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Abstract: Fe;O4 nanoparticles with a narrow diameter distribution having an average diameter of 10.33 nm + 2.99 nm (average

diameter + standard deviation) were prepared by a precipitation method. The Fe;O,4 nanoparticles were supported on MgO by mixing the

MgO nanopowder with the required amount of Fe;O4 nanoparticles in water under extensive sonication. Single-walled carbon nanotubes

(SWCNTs) were synthesized by the chemical vapor deposition (CVD) of methane over the Fe;04/MgO catalyst. Transmission electron

microscopy showed that a large number of SWCNT bundles of nearly uniform diameter were produced by the CVD method. The

average diameter of the produced SWCNTs was ca. 1.22 nm. Thermogravimetric analysis showed that the weight loss was

approximately 19% by oxidation of carbon in the temperature range of 400-680 °C. The ratio of the intensity of the D-band to the

G-band was 0.03, indicating that the SWCNTs were well-graphitized.
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1 Introduction

The discovery of multiwalled carbon nanotubes
(MWCNTs) in 1991 and single-walled carbon nanotubes
(SWCNTs) in 1993 have attracted attention of many
researchers. The excellent electrical conductivity properties of
SWCNTSs, in particular, can lead to the development of
advanced electronic devices in near future. To permit the wide
use of SWCNTs, it is essential to develop a production system
that can synthesize SWCNTs in large quantity at low cost.
However, both the arc-discharge and the laser ablation
methods that are currently being used to prepare SWCNTs
require extremely high temperatures and both the methods
only produce a small amount of SWCNTs. In addition, these
methods have difficulty in controlling the various growth
conditions for synthesizing SWCNTs and thus are not suitable
for large-scale production. Chemical vapor deposition (CVD)
method has been developed to meet the requirement of a
low-cost production for nanotubes, and also the controlled
formation of carbon nanotubes (CNTs) could be achieved by
CVD method.

It has been reported that the iron-based catalysts could
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selectively grow SWCNTs whereas cobalt- and

nickel-based catalysts are more selective for the synthesis of
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MWCNTs* "], The possibility to use Fe;0, nanoparticles as a
catalyst for CVD synthesis of MWOCNTs!"*" and
SWCNTs!"*" has been previously reported. These Fe;0,
nanoparticles were synthesized from various chemical and
physical methods as reported !'*'*].

Recently, we reported that the synthesis of SWCNTs by
the catalytic decomposition of methane can be achieved using
the unreduced NiO/Al,O; and Fe,0i/Al,0; catalystsm'm].
However, the yield and the quality of the produced SWCNTs
were significantly low. In this study, the synthesis of SWCNTs
from catalytic decomposition of methane over Fe;0,/MgO
was investigated. A precipitation method was then used to
produce these Fe;O, nanoparticles. The catalysts were
prepared in a rotary evaporator to prevent the nanoparticles
from being settled out from the dispersion over time. This
allows the preparation of Fe;O, nanoparticles with almost
even diameter distribution. Surprisingly, an abundance of
high-quality SWCNTs in form of bundles were grown over the
Fe;04/MgO catalyst.

2 Experimental
2.1 Preparation of catalyst

Homogeneous Fe;O,4 nanoparticles were prepared in an
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Fig.1 (a) Histogram showing the diameter distribution of Fe;O4
nanoparticles. (b) TEM image of Fe;0, nanoparticles. (¢) HRTEM

image of Fe;O4 nanoparticles.

aqueous solution as shown in equation (1). The molar ratio of
Fe(Il) to Fe(Il) was set at 0.5, and the pH was in a range of
11-12.

