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Abstract

In the presence of catalysts, carbon nanotubes (CNTs) can efficiently grow in the environment
generated by the rapid decomposition of normal explosives. Controlling the reaction
parameters of a mixture of picric acid (PA) with cobalt acetate and paraffin can lead to a well-
defined morphology of CNTs. The formation of bamboo-shape tubes is favorable at relatively
high Co(AC),/PA and paraffin/PA ratios. It is found that the bamboo-shape tubes are different
in morphology and structure and can be categorized roughly into two types, according to the
participation of the catalyst nanoparticles. The formation of the two types is discussed.

Keywords: A. Carbon nanotubes; C. Transmission electron microscopy, X-ray diffraction; D.
Microstructure

1. Introduction

Recently, carbon nanotubes with special structures such as bamboo-shape [1] and [2], Y-
junctions [3], sea urchins [4] and coils [5] have attracted much attention. As the most
common member of this family, bamboo-shape CNTs, constructed by many separated hollow
compartments, have been frequently investigated to explore their unique structure-associated
properties and to understand the relationship between their formation and the growth of
normal tubes that exhibit continuous hollow channels. Exploring the appropriate growth
conditions of bamboo-shape tubes versus normal tubes would also lead to their controllable
syntheses and tune their microstructures selectively.

Until now, bamboo-shape nanotubes have been fabricated through various processes such as
arc-discharge of graphite electrodes [1] and [2], pyrolysis of organometallic compounds [6]
and [7], thermal chemical vapor deposition (CVD) [8] and [9], and plasma-enhanced CVD
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[10], [11], [12] and [13]. Some corresponding growth models have also been proposed [1],
[2], [6] and [8]. Saito et al. [1] and [2] first observed bamboo-shape CNTs in the products
from arc discharge evaporation of nickel-loaded graphite and proposed that they are formed
from “jumps” of the metal particles out of the graphite sheath to the top of the tube at regular
time intervals, driven by the stress accumulated in the graphitic sheath. Kovalevski and
Safronov [6] obtained bamboo-shape CNTs through catalytic pyrolysis of acetylene, benzene
and ethylene at temperatures between 1950 and 2600 °C with metal salts (chlorides, sulfides
or nitrides of Fe, Co and Ni) as catalysts. They further proposed a kinetic model for the
formation of different types of hollow carbons, in which vapor pressure-driven movement of
metal catalyst particles is a key factor for the formation of one-dimension hollow carbon
structures and the bamboo-shape CNTs are formed when the rate of catalyst movement is
slower than the rate of carbon growth. Lee and Park [8] obtained aligned bamboo-shape
CNTs from Fe-catalyzed vapor deposition of acetylene at temperatures ranging from 550 to
950 °C. Based on the observations that the curvature of the compartment layers in the
bamboo-like structure are directed to the tube tip and that no catalytic particles are
encapsulated in the closed tip, they speculated that the bamboo-shape tubes are formed
following a base growth model.

We recently reported that in the presence of Co or Ni catalysts, multi-walled CNTs could well
grow in a special high-temperature and high-pressure environment generated from the
controlled rapid decomposition (detonation) of common carbon-containing explosives such as
m-dinitrobenzene [14] and picric acid [15] and [16]. This detonation approach represents a
simple, cheap and fast synthetic route towards CNTs without any external energy supply and
complicated reaction controlling system. The nanosized catalyst particles are in situ formed
from the detonation-induced decomposition and reduction of the precursor compounds
without sophisticated preparation procedures. Addition of appropriate amount of
hydrocarbons into the reaction system can improve the product yield without influencing the
CNT structures. Bamboo-shape tubes were also observed in the products. The yield and
structure of the carbon products are determined by the mixture recipe (the catalyst—explosive
ratio, and the carbon additive—explosive ratio) and explosive loading density.

