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ARTICLEINFO ABSTRACT

On the basis of combined study of the transmission electron microscopy, scanning electron
microscopy, Raman spectroscopy and ultraviolet-visible-near infrared absorption spectros-
copy, the properties of the single-walled carbon nanotubes (SWCNTSs), synthesized by
aerosol (floating catalyst) chemical vapor deposition method by ferrocene vapor decompo-
sition in the presence of carbon monoxide, are studied in details. The results show that
increasing the temperature gives rise to the formation of high quality and large diameter
SWCNTs. By monitoring the water-cooled probe position, both the bundle length and the
diameter of the SWCNTs are effectively tuned due to the variation of the residence time
and temperature profile in the reactor. An introduction of a small amount of CO; sup-
presses the growth of small diameter nanotubes and enlarges the mean diameter of
SWCNT samples. The mean diameter of SWCNTs could be easily altered in a broad range
from 1.1 to 1.9 nm during growth, which is essential for the SWCNT applications in optical
and electronic devices.
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1. Introduction

Due to their unique one-dimensional nanostructure, single-
walled carbon nanotubes (SWCNTs) exhibit remarkable
mechanical, optical and electrical properties making them
suitable for a wide range of applications such as micro-
electromechanical devices [1], sensors [2,3], transparent
metal electrodes [4], field-effect transistors [5] and capacitors
[6]. Although single-channel devices with individual SWCNTs
have been extensively explored, bulk SWCNT materials are
more promising for the future application due to their ease
in handling, large application area and cost efficiencies {7].
It is known that the chiral angle and diameter of SWCNTs
can fully determine their electronic structure. Therefore, the
control of diameter is very important for the investigation
of physical and electronic properties of nanotubes, and fur-
ther steering their optical and electronic applications.

Although various technigques have been developed to produce
bulk SWCNTs, very few methods can efficiently alter the
diameters of the products in a wide range. Usually, each
method is suitable for the growth of SWCNTs with certain
diameters. For instance, an arc discharge method allows pro-
ducing SWCNTs with diameters from 1.0 to 1.4 nm by select-
ing metal catalyst and chamber pressure [8-10]. A laser
ablation technique controls the diameter of SWCNTs from
1.0 to 1.3 nm by varying the furnace temperature from 780
to 1200 °C [11]. HiPco (high-pressure CO) method usually pro-
duce the SWCNTs with mean diameters about 1.0 nm [12-15].
Additionally, the reported effect of the experimental condi-
tions on the parameters of produced SWCNTs is not always
similar for different synthesis methods. Usually, the diameter
of SWCNTs increases with the growth temperature [16-19],
which is explained by the enlargement of the catalyst parti-
cles and their direct correlation with SWCNT diameters [20]
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or by the formation of larger fullerene caps - nuclei for the
SWCNTs [19]. Another explanation is that the smaller diame-
ter tubes are less resistant at higher temperatures especially
at gently oxidative conditions [15,21]. Nevertheless, some
researchers revealed the opposite temperature effect on the
CNT diameters [22-24]. Therefore the control and tailoring
the diameters of SWCNTSs is still an open issue.

Here, for the first time we demonstrate that the mean
diameter of SWCNTSs can be easily controlled in a broad range
from 1.1 to 1.9 nm by altering the synthesis conditions in the
same reactor. The experiments were carried out in an aerosol
chemical vapor deposition (CVD) reactor based on ferrocene
vapor decomposition in an atmosphere of CO [25]. This wide
range control of SWCNT diameters gives possibility to adjust
the properties of SWCNTs to meet the needs for specific appli-
cations. For instance, the absorption peaks of SWCNTs cover-
ing the wide range from 500 to 2700 nm allows the fabrication
of saturable absorbers, operating in a full range from visible to
NIR for ultrafast lasers [26]. Diameter modulation of SWCNTs
provides the opportunity for improving the properties of
microelectronics by engineering the band gap of semicon-
ducting tubes [27]. Our synthesis method is attractive from
commercial point of view, since it allows manufacturing

