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carbon source in the floating catalyst process. The CNTs obtained in the forest had a thin-
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ner diameter and lower growth rate than those obtained with other carbon sources, which
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was attributed to the existence of sulfur in the LPG. The use of unpurified LPG provides a
controllable way to synthesize a CNT forest at low cost.
Ó 2007 Elsevier Ltd. All rights reserved.

1.

Introduction

Since the first synthesis in 1996 [1], vertically aligned carbon
nanotube (CNT) forests have become one focus in nanoscience and nanoengineering. These aligned CNTs in the forest-like arrays are of many attractive properties, such as
identical tube length, uniform orientation, extra high purity,
easy spinning into macroscopic fibers, etc. Therefore, the
as-grown forest can be used directly to construct field emission devices, anisotropic conductive materials, multi-functional membranes and super strong yarn. Even after the
loss of the original alignment, longer and straighter multiwalled CNTs (MWCNTs) from the CNT forests are found better
than randomly aggregated multi-walled or even single-walled
CNT (SWCNT) in improving the electronic, mechanic and
thermal properties of the polymer [2]. These applications
can become feasible if there is a controllable synthesis of
CNT forests at a low cost in a scalable way. Various synthesis
methods have been developed, which include porosity assisted chemical vapor deposition (CVD) [1], plasma enhanced
CVD [3], thermal CVD [4,5], alcohol catalyzed CVD [6] and
floating catalyst CVD [7–16]. For further research on CNT forests and the ultimate commercialization of CNT forests, a
cheap catalyst, a simple synthesis method and a cheap carbon source are necessary for those methods.

High (>99.9%) purity carbon sources including CO and
hydrocarbons such as methane, ethylene, acetylene, n-butane, hexane, benzene, toluene, xylene have been used to
synthesize CNT forest in previous studies [2–22]. These purified carbon sources were expensive and present in limited
supply, compared to cheaper fuels such as natural gas, liquefied petroleum gas (LPG), gasoline, water gas, coal gas, dry gas
and coal [23–29]. However, the cheaper fuels contain sulfur in
concentration of a few to several hundred ppm, which is
expected to severely poison the catalyst, and few reports
currently exist on the direct use of LPG, coal or natural gas
[23–29]. Prokudina has reported the synthesis of agglomerated
CNTs from LPG but no information on the sulfur content was
given [23]. Our group had reported the direct synthesis of
agglomerated CNTs from the decomposition of the LPG containing 13 ppm sulfur by a Fe/Mo/Al2O3 catalyst [24]. There
had been no reports on the synthesis of CNT forests, although
the CNT forests are fascinating materials which urgently need
a large scale production to be useful in the future.
In this contribution, we report the direct synthesis of a
CNT forest that is as long as 540 lm from the decomposition
of LPG containing 20 ppm sulfur with a one-hour growth. The
diameter and growth rate of CNT forest can be modulated by
the growth temperature. The fact that a small amount of S in
LPG can reduce the diameter of the CNT in the forest was also
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reported. Those findings provide a concept and an example
for cheap carbon source and controllable way for CNT forest
production.

spot size of about 20 lm2 on the CNT forest kept at ambient
temperature.

3.
2.

Results and discussion

Experimental

The CNT forest was grown by the floating catalyst method on
a quartz flake growth substrate using ferrocene as the catalyst
precursor and LPG as the carbon source. The LPG was directly
purchased from a household fuel supplier. The quartz flake
was placed inside a horizontal quartz tube with an inner
diameter of 30 mm and length of 1200 mm. The quartz tube
was heated by a two-stage furnace with length of 300 and
600 mm, respectively. Generally, the reaction zone was first
heated to 800 °C with a carrier gas of 90% Ar and 10% H2 at
a flow rate of 600 ml/min. Then the catalyst source was
heated to 60 °C in the first furnace stage before LPG was introduced into the reactor. The LPG was flowed into the reactor at
a rate of 60 ml/min. It was decomposed by the in situ formed
metal catalyst in the second furnace stage. The growth was
continued for a specific time. After the experiments, the product was taken out of the reactor and peeled from the
substrate.
The LPG and gas product compositions were analyzed by
an on-line gas chromatograph (Shimazu 14B) with a 50 m
PLOT Al2O3 capillary column and a FID detector. The morphology of the CNT forest was characterized by a JSM 7401F high
resolution scanning electron microscope (SEM) operated at
5.0 kV and a JEM 2010 high resolution transmission electron
microscope (TEM) operated at 120.0 kV. The sample for the
TEM observation was prepared with a common sonication
method. Raman experiments were performed with a Renishaw RM2000 Raman spectrophotometer. The spectra are recorded using a He–Ne laser excitation line at 633.0 nm with a

