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A Solid-state Hybrid Method to Synthesize Straight Carbon Nanotubes by
Pyrolysis of Two Mixed Metal Phthalocyanines

KUANG Yun-Hua LI Ke-Zhi* LI He-Jun XU Zhan-Wei WANG Yong-Jie
(National Key Laboratory of Thermostructure Composite Materials, Northwestern Polytechnical
University, Xi'an, Shaanxi 710072)

Abstract: Straight carbon nanotubes (CNTs) were synthesized in large scale through thermal chemical vapor
deposition(TCVD) by pyrolysis of two mixed metal phthalocyanines with a certain amount of sulfur at 800~950 °C.
The results by field emission scanning electron microscopy (FE-SEM), high resolution transmission electron
microscopy (HRTEM) and Raman spectroscopy (Raman) reveal that the as-synthesized CNTs (15 ~35 nm in
diameter, 200~800 nm in length) are quite straight and well-graphitized with nearly no defects. Two kinds of
mixed transition metal phthalocyanines(M(I)Pc, M=Fe, Co) were used as carbon source to obtain uniform catalysts
favoring the growth of the straight CNTs. The solid-state hybrid method is quite safe and efficient for synthesis of

straight carbon nanotubes in large scale.
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Since carbon nanotubes (CNTs) were reported by
Tlijima' in 1991, they have been attracted great interest
due to their unique electronic, mechanical, chemical
and biological properties. The CNTs applied in nano-
electrical devices®™ and nanocomposites should be rel-
atively straight. However, the CNTs easily tangle to-

gether because of their agglomerated nature, curved

Wk B 41.2008-12-08 . Wefe ki H 41.2009-04-08

form and length of several microns, thus severely limit-
ing the electrical transmission properties and mechani-
cal strength of the materials. Therefore, it is very im-
portant and necessary to synthesize straight CNTs in or-
der to examine their theoretical performances and po-
tential applications.

Several methods have been developed for synthesis
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of CNTs. Among them chemical vapor deposition(CVD)
has been received a great deal of attention due to the
advantages of low-cost, easy-control and large-scale
production. Some efforts have been taken in synthesiz-
ing straight CNTs by CVD, most of which have been
concerned with the possibility of synthesizing straight
CNTs with alloy catalysts®*. However, the preparation
of alloy catalysts is relatively complicated and high in
cost. Additionally, the synthesized CNTs by using these
alloy catalysts through CVD are usually several microns
long and easy to tangle together.

Recently, many works have been reported by using
organometallic phthalocyanines as precursors to syn-
thesize CNTs. The usage of these organometallic com-

%1% turns out to be a crucial factor for promoting

pounds'
the uniform morphologies and the yield of the CNTs, but
most of experiments with phthalocyanines as precursors
use H, to protect from the agglomeration of the catalyst
and carbon atoms. H, is a very inflammable and explo-
sive gas, so it sets severe demands on equipment. Some

research work?

reported that sulfur is a good substi-
tute to replace the important role of H,. The sulfur has
obvious advantages as cheap and easily available, thus
favoring for safety and energy saving. This work aims at
developing a relatively simple and low-cost method to
fabricate straight CNTs through CVD. A mixture of two
kinds of metal phthalocyanines is used as a precursor to
replace alloy catalysts in this work. The precursor is
consisted of Iron(Il) phthalocyanine(Fe(IPc) and Cobalt
(I) phthalocyanine (Co (I) Pc) mixed with a certain
amount of sulfur to promote the catalytic activities of
the mixture. The as-synthesized CNTs(15~35 nm in di-
ameter) with an average length of several hundred
nanometers are extremely straight with almost no de-

fects.
1 Experimental

The metal phthalocyanines of Fe(Il)Pc and Co(Il)Pc
(analytically pure) were obtained from Alfa Aesar Com-
pany, and the sulfur was C.P. reagent with a purity of >
95.5%. They were evenly mixed in advance by a certain
percentage (the mass ratio of Fe(ll)Pc, Co(I)Pc and S is
1:1:2). The mixed metal phthalocyanines serve as both

the catalyst precursor and carbon source. The sulfur
added into the phthalocyanines mixture was used for
preventing the metal catalysts from being agglomerated
and for activating the surface of the metal catalysts!''.
The experiments were carried out in an electrical-
resistance CVD furnace with two independently heating
zones. The reaction chamber was a quartz tube with
30 mm in diameter and 1 700 mm in length. The CVD
process was carried out for 3 h(including temperature-
increasing stage for 2 h and isothermal deposition stage
for 1 h). The mixture(typically total of 0.2 g) of Fe(Il)Pc,
Co(IDPc and sulfur were placed in a quartz boat at the
low temperature zone (usually at 700 °C), while there
was a substrate located at the high temperature zone (at
800~950 °C) for collecting the CNTs, and nitrogen (N,)
was supplied as the carrier gas (200 mL -min ™). After
the CVD reaction progress was over, the system was
slowly cooled down to room temperature under N, flow.
An entirely black product was observed and character-
ized by using ZEISS SUPRASS field emission scanning
electron microscopy (FE-SEM), JEOL JEM-3010 high-
resolution transmission electron microscopy (HRTEM),
and Raman spectrometer(RENISHAW invia, with 514.5

nm excitation).
2 Results and discussion

Typical FE-SEM images of the as-synthesized pr-
oduct without any purification are shown in Fig.1.
Fig.1(a) indicates that a large scale of well-dispersed,
straight CNTs, just like growing on an oasis, is synthe-
sized. As can be seen from Fig.1(b), the diameter and
average length of the CNTs range from 15 to 35 nm and
from 200 to 800 nm, respectively. It is also shown that
the wall surfaces of the straight CNTs are quite clean
and smooth. The Raman spectrum in Fig.1 (c) reveals
that there are two main Raman bands at 1 349 em™(D
band) and 1 582 ¢cm™(G band), which are characteristic
peaks of CNTs. The G band originates from well-
ordered graphite carbon structure, while the D band in-
dicates the defective structure of graphite sheets. The in-
tensity of the G mode(1 582 cm™) is higher than that of
the D mode(1 349 c¢m™), indicating that the as-synthe-
sized CNTs are well-graphitized and have a high purity.
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(a) The macro morphology of the straight CNTs; (b) The magnification of the sphere area in (a); (¢) Raman spectrum of as-synthesized CNTs

