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Abstract

The influence of gas flow on nanotube diameter during the synthesis of high-purity, very long single-wall carbon nanotubes (SWCNT)
via aerosol-assisted chemical vapour deposition is reported. The sample morphology, nanotube yield, defect concentration and amount
of carbonaceous impurities, as well as the mean diameter and the diameter distribution of the SWCNTs were analysed by combined scan-
ning- and transmission electron microscopy, Fourier Transform Raman spectroscopy and optical absorption spectroscopy. The results
show that by using a solution of ferrocene and sulphur in m-xylene the addition of sulphur as a promoter was found to enhance the
SWCNT growth and to increase the yield. A reduction of the mean diameter and a change in the diameter distribution are observed
when the total gas flow is increased.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Since their discovery in 1991 [1] carbon nanotubes
(CNTs) have attracted wide-spread attention. Several
methods can be used for nanotube production, the most
popular being arc-discharge [2], laser-ablation [3] and
chemical vapour deposition (CVD) [4], such as the HiPco
process [5]. The unique electrical and mechanical properties
of these sp2-hybridised molecular nanostructures make
them one of the most promising building blocks for nano-
scale science and nanotechnology. Their small size, large
aspect ratio, large current carrying density, ballistic trans-
port properties, and exceptional mechanical properties [6]
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make CNTs a suitable material for nanoelectronics and
nanomechanics, as well as for composite materials [7], field
emission displays [8], ultrastrong yarns [9], interconnects
[10] and batteries [11]. So far a lot of different nanoscale
devices based on CNTs as active elements such as single
molecule transistors [12], nanobalances [13], and nanosen-
sors [14] have been successfully produced. Many applica-
tions such as reinforced polymer composite materials,
field emission displays, ultrastrong yarns, interconnects
and batteries need very pure, well defined and cheap CNTs
on a bulk scale. For this purpose, CVD is a very promising
technique because of its upward scalability, low cost and
rather low production temperatures as compared to stan-
dard laser ablation and arc-discharge techniques. The low
production temperatures offered by CVD make it suitable
for applications requiring low temperatures, since it can
be more easily integrated in currently used technological
processes [15]. Among the available CVD processes, the
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injection CVD and the aerosol-assisted (AA) CVD method
are exceptionally cheap and well suited for scaling up for
mass production of CNT with a defined nanotube diameter
distribution. These processes have already been widely used
for the growth of multi wall CNTs (MWCNT) [16–21] and
have been recently successfully applied for the synthesis of
SWCNT and double wall CNTs (DWCNT) [22–24].
Recently, this CVD process has also been applied for the
direct spinning of carbon nanotube fibers in a continuous
manner [25]. Moreover, the addition of a sulphur-contain-
ing compound such as thiophene or of pure sulphur to fer-
rocene was found to be effective in promoting the growth
of SWCNTs and in increasing the yield of SWCNTs under
different growth conditions [23,26,27]. Others reported the
growth of DWCNTs upon the addition of thiophene [24] or
of pure sulphur [22,28,29] under similar conditions. Hence,
the addition of these compounds is effective as a promoter
for SWCNT or DWCNT growth in a rather broad range
such as 0.5–5 wt.% of thiophene [27] or within 512:1 to
2:1 the molar ratio of ferrocene to sulphur [28]. However,
it was found when sulphur is eliminated from the catalyst,
there is a striking difference in the nanotube products, in
terms of the quality and yield [28]. Without hydrogen flow,
the yield of CNT growth was found to rapidly decrease
[23]. Experimental results at different temperatures indicate
that the sulphur tends to be more effective for the CNT
growth at a higher temperature >1000 �C. These results
are in good agreement with Zhou et al. who reported an
increase of the nanotube production rate for increasing
temperatures [28].

In this contribution, we present new results on high yield
AA-CVD growth of SWCNT by using a solution of ferro-
cene and sulphur in m-xylene. We show that the total gas
flow is one of the key parameters in the high yield produc-
tion of SWCNT and has a peculiar influence on the nano-
tube diameter and diameter distribution. An increase of the
gas flow yields to a decrease of the SWCNT mean diameter
and an altered diameter distribution.
2. Experimental

