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The role of carbon precursor on carbon nanotube chirality in
floating catalytic chemical vapour deposition

J.S. Barnard?, C. Paukner” and K.K. Koziol®

We have studied the influence of different carbon precursors (methane, ethanol and toluene) on the
type, diameter and chiral angle distributions of carbon nanotubes (CNTs) grown with the floating catalyst
technique in a horizontal gas-flow reactor. Using electron diffraction to study their atomic structures, we
found that ethanol and toluene precursors gave high single-wall CNT yields (92% and 89% respectively),
with narrow diameter distributions: 1.1 nm to 1.7 nm (ethanol); 1.3 nm to 2.1 nm (toluene), with a
propensity for armchair-type chiral angles. In contrast, methane-grown CNTs gave high double-wall CNT
yields (75%) with broader diameter populations: 1.2 to 4.6 nm (inner CNT) and 2.2 to 5.3 nm (outer CNT)
with a more uniform spread of chiral angles, but weakly peaked around 15 to 20 degrees. These
observations agree with known growth models. However, double-wall CNTs grown with toluene showed
an unusually narrow interlayer spacing of 0.286+0.003 nm with suggestions of large, 20° to 25°,
differences between inner and outer CNT chiral angles. Methane gave a large interlayer spacing

(0.385+0.002 nm) with suggestions of small 5° to 10° inter-tube chirality correlations.

Introduction

Carbon nanotubes (CNTs) are hexagonal sheets of carbon
atoms rolled into a tube with a diameter in the nanometre range.
The atomic structure of a CNT is determined by its chirality, a
pair of integers (n,m) that describe how to span the
circumference of the tube using the 2-dimensional basis of
lattice vectors of a planar sheet of carbon atoms. The chiral
indices also determine the pseudo one dimensional 'unit cell'
needed to extend the tube indefinitely’?. Bar its length, the
chirality defines the complete atomic structure of a CNT.

At present CNTs are typically grown with the catalytic
chemical vapour deposition technique (CCVD)
decomposition of a hydrocarbon. This is pyrolysed, i.e.
thermally decomposed in the absence of oxygen, and assembled

from

into the tube with the aid of a carrier gas, either over a
catalytically-loaded substrate, or, with the catalyst moving
within the gas stream (floating CCVD)**. The role of the
catalyst is not only to facilitate the decomposition of the
precursors, but to provide a nanoscale template for the tube to
nucleate and grow”.

The high pressure carbon monoxide synthesis (HiPCO)
developed by Richard Smalley’s team at Rice University in the
1990s provided the first significant benchmark in CVD CNT
synthesis®’. The HiPCO synthesis disproportionates carbon
monoxide, via the Boudouard mechanism, to drive carbon
precipitation from the solid metal-organic precursors, Fe(CO)s
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and Mo(CO)s, which acts as both catalyst and carbon source.
Further improvement came when a gaseous carbon monoxide
precursor and a solid Co-Mo bimetallic catalyst was used- the
CoMOoCAT synthesis set a new benchmark at the start of the
21% century, growing narrower SWNTs with small chirality
distributions®'". Chiral selectivity has since improved by, e.g.
suppressing Ostwald ripening with higher melting temperatures
and size-selecting the bimetallic catalysts using molecular
clusters'?. Further, by using an organic template or selectively
purified CNTs, the catalyst can be eliminated altogether. For
example, exclusively (6,6) armchair-type SWNTs have been
grown using the polycyclic hydrocarbon Cy¢Hs, as an end-cap
nucleating agent on a platinum (111) surface'® and CNTs have
been selectively purified and cloned on a quartz surface without
the need of a catalyst'*. However, all of these developments
have been confined to substrate-bound catalysing/nucleating
agents, which limit the scalability needed for industrial
quantities of CNTs. The challenge remains to grow single
chirality CNTs with the floating CCVD method.

