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Abstract
Filled carbon nanotubes (CNTs) and thin-walled carbon nanotubes (TWNTs) were
synthesized from coal-derived electrodes doped with transition metals like Fe, Ni, and
Cr by the arc-discharge method. Transmission electron microscopy (TEM) studies
reveal that long and continuous nanowires can be fabricated in the cavities of coalderived CNTs. On the basis of the experimental results, the effects of the carbonization
conditions of coal-derived electrodes on the formation and filling of TWNTs are
discussed in terms of the specific chemical structure and texture of coal.
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1. Introduction
Since the first report in 1993 [1], the fabrication of CNTs filled with diverse materials
has drawn enormous attention around the world, behind which the driving force is
because the introduction of foreign materials into CNTs may substantially enhance or
change their physical properties [2] as well as the properties of encapsulated materials
[3] that lead to promising applications of these filled CNTs in many fields [4-6]. Up to
now, various materials, such as metals [7-10] and their oxides or compounds [11-12],
C60 [13] etc., have been successfully inserted into the hollow cavities of CNTs. For these
purposes, several methods have been employed to bring the filling to success. One
approach is to selectively open the tubes by oxidation treatments [14] before the filling
operation, which is normally termed as two-step process. However, this two-step
method has some obvious drawbacks, including low filling yields, limitation in the range
of filling materials allowed, and irreversible damages to CNTs. Another approach is to fill
CNTs in situ, i.e., to fill the tubes with foreign materials during their growth stage, which
has been attempted using various techniques such as arc-discharge method [7-10] and
catalytic hydrocarbon pyrolysis method [15-17].
Here we report the synthesis and in-situ filling of CNTs from carbons derived from
coal, the cheapest natural carbon source, by the arc-discharge method. The feasibility of
preparing nanomaterials from coal has been proved to be possible since the preparation
of fullerene from coal was first reported by Pang et al. [18] In the past decade, our group

has developed efficient techniques for preparation of fullerenes and CNTs from Chinese
coals [19-23]. Previous results have shown that the plasma arcing of coal-based carbon
has chemical and process advantages over high purity graphite in the formation of
carbon nanomaterials due to the special chemical structure and texture of coal and/or
coal-derived carbons. In this letter we extend our work to in-situ fill CNTs with
transitional metal Fe, Cr and Ni by the arc-discharge method. It is very interesting to
note that thin-walled nanotubes (TWNTs), mainly double-walled CNTs, are also
obtained unexpectedly. This may make it possible for producing CNTs-modular
nanowires and TWNTs in high efficiency and lower costs. This paper presents the
experiment results about the synthesis of filled CNTs and TWNTs from coal, and the
influence of carbonization conditions of coal-derived electrodes are discussed.
2. Experimental
For the arc method adopted in this study, coal needs to be converted into carbon
rods first. A typical anthracite coal from Yang Quan coal mine of China was used. The
as-received coal was crushed and sieved to 150 µm before use. The coal powder and
Fe or NiO or Cr2O3 powder was finely mixed with coal tar as binder respectively, and
subsequently pressed into a mould to form three kinds of metal-doping coal rods. The
weight ratio of coal powder to metals is shown in Table 1. The metal-dopted coal rods
were carbonized in an electric furnace in flowing N2 to make electrodes. The furnace
was first ramped at 5 K/min to 873 K, and then at 3 K/min to 1073 K and kept at 1073 K
for 2 h. Finally, the coal-based carbon rods with a diameter of ca. 10 mm and a length of
ca. 200 mm were obtained.
Table 1 The weight ratio of coal powder to metal catalysts
Metal or Metal oxide
Metal or Metal oxide: Coal powder
powder
Fe
1.00: 3.00
NiO
1.00: 5.09
Cr2O3
1.00: 9.83
The coal-derived carbon rods were used as the anode in the arc-discharge
experiments. The cathode was made of high purity graphite rod with a diameter of 16
mm and a length of 30 mm. Before the arc experiments, a cage made of iron wires was
put inside the arc reactor, of which in the middle were the two carbon electrodes. During
the arcing process, the distance between two electrodes was manually adjusted to
maintain the arc to be stable, and the formed TWNTs deposited on the cage surface. All
of the arc-discharge experiments were carried out with direct current of 50-90 A and
voltages of 30-50 V in He at 0.05-0.06 MPa. For each run, the arc-discharge experiment
normally lasted about 10 min.
After arc discharge was finished, the wire cage was taken out of the arc reactor,
and the web-like materials deposited on the cage surface were directly peeled off and
placed on a carbon copper grid for TEM (JEM-2000EX) examination. The deposits on
the cathode were collected and dispersed in ethanol with ultrasonic treatment for 5 min