In the present paper, we focus on the relationship between the variation of these parameters
and the formation processes and give indications towards the preparation of single species of
CNTs-bamboo-shape tubes. The morphologies and structures of the bamboo-shape CNTs and
the structure of catalyst particles are characterized by transmission electron microscopy
(TEM), electron energy-loss spectroscopy (EELS) and X-ray diffraction (XRD). A detailed
discussion is given on the growth mechanism of bamboo-shape CNTs.

2. Experimental

Picric acid (PA) was used as the explosive to generate the high temperature required and to
provide part of carbon species for assembling CNTs. Cobalt acetate (Co(AC),) and liquid
paraffin were mixed mechanically in desired ratios (see Table 1), serving as catalyst precursor
and additional carbon source, respectively. The experiments were performed in a sealed
cylindrical stainless steel pressure vessel (14 mm in inner diameter, 70 mm in length)
equipped with a pressure gauge. The rapid decomposition of the mixture was induced by
external heating (20 °C/min) by a furnace to 310 °C and evidenced by a sudden pressure rise
(up to 50 MPa dependent on the loading density of PA), which resulted from large amount of
gaseous products, mainly CO, CO;, and N,. After the decomposition, high temperature up to
1000 °C was generated inside the vessel. The vessel was then cooled in air to ambient
temperature and emptied from the gaseous products. The solid products were collected.
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Table 1.

The experimental parameters and their effects on the morphologies of formed carbon nanotubes

Sample | densty | CONCHPA | ParafrPA | LG L G o
(g/cm’) (mol/cm) ratio

1 0.2 1/20 1/4 0.00823 143 1/20
2 0.2 1/20 1/3 0.00942 164 1/4
3 0.2 1/20 12 0.01180 205 3/2
4 0.2 1/15 1/3 0.00949 126 15/1
5 0.2 1/10 1/3 0.00965 84 20/1
6 0.2 1/5 1/3 0.01011 44 15/1
7 0.2 1/3 1/3 0.01071 28 9/1
8 0.1 1/15 1/3 0.00728 97 20/1
9 0.05 1/15 1/3 0.00617 82 25/1

* Calculated from the carbons contained in PA, Co(AC),, and paraffin.
® Chamboo/Coommal i @ ratio of the count of bamboo-shape tubes to the count of normal tubes, as estimated from
TEM observations.

The solid products were characterized by TEM operating at an accelerating voltage of 75 kV,
high resolution TEM operating at an accelerating voltage of 200 kV, EELS and XRD using
Cu Ka radiation. For TEM analyses, the as-synthesized products were dispersed by ultrasonic
treatment for 10 min in ethanol and then placed on holey carbon films on copper grids.

3. Results and discussion
3.1. Effects of experimental parameters on CNT morphology

Table 1 presents the experimental parameters and the corresponding ratios of bamboo-shape
tubes to normal tubes (Chamboo/ Crormal) €stimated by TEM observations. Since all of the three
chemicals involved in the reaction system contain carbon atoms and cooperatively contribute
to the formation of the nanotubes, total carbon density and carbon/cobalt atomic ratio are also
presented according to the calculation from the experimental parameters employed. As shown
in Table 1, the loading density of PA and the recipe of the mixture exhibit significant
influences on the morphology of the grown tubes. High PA loading density and low ratios of
Co(AC),/PA and paraffin/PA are necessary for sound growth of normal CNTs. Fig. 1a shows
a TEM image of the nanotubes produced under such conditions, with PA loading density,
Co(AC),/PA and paraffin/PA mass ratios of 0.2 g/cm’, 1/20 and 1/4, respectively [15]. Most
of the tubes exhibit continuous hollow channels, although small amount of bamboo-shape
tubes (With Chamboo/ Chormal O about 1/20) are also observed. The outer diameters and lengths
of these normal tubes are in the range of 12-50 nm and 0.5-40 um, respectively. When
loading density of PA decreases from 0.2 to 0.05 g/cm’, the total yield of CNTs decreases
sharply from 80% to 20% (compared to total carbons) whereas Chamboo/ Cnormal Tatio seems to
have a slight increase (samples 4, 8, 9 in Table 1). These results suggest that the formation of
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bamboo-shape CNTs is associated with relatively low temperatures since the present system
is self-heated by the chemical-thermal energy transformation of PA and the loading density
of PA determines the system temperature.