CO

SWCNT films with adjustable electrical and optical character-
istics without detrimental liquid dispersion and purification.
The films can be prepared by a simple dry transfer technique
from a filter, on which they are collected from the gas phase,
to practically any other substrate {28,29]. A detailed investiga-
tion of SWCNT products and related growth mechanism is re-
ported as a function of the synthesis reactor temperature,
water-cooled probe position and addition of a small amount
of CO, during growth on the basis of combined analyses of
transmission electron microscopy (TEM), scanning electron
microscopy (SEM), Raman and ultraviolet-visible-near infra-
red {UV-Vis-NIR) absorption spectroscopy.

2. Experimental

The growth of SWCNTSs, using an aerosol CVD reactor, was
described elsewhere [30]. Briefly, carbon monoxide (CO) was
used as the carbon source, and ferrocene as the catalyst pre-
cursor was vaporized by passing ambient temperature CO
with a flow rate of 300 cm®/min through a cartridge filled with
the mixed powder of ferrocene and silicon dioxide (weight ra-
tio FeCp;:5i0; = 1:4}). The flow containing ferrocene vapor and
CO was then introduced directly into the high temperature
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Fig. 1 - (a) Schematic representation of the experimental setup along with the temperature profiles, (b} at water-cooled probe
position of 6.5 cim as a function of Ty, and {¢) at Ts., = 825 °C as a function of water-cooled probe position.
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zone of the furnace by a water-cooled probe maintained at
24°C. In order to control the precursor vapor heating rate
and residence time, the injector probe position was varied
from 6.5 to 29 cm deep in the reactor with a heating zone of
49 cm. The experimental setup is shown in Fig. 1a. Additional
CO flow of 100 cm*min was introduced from outside the
water-cooled probe. The temperature profiles were measured
by positioning a K-type thermocouple (SAB Bréckskes GmbH
and Co., KG, Germany) at various locations in the reactor.
The set temperature of the reactor furnace (Tge) was varied
from 650 to 1000 °C. The maximum wall temperature in the
reactor {Tmay) depended on the probe position, eg., at
6.5 cm the maximum temperature was 25 °C higher than the
set temperature (Fig. 1b and ¢).

The SWNT samples were collected from the gas phase on
TEM grids or by filtering the flow through 2.45 cm diameter
nitrocellulose disk filters downstream of the reactor. The
as-deposited samples were analyzed using transmission elec-
tron microscope (TEM, Philips CM200 FEG), Raman spectrom-
eter (Wintech alpha300) equipped with a Nd:YAG laser at
532nm (2.33 eV), UV-Vis-NIR absorption spectrometer (Per-
kin-Elmer Larnbda 950) and photoluminescence spectrometer
(NSI NanoSpectralyzer). To measure the absorption spectra,
the SWCNT sample was deposited by the dry transfer tech-
nique from the filter to an optically transparent substrate
[28], 1 mm thick quartz window {material: HQS300, Heraeus).
An uncoated quartz substrate was used in the reference beam
to exclude the effect of the substrate. The bundle length at
different probe positions was estimated statistically from
SEM images of thin SWCNT networks.

3. Results and discussions

Fig. 2 shows typical TEM images of the as-synthesized
SWCNT samples collected at set temperatures of 850, 800,
950 and 1000 °C and at the probe position of 6.5 cm. The prod-
ucts consist of SWCNT bundles along with some individual
SWCNTs as can be seen from the inset high-resolution TEM
(HRTEM) image. The catalyst particles and a small amount
of impurities are observed on the surface of the SWCNTs.
The SWCNT bundle length depends on the set temperature
of the synthesis reactor. Increasing the temperature resulted
in the reduction of the tube length. The purity as well as the
diameter distribution of the SWCNTs was also found to be
very dependent on the growth temperature, which will be fur-
ther analyzed by the optical measurements.