The structure-growth relationship of CNTs has been
extensively studied ever since the discovery of CVD growth of
fibers in 1973"° and few-wall CNTs in 1991'¢, In their review
in 2007, Lamouroux, Serp & Kalck suggested that the five
principle properties that affect CNT growth are catalyst
composition, catalyst size, temperature, gas chemistry and
carbon source gas partial pressure'’. Nickel, iron and cobalt are
now commonly known to be effective catalysts in that order’.
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The catalyst nucleates a CNT with a diameter that is slightly
smaller than the catalyst size, as seen in both post-growth
material”'®'° and in-situ growth in environmental transmission
electron microscopes’®?>. The optimal growth temperature
appears to lie between 700 and 1200 °C, i.e. between
amorphous carbon formation at temperature and
graphitisation at high temperature'”****. However, the exact
temperature is very sensitive to the specific growth system.
Less agreement exists on the role of gas chemistry, but many
hydrocarbons including saturated, e.g. methane®?®, and
unsaturated hydrocarbons, e.g. ethyne’, alcohol®’, benzene®®
and aromatic alcohols (phenols) are now known to produce
CNTs’. Several studies have examined the role of carbon
precursor explicitly, comparing, for example, carbon monoxide
and methane®®; carbon monoxide, ethanol, methanol and
ethyne’. More recently, He et al have examined structural
differences between CO and methane grown tubes using
electron diffraction methods™”.

In a similar manner to He et al, our aim with this survey
was to explore, in detail, how the choice of carbon precursor
affected the nature of CNTs grown in a floating CCVD reactor
at atmospheric pressure (100 kPa). Much of the early work to
optimise the growth conditions for producing a continuously
spun CNT fibre, using Raman spectroscopy, was reported
earlier’’. This detailed survey was warranted because of the
sensitivity offered by electron diffraction to the atomic structure
of a CNT, in particular, its chirality*>**.

low

Experimental Methods

CNT synthesis

Carbon nanotubes were grown in a horizontally mounted
version of the reactor reported earlier’'. This solved the
problem of turbulent convective mixing caused by dropping
cool gases into a hot reactor tube. In all other respects the
reactor was the same.

The furnace temperature was 1200°C and heated over a
length of 80 cm (Figure 1). The temperature gradient at the
entrance of the furnace was 55°C cm'l, and was measured with
a moveable thermocouple.

Three injectors were placed at the front of the reactor to
deliver the hydrogen carrier gas, ferrocene and the hydrocarbon
source(s). The carrier gas was supplied at a rate of 2000
standard cubic centimetres per minute (sccm) with no pre-
heating, i.e. the hydrogen gas cylinder remained at room
temperature. Table 1 summarizes the source, injection and
pyrolysis temperatures, the measured molar flow rates and
helium volume flow for transporting non-gaseous sources into
the reactor that were typically used for growth. The estimated
Reynolds number was Re ~ 0.5, which corresponds to creeping
fluid flow. No hetero-atomic promoters were used and the
growth conditions were identical for all carbon precursors.
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Figure 1. The reactor and injector geometry used here for CNT growth.
Ferrocene, “Fe(Cp),“, and carbon precursors, “hydrocarbon”, were fed by %-inch
stainless steel tubes mounted with K-type Alumel-Chromel thermocouples
(white dots) at their exit orifices. The ferrocene injector was fixed, but the
hydrocarbon injector had a moveable injector distance, X, from the end flange.
Hydrogen was fed with a J%-inch stainless steel injector. CNTs were drawn out of
the reactor at a velocity, vy that varied from 10 m/min (slow growth) to
50m/min (fast growth). The colour grading represents the reactor temperature
and is for illustrative purposes only.