Fig. 1. (a) Typical TEM image of the
product obtained from a detonation of
PA—Co(AC),—paraffin with a mass ratio
of 20:1:5 and PA loading density of
0.2 g/em® (sample 1), showing that the
grown tubes are dominant with normal
CNTs with continuous hollow channels.
(b) TEM image of the product obtained
from a detonation of PA—Co(AC)—
paraffin with a mass ratio of 30:3:10
and PA loading density of 0.2 g/cm’
(sample 5), showing that most of the
tubes exhibit bamboo shape. Statistical
diameter distributions of the normal
CNTs from sample 1 (c¢) and the
bamboo-shape CNTs from sample 5
woow (d).
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High paraffin/PA ratio is disadvantageous for the growth of normal tubes, but beneficial for
the formation of bamboo-shape tubes (see samples 1-3 in Table 1). Since PA and Co(AC);
contain high percent of oxygen atoms, which consume carbons as CO, gases, they contribute
relatively small fraction of the carbons to nanotube formation in the reaction system. Majority
of the tube carbons come from the decomposition of paraffin. Paraffin/PA ratio actually
determines the density of small carbon building blocks behind the decomposition reaction
(Table 1) and thus the rate of the subsequent carbon deposition. The significant increase of
Chamboo/ Crormal Tatio with increasing paraffin/PA ratio indicates that the formation of bamboo-
shape tubes is related with high rate of carbon deposition. An overdose of paraffin
(paraffin/PA > 1/2) overburdens the catalyst nanoparticles and results in a dominant formation
of amorphous carbon particles.

Comparing with the data of samples 2, 4-7 (Table 1), the formation of the bamboo-shape
tubes seems also to be associated with relatively high Co(AC),/PA ratio. In the present
system, Co(AC), serves as catalyst precursor and, during the reaction, is converted into
nanosized metal particles, which catalyze and control CNT growth. The percentage of
Co(AC), is closely related to the C/Co atomic ratio and to the size of the formed catalyst
particles. Excessive Co(AC), (for example, Co(AC),/PA > 1/3) leads to the products
dominant with large encapsulated cobalt particles other than nanotubes, likely due to the size
increase of cobalt particles hindering the diffusion of carbon species within the particles,
which was believed to be crucial in the catalytic growth of tubes [17]. Large catalyst particles
may be responsible for the formation of the bamboo-shape tubes, as described below.

The optimal conditions for the formation of bamboo-shape tubes are typically at Co(AC),/PA
and paraffin/PA ratios of 1/10 and 1/3, respectively, and at a PA loading density of 0.2 g/cm’.
Under this condition, almost all of the formed CNTs are in bamboo shape (Fig. 1b). These
bamboo-shape CNTs, constructed by many jointed hollow compartments, have diameters of
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20-100 nm (peaked at about 65 nm), which are obviously larger than the diameters of normal
nanotubes (10-80 nm, peaked at 35 nm), as shown in Fig. 1c and d. The large diameters of
bamboo-shape tubes likely result from the large sizes of cobalt catalyst particles since the
high Co(AC),/PA mass ratio (1/10) used, compared with the value used in the syntheses of
the normal CNTs. TEM observations really revealed an increase in the sizes of the catalyst
particles under the conditions. It has been widely accepted that the size of catalyst particles
controls the diameters of the grown tubes [18].