Our experiments were carried out in an equipment which we used
before to prepare well-aligned MWCNT arrays and which is described
in detail in Ref. [16]. In contrast with the parameters of preparing aligned
MWCNT arrays, we increased the reaction temperature to 1050 �C, the
maximum available temperature, and introduced sulphur as a promoter.
Ferrocene and a small amount of sulphur (Fe:S = 10:1, atomic ratio) were
mixed and ground using a mortar and pestle and then were dissolved in
m-xylene, forming a solution of 40 mg/ml. Ultrasonicating the solution
of ferrocene and sulphur in m-xylene with an excitation frequency of
850 kHz produces an aerosol. The aerosol droplets produced by ultrason-
ication are transported by a 100 sccm Ar carrier gas flow. They are then
accelerated to the reaction furnace by a 100 sccm argon dilution gas. An
additional gas inlet was attached to introduce a reaction gas consisting
of controlled amounts of Ar and H2 into the hot zone of the reaction tube,
which has a diameter of 3.5 cm. The total gas flow was increased stepwise
from 300 sccm to 1500 sccm while keeping the Ar:H2 ratio constant at 2:1.
In the hot zone the solvent evaporates and ferrocene decomposes to pro-
vide the iron catalyst required to nucleate nanotube growth with m-xylene
acting as the carbon source. In all the experiments the reaction time was
kept constant at 20 min. Because the mixture of ferrocene and sulphur
flows through the reaction region continuously, SWCNTs are grown con-
tinuously in keeping with a large amount of produced material, thus mak-
ing full use of the advantages of the floating catalyst method. All our
experiments were performed at atmospheric pressure.

The reaction product is blown out from the reaction zone (with a tem-
perature profile ranging from 800 �C to 1050 �C) and deposit on the end of
the quartz tube as films, where the temperature is below 400 �C. After the
precipitated films are peeled off the reaction tube and get transformed into
long fibers. This is quite different from the preparation of aligned
MWCNT arrays, where the carbon nanotubes stay in the reaction zone
during the whole reaction. As will be shown in detail below, this fact
points towards a high yield of SWCNT with a low amount of other
carbonaceous material.

The reaction products were characterised using scanning electron
microscopy (SEM) (Philips XL30), transmission electron microscopy
(TEM) (Tecnai F30 (FEI)), Fourier Transform Raman spectroscopy
(FTRS) with a Bruker FT RFS 100/s Raman spectrometer and optical
absorption spectroscopy (OAS) with a Bruker IFS 113 V/88 spectrometer.

3. Results and discussion

We first turn to a local scale analysis of the sample mor-
phology and structure using both SEM and TEM. In Fig. 1
the morphology of a typical as-grown sample is shown for
the two limiting gas flows used in our experiments at differ-
ent magnifications. As can be seen, by varying the total gas
flow, the SEM micrographs of all samples are very similar
regarding the diameter and length of the fibers of SWCNT
bundles but the overall density of the film changes with the
gas flow. The density of the film is bigger for smaller flow
rates since with a higher gas flow more SWCNTs are
carried out through the gas outlet due to the SWCNT
growth occurring in the gas phase. On the other hand,
both SEM and TEM images clearly show that for our opti-
mized growth conditions very long carbon nanotubes with
a very low amount of amorphous carbon impurities are
synthesized.

Direct evidence for the growth of SWCNT is given by
transmission electron microscopy (TEM) as depicted in
Fig. 2. In the overview images of the samples produced
at 300 sccm (Fig. 2a) and at 1500 sccm (Fig. 2b) as the total
gas flow again it can be observed that the as produced
unpurified material contains very little carbonaceous impu-
rities and the nanotubes are very long. The overall amount
of catalyst particles encapsulated by carbon shells is cover-
ing about 20% of the produced carbon nanotubes. This is
less than is observed for SWCNT raw material produced
by the laser ablation process under optimal conditions.
These samples contain an overall SWCNT yield compared
to catalyst impurities of 31 wt.% as determined by atomic
adsorption spectroscopy [30]. Therefore, our analysis of
the TEM overviews shows that the purity of produced
CNTs is very high and this high purity is independent of
the total gas flow. We now turn to the analysis of the type
of the produced CNTs using high resolution TEM micro-
graphs. Typical results for the samples produced at
300 sccm and at 1500 sccm gas flows are depicted in the
lower panels (c) and (d) of Fig. 2, respectively. Independent
of the gas flow we observe some separate SWCNT but