Fig. 3a and b show the Raman spectra of the SWCNT sam-
ples, synthesized at set temperatures in the range between
850 and 1000 °C, in the radial breathing mode (RBM) as well
as G and D band regions, respectively. The RBM features, cor-
responding to the coherent vibration of the carbon atoms in
the radial direction, are signatures of the nanotube diameter
through its frequency (mgpn) defined by the well established
equation of d, = A/oneu ~ B, where A=217.8 and B=15.7.
The RBM spectra excited by 2.33 eV photons in Fig. 3a show
similar RBM positions in the region of 130-230 cm ' However,
the central position of the most prominent RBMs shifts to
higher frequency direction with the decrease of growth tem-
perature. This indicates that the relative abundance of smal-
ler diameter SWCNTs increases with the decrease of

temperature.

Fig. 2 - TEM images of the SWCNT samples synthesized at a probe position of 6.5 cm as a function of T,... The inset shows a

high-resolution TEM image.
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Fig. 3 - Raman spectra in the regions of {a) REMs and (b} G and D bands of the SWCNT samples coliected at a probe position of
6.5 cm as a function of T,... The RBM spectra excited by 2.33 eV photons.

The G band invelves the vibration of sp’-bonded carbon
atoms in the graphite layer, while the D band is related to
the disorder-induced mode in SWCNTs. The Raman spectra
in the region of G and D modes are normalized to the hight
of G peaks. It is clearly shown that the intensity of D band
decreases with increasing the temperature. This is under-
standable since defects are annealed away at higher temper-
ature, which results in the more crystalline graphitic
nanotube walls [31].

Raman spectroscopy allows detecting only SWCNTs that
are in resonance with the excitation energy. Therefore UV-
Vis-NIR absorption spectrometer was further applied to char-
acterize the full diameter distribution of the SWCNT samples.
Fig. 4a shows that the absorption spectra of the SWCNT sam-
ples collected at different set temperature from 850 to 1000 °C
at water-cocled probe position of 6.5cm. The absorption
peaks from the first electronic transition of the semiconduct-
ing nanotube (E],) present clearly the bimodal shape in the
range of 1500-2500 nm for the samples synthesized at 1000
and 950 °C. Decreasing the temperature to 900 °C, the absorp-
tion peaks exhibit mone-modal distribution with narrower
peak width and the peak positions shift to the shorter wave-
length (higher energy). This implies the decrease of the nano-
tube diameter along with a narrower diameter distribution.
The absorption peaks continuously shift to higher energy
for the sample produced at 850 °C, which indicates the smal-
ler diameter of SWCNTSs collected at lower temperature. This
result is consistent with the Raman analysis (Fig. 3a).To quan-
tify the diameter distribution of SWCNTSs based on the optical
absorption spectra, we model the optical absorption as linear
composition of each nanotube type. The transition energies
of a SWNT are described by a sum of Gaussian line shapes
describing the broadening of each optical transition due to

the finite lifetime and finite resolution of the spectrometer.
The highly ill-posed problem is well resclved by the introduc-
tion of a regularization term in the fitting process [32]. By
using this method, the fitted diameter diagrams are shown
in Fig. 4b. The mean diameter of the SWCNT samples in-
creases from 1.2 to 1.7 nm with the temperature. For the sam-
ples collected at 1000 and 950°C, there are about 80%
nanotubes with a diameter in the range of 1.2-2.0 nm. How-
ever, the most abundant diameter fractions are in the range
of 1.6-2.0 and 1.2-1.6 nm for the sample at 1000 and 950 °C,
respectively. For the SWCNT sample synthesized at 900 °C,
the diameter diagram presents narrower diameter distribu-
tion of 1.3+ 0.2 nm. Interestingly, although the mean diame-
ter continuously decreases at the temperature of 850 °C and
about 70% nanotubes are in the range of 0.8-1.4 nm in diam-
eter, there is a small tai] left in the higher diameter range
from 1.6 to 2.0 nm. The photoluminescence emission/excita-
tion (PLE) spectra (Fig. 5) again confirm the diameter variation
with the growth temperature. At 900 °C, the PLE map shows
most abundant semiconducting nanotubes at the emission
ranges of 1300-1400 and 1500-1600 nm; while at higher tem-
perature of 1000 °C, the diameter of SWCNT sample becomes
larger and only few of SWCNTSs are within the detection range
of the PLE spectroscopy shown as the weak bright spots in
Fig. 5b. This again confirms the low yield of the small diame-
ter nanotubes in SWCNT sample grown at high temperatures.

