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Due to their unique structure and physical properties and Fe deposition
numerous potential applications, carbon nanotubes have been -
extensively studied recently and are expected to attract more
attention in the futuré.Morphology control of carbon nanotubes
represents one of the most explored directions. Except for the

normal linear structure, nanotubes with morphologies of #ing, e > "Bulb”
rocket? branch3 cone? bulb? star® cup-stacked-typé bambod® ‘ > "Trunk
and heli® have been widely investigated. Here we first report CVD growth

another new type of nanotubes with a pearl-like morphology. This
unique morphology enables nanotubes with much improved fiber
spinability. The derived fiber shows excellent mechanical and
electrical properties. Furthermore, such nanotubes will be much Figure 1. Synthesis of the pearl-like carbon nanotube arrays through a
more effective in reinforcing matrix to produce strong and tough chemical vapor deposition (CVD) process.

composites?

Chemical vapor deposition (CVD) was used to synthesize pearl-
like nanotube arrays (Figure 1). Experimental details are described
in the Supporting Information. Arrays with thickness up to hundreds
of micrometers can be prepared by this approach. The as-
synthesized carbon nanotubes are highly aligned with each other
in the array, as demonstrated by scanning electron microscopy
(SEM) and X-ray diffraction (XRD). Figure 2a shows that the top
surface of as-synthesized arrays is uniform and flat. The vertically Figure 2. Highly aligned carbon nanotube arrays. (a) Top view by SEM
aligned carbon nanotubes can be clearly observed from a side vie\/\)('nse”ed’ side view shown by the red arrow). (b) Raman spectrum.
(inserted image in Figure 2a and Figure S1). The preferentially
aligned arrays are further confirmed by XRBwWhen the incident
X-ray strikes arrays from the top, only a weak peak of (100) at
42.# is observed, which corresponds to a crystal spacing of 2.12
nm (Figure S2a); however, when the incident X-ray comes at the
side direction of the same sample, a much stronger peak of (002)
emerges and corresponds to the interplanar spacing of 0.34 nm
(Figure S2b). The XRD results also indicate that the synthesized
nanotubes are multiwalled.

Nanotube arrays are further characterized by Raman spectroscopy
(Figure 2b). For normal linear nanotubes, the strong D-band
corresponds to the disorder features due to the finite particle size
effect or lattice distortion of the graphite cryst&s-or these pearl- i y J
like carbon nanotubes, a major contribution also comes from the Figure 3. (a and b) TEM images of pearl-like nanotubes. (c) High-
distortion in the connection segment between “bulb” and “trunk” resolution TEM image of pearl-like nanotubes.
parts.

The pearl-like morphology of synthesized carbon nanotubes is
studied by transmission electron microscopy (TEM). As shown in
Figure 3a and 3b, the diameter of the trunk part is 23 nm, and the
maximum diameter for bulb parts is 39 nm. Diameters of the hollow
part in the bulb and trunk are 9 and-182 nm, respectively. High-
resolution TEM image in Figure 3c further confirms the multiwalled
structure of the pearl-like nanotubes. More details can be found in
the Supporting Information.

Deriving a detailed mechanism for the formation of such a pearl-
like structure is still a challenge. We have observed that the pearl-
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like structure can be formed only at the temperature range of800
850°C. The catalyst particles are in a setiliquid two-phase state

in this temperature randé It has also been reported that the size
and geometry of the catalytic particle largely control the size and
morphology of carbon nanotub&s4On the basis of this evidence,
we propose a dynamic sotidiquid oscillation mechanism for the
formation of the pearl-like nanotubes. According to thek& phase
diagram!? the catalyst particle will transform to the liquid state
when the carbon content is high and to the solid state when it is
low. It has also been known that carbon atoms diffuse to the
catalyst-nanotube interface to sustain the nanotube growth. Assume
 Los Alamos National Laboratory. that the catalyst particle is initially in the solid state. The solid
*North Carolina State University. catalyst particle tends to take a spherical shape to lower its surface
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Figure 4. (a) SEM image of a fiber spun from pearl-like nanotube arrays.
(b) Mechanical test. (c) Temperature dependence of the fiber conductivity.
(d) Scaling of the conductivity data with the variable range hopping
mechanism on a plot of I versusT-Y4, (e) Scaling of the conductivity
data with the tunneling conduction mechanism on a plot of Imersus
T71/2.