Fig. 1. Typical SEM micrographs of the as-produced SWCNTs. Upper panels: Overview of the material produced at 300 sccm (a) and at 1500 sccm (b) as
a total gas flow. Lower panels: High resolution SEM micrographs of the material produced at 300 sccm (c) and at 1500 sccm (d) as a total gas flow.
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most of the material forms bundled SWCNTs, what is
expected for high purity SWCNT samples. The diameters
of the SWCNTs typically range between 1 and 3 nm. The
walls of the SWCNTs are very straight and there is nearly
no amorphous carbon coating on the SWCNT walls. This
is again quite comparable to laser ablated SWCNT mate-
rial produced under optimized conditions [30]. From an
analysis of several TEM micrographs, we observe that
the samples hardly contain any DWCNTs (<3% after
extensive search in the sample) and no MWCNTs. This is
in contrast to previous results using similar process param-
eters and a total gas flow ranging from 3000 to 3500 sccm
using a quartz tube with a diameter of 45 mm, in which a
very high yield of DWCNTs was claimed [22]. The differ-
ences in the results are an open question and need to be fur-
ther investigated. Some possible explanations from our
detailed analyses will be given below. In summary, our
TEM analyses suggest that within the used gas flow range,
very high quality SWCNTs are produced with only a neg-
ligible amount of other CNTs (DWCNT and MWCNT)
and other carbonaceous species.

However, TEM is only a local scale analysis, and is thus
selective. In addition, radiation damage can influence the
analysis of the defect concentration and it is also very time
consuming. Moreover, accurate diameter analysis requires
the microscope to be highly calibrated and clear identifica-
tion of matching SWCNT walls is more complicated when
the SWCNT are in bundles. Thus, the analysis of the mean
diameter and diameter distribution has to be treated with
some caution. Therefore, we further characterized our sam-
ples optically with bulk scale measurements in order to esti-
mate the relative defect concentration, mean diameter and
the diameter distribution.

In particular, Raman spectroscopy, in this case FTRS, is
a powerful tool to analyse SWCNT. The technique allows
the diameters of the nanotubes to be evaluated from reso-
nantly enhanced nanotubes by the inverse diameter depen-
dence of the radial breathing mode (RBM) [31]. A value of
dm = 234 cm�1/d + 14 cm�1 is a well established relation
[32]. This also enables SWCNT and DWCNT to be distin-
guished. For DWCNT, two RBM regions, corresponding
to the inner and outer nanotubes, separated in a first
approximation by the van der Waals (vdW) distance exist.
Differences in the inter tube spacing lead to a fine splitting
of the RBM of the inner tubes components [33]. The upper
spectrum in the figure corresponds to a total gas flow of
300 sccm and the next four spectra below have a total
gas flow ascending by 300 sccm. In addition, the lowest



Fig. 2. Typical TEM images of the as-produced SWCNT containing fibers. Upper panels: Overview of the material produced at 300 sccm (a) and at
1500 sccm (b) as a total gas flow. Lower panels: High resolution TEM micrographs of the material produced at 300 sccm (c) and at 1500 sccm (d) as a total
gas flow.
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spectrum in Fig. 3(a) corresponds to a DWCNT sample
obtained by annealing peapods for 15 min [34]. When
increasing the total gas flow stepwise from 300 sccm to
1500 sccm, while keeping all the reaction parameters con-
stant, we find a stepwise shift of the main constituent of
the RBM to bigger wave numbers, corresponding to a shift
in the diameter distribution towards greater numbers of
narrow diameter tubes. The corresponding evaluated diam-
eters in resonance with the 1064 nm laser excitation lie
between 0.9 and 1.75 nm. The existence of two RBM
regions, corresponding to inner and outer nanotube sepa-
rated by the van der Waals (vdW) distance is observed
for annealed peapods [33]. The four upper spectra show
only one RBM region, clearly demonstrating that there
are nearly no DWCNTs present in those samples. The
main component in resonance shifts from 1.6 nm to
1.3 nm. Only, for the spectrum from SWCNT synthesized
with a 1500 sccm total gas flow, there are two RBM regions
observed corresponding to diameters between 1.75–1.5 nm
and 0.95–0.9 nm. However, there are only a few pairs of
corresponding RBM frequencies suggesting the formation
of a few DWCNT. Hence, the sample still contains as a
major constituent SWCNT with a broad diameter distribu-
tion but with a mean diameter shifted to lower values as
compared to the upper four samples with lower gas flow.
In addition, this sample contains only a minor DWCNT
contribution relative to the reference sample or to literature
results on high yield hot wall CVD synthesis of DWCNT
[35]. These results of a broad diameter distribution of
SWCNT are also in good agreement with the TEM results.
Moreover, as mentioned above, our results are in disagree-
ment with some previous Refs. [22,28,29] claiming to have
synthesized primarily DWCNTs but presenting only a very
broad distribution of diameters between 1.8 and 0.9 nm
with a vanishingly small amount of couples of correspond-
ing RBM frequencies corresponding to the inner and outer
tubes of DWCNT.