3.2. Morphologies and structures of bamboo-shape CNTs

Careful observations of the bamboo-shape CNTs by TEM reveal that their morphologies are
highly distinctive, although all of them are constructed by partitioned short hollow
compartments. We categorize the bamboo-shape CNTs into two types. The first type, as
displayed by typical TEM and HRTEM images (2a—d), is characterized that their hollow
compartments are normally spaced by curved carbon domes with carbon sheets joining the
tube inner walls (denoted as type I hereafter). The outermost graphene sheets are structured
continuously along the tube length. The thickness of the inner dome walls is always thinner
than that of the tube walls. This type of bamboo-like tubes is structurally similar to those
frequently obtained by other methods [1], [2], [6], [7], [8], [9] and [10]. However, unlike the
previous observations of arc-resulted tubes [1] and [2], the dimensions of the different
compartment cavities in an individual tube are
not always uniform (Fig. 2a—c). Many tubes
obtained by the present method exhibit
compartment cavities with obviously different
dimensions (Fig. 2b and c), which could be
the consequence of a fluctuation in local
growth environment. Another characteristic of
this type of bamboo-shape tubes is that the
compartment at one tube end normally
contains a cone-shaped catalyst particle, but
the middle compartments are empty, free from
the catalyst particles (Fig. 2c¢), which is
similar to the situation of normal tubes [14],
[15] and [16].

Fig. 2. TEM images of the type I bamboo-shape
nanotubes constructed by the compartments with
uniform dimensions (a) and with different dimensions
(b and ¢). (c) A conical catalyst particle is caged in the
end compartment. (d) HRTEM image of a typical type |
tube.

For the second type of bamboo-shape tubes, the compartments gather together by means of
chaining, that is, the whole tube is constructed by connecting the open end of one
compartment with the closed dome of another compartment (Fig. 3a—c, denoted as type II
hereafter). This type of bamboo-shape nanotubes is rich in our samples, especially in those
produced at high Co(AC),/PA ratio. Their diameter varies along the tube axis since the
different compartments and the different parts of the compartment units show quite different
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dimensions and shapes. Each compartment exhibits a narrow neck nearby the closed dome
and the diameter of the closed dome is significantly larger than that of the open side (Fig. 3a—
c). The wall thickness is also not constant along the compartment, declining smoothly from
the closed dome to the open side. Such a structure is somewhat similar to the CN, “nanobell”-
gathered fibres produced by plasma-enhanced CVD technique [11] and [12], although the
individual nanobell is much shorter than the individual compartment of the type II tubes. Fig.
4a shows a typical HRTEM image, which illustrates the jointing mode between the
compartments. At the junctions, the jointing graphene sheets are clearly not successive
(arrows). At some situations, the walls of the open end joint together and thus leave behind a
needle-like structure without hollow channel, which adheres to the closed dome of another
compartment, as shown by low resolution TEM image (arrow in Fig. 3¢c) and HRTEM image
(Fig. 4b). Different from type I, in this type, catalyst particles are not only filled in the
compartments at the tube ends, but also frequently observed at the middle parts in man
compartments (Fig. 3). O

100 nm B

Fig. 3. TEM images of type Il bamboo-shape nanotubes.
Their compartment units have quite different diameters

at different sections. Catalyst particles are not only filled
in the compartments at the tube ends but also frequently
caged in the compartments at the middle of the nanotubes.

Fig. 4. HRTEM images of the junctions of
the type II tubes. The arrows point the
discontinued graphene sheets at the joint of
two compartments.

3.3. The growth of bamboo-shape CNTs

For the normal CNTs, it is generally accepted that the catalytic growth process consists
mainly of three steps: small carbon species adsorb, dissolve, and diffuse in catalyst particles,
then graphene layers nucleate on the surfaces of the catalyst particle, and finally grow into
tubular structures [19], [20] and [21]. This mechanism can well explain the growth process of
the normal tubes formed in the detonation approach [15].
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Fig. 5 shows an interesting tube structure. It is constructed by half of a normal tube with a
long hollow channel and half of a bamboo-shape tube with partitioned hollow compartments.
Such hybrid tubes possibly result from a perturbation of local physical and chemical
environment and suggest that the formation mechanism of bamboo-shape tubes is closely
correlative with that of normal tubes. XRD analysis (Fig. 6, sample 5) reveals that the catalyst
particles formed under the conditions favorable to the growth of bamboo-shape tubes have a
face-centered cubic structure of parent cobalt, the same as that of the catalyst particles
produced under the conditions favorable to the growth of normal tubes [15]. This suggests
that the formation of bamboo-shape tubes is not controlled by the catalyst crystalline

structure.