and several drops of the suspension were placed on a carbon coated copper grid for
TEM investigation.
3. Results and discussion
The low-magnification TEM examination reveals that the deposits taken from
cathode consist of numerous filled CNTs that are about 10-100 nm in diameter and up
to several micrometers in length, together with empty CNTs, metal-encapsulated
nanoparticles and amorphous carbon particles with various shapes and sizes. Fig. 1
shows some typical TEM images of filled CNTs obtained by using the coal-derived
anodes doped with transition metals like Fe, Ni, and Cr. These CNTs are frequently
seen to be completely filled with foreign materials from the tip to the end. This is the
case especially for Ni catalyst, a large number of long and continuous nanowires are
found in the cavities of CNTs, though they are contaminated with other forms of
impurities as mentioned above. Fig. 1c shows a long and continuously filled nanowire of
ca. 2.6 µm in length, which was obtained from Ni-containing anode. This kind of true
nanowires should have potential application in the magnetic wave shielding and microelectronics fields. According to literature [7], the Ni-based and Fe-based filling is mainly
crystalline metallic carbide and the Cr-based filling is mainly single crystal, further
detailed examinations about these filled CNTs in our case are still in progress.
The results presented here clearly show that filled CNTs, which previously are
mainly fabricated from high purity graphite doped with specific metals, can be
synthesized from coal-derived carbon doped with iron group metals in relatively high
yield by arc-discharge method. Moreover, it is interesting to note that abundant thinwalled carbon nanotubes (TWNTs) with a quite good purity, which differs from the
MWNTs and SWNTs reported previously, are found in the web-like deposits collected
from the surfaces of the iron wires cage, as shown in Fig. 2. In most cases, the length of
these nanotubes is over a few micrometers, and with a diameter varying from 2 nm to 5
nm. The HRTEM examination and Raman spectroscopy study reveal that most of these
TWNTs are double-walled nanotubes. It is well known that SWNTs form readily into
bundles with several isolated tubules [24]. For the TWNTs reported here, it is not
uncommon that most of these nanotubes do not gather together or, if any, ropes form
only with a limited number of tubes, typically two or three. And their average diameters
are a little larger than usual SWNTs.
The formation mechanism of these filled CNTs and TWNTs is not known at this
moment. An attempt has been made to figure out the influence of catalysts and
carbonization conditions of coal-derived carbon on the formation of TWNTs. In a series
of subsequent arc-discharge experiments, the coal-based carbon rods carbonized at
1173 K were used as electrodes while other conditions remained unchanged. It has
been found that abundant MWNTs and metal-encapsulated nanoparticles are formed,
together with some TWNTs (shown in Fig. 2c). This implies that with coal-derived
carbons as the carbon source, the carbonization conditions, especially the heat
treatment temperature during the carbonization process, is one crucial parameter for the
formation of filled CNTs and TWNTs. It is known that coal is a molecular solid rather
than a lattice solid like graphite [25]. For coal-derived carbon rods that have chemical
structures resembling graphite crystalline in the domain of 1-10nm, the basic units in the

Fig. 1 TEM images of CNTs completely filled with metal-based materials. (a) One CNT
of about 1.5 µm in length that is filled with continuous Cr species, in which sudden
changes in the tube diameter are marked by arrows; (b) A CNT filled with Fe species; (c)
A typical image of Ni-species filled CNT or nanowire with a uniform diameter and a
length over 2.6 µm; (d) A high magnification image of the arrow-marked section of the
Ni-filled CNT shown in Fig. 1c.
chemical structure are small graphitic crystallites containing a few layer planes that are
joined together by a variety of weak bonds. Thus, it can be easily envisioned that the
textures and properties of coal could be altered to various degrees due to the breakage

of weak bonds and formation or regeneration of small graphitic crystallites during the
carbonization process as the carbonization temperature varies. As a consequence, the
structure units in coal-derived carbons may vary, and they will break up in different ways
during the arcing process, leading to diverse active species that takes part in the
formation process of filled CNTs and TWNTs.

Fig. 2. TEM images of nanotubes with thin walls; (a) An image showing many thinwalled nanotubes with a big diameter exist in discrete state; (b) Some thin-walled
nanotubes with distorted sections, as pointed by black arrows; (c) Nanotubes with thin
walls, which was prepared from coal-derived carbon rods obtained at 1173 K.
The preliminary work presented here has shown that it is possible to prepare metalfilled CNTs from coal-derived carbons doped with transitional metals such as Fe, Cr and
Ni, at the same time, CNTs with only a few walls or thin-walled CNTs are also obtained
in the same experiment, which is not expected. It should be noted that these two
different products are formed in different positions. Right now, the purity of the carbon
nanomaterials and the selectivity towards a specific product is far from satisfactory. It is
hoped that after further optimizing the preparation conditions of the coal-derived carbon
rods, it would be feasible to selectively prepare metal-filled CNTs and TWNTs in a more
efficient way. The related work is in progress now.
4. Conclusions
In this work, in-situ filled CNTs and TWNTs with a relatively high purity are
fabricated from coal-derived carbon by arc-discharge method with transitional metals
such as Fe, Ni and Cr as catalyst. Some continuous nanowires with a length over 2.6
µm have been synthesized successfully. The results obtained so far lead one to believe

that the carbon electrode used in arcing process is the key parameter for the formation
of metal-filled CNTs and TWNTs, and the properties of the coal-based carbon rods can
be altered, to some degree, by varying the carbonization conditions especially the heat
treatment temperature. We believe that the present work is a step toward efficientproduction of cheap CNTs-modular nanowires and TWNTs. And more work is needed to
clarify the mechanism involved in this process and to establish the optimum conditions
for more efficient production of metal-filled MWCNTs or TWNTs.
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