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Carbon nanotubes posses many remarkable properties and
hold numerous potential applications.[1–15] However, the
growth mechanisms, in particular, the noncatalytic growth
of nanotubes, remains unclear, which poses fundamental difficulties in tailoring their structure for specific applications.
For the noncatalytic growth of nanotubes, such as the arc
discharge and laser ablation methods, three types of mechanism have been proposed, categorized as gas, solid, and
liquid mechanisms.[16–22] The gas-phase models assume that
nanotubes nucleate and grow directly from the vapor. In
solid-phase models, the nanotubes are crystallized from an
amorphous precursor, while the liquid-phase model suggests
that nanotubes crystallize from liquid carbon. There is currently no agreement about which of these mechanisms is
correct. All of the previous proposed noncatalytic growth
mechanisms are mainly based on the observation of the
post-grown nanotubes. In situ observation of noncatalytic
nanotube growth remains a challenge. Here we report an
in situ atomic-scale observation of a noncatalytic layer-bylayer self-templated assembly of carbon-nanotube walls at
high temperature induced by high-bias Joule heating. The
self-templated growth results in the thickening of the nanotube walls and an increase in electrical conductivity. Hightemperature annealing is therefore an effective method to
improve the structural quality and the electrical properties
of nanotubes. In situ observation of the structural changes
of nanotubes during Joule heating at high temperatures can
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provide an effective way to reveal the growth mechanism of
carbon nanotubes.
Our experiments were carried out in a JEOL 2010F
high-resolution transmission electron microscope (HRTEM)
equipped with a Nanofactory TEM-STM (scanning tunneling microscopy) platform.[23–28] Multi-walled carbon nanotubes (MWCNTs) synthesized by chemical vapor deposition
(CVD) were first attached to a gold rod with diameter of
about 250 mm by using a conductive glue, and then individual MWCNTs protruding from the gold rod were approached
and bonded to the STM tip by electron-beam deposition of
amorphous carbon (Figure 1 a–b) inside the HRTEM. A
high current was passed through the nanotube to Joule heat
it to temperatures higher than 2000 8C.[23–28] At such high
temperatures, a layer-by-layer self-templated growth of
nanotube walls occurred.
Figure 1 b shows a MWCNT, the surface of which is
coated with amorphous carbon. The MWCNT is bent due to
pushing of the STM probe. When a bias voltage of 2.3 V
was applied to the nanotube, electric breakdown[23–32] ocACHTUNGREcurred in the right section of the nanotube (Figure 1 c). The
length of the breakdown segment is about 40 nm. The nanotube diameter is usually not uniform because of the different thickness of amorphous coating, and the breakdown
usually occurs at the thinnest segment or the most defective
sites in the nanotube.[23–28] The electric breakdown washed
out most of the amorphous carbon on the surface of the
breakdown section of the nanotube. In the mean time, the
amorphous carbon on the other part of the nanotube surface crystallized into curved and poorly organized graphite
layers. The electric breakdown created a clean surface,
which is best suited for in situ structural observations. After
maintaining a constant bias voltage of 2.3 V for about 2 h,
the number of walls of the nanotube increased from the initial 32 shells (Figure 1 d) to the final 50 shells (Figure 1 e).
Interestingly, the nanotube hollow (Figure 1 b and d) in the
breakdown segment disappeared after the wall growth (Figure 1 c and e). With increasing number of walls, the current
flowing in the nanotube was increased continuously from
370 to 470 mA (Figure 1 f), and the low bias conductance
was increased from 0.8 G0 to 1.5 G0 (G0 = 12.9 kW is a quantum conductance).
In situ microstructure investigations indicated that the
thickening of the MWCNTs (Figure 1 e) was attributed to a
layer-by-layer self-templated growth mechanism, as shown
in Figures 2 to 6. The self-templated growth occurred in
both the inner (Figure 2) and the outer surfaces (Figures 3–
6) of the nanotubes. The HRTEM images shown in Figures 3 to 6 were all taken from the breakdown section of
the same nanotube as shown in Figure 1. Because the nanotube is too thick, only part of the walls were shown in Figures 3 to 6.
Interestingly all the disordered carbon structures such as
carbon onions and incomplete graphene layers (Figure 1 b
and d) inside the MWCNTs were totally transformed to the
inner layers of the MWCNT (Figure 1 c and e). The hollow
space inside the MWCNT completely disappeared after the
high temperature treatment (Figure 1 d), which was attributed to the growth of new nanotube walls in the inner surface.
