
surface impeding SWNT formation, which causes the
growth mode to change from tangential to perpendicu-
lar. This change can be continuous, but termination and
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renucleation of growth is more likely. The ability to easily
and efficiently modulate the nanotube diameter during

METHODS

No-flow CVD was employed for synthesis of VA-SWNTs.>* The
Co/Mo binary catalysts were prepared as in our previous
report.55 Pure ethanol (EtOH) and a mixture of 5 vol % of
acetonitrile in ethanol (5% AcN) were used as precursor. Cata-
lysts deposited on quartz or silicon substrates were reduced by
flowing 300 sccm of Ar/H, (3% H,) during heating (approxi-
mately 30 min). After reaching 800 °C, the CVD chamber was
evacuated and 40 uL of a liquid precursor stored in a small cap
upstream was introduced by opening a valve. A 5% AcN mixture
was first introduced into the reaction chamber for
2 min, after which the CVD chamber was evacuated to base
pressure of 27 Pa (approximately 90 s) prior to sealing the CVD
chamber and introducing pure EtOH for 90 s. The EtOH supply
was finally stopped, and 5% AcN was reintroduced until the
growth stopped. The CVD chamber was then immediately
cooled under 300 sccm of Ar flow. The actual pressures during
EtOH or 5% AcN introduction increased from 1.4 to 2.6 kPa. The
growth of VA-SWNTs was monitored in situ by a calibrated real-
time measurement of the attenuation of a He/Ne (633 nm) laser
passing through a quartz substrate supporting the growing
films.>®

The morphology of the resulting multilayered VA-SWNT
arrays was imaged by scanning electron microscopy (SEM,
1 kV acceleration voltage, S-4800, Hitachi Co., Ltd.). For resonance
Raman spectroscopy (Chromex 501is with Andor DV401-Fl), a
laser with an excitation wavelength of 488 nm was incident on
the cleaved cross-section of the VA-SWNT films using a 50x
objective lens with a laser power of 0.5 mW. For cross-sectional
Raman measurements in Figure 1, the incident laser light was
polarized perpendicular to the nanotube axis in order to max-
imize the contrast of RBM features.>’

The double-layered sample in which EtOH and 5% AcN were
introduced as the first and second feedstocks, respectively,
were dispersed in ethanol, and the mean diameter of EtOH-
and 5% AcN-grown SWNTs were observed by transmission
electron microscopy (TEM, JEOL 2000EX operating at 200 kV).
In addition, the as-grown five-layer VA-SWNT array was mildly
dispersed in ethanol, and sonicated for a few minutes prior to
dropping onto a TEM grid (see Supporting Information). The
dispersed five-layer array was observed by high-resolution
transmission electron microscope (HRTEM, JEM-ARM200F op-
erated at 200 kV) and low-angle annular dark-field STEM
(LAADF-STEM, JEM-2800 operated at 200 kV and detector angle
of 34—157 mrad). The CoNTub algorithm®® was used to generate
the nanotube heterojunction structures for the growth model.
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SWNT growth is crucial for bottom-up fabrication of
carbon nanotube materials and devices.
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