The location of the specific hydrocarbon injector, X in figure 1,
was optimised to obtain clean, small diameter CNTs as
measured by Raman spectroscopy (see Supplementary
Information). We used the intensity ratios D:G and 2D:G, of the
Raman G (1589 cm™), D (1300 cm™) and 2D (2600 cm™) peaks
to optimize the hydrocarbon injector position in the reactor.
employed after the Raman
optimization process. Details of the growth process have been
published elsewhere®'.

Electron diffraction was

Table1l The temperatures used for the containing vessels (Tsource), the
furnace injection points (Tinect) and the pyrolysis (Tpyro). Calibrated
molar flow rates and range of helium (volume) flow rate used to
carry non-gaseous sources into the reactor.

Carbon precursors
Fe(Cp).

C2H50H CH4 C7H7

Tsource (°C) 70 50 25 50
Tinject (°C) 280 550 550 450
Tpyro (°C) 400 ~750 ~1200 ~780
Flow 0.002 1.5 1.6 0.8

(mmol min™)
He flow (sccm) 100-200 50-200 0 30-100

TEM sample preparation

Diffraction of CNTs requires individual tubes to be well
dispersed on the TEM grid. Attempts with liquids proved
ineffectual. Organic solvents like ethanol, toluene and N-
methyl-2-pyrrolidone preferentially dissolved impurities, which
reappeared upon evaporation as a concentrated powder mingled
with the tubes. Water dispersal gave a slimy residue owing to
surfactants used in the process, which covered all the tubes in
an amorphous film. Very few CNTs fit for diffraction analysis
resulted. Instead, we used mechanical methods (scraping) to
mount the tubes onto empty copper grids (Figure 2) or copper
grids with holey carbon film. A holey carbon film provided

This journal is © The Royal Society of Chemistry 2012
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mechanical support, which reduced CNT movement and image
blur. Scraping the CNTs also reduced the risk of contamination.

TEM analysis

All the carbon nanotubes were analysed using an FEI
Tecnai Osiris TEM operated at 80 kV, i.e. below the knock-on
damage threshold®*. We used a two-step process to find the
individual tubes and obtain their diffraction patterns. First,
bright-field (BF) images were used to identify and locate the
isolated tubes against a backdrop of CNT bundles, iron particles
and carbon support film (Figures 2 and 3). CNTs were
distinguishable by their empty interiors. Second, a small (9 nm
FWHM), highly collimated (0.23 mrad semi-angle) probe
carrying 2.43 pA was formed and we returned to each tube and
collected a 10 second exposure on a Gatan UltraScan 1000XP
slow-scan camera, i.e. about 150 million electrons per
diffraction pattern (significant scope exists to reduce this). No
spot fading was seen, suggesting that the integrity of the CNT
was maintained throughout. Every experiment was calibrated
against diffraction patterns from polycrystalline gold films. We
aimed for a target of between 50 and 150 tubes for each sample
for a statistically significant analysis.
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Figure 2. Bright-field images of single tubes and the associated bundles from the
three hydrocarbon precursors. Part of the holey (amorphous) carbon support
film can be seen for the ethanol-grown tubes.

Every diffraction pattern was analysed to extract three
properties (Figure 3): the nature of the tube, i.e. single-wall
(SWNT), double-wall (DWNT) or multi-wall (MWNT); the
tube diameter(s) using the periodicities inherent in the
equatorial diffraction fringes; the chiral angle of the weaker
Bessel fringes associated with the twisted graphitic lattice®2.
These three properties were combined to return the tube type,
its diameter and its chirality (n,m). Occasionally, multiple
diffraction patterns from the same tube were taken to ensure
measurement consistency. The process by which we identified
individual tubes and acquired diffraction patterns is detailed in
the Supplementary Information.

This journal is © The Royal Society of Chemistry 2016
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Figure 3. Exemplar images and diffraction patterns from a (14,11) SWNT (left)
grown from an ethanol source and a (32,12)@(34,21) DWNT (right) from the
methane source. The equatorial line intensity distributions (bottom) show how
the narrow tubes lead to broad diffraction fringes and vice versa.