It has been previously observed that the temperature in-
crease results in an increase in the catalyst particle size due
to the higher rate of agglomeration of primary particles,
which results in the formation of larger diameter nanotubes
due to the directly proportional relationship between catalyst
particle size and diameter of nanotubes [33,34]. The results
analyzed by Raman, absorption and PLE spectra in this work
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collected as a function of T, at a probe position of 6.5 cm. The mean diameters (d,) increase from 1.2 to 1.7 nm along with the
temperature.

support the above observation. Additionally, the bimodal
diameter distribution of the SWCNTSs shown in the absorption
spectra may correlate to the bimodal size distribution of cat-
alyst particles. This aspect suggests the importance of further
studies on this topic.

When the water-cooled probe is inserted deeper into the
reactor down to 15cm, it allows us to grow the SWCNTs at
as low as 650°C (reactor set temperature}. The absorption
spectra of the SWCNT samples grown at T from 650 to
1000 °C are shown in Fig. 6a. Using the same fitting method,
the derived mean diameter of the SWCNT sample increases
from 1.1 to 1.7 nm with the temperature increase (Fig. 6b).
To study the effects of the water-cooled probe position on
the properties of SWCNT products, the absorption spectra of
the SWCNT samples collected as a function of probe positions
at set temperature of 825°C are shown in Fig. 7a. Interest-
ingly, the diameter of the SWCNTs first increases from 1.2
to 1.6 nm with the probe position continuously lowered from
6.5 to 23 cm {measured from the inlet of the furnace, experi-
mental setup in Fig. 1}. At the position deeper than 23c¢m
the mean diameter of the SWCNTs starts to decrease to
1.2nm (at the probe position of 29cm). The water-cooled
probe position influences both the temperature profile and
the residence time in the reactor.

The temperature profiles shown in Fig. 1a indicate that the
maximum wall temperature of the reactor is about 25 °C high-
er than the set temperature at probe position of 6.5 cm. The

1000 °C

Excitation wavelength (nm)

800 900 1000 1100 1200 1300 1400 1500 1600
Emission wavelength (nm)

Fig. 5 - Contour plots of photcluminescence spectra of the
SWCNT samples collected at Tge, = 900 and 1000 °C at probe
position of 6.5 cm.

rnaximum temperature zone is about 10 cm long around the
middle of the furnace. Fig. 1b shows that the temperature pro-
files vary as a function of the probe position at the same set
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temperature of 825 °C. The maximum wall temperature of the
reactor increases from 850 to 920 °C with the position of the
water-cooled probe moved from 6.5 to 20 cm. While the probe
position is deeper than 26 cm, the maximum temperature of
the reactor starts to decrease. The reason can be explained
due to the fact that the reactor is a two heating zone reactor,
which is controlled by two thermocouples located at 21 and
36 cm, respectively, The deeper the probe position, the higher
the cooling and, as a results the heating elements of the fur-
nace work with higher power to keep the set temperature of

825 °C at 21 cm. This results in higher maximum wall temper-
ature in the middle of the furnace. Thus the maximum wall
temperature increases with the probe position. However,
when the probe position exceed the middle of the furnace
{deeper than 26 c¢my), the whole upper part of the heating zone
is cooled down by the prebe, which makes lower maximum
wall temperature of the reactor. As shown in Fig. 1b, the max-
imum wall temperature of the reactor is 815 °C at probe posi-
tion of 26cm (Tser=825°C). These temperature profiles
explain the results of the absorption measurements in
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Fig 73, 1.e. the mean diameter of SWCNTs increases first with
the probe position and then decreases after the probe position
is deeper than 23 cm.