Fig. 5. TEM image of a special tube (the thwart one) constructed by half of a normal tube with a long hollow
channel and half of a bamboo-shape tube with partitioned small hollow compartments.

Co(111)

graphite
(D02) Co{200)

Intensity(a.u.)

Co(220)

Fig. 6. XRD pattern of the sample 5.

10 20 30 40 50 60 70 80
2 theta(/*)

Saito et al. [1] and [2] proposed that bamboo-shape tubes are formed from “jumps” of the
metal particles out of the graphite sheath to the top of the tube at regular time intervals, driven
by the stress accumulated in the graphitic sheath. Kovalevski and Safronov [6] further
suggested that the bamboo-shape tubes are formed when the moving rate of the catalyst
particle is slightly slower than the growing rate of the graphitic shell. These proposals, based
on a conception that the growth of a tube is catalyzed by single catalyst particle, can explain
the formation of the type I bamboo-shape carbon nanotubes because, as mentioned above,
only one catalyst particle exists at the end of this type of tubes. It should be pointed out that
some authors found that the presence of nitrogen-containing gases (N2 or NH3) promotes the
formation of bamboo-shape tubes [11], [12], [13], [22], [23] and [24], but our experimental
results show that N, does not play a key role in their formation, at least in our reaction system.
Although a large amount of N, is produced from the decomposition of PA and involved
during the tube growth, normal tubes can be obtained under a similar N»-rich environment by
controlling other experimental parameters.
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The difference in morphologies and structures between the two types suggests that the growth
of the type II nanotubes may follow a different mechanism. The phenomenon that many
catalyst particles exist in different compartments (Fig. 3) suggests that the growth of this type
of tubes is catalyzed by more than one catalyst particles. The discontinuity of the graphene
sheets at the joints between two compartments (Fig. 4) indicates that the type II bamboo-
shape nanotubes are not grown continuously. The compartments seem to be welded together.
These suggestions are also supported by the observations of some special appearances of this
type of tubes. Fig. 7a displays a whip-like bamboo-shape tube, whose diameter changes not
only within single compartment but also gradually from one end to the other end along the
whole tube, and the thick end is about two times larger than the thin end. At the curved end of
each compartment, there is a catalyst particle. Clearly, the formation of such a tube is not
catalyzed by one cobalt particle. Fig. 7b shows another type II nanotube, of which the growth
is directionally inversed, suggesting a discontinuous growth process of the tube.

Fig. 7.(a) A whip-like tube, in which diameter
changes not only in single compartment but also
gradually from one end to the other end along the
whole tube. (b) A highly winded type II tubes, of
which the growth is directionally inversed at the joint
of two compartments marked by the arrow.

The type II nanotubes likely result from a non-equilibrium growth—termination—growth
process. In an individual type II bamboo-shape nanotube, each compartment is
morphologically much similar to a short tube with an open end, and the existed catalyst
particle is completely wrapped at the closed end of the compartment (Fig. 3). One can
imagine that the compartments grow following the same mechanism as normal tubes, and the
growth termination occurs as the catalyst particles are wrapped by graphene shells completely
[25], [26], [27] and [28]. Wang and co-workers [12] have discussed the growth and formation
of individual CN, nanobell, which is morphologically analogous to some compartment units
of the type II nanotubes. They speculated that the N-containing five-member rings, which
result from the N-doping-induced sp’ configuration of C-N bonds, lead to the formation of
conical structure of nanobell unit since the presence of pentagons creates a positive curvature.
As revealed by the EELS elemental analyses (Fig. 8), the bamboo-shape nanotubes produced
in the present technique are structured by pure carbon (containing no nitrogen element). It
indicates that the presence of nitrogen element may be helpful but is not a critical factor to the
formation of bamboo-shape nanotubes. The positive curvatures of their compartments could
be also derived from pure-carbon pentagons, caused by the local perturbation of environments
during nanotubes growing.
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T Fig. 8. EELS spectrum recorded from a highly curved
T dome of an individual compartment of bamboo-shape
T™—] nanotube. It shows a peak at .290.9 eV,
corresponding to the K-shell ionization edge of