Results
Good, clean CNT fibres were achieved with all three carbon

sources (Figure 2). Many of the tubes existed in bundles, e.g.
top-left image in figure 3, but isolated tubes were always seen

J. Name., 2012, 00, 1-3 | 3
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emerging from the main bundle. Some CNTs had patches of
thin amorphous material adsorbed on the outside. This gave rise
to diffuse scattering (streaks and rings) in the diffraction
pattern, but did not detract from the CNT diffraction features.

Figure 4 shows the population map of all the SWNTs and inner
CNTs of DWNTs only. The population map of the outer CNTs
is not shown here (see Supplementary Information). The total
number for tubes analysed was 74 (ethanol), 77 (methane) and
152 (toluene). Only 6 out of 74 CNTs were identified as
DWNTs for the ethanol-grown tubes (92% SWNT yield). 58
out of 77 CNTs were identified as DWNTs for methane-grown
material (25% SWNT yield). For toluene, the DWNT count
was 17 out of 152 tubes (89% SWNT yield). A small number of
MWNTs

4| J. Name., 2012, 00, 1-3

Ethanol
o1
2
3
&
L
L ]
L ] L ]
L ]
30 40 50
Methane 59
o] - °
L
2 ° . ad
° L B 1
0
L ] L ]
@ ®
2 L L] ./ [ B8
L L d .. .
L ] ®
2 Ld b ® b3 L] L]
L ] b L ] L ]
2GR L ] L ]
L ] ..
L ] L
10 20 30 n 40 50
Toluene
]
2
.3
L ]
4 °
L BN L]
o5 o o
L L 1) L
LA L L BN Be B 2 4
- o ® L ]
L3R J L ] L ] =
L4 .. L ] L ] L
L4 ..' ..O' b4
L] ®
10 20 30 40 50

60

60

60

Page 4 of 10

40

30

20

10

40

30

20

10

40

30

20

10

Figure 4. Chirality maps (on the irreducible wedge of hexagonal lattice
orientations) for the inner & SWNTs only, with dots colour-coded according to
frequency. The number of identifiable tubes on each map is different: N=74

(ethanol, top), N=77 (methane, middle) and N=152 (toluene, bottom).

were excluded from the count, which would suggest these

percentages for SWNT yields are an upper limit.

Figure 5 summarizes the cumulative diameter distributions
in which all tubes were assigned to their nearest 0.1 nm spaced
bin. The narrowest distribution of inner/SWNTs was found for
ethanol: 1.1 nm to 1.7 nm (10% to 90% population diameters),
with more than half its tubes having a diameter of <1.4 nm. The
peak population was at 1.2 nm (14 tubes, 18% of total). A few
tubes were as large as 3 nm, e.g. the two tubes identified as
(23,18) in Figure 4. The second narrowest distribution was the

This journal is © The Royal Society of Chemistry 2012
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toluene-grown material: 1.3 nm to 2.1 nm (10% to 90%), i.e.
about 0.2 nm wider than the ethanol material, but with a
similarly shaped distribution. More than half the tubes had a
diameter of <1.6 nm and the peak population level was 1.5 nm
(27 tubes, 36% of total). A slightly wider tail in the toluene
distribution accounted for the bigger 90% population diameter.
The largest tubes were seen for the methane carbon source,
which were at least twice the width of the ethanol tubes and had
a very wide overall distribution: 1.6 nm to 4.6 nm (10 % to
90 %); more than half the tubes were <2.8 nm wide. The peak
populations occurred at 1.6 nm, 2.1 nm and 2.7 nm (6 tubes per
bin, or 8% for each).
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Figure 5. Cumulative diameter distributions for inner and SWNT tubes only (top):
N=74 (ethanol), 77 (methane) & 152 (toluene). The outer diameter distribution
for DWNTs only (bottom): N=4 (ethanol), 58 (methane) & 17 (toluene).
Population distributions can be found in the Supplementary Information.

