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Bundled single-walled carbon nanotubes (SWCNTs) together with multi-walled carbon nanotubes
(MWCNTs) were directly grown on a water-soluble support catalyst that was prepared via sublimation
of ferrocene on sodium chloride. The synthesis of nanotubes was carried out at a growth temperature of
700 °C in a combined methane and nitrogen environment of 1:1 volumetric ratio at a total flowrate of
80 ml/min for 1 hin a vertical reactor. Characterization techniques such as scanning electron microscope,

transmission electron microscope, thermogravimetric analysis, and Raman spectroscopy were employed
to study the carbon deposits. Transmission electron microscope shows the presence of SWCNTs with an
average diameter of ca. 1.18 nm on the catalyst. The radial breathing mode (RBM) of Raman for shifts
below 350 cm ! further confirmed the presence of SWCNTs and the diameters were calculated to be 0.93,

1.36, 1.5 and 1.85 nm.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Techniques to prepare carbon nanotubes (CNTs) include electro-
spinning process, arc discharge, floating catalyst method, and chemical
vapor deposition (CVD) [1]. It is known that CVD is one of the most
feasible methods of synthesis due to its practicality in terms of relative
low cost and ease of scaling up [2]. In CVD, a catalyst placed in a
controlled environment inside the furnace forms a platform on which
CNTs grow. This catalyst typically comprises of an active metallic
component that is chemically blended with a non-metallic support.
The metallic component is often a transition metal, with iron, cobalt,
and nickel being the notable ones. Other metals such as chromium,
platinum, molybdenum, palladium, and copper are used as catalyst
promoters [3-5]. The promoter changes the electronic structure of
the catalyst, which lowers the activation energy for dissociation. This
effectively reduces the growth temperature, and thus enhances the
overall performance [3,6].

The non-metallic catalyst support has a role just as important as
that of the active metal in synthesizing CNTs abundantly. Essen-
tially a good support must be thermally stable at growth tempera-
ture and should not react with the active metal in any way
whatsoever under growth condition [7]. Alumina (Al,O3) and silica
(Si0,) are the main materials widely used as supports because of
their proven potency in synthesizing CNTs [8-11]. Other notable
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materials on record include aluminium on oxidized silicon plates
and silicon nitride membranes [12,13]. Just very recently, silicon
wafers coated with SiO, were also studied [14].

To separate CNTs from the catalyst support, the entire piece has
to be submerged in a highly concentrated base or acid so that the
catalyst would dissolve. This can however be very damaging to
the CNTs. The need to reduce pollution certainly does not promote
the use of strong acid or any other harmful chemical reagents in the
CNT purification process [1,2]. The natural tendency is to search for
aviable alternative that simplifies the process while systematically
bringing down the cost of production. The use of water soluble
catalyst provides a novel solution to this and was pioneered by
Szabo et al. [15] using sodium chloride salt as a catalyst support.
Subsequently, other researchers also carried out similar studies to
scrutinize the capability of different water-soluble catalysts in
producing CNTs [1,2,16,17]. The alkali salt is essentially chosen
because it is cheap and abundant [2,16]. Just very recently, CNTs
were also grown on a potassium fluoride catalyst support [17].
CNTs were reported in all papers with some yielding more than
others, but our literature review shows that no paper has ever
reported on the formation of SWCNTs over sodium chloride
support via methane decomposition.