J graphitic carbon. No nitrogen-characteristic peak was
— detected at ~.400 eV, indicating the curved dome was

’ . . L . . nitrogen free.
250 300 350 400 450

Energy Loss (eV)

Intensity (a.u.)

How the compartment units to form elongated bamboo-like tubes is of interest. In our system,
the catalyst particles are uniformly dispersed in the whole space of the reactor after the rapid
decomposition. A living catalyst particle can interact easily with the open edge of a
terminated compartment and catalyze the formation of a new compartment. A repeating of
this process leaves behind a long type II bamboo-shape nanotube. The open edge of each
terminated compartment can accommodate only one living catalyst particle (possibly resulted
from the structural stability of the open edge), which catalyzes the growth of another new
compartment and thus leads to the formation of one-dimensional thread structure other than
branched structure. Such a proposal is supported by the observations as follows. (a) In our
experiments, the type II tubes are frequently formed when the ratio of Co(AC),/PA is high.
Such a condition results in formation of many large-sized catalyst particles, which may
quicken the growth termination due to the difficulty of the carbon diffusion within the large
particles (carbon-encapsulated catalyst particles, viewed as undeveloped tubes, were often
formed under this condition) and simultaneously increase the chance of a terminated tube
catching a new catalyst particle. In contrast, appropriately low mass ratio of Co(AC),/PA
favors the abundant formation of normal nanotubes. (b) High paraffin/PA ratio is also
favorable for the formation of the type II bamboo-shape nanotubes. High paraffin/PA ratio
induces high density of carbon species after the detonation and hence high carbon deposition
rate, which likely also terminates the tube growth quickly. (c) This type of tubes is frequently
winded, and the winding often occurs at the joints of two compartments with different
winding degree (Fig. 3b and c, Fig. 7b). On the other hand, although many compartments
contain catalyst particles for the type II tubes, some compartments are empty. The real reason
of such a phenomenon is not very clear, but is possible associated with an escaping [6], [29]
and [30] of some catalyst particles that initially filled inside the compartments.

4. Conclusion

During the growth of carbon nanotubes in the rapid decomposition of the mixture of picric
acid, acetate cobalt and paraffin, the morphologies of the formed tubes are highly sensitive to
the loading density of picric acid and the mixture recipe. Morphologically pure normal tubes
or bamboo-shape tubes can be selectively obtained by controlling the reaction conditions.
Low PA loading density—associated with low system temperatures, high Co(AC),/PA
ratio—associated with large catalyst particles, and high paraffin/PA ratio—associated with
high carbon species concentrations favor the formation of bamboo-shape tubes.
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The morphologies of the produced bamboo-shape tubes can be divided into two types. The
graphene structures and the participation of the involved catalyst particles are also quite
different between the two types of the tubes. Their growth follows different mechanisms. The
formation of the type I tubes may follow a continuous growth mechanism determined by the
rate of the movement of single catalyst particle and the rate of tube growth, as previously
proposed by other researchers. The formation of the type II tubes is likely in a way
characterized as a discontinued growth—termination—growth process, involving many catalyst
particles for one tube. In addition, achieving morphologically pure bamboo-shape tubes make
it possible to give insights into the chemical and physical properties of these special-
structured carbon nanotubes and to develop possible practical applications.
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