In addition, the bundle length of the SWCNTs also de-
pends on the probe position as shown in Fig. 7b. The length
of SWCNTs first decreases with the probe position and then
increases at the probe position of 26 cm. It is believed that
the length of SWCNT can be controlled by both the residence
time and the temperature. On the basis of in situ sampling
experiments, it was found that the growth of SWCNT stops
when the temperature is higher than 928 °C due to the ther-
modynamic restriction of the CO-disproportionation reaction
at high temperatures [25]. Similar experimental phenomenon
was also observed in another aercsol system (hot wire gener-
ator reactor}, where the growth of SWCNTSs stops at a temper-
ature of 908 °C [35]. When the temperature is below 900 °C,
the SWCNTs continuously grow thoughout the reactor, stay-
ing longer in the high temperature zone. This also explains
the observation of TEM images in Fig. 2 that the bundle length
increases with the decrease of temperature. In the case of
Tmax = 900°C, the rtesidence time in the reactor plays an
important role on the length of SWCNTs. As shown in
Fig. 7b, the average bundle lengths of SWCNTs collected at
the probe position of 6.5, 15, 26 cm are 54x4.1, 3.6 3.5,
1.8+ 1.2 pm, respectively. However, for the SWCNT sample
synthesized at the probe position of 20 ¢m, the bundle length
is the shortest of about 1.2 + 0.8 pm due to the high maximum
wall temperature about 920 °C of the reactor. Therefore, by
simply moving the probe position, the residence time and
temperature profile of the reactor changes efficiently. This
provides a possibility of altering the mean diameter, diameter
distribution and the length of SWCNT products. Here, it is
irnportant to note that the length of individual tubes is not
necessarily linearly proportional to the bundle length. How-
ever, since the bundle diameter does not vary significantly

[28], generally we can state that the lengths of the bundles
and individual tubes correlate.

Also it has been found that CO, plays an essential role in
the SWCNT growth [36]. The absorption spectra of the
SWCNT samples collected at Teor = 825 °C with different CO,
concentrations are shown in the Fig. 8a. It can be observed
that the absorption peaks significantly shift to longer wave-
length with the increase of CO, concentration. This indicates
that the diameter of SWCNTs increases with the CO; concen-
tration. Using the same fitting program, the derived mean
diameters of the SWCNTs are 1.2, 1.3, 1.5 and 1.9 nm for the
CO; concentration of 0.3%, 0.6%, 0.8%, and 1.0%, respectively
(Fig. 8b}. The nucleation of CNTs is believed to occur from so-
lid iron supersaturated by carbon. Carbon released on the sur-
face forms a graphitic cap (a CNT nucleation site). When CO,
as an etching agent is present in the system, it can selectively
etch the more reactive carbon atoms in the graphitic cap of
high curvature due to the inverse Bouduard reaction. As a re-
sult, the growth of small diameter nanotubes is suppressed
and the mean diameter of SWCNT products is enlarged with
the CO, concentration as observed in Fig. 8.

4. Conclusions

We have synthesized SWCNTs in an aerosol CVD reactor
using CO as the carbon source and ferrocene as the catalyst
precursor. By changing the growth conditions, the mean
diameter of SWCNTs can be effectively tailored in a broad
range from 1.1 te 1.9 nm. Increasing temperature results in
the formation of high quality and larger diameter SWCNTs.
We have found that the water-cooled probe position can tune
both the length and diameter of SWCNTSs by varying the res-
idence time and temperature profile of the reactor at the
same time. The length dependence on the probe position sup-
ports the fact that the nanotube growth stops at the temper-
ature higher than 900 °C. The effects of CO; on the diameter
of SWCNTs are also studied. The selective etching of small
diameter nanotubes by CO, provides a way of controlling
the mean diameter and diameter distribution of the SWCNT
products.
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