Compared to most CNT forest precursor, the LPG had a very
complex composition, and even contained some sulfur. The
typical composition of the LPG and the gas product from the
floating catalyst process is shown in Table 1. It can be seen
that the LPG was mainly composed of C3 and C4 alkanes
and alkenes. Also, 20 ppm H2S existed in the LPG, which
caused an ugly smell. The gas product out from the reactor
had lower C3 and C4 hydrocarbon weight percentages, which
indicated the transformations to other carbon forms, such as
the solid carbon product and the other gas hydrocarbons
shown in Table 1. The weight percentages of CH4, C2H4 and
hydrocarbons above C5 were increased. Obviously, in this process, the hydrocarbon cracking mechanism is very complex
[30]. Apart from producing the solid carbon product, a hydrocarbon gas can also transform into other gaseous hydrocarbons, such as CH4, C2H4 and aromatic hydrocarbons. The
details need further studies, but here, we only discuss this
on the level that although the LPG was a mixed carbon source,
it was effective as a carbon source for CNT growth.
The solid as-grown product obtained from the quartz flake
substrate was in the state of a black film. This was characterized by SEM (Fig. 1), which showed that a CNT forest with a
length of 540 lm was obtained after a one-hour growth at
800 °C. The CNTs in the forest showed good orientation with
parts of straight and curve CNTs (Fig. 1b). This is in agreement
with many reports [7–16,21], which have close relationships to
forest growth [31]. The curved CNTs were of a little higher curvature, the tortuosity factors of which were about 1.45 ± 0.14
at a calculating scale of 10 lm [32]. This indicated the

Table 1 – Weight percentage composition of the hydrocarbon in the feed LPG and the gas product from the floating catalyst
process at the growth temperature of 800 °C

LPG
Gas product

CH4

C2H6

C2H4

C3H8

C3H6

C4H10

C4H8

C5

0.60
21.91

2.63
10.25

0.28
30.77

17.67
2.51

6.53
3.18

32.59
0.23

36.47
3.04

3.23
28.11

Fig. 1 – SEM images of a CNT forest grown from LPG at 800 °C for 1 h.
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presence of a higher amount of defects, which is one of main
reason for curve CNT in the as-grown CNT forests product. It
can be seen that the walls of the CNTs were clean and did not
have dots that indicated the existence of carbon encapsulated
catalyst or carbon sphere. This indicates that the carbon
encapsulated catalyst or carbon sphere, which usually pollute
the CNT forest in the floating catalyst method [15,16], can be
avoided with LPG as the carbon source under our growth
condition.
A typical MWCNT structure was seen in the TEM images
(Fig. 2a and b). Due to the sonication in the TEM sample preparation, the aligned arrangement of the CNTs was destroyed
to obtain a high dispersion of CNTs in the ethanol solution
(Fig. 2a). The diameter had a slightly wider distribution, with
an average diameter of 12 nm (Fig. 2c), which is in good agreement with the SEM images. About 5–15 layers of graphite can
be seen from the TEM images (Fig. 2b). Another important feature of the CNT forest was that the defects density was a little
higher for the CNTs from the LPG carbon source. The Raman
spectra showed only the D and G peaks with an intensity ratio
of 0.98 (Fig. 2d), which is a supporting evidence that the
MWCNTs from the LPG had a higher defect density.
In the VLS model of CNT growth, the carbon source is
decomposed at the surface of the metal catalyst, and it does
not matter whether the carbon source is a pure carbon-containing gas or a mixture of gases. In our case, LPG, which
was a cheap and common carbon-containing gas mixture,