Fig.1

SEM images and Raman spectrum of the CNTs produced by catalytic decomposition for the

mixture of Fe(I)Pc and Co(I)P¢ with sulfur at 950 °C for 1 h under N,

In the TEM and HRTEM observation and exami-
nation of the as-synthesized CNTs, a mass of straight
CNTs are detected in Fig.2(a). The walls of them are
very smooth and clear. The TEM and HRTEM images
of some typically straight CNTs(in Fig.2(b) and Fig.2
(¢)) demonstrate that they are straight, well-graphi-
tized, multi-walled nanotubes comprised of well-
ordered graphene layers(normally 10~20 layers) with
less amorphous carbon. The graphitic sheets of the
CNTs(in Fig.2(c)) are parallel, and the interlayer dis-
tance between neighboring graphitic sheets is 0.34 nm

in accordance with the ideal graphitic interlayer

space.

From Fig.2(b and c¢), it is not difficult to find that
the inner parts of straight CNTs are mainly filled with
metal catalysts(in Fig.2(c)).The mixed catalytic(Fe and
Co) particles are enwrapped in the tubes, the crystal-
lization of which is very good and the catalytic particles
are fairly uniform in Fig.3(c). EDS spectra(in Fig.3(d))
of the sphere in Fig.3 (b) confirms that these straight
CNTs are filled with the mixture particles of iron and
cobalt, so they might be used for promoting the complex
permeability of microwave absorbing composites !

after some furthermore treatment.
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Fig.2 Images of the as-synthesized CNTs by pyrolysing the mixture of Fe(IDPc and
Co(IDPc with sulfur at 950 °C for 1 h in the presence of N,

The results of such a series of characterizations

show that the catalyst particles play a crucial role in the

growth of straight CNTs, as found in reference!™. When

only one kind of transition metal is used as catalyst



954 Jd Hl fk

A 525 %

(shown in Fig.3 (a)), the growth rate of CNTs along the
circumference of catalyst particles is not uniform due to
different catalytic activities on the surface of different
metal nanoparticles, and this causes the carbon nan-
otubes to curve towards the lower growth rate side .
Conversely, when two kinds of mixed metal catalysts are
used for producing large alloy catalysts, with the help of

an appropriate amount of sulfur, the surface energy of
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the alloy metal can be reduced efficiently. As a result of
the synergetic effect of two kinds of mixed metal cata-
lysts(shown in Fig.3 (b)), the circumference of smaller
alloy catalysts is so uniform that carbon atoms pyroly-
size from the mixture of Fe(I)Pc and Co(Il)Pc are more
efficiently deposited on the alloy catalysts surface e-
qually in all directions, so it is easier and more benefi-

cial to making CNTs grow straightly.
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Fig.3  Growth mechanism schematics of curved CNTs and straight CNTs

The length and diameter distribution images in
Fig.2 (e) and Fig.2 (f) reveal that the length of straight
CNTs ranges from 200 nm to 800 nm (the Gaussian fit
length is 482 nm), and the outer diameter is from 15 nm
to 30 nm (the Gaussian fit diameter is 24 nm). These
scale parameters make them suitable for application in
a nanoelectrical device and nanocomposites!”'%.

This simple and safe method has been used to syn-
thesize straight CNTs by pyrolysis of Fe(Il)Pc and Co(Il)
Pc added with some sulfur. Firstly, the organometallic
phthalocyanine mixture is proved to be a key factor for
promoting the morphologies(shape and uniformity) and
the high yield of the CNTs(in our experiment, 0.05 g
CNTs could be obtained from the phthalocyanine mix-
ture weight of 0.2 g). Secondly, the mixture of transition
metal (Fe and Co in our work) catalysts is more uniform
and efficient for synthesizing straight CNTs than one
metal catalyst does, because the former can promote the
uniformity of catalyst particles, which is beneficial for
straight CNTs growth. Finally, solid-state hybrid syn-
thesis of straight CNTs is very simple and safe. Addi-
tionally, sulfur particles play an interesting role in the
growth of straight CNTs. When more sulfur is added in-
to the mixture, the CNTs seems to be a little more

curved, but we have not identified how the sulfur influ-

ence the morphologies of these CNTs. Can we control
the morphology (straight or curved) of carbon nanotubes
by changing the content of sulfur added into mixture?
Further work is needed to investigate this interesting

phenomenon.
3 Conclusions

A large mass of well-dispersed, straight CNTs(with
15~35 nm in diameter) was synthesized by catalytically
pyrolyzing the metal phthalocyanine mixture of Fe(Il)Pc
and Co(Il)Pc with some amount of sulfur. This solid-state
hybrid method of growing straight carbon nanotubes is
simpler, safer and more efficient than using alloy cata-
lysts methods, and has a better morphology than using

one metal as the catalyst precursor.
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