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Abstract The thermal stability of multi-walled carbon nan-
otubes (MWCNTs) was assessed in situ by transmission
electron microscopy. Upon heating, Ni catalysts in MWC-
NTs containing bamboo structures shrank from the tail due
to evaporation, leading to additional bamboo formation and
tube elongation at 800°C, while the MWCNTs with FeSi
catalysts remained intact up to 1050°C except for better
crystallinity. The physisorbed carbon and/or hydrocarbon
on surfaces and super-saturated carbon in the Ni catalysts
should be responsible for the phenomena.

PACS 81.01.De · 81.07.Bc · 87.64.Ee

1 Introduction

Carbon nanotubes (CNTs) have stimulated great research in-
terest since their first report in 1991 [1], for their unique con-
formations to be ideal quantum wires and because they can
act as the building blocks for nanoscale devices due to their
intrinsically metallic and semi-conductive properties, which
are determined by their diameter and chirality [2, 3]. They
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have been applied in field emission and vacuum microelec-
tronics, high sensitive sensors and probes [4].

Although CNTs have been synthesized by many meth-
ods, catalytic growth with chemical vapor deposition (CVD)
could significantly lower the reaction temperature and ex-
hibit the potential to generate high density and well-aligned
CNTs [5]. The CVD techniques that allow for bulk produc-
tion of nanotube films have also been developed with an
increasing ability to control the uniformity and the prop-
erties of the products [6]. Nucleation of carbon filaments
with catalysts have been systematically analyzed in terms
of the Gibbs free energy, and the calculations reveal that
both carbon supersaturation in the metal particles and the
state of the metal particles affect the stable size of a nu-
cleus [7]. However, systems containing eutectic reactions,
such as Fe–, Ni– and Co–C, would need more, both theoret-
ical and experimental, studies, for the metal particles trans-
forming into liquid, and the state favors growing SWCNTs
according to the same report [7]. On the other hands, root-
or tip-growth mechanisms [8–12] have been proposed to ex-
plain the growth of CNTs. Nevertheless, further growth im-
provement still requires a deeper understanding of the entire
catalytic growth process. Besides, the further implementa-
tion of CNT nanodevices also demands not only the under-
standing of CNT handling and assembly but also the assess-
ment of the thermal stability of CNTs, since devices would
experience heating during the fabrication process.

In-situ transmission electron microscopy (TEM) can be
applied to closely monitor the growth and reaction processes
in real time and thus has been successfully applied to
examine some growth issues of CNTs. For example, the
entire CNT growth in the early stage has been demon-
strated, including the occurrence of the first spheroidal car-
bon layer from a catalyst to the necking of spheroidal parti-
cles [13]. Catalyst dynamics has been examined for the nu-
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cleation of surface-bound single-walled CNTs and carbon
nanofibers [14]. Ni particles on a MgO substrate [15, 16]
and on a SiOx coated TEM grid [14] have been found to
remain metallic and crystalline during CNT growth. Intense
electron beam irradiation and heating could transform rod-
like carbon into CNTs [17]. Moreover, the crystallinity of
multi-walled graphene sheets could be improved by similar
effects [18].

In this paper, we report on the dynamical structure evo-
lution of multi-walled CNTs (MWCNTs) upon annealing.
Depending on the type of catalyst used, the evolution of the
structure may include bamboo structure formation and tube
elongation in an externally carbon-free environment. The
proposed mechanism responsible for the structure changes
provides direct evidence for the tip-growth mechanism. This
study also provides useful information on catalyst removal
and the opening of MWCNTs by vacuum heating, which en-
ables purer MWCNTs, in contrast to wet chemistry [19].

2 Method

Two types of MWCNTS were prepared for this study. The
first type was produced by induced couple plasma CVD
(ICP-CVD) using Ni as the catalyst. The second type was
synthesized by microwave power enhanced CVD (MPE-
CVD) using FeSi as the catalyst. For detailed experimental
procedures for these original materials one is referred to the
literature [20, 21]. The in-situ experiments were performed
in a JEOL-2000V TEM under ultra-high vacuum (UHV)
with a base pressure of about 1×10−9 Torr. The UHV TEM
was operated at 200 keV and was equipped with a LaB6 gun,
a charge coupled device (CCD) camera and a Gatan imag-
ing filter (GIF) system. Some of the post-analyses were also
performed in a JEOL2100F TEM, operated at 200 keV, fitted
with a field emission gun, a CCD and a GIF system. The as-
grown CNTs were scraped off from the substrate and dipped
in acetone for good dispersion and then dropped onto a TEM
molybdenum (Mo) grid. This grid was baked dry, glued onto
a Si substrate that served as the ohmic heating source prior
to loading into the TEM. The experiments were recorded on
video at TV scan rate. The temperature reading was deduced
from the current supplied to the heater, which had previously
been calibrated using an optical pyrometer. The heating was
performed in stages with the temperature held at several val-
ues starting from 400°C for about 10 minutes each.