FeCl, + 2FeCl; + 8NaOH — Fe;0,+ 4H,0 + 8NaCl, (1)

The aqueous solution was prepared by dissolving 4 mL
of a 0.2 mol/L HCI solution, 0.69 g of FeCl;, and 0.25 g of
FeCl, in 25 mL of purified, deoxygenated water. The water
has been previously degassed by bubbling N, gas through it
for 30 min while stirring gently. Subsequently, 250 mL of 1.2
mol/L NaOH solution was quickly added under vigorous
stirring, instantly generating a black precipitate. The resulting
black precipitate was isolated by centrifugation at 12 000
r/min, and the supernatant was removed from the precipitate
by decantation. Purified, deoxygenated water was added to the
precipitate, and the solution was again decanted after

centrifugation at 12 000 r/min. After repeating this procedure
three times, 500 mL of 0.01 mol/L HCI solution was added
to the precipitate, and the solution was stirred to neutralize the
anionic charges on the nanoparticles. A sample was removed
and then dried in an oven. The weight of the Fe;O,
nanoparticles was then used to calculate the amount of the
MgO needed for preparing the catalyst with the desired
composition. The mole ratio for Fe;O, to MgO was set at 1:9.
Catalysts were prepared by dispersing the MgO nanopowder
in water with the required volume of Fe;O, nanoparticles. The
solution was then sonicated for 10 min and the water was
removed using rotary evaporator. The dried catalyst was
ground with a mortar and pestle to break up any agglomerates
to produce very fine powders.

2.2 CNT synthesis

The synthesis of SWCNTs was carried out under
atmospheric pressure in a quartz tube that was placed
vertically in a stainless steel housing. To synthesize the
SWCNTs, 0.2 g of catalyst were added to the middle of the
reactor. The reactor was then heated in a tubular furnace to
900 °C in flowing N, (99.999% purity, supplied by Sitt Tatt
Industrial Gases Sdn. Bhd.) at a flow rate of 40 mL/min.
Subsequently, high-purity methane (99.999% purity, supplied
by Malaysian Oxygen Bhd.) was mixed with N, at a ratio of
volume 1:1 before introducing into the quartz reactor. The
reaction was stopped after 30 min. The nanoparticle inside the
furnace was then cooled to room temperature under nitrogen flow.

2.3 Characterization

The prepared Fe;O, nanoparticles and the Fe;0,/MgO
catalysts were characterized using transmission electron
microscope (TEM) (Philips CM12) and high-resolution TEM
(HRTEM) (Philips FEI TECNALI 20). Energy-dispersive X-ray
(EDX) spectra were also collected using the Philips FEI
TECNAI 20. The structure and morphology of the synthesized
CNTs were characterized using scanning electron microscope
(SEM) (Supra 35VP-24-58) and TEM. Raman measurements
were performed on the carbon samples using Raman
spectroscopy (inVia Renishaw) at a wavelength of 633 nm
with He-Ne laser excitation. X-ray diffraction (XRD) patterns
of the fresh catalysts were characterized by Bruker AXS D8
Advance diffractometer using CuKa radiation and a graphite
secondary beam monochromator. The intensity was measured
by step scanning in a 26 range of 10-90° with 0.034° steps and
a measuring time of 2 s per point. The amount of deposited
carbon was characterized using thermogravimetric analysis
(TGA) (TA Instrument SDTQ600). The samples were heated
in flowing air (100 mL/min) from 35 to 900 °C at a heating
rate of 10 °C/min.

3 Results and discussion

3.1 Synthesis of Fes04 nanoparticles

Fig.1a shows the TEM image of the Fe;O, nanoparticles,
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Fig.2 (a) Low-magnified and (b) high-magnified TEM images of Fe;O4 nanoparticles supported on MgO. (c) EDX analysis of the Fe;04/MgO
catalyst. (d) HRTEM image of the Fe;04/MgO catalyst

which appeared to be nearly spherical shape. Approximately,
300 Fe;0, nanoparticles were measured from their TEM
images and the histogram was drawn as shown in Fig.1b. The
average diameter of the Fe;O, nanoparticles was 10.33 nm
with a standard deviation of 2.99 nm. Fig.lc shows the
high-resolution TEM (HRTEM) image of a Fe;O4 nanoparticle.
The distance between two lattice planes of the crystallite was
0.25 nm, which is identical to the d-spacing of Fe;0, from the
standard diffraction of Fe;0, (01-075-0449).