Like their inner counterparts, the diameter distributions for
the (few) outer-tubes for ethanol were slightly smaller than for
toluene at both the 10 % (1.6 nm & 1.8 nm) and 50 %
populations (1.7nm & 1.9 nm). The methane outer-tube
population showed more structure than the inner-tube
counterpart with three rises at approximately 2.2 nm, 3.6 nm
and 4.8 nm (Figure 5, lower). These rises were more
pronounced than the inner-tube distribution.

Both the ethanol and toluene grown SWNT and inner tubes
had a propensity for armchair-like chiral arrangements (Figure
6). For ethanol, 28% of the tubes were within 5° of the armchair

This journal is © The Royal Society of Chemistry 2016
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configuration compared to 4 % within the zig-zag one, a seven-
fold variation. The toluene grown material was less skewed:
28% were within 5° of armchair and 9 % within 5° of the zig-
zag chirality. The outer tubes for the few DWNTs found in
these materials were found to be either predominantly armchair
(ethanol) or zig-zag like for toluene.
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Figure 6. Inner and outer chiral angles of all three carbon sources. Both the
SWNT and DWNT outer chirality are displayed.

The methane-sourced tubes, both inner and outer, had a more
uniform chiral distribution with peak populations between 15°
to 20° (inner) and 20° to 25° (outer).

Figure 7 shows the inter-tube chirality relationships for all
the DWNTSs that were identified in each sample. The inter-tube
angle, Ao, is that angle needed to bring the inner tube in line
with the outer tube. A positive value means the outer tube is
more arm-chair like than the inner tube and vice versa. The
frequency plots show the measured frequencies (coloured bars,
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labelled “Observed”) for each 5° angular bin, relative to the

expected mean for randomly uncorrelated tubes (grey bars, 30
labelled “Theory”). If the tubes are correlated, then significant
differences between the “Observed” and “Theory” bars should (34.21)
be seen, i.e. a large excess or deficit. With only four DWNTs 20
seen for ethanol, no statistically meaningful observations could
be made for this material. m
With its higher number of DWNTs, methane showed two
10

distinct excess peaks in the £“5 to 10” angular bins, i.e. the
outer tubes prefer to grow with a (+) 5° to 10° chiral angle
differences. The statistical significances for these are 1.9c (-5°
to -10°) and 1.4c (5° to 10°), which are suggestive.

The most (statistically) significant inter-tube chiral 10 200 n 30 40
correlation was observed for toluene for a difference of -20° to -

(32,12)
aout

25° (2.10). There was no significant correlation in the opposite 5 Ethanol
direction. This suggests that predominantly arm-chair like 4515 T
inner-tubes favours the growth of zig-zag like outer-tubes in the 3: | mObserved
few cases that DWNT growth occurs (11% of the total). g 3 m Theory
The spacing between the inner and outer tubes for the 325
o
DWNTs showed significant differences between the carbon [ 1§
sources. The inter-layer separation between inner and outer was g
0.323+0.009 nm for ethanol, 0.384+0.002 nm for methane and 0.5 I8 s =
0.286+0.003 nm for toluene. This contrasts with the value for 0 = e
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Figure 7. DWNT inter-tube angles using, for example, the DWNT in figure 2
(32,12)@(34,21). The inter-tube angles for ethanol show no difference, but
methane and toluene show more significant correlations.
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Discussion

How representative is an individual CNT?

Electron diffraction has been used to characterize CNTs in a
number of studies’*?*>3°2¢_ Recovering the electron diffraction
of a single tube within a bundle is a computationally demanding
task, because the amplitude of each CNT is phased according to
its position within the bundle and the problem becomes one of
structural refinement (tube type and location)’’. Individual
tubes eliminate that task. However, this replaces a
computational problem with a conceptual one -
representative is an individual CNT?