3 Experimental results and discussion

Bright field (BF) and high-resolution TEM (HR-TEM) im-
ages of the as-grown MWCNTs by ICP-CVD are shown
in Fig. 1. According to Fig. 1a with the corresponding dif-
fraction pattern (DP) in the inset, the as-grown MWCNT is

Fig. 1 HRTEM images showing (a) the morphology of the tip of an
as-grown ICP-CVD CNT with a conical Ni nanocrystal, where the in-
set is the DP of the CNT, (b) amorphous carbon and/or hydrocarbon
residue coated on the catalyst surface, with the inset for the DP of the
Ni crystal, (c) better crystalline graphene walls near the tail of the Ni
nanocrystal, with (d) a close-up image from the area marked in (c) re-
vealing the lattice fringes from the catalyst to the graphene walls

crystalline with defects, consisting of multi-walled graphene
sheets, which produce (0002) spots in the DP, and a conical
catalytic particle at the tip. The catalyst was wrapped with
crystalline graphene sheets and a thin layer of amorphous
carbon and/or hydrocarbon residue on top, in Fig. 1b. Ac-
cording to the DP in the inset of Fig. 1b, the catalyst is face-
centered cubic phase with a {111} spacing of 0.208 nm and
a (200) spacing of 0.175 nm, all of which are larger than
those of Ni, 0.199 nm and of 0.172 nm, respectively, from
JCPDS [22]. The enlarged lattice parameters should result
from carbon solid solution in Ni, but apparently the alloy
particles did not convert to nickel carbide during growth or
rapid cooling after the CVD process [15, 23, 24].

Upon heating, the ICP-CVD MWCNTs sequentially un-
derwent a reaction pathway, and snapshots at different
temperature were reproduced from a MWCNT, vertically
aligned with respect to that of 450°C, as shown in Fig. 2. The
catalyst started shrinking from 575°C, while still remaining
crystalline until 800°C, after which a small liquid particle
was left at the tip of the CNT in Fig. 2e. Two additional
bamboo structures formed at the innermost shell on the way
when the catalyst retreated, as indicated in Fig. 2e. Between
the two compartments, a step was also observed in Fig. 2e.
The newly formed bamboo structures were attributed to the
carbon atoms originally dissolved in the catalyst during syn-
thesis and segregated when the catalyst shrank. Another
possible carbon source resulted from thermal activation of
the thin amorphous carbon and/or hydrocarbon layer wrap-
ping the catalytic particle on top. A similar growth mecha-
nism has been reported previously [25, 26], but initial crys-
tal structures of the raw materials determined whether the
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Fig. 2 Snapshots of dynamical observations of a ICP-CVD CNT upon
heating from 450°C to 800°C. Two reference lines are marked for eas-
ier comparison of the length extension. The arrows indicate the posi-
tions of newly formed bamboo structures

carbon segregation process would undergo tubulization of
amorphous rods [25] or growth of new shells from the in-
nermost wall of a defective tube [26]. Furthermore, the tube
length was also measured from the snapshots in Fig. 2. There
are two white lines drawn between the snapshots for easier
comparison. The reference line on the left marks an extru-
sion point at the innermost shell which was aligned, while
that on the right marks the position of a tiny particle adher-
ing to the outer most shell in the image at 450°C. Clearly this
particle was displaced to the right of the reference line as the
temperature increased. On measuring the length change, the
MWCNT experiences an elongation of 4 nm at 750°C and
17 nm at 800°C. The diameter of the CNT remains about
48 nm throughout the entire heating process. The extra car-
bon source causing the tube elongation may resort to the
same as for the formation of the additional bamboo struc-
tures.