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wall grew towards the left, it
impinged on a giant fullerene
and reversed its growth direction (Figure 2 b and c).
Figure 3 shows the selftemplated growth of a nanotube wall along the outer surface of the nanotube. Figure 3 a shows the initial clean
nanotube
surface.
After
8 min, an atomic step with a
length of about 16 nm was
formed epitaxially on the
nanotube surface (Figure 3 b)
due to the aggregation of
adatoms and diffusion of disordered carbon residue left
on the nanotube surface
after the electric breakdown.
The atomic step then grew
towards the two ends of the
nanotube (Figure 3 c) until a
complete wall was formed.
In the mean time, two Frank
dislocations climbed back
and forth via dislocation
climb.
Dislocation climb occurs
only at high temperatures
(T > 0.5Tm, where Tm is the
melting temperature) and is
driven by diffusion of vacancies and interstitials.[25, 28, 33, 34]
The dislocation climb indicated motions of interstitials
and
vacancies
in
the
MWCNT. We found two
types of edge dislocation
(Figure 3). One of them (Figure 3 a, b, e, f) is a “sandwich
type”, with the extra graphene plane residing beFigure 1. Thickening of a MWCNT through a layer-by-layer self-templated growth mechanism. a) The
tween two neighboring graexperimental setup. Individual MWCNTs was connected to the STM tip by electron-beam deposition of
phene layers, and the other is
amorphous carbon. b) The initial MWCNT. c) The same nanotube as shown in (b) after electric breaka “Y type” (Figure 3 c, d, g, h)
down. An arrow points out the location where electric breakdown occurred. d, e) Magnification of the
framed regions in (b) and (c), respectively. The number of walls was increased from 32 (d) to 50 (e) after
with the extra plane being
Joule heating the nanotube for about two hours at a constant bias voltage of 2.3 V. Note that the inner
bonded to one of the neighdiameter of the nanotube (marked by two arrowheads) was reduced from 8 nm to  0.34 nm (one
boring graphene layer.
(0002) lattice spacing in graphite). f) The current flowing in the nanotube increased continuously with
The atomic step could
the increasing number of walls. The bias voltage was fixed at 2.3 V.
also be produced by a dislocation glide. Figure 4 a shows
a Frank dislocation underneath the surface of a nanotube wall. The Frank dislocation
Figure 2 shows the self-templated growth of a nanotube
glided along a prismatic plane to the surface of the nanowall in the inner surface. Initially, an atomic step was
tube, creating an atomic step on the nanotube surface. The
nucleated (indicated by arrowheads in Figure 2 a) from both
atomic step then grew towards the right end of the nanothe aggregation of adatoms and diffusion of disordered
tube until a complete wall was developed.
carbon atoms that remained in the hollow of the MWCNT
The nucleation of the atomic steps could initiate from
after electric breakdown. The nanotube wall grew toward
different locations in the nanotube surface. Figure 5 shows
the two ends of the nanotube (Figure 2 b). As the nanotube
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along the dislocation line can
transfer the dislocation completely to Y-type or sandwich-type. Figure 6 c shows
that an extra plane is energetically more stable when
residing on the tube surface
rather than residing between
the tube walls.
The carbon source for
the self-templated growth
was the carbon residue on
the nanotube surface. The
nucleation and growth of the
Figure 2. Sequential HRTEM images showing the self-templated growth of a nanotube wall (pointed out
nanotube walls was attributby arrowheads) on the inner surface. The time elapsed is marked in each figure. The bias applied to the
ed to surface and interstitial/
nanotube was 2 V.
vacancy diffusion.[21] The
carbon atoms (mostly adatoms) on the nanotube surface were very active and diffused along the nanotube
surface. Due to surface diffusion, the adatoms were able
to coagulate and form atomic
steps, which then grew by
further accretion of adatoms
on their edges until a complete wall was formed. The
activation energy of the surface diffusion is 0.13 eV,
which is very low.[21] Theoretical calculation showed that
the surface diffusion length
lSD for carbon adatoms
varied from 3 to 0.03 mm in
the temperature range from
1000 to 2000 K, meaning that
the adatoms could travel a
long distance along the nanotube surface to reach the
Figure 3. Sequential HRTEM images showing the self-templated growth of a nanotube wall on the outer
edge of the atomic steps.[21]
surface. Arrowheads and arrows point out an atomic step and two Frank dislocations, respectively. a) A
The migration velocity (meaclean nanotube surface was produced by electric breakdown. b) An atomic step emerged on the nanosured from our in situ experitube surface. c) The atomic step in (b) grew towards the two ends of the nanotube. d) A new nanotube
ments) of the atomic steps
wall was grown. e, f) A sandwich-type edge dislocation with an extra graphene plane residing between
was generally in the range of
two neighboring graphene planes. g, h) A Y-type edge dislocation with an extra plane bonded to a neigh1  4 nm min 1, which is very
boring graphene layer.
close to the migration velocity of Frank dislocations. This
implies that the diffusion velocity of adatoms on the inner and outer surfaces is close to
that two atomic steps grew along opposite directions and
that of the interstitials and vacancies in the intermediate
then merged to form a complete wall.
layers of the nanotubes.