All the tubes we studied were seen close to, or emerging
from, bundles of CNTs within several hundred nanometres
(given their higher visibility, bundles were used to locate
individual CNTs as part of our methodology; see Supporting
Information). Given the long length of the CNT fibre, it is
reasonable to assume that, with the snapshot in growth history

how

recorded in our samples, individual tubes would have been
nucleated and grown at times similar to those CNTs in bundles.
It is conceivable that the bundled tubes shared their genesis on
a single catalytic particle with the perpendicular growth mode,
noted by Fiawoo er al'®. However, this growth mode tends to
stagnate and few tubes emerge beyond 10 nm in this
configuration. It is more likely that the bundles we see are
individual tubes that come into serendipitous contact during the
motion within the hot carrier gas (and subsequent handling
during collection and preparation) and are held together by van
der Waals forces. However, any evidence of similarity between
size distributions obtained by another technique, that is known
to probe macroscopic quantities of CNTs, is welcome.

Figure 8 shows the diameter distributions for ethanol-grown
CNTs comparing to Raman
spectroscopy data. Specifically, the intensity ratio of the radial
breathing mode (RBM) to G-line was used as a measure of the
populations of CNTs according to their diameter. Between 0.9

electron diffraction data
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Figure 8. Carbon nanotube counts measured using electron diffraction (ED) of
individual tubes compared to the Raman signal from macroscopic quantities of
tubes by three different laser excitation energies (coloured symbols). See the
Supplementary Information for experimental details.
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and 1.2 nm diameters the Raman data concurs with the electron
diffraction data - both show a rising population of CNTs.
However, the Raman data suggests that, relative to the 1.0 nm
diameter CNTs, there are between five and nine times as many
CNTs in the 1.5-1.6 nm diameter range (for the 633 and 753 nm
laser wavelength respectively). The 1.6-to-1.0 nm population
ratio for electron diffraction is nearer unity (Figure 8). This
suggests that, either electron diffraction was sampling smaller
members of the parent CNT population or the Raman RBM:G
line intensity ratio overestimates the larger CNT populations
(He et al also observe this slight discrepancy between
distributions®®). We are inclined to believe the latter for the
following three reasons.

First, the Raman differential cross section of a CNT shows a
near ten-fold variation, 30 to 300 barns sr’', and is specific to
the tube type®®. In effect, bigger tubes scatter more light than
thinner tubes.

Second, the RBM excitation is mediated by the dielectric
response of the electron gas within the CNT to the electric field
of the laser. Therefore, the near-resonant condition of the laser
energy to inter-band transitions () for certain CNT chiralities,
selectively enhances some RBMs over others**’. Because the
RBM mode indirectly couples to the laser via a photon-exciton-
phonon mechanism, it is sensitive to both the photon-exciton
matrix elements (which shows a monotonic trend with CNT
diameter) and the exciton-phonon matrix elements, which are
highly chiral sensitive and do not show a monotonic variation
with diameter*!.

Third, the RBM frequency tends to shift slightly with the
extent of bundling” making unique CNT diameter
identification particularly hazardous, especially towards the
larger diameters where many chiralities (and interband
transitions, Ejj) are compatible with the data. CNT population
statistics rarely venture beyond 1.6 nm diameter because of this
ambiguity*®**.  Photoluminescence excitation (PLE) is
significantly better for chiral indexing of CNTs****" but the
requirement of a band-gap renders approximately one third of
the CNTs invisible.

