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Abstract
Bamboo-shape and fishbone-like carbon nanotubes (CNTs) were selectively synthesized by simple catalytic
decomposition of acetylene over Fe-based catalysts that were prepared by sodium dodecylbenezenesulfonate stabilized
colloid chemical method. The morphological and chemical feature of the products was characterized by X-ray diffraction
(XRD), scanning electron microscopy (SEM), and transmission electron microscopy (TEM). XRD analyses and TEM studies
indicate that Fe catalysts result in the formation and growth of bamboo-shape CNTs, while Fe3O4 catalysts lead to fishbonelike CNTs. The mechanisms involved in the formation and morphological evolution of CNTs are discussed in term of the
structural nature of Fe-based catalysts and the experimental conditions.

Introduction
The discovery of carbon nanotubes (CNTs) opened up an avalanche of research on novel carbon materials owing to their
unique properties and outstanding characteristics that are greatly dependent on the tube’s geometrical chirality and
morphologies. It is believed that altering these properties may bring about significant breakthroughs in science and
technology related to CNTs. In the past decade, the study on heteromorphic CNTs such as bamboo-shaped nanotubes,
octopus nanotubes and fish-bone nanotubes has attracted great interests around the world because of their significance both in
fundamental researches and in potential applications. For example, the fish-bone carbon nanotubes (FCNTs) are believed to
be the good candidate for catalyst support or gas storage materials in comparison with normal ones because of the reactive
outer surface induced by the presence of abundant exposed edges of graphitic layers. The bamboo-shaped carbon nanotubes
(BCNTs), on the other hand, show better electrochemical performance, which was rationalized by the presence of end-caps
located at regular intervals along the walls of BCNTs. In this letter, we present the selectively production of CNTs by
catalytic decomposition of acetylene over Fe-containing catalysts. It has been found that the CNTs with bamboo and fishbone
structures can be synthesized while the Fe-containing catalysts with different structural nature and chemical compositions
were used.

Experimental
Catalysts preparation
Catalysts were prepared by a sodium dodecylbenezenesulfonate stabilized colloid chemical method. In a typical run, 4 g
of FeCl3.6H2O was dissolved into 100 ml water, and sodium hydroxide solution (1 M) was injected under vigorous stirring.
The resulting ferric hydroxide precipitate was filtered, washed several times with deioned water to remove the residual Na+
and Cl-, and then was peptized by 0.2 M of ferric chloride solution (100 mL). The positively charged hydrosol was
coagulated by the addition of 100 mL of sodium dodecylbenezenesulfonate (SDBS) solution with the weight percent of 1%.
After centrifugation, the resulting coagulated colloid particles were dried at 323 K for one night, and were calcined under
different atmosphere. For one of the calcination processes, reduction was performed by 80 mL/min of H2, at a growing
temperature from 293 K to 773 K (5 K min-1), then at 773 K during 2 h. The as-made catalyst was named as CatH. For the
other calcination step, the same procedure was used except the flowing hydrogen was replaced by nitrogen. The resulting
catalyst was noted as CatN.

Acetylene decomposition
For the production of BCNTs, 0.5 g of CatH was placed on a quarts boat inside a horizontal quartz tube reactor (30 mm
I.D.; 70 cm in length) in an electric furnace. Nitrogen (flow rate: 100 mL/min) is firstly flowed through the reactor from top
to bottom during which the temperature was increased form room value to 973 K. Then acetylene (60 % in N2) is passed
through the catalyst bed for 30 min under the same temperature. After each run, the reaction is stopped by flushing the
reactor with nitrogen before cooling to the room temperature. For the preparation of FCNTs, CatN and a flowing mixture gas
of H2/C2H2 (v/v=20/80, flow rate: 75 ml/min) was adopted under identical conditions. The catalysts and the products deposit
were characterized by X-ray diffraction (XRD Rigaku D/MAX 2400), scanning electron microscopy (SEM, JEOL JSM5600LV) and transmission electron microscopy (TEM, Philips Tecnai G2 20).

Results and discussion
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The XRD patterns (Figures 1a and 1b) reveal the domination of Fe and Fe3O4 in CatH and CatN, respectively, which lead
to the formation of the CNTs with well-developed graphitic structures after catalytic decomposition of acetylene. As detected
by XRD analysis in Figures 1c and 1d, the strong reflection from graphite (002) plane can be seen clearly.
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Figure 1. XRD patterns of the catalysts calcined under (a) H2 and (b) N2. (c) and (d): XRD patterns of the carbon samples
deposited over CatH and CatN.
The SEM images of the sample made over Fe catalyst are shown in Figures 2a and 2b, revealing the presence of a film
composed of high-density CNT bundles. The TEM examination (Figure 2c) shows that, the nanotubes have a periodic
bamboo-like structure with the inner cavities. The catalyst particles can be observed both within the inner cavities and at the
end of the tubes (as indicated by white arrows). Figure 2d is the HRTEM image of the BCNTs. The well-developed graphitic
layers can be detected clearly, being in good agreement with the XRD analysis. Extensive studies indicate that the purity of
the BCNTs is quite high although the uniformity of each compartment cavity is not as good as expected, which may offer
more opportunity for their practicality in specific fields.
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Figure 2. SEM images (a and b) and TEM results (c and d) of the bamboo-shape CNTs.
It has been found that no BCNTs were formed when CatN replaced CatH as the catalyst under other conditions unchanged.
This implies that the formation of these bamboo-like carbons is catalyst sensitive. As evidenced by metal particles at the tips
of the carbon nanotubes, we interpret that the growth of the BCNTs bundles favors the tip growth model. Although the CNT
tip free of catalyst particles can also be observed (as indicated by the black arrow), the presence of Fe3C diffraction peak in
XRD pattern suggests quite amount of iron-containing species existed in BCNTs. Therefore, the tip growth mode
predominates in the BCNTs growth.
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Figure 3. SEM images (a and b) and TEM results (c and d) of the fishbone-type CNTs

Figures 3a and 3b are the typical SEM images of the sample deposited on Fe3O4 catalyst. It reveals the domination of
large quantities of fibre-like carbon in the product with a diameter of 0.2-0.8 μm. The TEM investigation (Figure 3c)
indicates that the fibre products are CNTs with large hollow inner cavities. The HRTEM study demonstrates that the wall of
the nanotubes is made of fishbone-like graphitic layers that inclined relative to the tube axis in orientation angle of about 19°.
This structure offers the nanotubes a high surface energy due to the abundant graphitic plane exposed on the tube’s outer
surface, which may make the adsorption of catalyst particles or gas molecules more easily and effectively. It was reported
that, hydrogen is commonly adopted to cap the surface bonding sites of FCNTs, which is critical in the formation of fishbone like carbons. While in our case, the compared test with CatH as the catalyst shows no FCNT prepared. Therefore, the
structural and composition nature of the catalyst do play an important roles in the formation of FCNTs.

Conclusions
Bamboo-shape and fishbone-like carbon nanotubes (CNTs) were selectively prepared by catalytic decomposition of
acetylene over Fe-based catalysts that were prepared via colloid chemical method coupled with calcination treatment. XRD
analyses and TEM studies indicate that Fe catalyst favors the formation and growth of bamboo-shape CNTs, while Fe3O4
catalyst leads to fishbone-like ones. Achieving morphologically pure bamboo-shape or fishbone-like tubes make it possible to
give insights into the chemical and physical properties of these special-structured CNTs and to develop possible practical
applications.
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