The glide of the edge dislocation can be understood by
The layer-by-layer growth was not influenced by electrothe alternative appearance of the Y-type and sandwich-type
migration, since the growth directions did not depend on
dislocations. Figure 6 a shows the process of an edge dislocathe direction of the current. It should be noted that the nontion glide from the center of a four-layer tube to its surface.
catalytic epitaxial wall growth phenomenon observed here
A Y-type dislocation appears between each glide step. The
is different from the catalytic growth process.[35, 36] In the
transformation between sandwich-type and Y-type is illustrated in Figure 6 d, where a Y-type and a sandwich-type disformer, no catalyst was involved, and a temperature higher
location are connected by a kink. The motion of the kink
than 2000 8C was required to drive the carbon-atom diffusmall 2007, 3, No. 10, 1735 – 1739
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Figure 4. Sequential HRTEM images showing the formation and
growth of an atomic step (pointed out by arrowheads) on a nanotube
surface. The step was formed by gliding of a Frank dislocation from
the interior (a) to the outer surfaces (b) of the nanotube.

Figure 5. Sequential HRTEM images showing merging of two atomic
steps (marked by an arrow and an arrowhead) to form a new nanotube layer. The atomic step on the left of (a) and (b) was rolled up.

tube structure annealing on catalyst surface could be achieved at a relatively low temperature of 600–1000 8C. We
did observe catalyst particles in most of the MWCNTs but
these catalyst particles always melted and evaporated well
before the noncatalytic self-templated wall growth when we
ramped up the bias voltages to the nanotubes. The melting
and evaporation of the catalysts occurred at much lower
temperatures (or applied bias voltages,  1–1.5 V) than that
required for the noncatalytic wall growth (  2 V). During
the melting or before evaporation of the catalyst particles,
precipitation of new nanotube walls from the catalyst particles, similar to that reported previously,[35, 36] were frequently
observed and such a catalytic wall growth phenomenon is
out of the scope of this paper.
The layer-by-layer self-templated growth of nanotube
walls is in excellent agreement with the growth model initially proposed by Iijima et al.[16] and later on by others.[19–21]
Based on the observation of the presence of incomplete
nanotube layers on the nanotube surface, Iijima et al. suggested that the extension and thickening of nanotubes occurred by an island growth of graphite basal planes on the
existing nanotube surfaces. Our in situ observation has
shown conclusively the validity of this growth model. Our
result is also consistent with the model of nanotube growth
mediated by surface diffusion.[21] We conclude that individual atomic steps were produced either by the coalescence of
adatoms or by the migration of Frank dislocations to the
surface of the nanotubes. Surface diffusion drove the atomic
steps to extend along the nanotube surface until complete
layers were developed.
In summary, we found a noncatalytic layer-by-layer selftemplated growth mechanism of carbon nanotube walls
when the nanotubes were Joule heated to about 2000 8C
inside a HRTEM. The self-templated growth took place on
both the inner and the outer surfaces of the nanotubes. In
the former, individual atomic steps were first nucleated
either from the aggregation of adatoms or from the gliding
of Frank dislocations from the interior to the outer surfaces,
and the atomic steps then grew epitaxially along the existing
nanotube surfaces to form complete nanotube walls. In both
cases, the nanotube walls grew at the expense of disordered
carbon or adatoms produced by electric breakdown. The
self-templated growth results in thickening of the nanotube
walls, reduction, or even disappearance of the nanotube
hollow, and improvement of conductance. The results prove
conclusively that self-templated growth is an important
component of the noncatalytic growth of carbon-nanotube
walls, and annealing of MWCNTs at high temperatures improves their structure and electronic properties.

Keywords:
carbon nanotubes · noncatalytic growth · conductivity ·
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sion for the growth of new nanotube walls and anneal the
walls to high quality. In the latter, however, the nanotube
walls were always precipitated from a catalyst and both fast
carbon diffusion across catalyst and efficient carbon-nano-
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