energy, which produces a big tube diameter. The diffusion of carbon
atoms is slow in the solid catalyst. If the supply of carbon atoms
to the catalytic particle is faster than their diffusion, the carbon
content in the particle will increase, transforming part or all of the
particle into the liquid state. A liquid catalyst particle tends to take
an oblong shape, producing a smaller diameter. The diffusion is
much faster in a liquid catalyst particle, which makes the nanotube
grow much faster and consequently lower the carbon content in
the catalyst particle. This transforms it back to the solid state. The

repetition of the above process produces a pearl-like structure. Such
a mechanism can only happen in a narrow temperature range in

which the solid-liquid transformation occurs. Note that, due to
the changing transformation speed of the catalytic particle during
the nanotube growtt,the distance between two neighboring bulbs
varies (Figure 3a and 3b). Further study is underway.

To fully utilize the unique physical properties of carbon
nanotubes, it is desirable to spin them into continuous fibers at
macroscopic scal¥. However, the continuous spinning is chal-
lenging due to the slide among linear carbon nanotubes that
originated from their smooth cylindrical outer surface. As expected,
the unique pearl-like morphology in the present system provides
much improved spinning ability. The pearl-like nanotube arrays
can be easily spun into long fibers. Figure 4a shows the typical
photograph of a derived fiber. These fibers exhibit a maximum
tensile strength of 0.35 GPa (Figure 4b), higher than 6038
GPa of fibers spun from normal linear nanotubes synthesized at
750°C. The tensile strength can be further improved to 1.24 GPa
after wetting with polydiacetylenes. These fibers also show excellent
electrical property. Their electrical conductivity is 250 S/cm at room

temperature. Figure 4c further reveals the temperature dependence

of the conductivity of a fiber from 190 to 300 K. The conductivity
increases from 32 S/cnt & K to 122S/cm at 310 K, indicating a
semiconducting behavior of the fibers derived from the pearl-like
nanotubes.

For the temperature dependence of conductivity, two main

mechanisms have been suggested, that is, a variable range hopping

mechanisi¥2Pand a tunneling conduction mechanisfic These
two mechanisms are respectively described by the following two
equations:o = oo exp(—A/TY4) ando = oo exp(—B/TY?), whereo
is the electrical conductivitygo, A, andB are constants, antlis
the temperature. As shown in Figure 4d and 4e;7 WersusT-/4

based on the first equation shows a much higher degree of linearity

in a wider range than that of km versusT-2 based on the second
equation. This indicates that the conduction in this system is mainly

controlled by the three-dimensional hopping mechanism. This
behavior is most likely due to the unique morphology of these pearl-
like nanotubes, in which electrons cannot be confined in the 1D
channel as normal linear nanotubes.

Carbon nanotubes have also been proposed as nanoreactors due
to the well-defined structure in terms of inner hollow cavities and
a high aspect rati®® Some successful applications have been
reportedi®19Due to the different sizes of the bulb and trunk, these
pearl-like nanotubes may find new applications by introducing other
components into either the bulb or the trunk parts. More research
is underway to incorporate metals and monomers into the bulbs of
the pearl-like nanotubes.

In summary, we have demonstrated the first synthesis of well-
aligned, pearl-like carbon nanotube arrays through a CVD process.
Due to the unique morphology, these carbon nanotubes can be easily
spun into macroscopic fibers with excellent mechanical and
electrical properties. In addition, the interesting hollow structure
inside the nanotube may open new applications for carbon nano-
tubes as nanoreactors.
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