Additional information about the sample quality and
the presence of SWCNT and DWCNT can be extracted
from the region of the strong tangential modes or graphitic
G-lines at around 1600 cm�1, which consist of six compo-
nents [6]. There are longitudinal optic (LO) and transversal
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Fig. 3. Five typical spectra for samples synthesized with the same reaction
conditions but different gas flows: 300 sccm, 600 sccm, 900 sccm,
1200 sccm and 1500 sccm from top to bottom and one reference spectra
below. (a) Raman results for the spectral ranges from 120 cm�1 to
450 cm�1 and from 1200 cm�1 to 1900 cm�1. The arrow points towards
the D line in the samples with exceptionally low D/G ratios of less than
0.03. The lowest curve depicts a reference sample of DWCNT produced by
the transformation from C60 peapods [34]. (b) OAS results for the range of
the first two absorption peaks of the semiconducting SWCNTs for the
different gas flows of 300 sccm, 600 sccm, 900 sccm, 1200 sccm and
1500 sccm from top to bottom. The lowest curve depicts a reference
sample of purified laser ablation material with a diameter distribution of
1.37 ± 0.07 nm [30]. For clarity and a better comparison the relative peak
intensity is divided by three for this curve. The dotted lines point to groups
of SWCNT with preferred diameters as indicated by the numbers. The
inset shows the OAS spectrum before subtracting the background of the
sample with 1500 sccm gas flow.
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optic (TO) phonons with A1, E1 and E2 symmetry. Because
of the so-called depolarization effect, the resonance with
light polarized perpendicular to the nanotube axis is sup-
pressed [36]. Thus for SWCNTs in random orientation
the G band mainly consists of A1 LO and TO phonons
and E1 and E2 phonons are much weaker. If metallic nano-
tubes are resonant, the lower frequency component of the
G band becomes a Breit–Wigner–Fano line shape. In the
case of DWCNTs the shape of the G band is changed
due to the existence of an inner nanotube with a diameter
less than 1 nm. It has been observed that the G band
becomes broader and has an additional fine structure as
compared to SWCNTs. This is due to the strong dispersion
of the TO components of the G band with decreasing
nanotube diameter [37] and due to metallic constituents
in the DWCNT [38]. For DWCNT this leads to a bimodal
distribution of nanotube diameters, which can be clearly
monitored by Raman spectroscopy and can be seen as a
fingerprint for the presence of DWCNT in the sample
[35]. As can be seen in Fig. 3(a) there is basically no change
in the width, position of the main component (1590 cm�1)
and shape of the G-line between the five different AA-CVD
samples. This is again in contrast to the DWCNT reference
sample, which either has a strongly increased width or a
clearly pronounced double peak structure from the corre-
sponding bimodal contribution of inner and outer tubes
being in resonance with the main components at
1581 cm�1 and 1590 cm�1, respectively (see also lowest
curve and Ref. 35).

Furthermore, the relative defect concentration in the
samples can be analysed in a non-destructive way from
the ratio between the G-line and the defect induced D-line
at around 1250 cm�1. This line is due to a second order
Raman process only possible via the scattering on a defect
in the SWCNT [39,40]. As can be seen in Fig. 3(a) the D/G
ratio in all our samples is below 0.03. This points towards
the high quality of the SWCNT samples as compared to,
e.g., MWCNT produced by the same method, which have
a D/G ratio of at best 0.5 [16]. Compared to the laser abla-
tion material and optimized SWCNT samples from other
CVD processes [41] the size of this D line is also in the same
range. The remaining very low amount of defects are most
likely related to the reminiscent contribution of amorphous
carbon species and can be easily removed by a heat treat-
ment in air. Such a method has been already applied suc-
cessfully in the purification of DWCNT [42].

We now turn to the bulk scale analysis of the mean
diameter and diameter distribution and relative yield of
the produced SWCNT. OAS has been proven to be a pow-
erful tool to evaluate these properties [43,44]. In principle
OAS probes the joint density of electronic states weighted
with the matrix elements for the optically allowed transi-
tions [45] and probes all nanotubes at once since white light
is used as a light source [43]. Thus OAS can be used for reli-
able diameter analyses with appropriate corrections for
excitonic effects [46,47]. For the determination of the mean
diameter using the ES

11 peak a relation of ES
11 ¼ 2c0a0=d � D

is well established, where c0 = 2.9 eV is the tight binding
overlap integral, a0 the C–C distance of 0.142 nm and D
is an excitonic correction factor which is dependent on
the nanotube diameter and chirality as well as on the
tube–tube and tube environment interactions and is of
the order of 70 meV for bundled SWCNT. Using
ES

22 ¼ 4c0a0=d the effect of the excitonic corrections are
negligible and the mean diameter and diameter distribution
can be accurately determined [36,43]. Since OAS is sensitive
to carbonaceous impurities, it can be used to determine the
nanotube yield by the area under the ES