3.2 Preparation of Fes0s4 nanoparticles supported on
Mgo

Fig.2a shows that smaller particles (black color) were
distributed over the larger particles (grey color). The element
analysis of the small particles and the large particles were
performed using EDX on the marked spots as shown in Fig.
2b. The EDX shows the presence of Fe, Mg, and O (Fig.2c).
From the HRTEM image (Fig.2d), the measured distance
between two lattice planes of the crystallite was 0.25 nm,
which is corresponding to Fe;O, (01-075-0449). It can be
speculated from the EDX that the spot marked with A (Fig. 2d)
was mainly MgO that demonstrated a strong interaction with
Fe;04 due to the high-surface basicity as compared with the
Fe;0, nanoparticles[m. These interactions can be described in
terms of Lewis acid/base interactions between the metal oxide
supports and the metal catalyst particles™. With this strong
interaction between the Fe;0, nanoparticles and the MgO, the
mobility of Fe;0, nanoparticles on MgO surface was limited

and the agglomeration of these nanoparticles was reduced™’.

This was favorable to maintain the size distribution of the
Fe;04 nanoparticles for the synthesis of SWCNTs.

Fig.3 shows the powder XRD patterns of the freshly
prepared Fe;O, nanoparticles and the Fe;0,/MgO catalyst.
The representative peaks for Fe;04 and MgO were denoted in
the XRD spectra. several sharp peaks,
corresponding to the standard diffraction of Fe;0,
(01-075-0449), were noted, indicating that the Fe;O, sample is
crystalline. Standard diffraction of MgO (00-045-0946) and
Mg(OH), (00-001-1169) were labeled in blue and green,
respectively, in Fig. 3b. The formation of Mg(OH), phases

In Fig.3a,

was due to the high moisture content of the catalyst because of
the short drying time (20 min) by the rotary evaporator at 80
°C. As shown in Fig. 3b, the intensity of the Fe;O, peaks
remained the same after mixing with the MgO support.

3.3 Synthesis of CNTs

Fig.4 shows the SEM images of the as-prepared CNTs.
CNTs were observed on the surface of the catalyst (Fig. 4a).
At a closer observation, these CNTs were formed abundantly
all over the catalyst surface (Fig. 4b). The SEM discloses that
well-formed CNTs were produced by the Fe;0,/MgO catalyst.

Fig.5a shows the morphology of the CNTs generated at
900 °C from methane decomposition over the Fe;0,/MgO
catalyst. It was observed that the carbon deposits appeared in
the form of SWCNT bundles with the bundle diameters
ranging from 10 to 20 nm. The bundles comprised more than
10 SWCNTs with individual nanotube diameters in the range of
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Fig.3 XRD patterns of (a) Fe;O4 nanoparticles (b) the Fe;04/MgO catalyst, (1,1,1): 01-075-0449(A)-Magnetite-Fe;O4; and (b) the
Fe;04/MgO catalyst, (/,1,1): 00-045-0946 (*)-Periclase, syn-MgO, (1,1,1): 00-001-1169 (D)-Brucite-Mg(OH),
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Fig.5 (a) TEM image of SWCNT bundles. (b) Diameter distributions of the SWCNTs

0.7-1.9 nm. It was found that occasionally SWCNTs appeared
in an isolated form. However, they were most often packed
together to form bundles due to the van der Waals
interaction”. The histogram of the nanotube diameters
measured from the TEM images are shown in Fig.5b. The
diameters of the CNTs were in a range of 0.90-2.10 nm. The
average diameter was 1.22 nm with a standard deviation of
0.19 nm.