The nature of CNTs grown with different precursors

Our survey of the structural properties of CNTs grown with
different carbon precursors behaved similarly to that conducted
by He er al® and can be understood within existing
frameworks. First, the CNT diameter distribution (Figure 5) and
SWNT yield is dictated by the size of the iron particles at the
point in time (and temperature) where the carbon precursor
starts to pyrolyse. The relationship may not be definitive'®, but
there is compelling evidence that, under slow growth conditions
where thermodynamic equilibrium is maintained, there is a
close size relationship between the size of a catalytic particle
and the diameter of the CNT it nucleates”'”"'°. While we have
not seen catalytic iron particles inside the CNTs that prove this
(Hoecker et al have recently put forward an explanation for this
apparent absence®®), it is reasonable to assume that the small
mean and variance in CNT diameters grown with ethanol and
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toluene are due to small (2 to 3 nm) iron particles with a narrow
distribution. Using a hydrocarbon with a higher pyrolysis
temperature nucleates CNTs on bigger, wider distributions of
iron particles — 3 to 6 nm for methane (Figure 6). The large
DWNT yield of methane (73%) concurs with this
interpretation'”**. Thus CNT diameter and SWNT/DWNT
selectivity is accomplished, to a certain extent, by the
combination of pyrolytic temperature differences between
ferrocene, ethanol, toluene and methane, and the strong
temperature gradient that provides a narrow time window to
(Ostwald) ripen the iron clusters sufficiently and raise the
temperature quickly to proceed to rapid CNT growth at the
highest temperature in the bulk of the furnace, i.e. this is a
matter of pyrolytic timing and temperature matching. The role
of hydrogen as the carrier gas was crucial too, because the
reducing atmosphere prevents amorphous carbon formation and
promotes hydrogen abstraction from the hydrocarbon
precursors at lower temperature. As an aside, it is worth
pointing out that circumventing the ripening of iron clusters in a
hot gas has been tried with spark-produced iron clusters with
limited success®. Small, size-selected catalytic nano-particles
that do not ripen at high temperature requires a significantly
more sophisticated fabrication method, e.g. cluster beams*".

Second, the chiral angle distribution (Figure 6) shows the
same variation as He et al for CO (strong arm-chair bias) and
methane (flatter variation) for chirality®®, which can be
understood to be dictated by the temperature of the iron particle
at CNT nucleation®>>. According to Artyukov et al, at low
temperatures (ethanol & toluene) the nucleation mechanism is
controlled by contact free-energy between the CNT and
catalyst, which favours CNTs with near armchair or zig-zag
configurations™. However, Hedman et al argues that the
thermodynamic stability of the tube dictates the chirality®®, but
fails to explain the preponderance of near-armchair (n,n-1) type
CNTs typically seen in experiments®'!2%32434446 Tpy the model
proposed by Artyukov et al*, a strong bias towards armchair-
type CNTs for ethanol (armchair: zig-zag = 7:1) and toluene
(3:1), crudely translates, via the Boltzmann factor, into
activation temperatures of ~260 °C (ethanol) and ~680 °C
(toluene). This assumes that the 90 meV contact free-energy
difference between zig-zag and armchair interfaces determined
for nickel and cobalt, holds for iron too (See Figure 2(a) in
Artyukov et al>®). However, this simple comparison ignores the
reactive influence of hydroxyl radicals, which are known to
facilitate growth by etching amorphous carbon®, and oxygen
which has been implicated in high densities of defect
formation®®. Further, small amounts of ammonia added to a CO
and CO, precursor mix has been found to select the chiral angle
in preference for armchair CNTs*’. However, a reduced CNT
yield resulted, suggesting that etching was the main selection
mechanism.

The flatter chirality distribution for methane can be
understood to be a consequence of the kinetically-limited
growth regime at higher temperature. Artyukov et al predict the
highest growth rate for (n,n/2) CNTs, with a chiral angle of

8 | J. Name., 2012, 00, 1-3

19.1° and the broad peak we observe in the 15° to 20° bin
(figure 6) concurs with this>.