11 [30,43,44] and ES
22

peak [48], respectively. Since the OAS from graphite is
expected to show a linear increase with energy, the linear
part in the OAS was attributed to the impurities and the
ratio between the peaks due to van Hove Singularities from
nanotubes versus the linear background was taken as a
measure of purity. The results are depicted in Fig. 3(b).
The inset shows a typical OAS spectrum before strap-
ping the background after normalizing at the minimum
between the ES

11 and ES
22 peaks at about 0.9 eV. The lowest

curve shows the OAS spectrum of the purified laser abla-
tion material (divided by three for clarity) with a mean
diameter of 1.37 nm for comparison. Taking the ratio to
a purified laser ablation sample as reference the relative
purity of the as produced optimised laser ablation material
50% [30,44], we find that for our samples produced at



60 A. Barreiro et al. / Carbon 45 (2007) 55–61
different gas flows the relative nanotube yield is between
25% and 50%. The mean diameter and diameter distribu-
tion in the AA-CVD samples is also strongly dependent on
the gas flow. Most of the produced SWCNT have diame-
ters between 1 and 2 nm. The dotted lines in the figure
correspond to the fine structure in the first OAS peak
pointing to a preferential growth of SWCNT with diame-
ters of 1.05, 1.15, 1.28, 1.36, 1.48, 1.66 and 1.86 nm, respec-
tively. From a root mean square fit the mean diameter of
the SWCNT changes from 1.5 nm (300 sccm gas flow) to
1.45 nm (600 sccm), 1.4 nm (900 sccm) to 1.3 nm (1200
sccm) and 1.25 nm (1500 sccm). Compared to the reference
sample of purified laser ablation material with a Gaussian
diameter distribution of 1.37 ± 0.07 nm [30], the variance
in the diameter distribution also changes with the gas flow.
The sample with 600 sccm has the highest relative nano-
tube yield of 50% and also a Gaussian distribution with a
variance which is 0.35 nm and therefore roughly five times
bigger than the purified laser ablation sample. Interest-
ingly, for all other samples the diameter distribution does
not follow a Gaussian which might be due to a non sto-
chiometric distribution of the catalyst precursors. This
points out that the SWCNT can be produced in a high
yield by the AA-CVD process and have, compared to other
CVD processes, a rather narrow diameter distribution,
with a mean diameter between 1.25 and 1.55 nm that can
be controlled by the gas flow. Two inter-related thermal
effects could explain the decrease in mean diameter of the
SWCNT with increasing gas flow. An increased gas flow
will lead to a reduced residence time of catalysts clusters
in the hot zone of the reaction chamber and will also cool
the clusters more rapidly due to the faster flowing gas being
cooler. These effects essentially lead to reduced catalyst
particle sizes and narrower catalyst particle size distribu-
tions. It is generally accepted that SWCNT diameter is
strongly dependent on the catalyst cluster size and this type
CVD technique used here bears some similarities to laser
evaporation. Thus, the growth and nucleation of the
SWCNT may occur through a similar mechanism as
described in [49].
4. Conclusions

In summary, using AA-CVD with sulphur as a pro-
moter and within a range of total gas flows between 300
and 1500 sccm very high quality and very long SWCNTs
with a low defect concentration are produced with a low
amount of other CNTs (DWCNT and MWCNT) and
other carbonaceous species. A decrease of the mean diam-
eter of the SWCNT diameter distribution can be obtained
by increasing the total gas flow in keeping with a constant
high yield of SWCNT. This points out that AA-CVD is a
suitable method for the high yield production of SWCNTs
and which provides control over the diameter and diameter
distribution of the produced SWCNTs by changing the
process parameters.
Acknowledgements

The authors would like to thank S. Pichl and
R. Schönfelder for technical support. A.B., M.H.R.,
D.G. and T.P. acknowledge the financial support of
DAAD (Grant Probral D/04/40433) and the DFG pro-
jects PI 440/1 and PI 440/3. C.K. acknowledges a fellow-
ship from the International Max Planck Research School.
A.G. acknowledges a Schrödinger fellowship J2493 from
the Fonds zur Förderung der wissenschaftlichen Fors-
chung (FWF).
References

[1] Iijima S. Helical microtubules of graphitic carbon. Nature 1991;
354:56.

[2] Ebbessen TW, Ajayan PM. Large-scale synthesis of carbon nano-
tubes. Nature 1992;358:220.

[3] Thess A, Lee R, Nikolaev P, Dai H, Petit P, Robert J, et al.
Crystalline ropes of metallic carbon nanotubes. Science 1996;273:483.
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