Raman analysis was performed to verify the presence of
SWCNTs in the carbon samples. The resulting spectrum is
shown in Fig.6. There were two characteristic peaks found in

the Raman spectrum at 1 350 cm’ and 1 595 cm’,
corresponding to the D- and G-bands, respectively. While the
G-band is associated with the high degree of order in
sp>-bonded carbon materials, the D-band is associated with
disorder™. A common measure of the quality of a nanotube
sample is the ratio of the intensity of the D-band to the G-band
(ID/IG)[ZS'QG]. Pure, defect-free SWCNTs have low Ip/l; ratios.
In this study, the calculated /I was 0.03, indicating that the
well-graphitized SWCNTs were grown.

The peaks at low wave number, i.e. < 350cm’ (shown in
Fig.7b), are called the radial breathing mode (RBM)". The
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Fig.6 (a) Raman spectrum of SWCNTs. (b) The low-frequency region of Raman spectrum for the SWCNTSs
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Fig.7 Thermal analysis of carbon sample

presence of RBM peaks is evidence that the sample contained
SWCNTs. The frequency of the RBM is
proportional to the diameter of the nanotube from which it

inversely

arises. It has been found empirically that the diameter of the
tube (d/nm) can relate to the frequency of RBM (wRBM) by
@RBM = A/dt + B, where 4 = 234 cm™, B =10 cm™, and d, =
diameter of SWCNTs in nanometer™"!
that the calculated diameters of SWCNTs were in a range of

. The results showed

0.96-2.21 nm, and it is in good agreement with the diameters
measured from the TEM images. It is important to note that a
single significant peak with a high intensity at Raman shift
190 cm™ was observed. This peak implies that most of the
produced SWCNTs were almost uniform in a diameter, i.e. ca.
1.30 nm, and this diameter was close to the average diameter
presented in the histogram (Fig.5b).

TGA was used to determine the percentage yield of the
carbon deposit. In Fig.7, the TGA shows the weight loss due
to the oxidation of carbon at temperature range of 400-680 °C.
The carbon content of the catalyst was calculated as 100 X
(my-my)/my, where m; and m, are the weights of the sample
before and after the carbon oxidation, respectively. The
calculated carbon content was 19%. The content of amorphous
carbon was approximately 0.19%, a very low value as shown
by the small bump appearing at 325 °C (Fig.7). The sample
contained 0.25% moisture.

3.4 Growth mechanism of SWCNTs

The formation of SWCNTs by the Fe;0,4/MgO catalyst
could be attributed to the strong metal interaction between the
Fe;0, nanoparticles and the MgO™”. We believe that this
restricted the of Fe;04
nanoparticles during the CVD, thus preventing the extensive
agglomeration of Fe;O, nanoparticles at high temperature to

strong  interaction mobility

form larger sized clusters. The growth mechanism can be
explained using the vapor-liquid-solid model™”. At the initial
stage of the catalytic reaction, methane was passed over the
surface of the Fe;O,/MgO catalyst and the methane was
catalytically decomposed into carbon and hydrogen. The
hydrogen acted as a reducing agent in reducing the Fe;O4
nanoparticles to Fe. This was followed by the diffusion of
carbon atoms into the Fe, forming iron carbide in a cementite
(FesC) form®”. When the metal was supersaturated, carbon
precipitated out of the iron carbide surface to form SWCNTs.

4 Conclusion

In this study, we demonstrated that Fe;O, nanoparticles
effective in
synthesizing SWCNTs in a bundle form. The prepared Fe;0,
nanoparticles were small and nearly uniform in diameter. The
quality of the SWCNTs produced by the MgO-supported
Fe;0, catalyst was verified by the Raman analysis. The low
Ip/I; ratio of 0.03 shows that the synthesized SWCNTs were
well-graphitized. The single peak appearing at 190 cm™ in the
Raman spectrum indicates that SWCNTs with the diameter of
ca. 1.30 nm appeared in majority. TGA analysis was further
carried out to determine the carbon content of the catalyst
after the reaction. The weight loss of 19% was observed, and

prepared by precipitation method were

the catalyst sample contained a very small amount of
amorphous carbon as revealed by the TGA.
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