2. Experimental

In this study, 0.15 g of ferrocene (Sigma Aldrich, 98%) was
sublimated and deposited on 0.3 g of uncrushed sodium chloride


www.elsevier.com/locate/physe
dx.doi.org/10.1016/j.physe.2010.12.003
mailto:chai.siang.piao@eng.monash.edu.my
dx.doi.org/10.1016/j.physe.2010.12.003

1012 J.H. Teong Ooi et al. / Physica E 43 (2011) 1011-1014

(NaCl) powder (Sigma Aldrich, 99.5%) to yield Fe/NaCl catalyst.
Firstly, the nitrogen flow valve was opened, allowing the inert gas
to purge the whole unit at 40 ml/min for 15 min. After purging, the
furnace was switched on and the temperature was brought up to
700 °C in the continuous flow of nitrogen gas. Upon achieving this,
methane gas was introduced into the system with a flowrate of
40 ml/min. There was a total of 80 ml/min of mixed nitrogen and
methane gases at 1:1 volumetric ratio flowing in the path of the
vertical reactor. The temperature at the ferrocene bed was recorded
to be approximately 130 °C while the reactor temperature was
700 °C. The reaction was carried out for 1h. Fig. 1 shows a
schematic of the experimental set-up.

After CVD of methane, the carbon deposits were analyzed using
scanning electron microscopy (SEM) (FEI Quanta 200 FEG-SEM)
and transmission electron microscopy (TEM) (Philips CM12).
Thermogravimetric analysis (TGA) was also carried out with
TGA-Q50 from ambient temperature to 750 °C. The sample was
loaded into the TGA and heated from room temperature to 110 °Cin
nitrogen atmosphere. Having achieved this, the TGA was left in
isothermal condition for 2 min before purified air was channeled
into the furnace. The sample was then further heated up to 850 °C
and was maintained in isothermal condition for 1 min before
finally initiating the cooling process. The weight loss with tem-
perature, corresponding to the oxidation of deposited carbon,
determines the amount of carbon produced by the catalyst. Raman
scattering was also carried out on the sample using the Renishaw
inVia Raman microscope to characterize the degree of graphitiza-
tion and the types of carbon present. In order to verify the
composition of the catalyst, the sample was also subjected to
X-Ray Diffraction (XRD) analysis using the D8 Advance X-Ray
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Fig. 1. Schematic diagram of the experimental set-up.

Diffractometer-Bruker AXS, which emits CuKa radiation through a
graphite secondary beam monochromator with 26 ranging from
10° to 80°.

3. Results and discussion

Fig. 2(a-c) shows the SEM images of CNTs grown on the Fe/NaCl
catalyst after CVD of methane at 700 °C. On each grain, there were
bright spots and black spots randomly scattered all over. The black
areas are carbon settlements where CNTs could be located. After
zooming in further on the black area with higher magnification,
long tubular structures of different diameters were observed. Other
structures such as amorphous carbon and carbon encapsulated iron
particles were also spotted amongst the graphitized tubular
structures. Though easily located all over the sample, the yield of
CNTs did not seem high. Fig. 3(a and b) shows the TEM images of
CNTs and it revealed the morphology of the as-grown CNTSs to be
bundled SWCNTs with an average diameter of ca. 1.18 nm. The
nature of SWCNTSs forming in bundles could be attributed to the
intertube van der Waals’ attraction and the instability of a single
strand of SWCNT standing on its own [18].

The Raman spectrum of the carbon deposit is shown in Fig. 4(a).
A D-band at 1339.55 cm~! and a G-band at 1588.12 cm ™! were
observed. The G-band is a characteristic feature of the graphitic
layers and corresponds to the tangential vibration of the carbon
atoms while the D-band reflects defective scattering, which breaks
the basic symmetry of the graphene sheet [19]. There is a standard
intensity ratio of D-band to G-band (Ip/Ig) to measure the bulk
constitution of a sample and for this sample the ratio is 0.672,
indicating a high degree of graphitization. This aside, the Radial
Breathing Mode (RBM), which constitutes the shifts ranging from
350 cm~! and below also provides good insight into the composi-
tion of the catalyst from a different perspective (Fig. 4(b)). It is a
commonly used technique to identify and evaluate the diameter of
SWCNTs. Analysis of Fe/NaCl after CVD in methane at 700 °C has
shown significant peaks that consolidate the authenticity of the

Fig. 2. (a-c) SEM images of Fe/NaCl after CVD of methane at different magnification levels.
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