was used to synthesize a CNT forest. It can be suggested that
it would also be effective with other forms of catalyst for forest formation, such as a metal film in thermal CVD or plasma
enhanced CVD.
Another important goal of controllable CNT growth is the
diameter of the MWCNTs in the forest, especially in the floating catalyst process. Table 2 summarizes the characteristics
of CNTs in forest form that have been reported [8–16]. It can
be seen that most works have produced CNTs with a diameter
larger than 15 nm. The CNTs can also be thicker when more
of the catalyst precursor source is present [11,14,16] or with
higher temperatures [11,12,14–16]. In our case, the diameter
of the as-grown products was small. It was about 12 nm when
the forest growth temperature was 800 °C. When the growth
temperature was lowered to 700 °C, the diameter of CNTs in
the forest (Fig. 3a) reduced to 6.8 nm (Fig. 3c). There were
more defects in the products (Fig. 3b). The Raman spectra
showed only the D and G peaks with an intensity ratio of
1.04 (Fig. 3d). The LPG contained 20 ppm H2S, which was the
important difference from other common hydrocarbon
sources. The S element plays a key role as a promoter for
higher selectivity to SWCNTs or DWCNTs with the floating
catalyst method at temperatures higher than 1000 °C [33,35].
The S can partly poison the metal catalyst and promote the
presence of small size catalyst particles during the formation
process [33–35]. In our case, the S element was in a low concentration compared with other reports [14,33–35]. But it
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Fig. 2 – (a) and (b) are TEM and HRTEM images of a CNT forest grown from LPG at 800 °C for 1 h (the sample after sonication).
(c) and (d) are the diameter distribution and Raman spectra of the CNT forest.
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Table 2 – MWCNT forest structure from different carbon sources by the floating catalyst process
Carbon source

Catalyst
precursor

LPG

Ferrocene

Ar/H2

540 lm, 800 °C, 1 h

Acetylene
Acetylene
Methane, acetylene
or n-butane
Acetylene
Xylene
Xylene
Benzene or thiophene
Toluene

Ferrocene
Ferrocene
Ferrocene

Ar
Ar
Ar

500 lm, 800 °C, 5 min
100 lm, 800 °C, 5 min
60 lm, 1100 °C

Fe film on SiO2
Ferrocene
Ferrocene
Ferrocene
Ferrocene

NH3, Ar
Ar/H2
Ar/H2
Ar
Ar/H2

0.6–20 lm, 3–30 min, 950 °C
1.5 mm, 850 °C, 30 min
800 °C
100–500 lm, 800–1000 °C
150 lm, 400 min, 590–760 °C

m-Xylene

Ferrocene

Ar/H2

820 °C

experimental
Gaussian fit, d=6.8 nm =4.5 nm

CNT forest length and
growth time

CNT diameter
12 nm, 800 °C;
6.8 nm, 700 °C
20 nm
15 nm
12–18 nm
60–240 nm
30–60 nm
20–40 nm
25–100 nm
10–40 nm, 590 °C;
25  70 nm, 760 °C
70–130 nm (13.1 wt%)
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Fig. 3 – (a) and (b) are SEM and TEM images of a CNT forest grown from LPG at 700 °C for 1 h (TEM sample after sonication).
(c) and (d) are the diameter distribution and Raman spectra of the CNT forest.
was still effective in keeping the diameter of the CNTs small.
At the same time, the defect density was much increased
with the continuous introduction of S with the LPG, which
was caused by the instability of the catalyst activity. The defects of CNTs increased when in a low growth temperature.
As compared to the fast growth at 30 lm/min [12], our thin
wall CNT forest growth rate at 800 °C was about 9 lm/min.
At the lower temperature of 700 °C, the growth rate was about
1.2 lm/min. Both the CNT product and the growth behavior
were much more complex with the sulfur-containing LPG,
which needs further researches.

Finally, it can be noted that although the carbon source
was very cheap and complex, a good quality CNT forest
was synthesized, and its structure can also be modulated
by the parameters of the process. The results in this letter
indicate a method to lower the production cost of CNT
forests.

4.

Conclusion

When LPG containing a low S concentration was used as carbon source, CNT forest with a smaller diameter was grown in
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the floating catalyst process. LPG was an effective carbon
source and it is a small amount of S in LPG that reduced the
diameter of the CNTs. However, the product had more defects
and a lower growth rate. Since LPG is very cheap, this suggests
that more controllable CNT forests can be produced at a lower
price in future.
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