Least understood is, perhaps, the nature of the small fraction
of DWNTs grown with toluene. Two aspects of these tubes
stand out. First, the unusually small distance between inner and
outer CNTs (0.286 nm) is significantly smaller than that for
methane (0.384 nm) and still well below the c/2 spacing for
graphite (0.334 nm)>. To date, the smallest inter-tube distance
reported for a DWNT is 0.31 nm.*® Second, the excess number
of DWNTs seen with a chiral angle change of -15° to -20°,
going from the inner CNT to the outer CNT, is very suggestive
and it is worth speculating how this particular correlation might
arise.

The pyrolysis of toluene creates a wealth of hydrocarbons at

both low and high pressures®®

with a broad range of
molecular fragments. Likewise, we have observed the full set of
molecular fragments, C;, C,, ...Cq, using mass spectroscopy of
toluene pyrolysed in our reactor when hydrogen is used, but not
for nitrogen®'. This is consistent with other observations where
hydrogen was seen to be crucial for SWNT formation and

hydrogen abstraction from 6263,

the precursor Hydrogen
abstraction of toluene creates a benzyl radical, one of the first
pyrolytic products®®. However, a small fraction of the benzyl
radical reconfigures its bonding arrangement to form a 5-fold
ring (PC12 in Zhang et al’’) which, by further hydrogen
abstraction, forms of 5-ethenylidene-1,3-cyclopentadiene
(PC13, C;Hg , molar fraction ~10* at 1200°C). This may be
regarded as a 5-fold ring double-bonded to an ethene fragment.
The catalytic surface may then facilitate the bond scission
between C, and C; because of the energetic stabilization of C-
dimers and sub-surface carbon concentration®*®, which then
provides ready molecular fragments to incorporate into the
nascent CNT. Incorporation of a 5-fold ring into the tube has
two effects: if the 5-fold ring goes into the outer tube, the
negative curvature forces the outer tube to close onto the inner
CNT. The elastic strain energy of the defect will drive the rapid
healing of the 5-fold rings by forming a 7-fold ring behind it at
the catalyst-tube boundary®. This 5-7 defect allows the outer
tube to change chirality, depending on the orientation of the 5-7
defect®®. Even with a small molar fraction of 5-fold molecular
ring fragments, the incorporation of multiple 5-7 defects may
allow the inner and outer CNT chiralities to diverge. At first
sight, this seems problematic, because the number of kink sites
(“cosy corners” — Ding et al’®) onto which carbon atoms dock
is proportional to the chiral angle’%". If the outer tube has a
lower chiral angle than the inner (as we observe), then the outer
tube must incorporate more carbon atoms (per kink site) than
the inner tube. Given the 7 DWNTs seen for toluene with a
large negative Aa, with an average chiral angles of 4.3° (outer)
and 26.3° (inner), the carbon atom per kink site, yields a ratio of
6:1 If the DWNT can grow with this
incorporation ratio per kink site, then the two walls of the

outer to inner.

DWNT can grow together. Substantial mechanical (and
electronic) coupling should then exist between the inner and
outer tubes®®®’. The persistence of these structural links may
require the absence of water, hydroxyls and oxygen to prevent

This journal is © The Royal Society of Chemistry 2012

Page 8 of 10



Page 9 of 10

the outer tubes from ‘opening up’ to a more conventional inter-
tube distance. CNT growth with phenol as a carbon precursor
would be an effective test of this hypothesis. However, if tight
inter-tube distances can be replicated, they offer a chance to
create tube with unusual electronic and mechanical properties®.

Conclusion

We find that ethanol and toluene are an effective carbon source
for narrow single-walled carbon nanotubes with near 90 %
yields with a strong bias towards armchair chiralities. These are
selected by thermodynamic properties of the CNT-metal
particle contact free energy. While DWNTs are rare, those
produced with toluene show evidence of unusually narrow
inter-tube distances. Methane produces primarily double-walled
nanotubes with an intermediate chirality favoured by the fastest
kinetic growth rates in the kinetically-limited regime. The
differences in growth regimes suggest that some degree of
control of coupling between inner and outer CNTs in DWNTs
may be possible at the point at which growth starts.
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