Moving on to the as-grown MPE-CVD CNTs: these ex-
hibit multi-walled features as shown in Fig. 3a with the inset
for the DP of the tube. The less perfect (0002) spots may re-
flect the imperfection of the tubes and are partially caused by
electron irradiation. The onion-like graphene shells entirely
encapsulated the FeSi nanoparticles located at the tip. Two
snapshots from the video of the MWCNT during heating at
750°C and 870°C are shown in Fig. 3c and d. These lower
magnification images were taken to allow for the observa-
tions of the entire MWCNT. Throughout the entire heating
process, the MWCNTs were fairly stable when compared to
the previous sample, and no obvious tube variations were
observed. However, an HR-TEM analysis of a typical MW-
CNT after heating, shown in Fig. 3b, reveals that the walls of
the CNT become straighter, indicating that structural defects
were annihilated by annealing. Therefore, the contraction of

Fig. 3 TEM images showing the morphologies of MPE-CVD CNTs
(a) before and (b) after heating, where the inset in (a) is the DP of the
tube, with two snapshots from a video reproduced at (c) 750°C and
(d) 870°C during heating

the catalyst and elongation of a CNT upon heating must be
related to the material of the catalyst used and the morphol-
ogy of the as-grown MWCNTs.

The experimental atmosphere in the microscope was the
same for both samples where there exist only negligible
sources of carbon due to the use of a carbon-coated Mo grid.
The difference between the Ni and Fe–Si nanoparticles em-
bedded in the MWCNTs is that the Ni nanoparticle exhibits
an uncapped conical top with a long conical tail and a bet-
ter epitaxial interface with the shells of CNTs, whereas the
Fe–Si nanoparticle exhibits a spherical shape and becomes
completely encapsulated by the graphene shells. Therefore,
the open end of the Ni nanoparticle should be responsible
for the nanoparticle shrinkage, bamboo structures formation
and tube length extension. However, the first question to dis-
cuss is where the carbon came from. The common growth
mechanism proposed that carbon atoms in the precursors
were first dissolved in the catalysts to form an supersaturated
solid solution, from which carbon then segregated to grow a
CNT. Therefore, the Ni catalyst should contain carbon when
the growth process terminated. This dissolved carbon segre-
gated on the surface when the catalyst shrank, and carbon
could also be continuously supplied from the top surface
of the catalyst, which adsorbed a thin layer of amorphous
carbon and/or hydrocarbon layer. The continuation of the
MWCNT growth upon annealing in this case is consistent
with the tip-growth mechanism of the nanotubes, found pre-
viously by scanning electron microscopy [20].

The Ni {111} planes correlate closely to the graphene
(0002) planes, namely the epitaxial interface. Crystalline
Ni nanoparticles have been shown to catalytically synthe-
size MWCNTs at 536°C [24]. Our results reveal that the
Ni catalyst melts at about 780°C and the evaporated atoms
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rapidly diffuse out of the tip of the CNT, leaving behind
a small particle, as shown in Fig. 2e. According to Ni–C
phase diagram [27], the melting temperature (Tm) of pure
Ni is 1450°C and the eutectic temperature is 1326°C. These
temperatures are far higher than the experimentally observed
temperature of 780°C. Size dependent melting of nanocrys-
tals constrained in CNTs needs to be considered. Following
the treatment by Jiang et al. [28], Tm will be reduced by
186°C for a conical shaped Ni particle, where the radius is
taken by averaging the diameter at the tail, 12 nm, and the
top, 48 nm, of the catalyst. If allowing for carbon dissolv-
ing in interstitial sites of Ni, the Tm can be further reduced
by 173°C, down to 1153°C, which is still higher than 780°C.
Curled graphene networks produce a compressive field [26],
which in turn would increase Tm but could be released by
rapid diffusion and/or evaporation of Ni as temperature in-
creases. The large discrepancy may be further contributed to
by the interaction between the graphene shells and the sur-
face layer of the Ni catalyst, which needs further analysis.

On the other hand, the MWCNTs containing FeSi cata-
lysts remain intact throughout the entire annealing, except
that the FeSi catalysts underwent the solid-liquid transition
at 850°C, where the catalysts become spherical in shape.
The carbon concentration in the catalyst has been estimated
to be 12 at.% [21], which renders Tm to be about 1260°C
according to Fe–C–Si phase diagram [27]. The size effect
will reduce Tm to 668°C by 592°C for a nanoparticle of 3
nm, which is lower than 850°C. A plausible explanation is
that this temperature reduction can be compensated for by
the constrained stress exerted by onion-like shells.

The whole pathway for Ni nanoparticle synthesizing
CNTs during annealing is depicted in Fig. 4. The as-grown
CNT contains a Ni nanocrystal embedded at the tip, wrapped
by graphene shells and a thin amorphous carbon and/or
hydrocarbon layer in Fig. 4a. The thermally activated thin
amorphous carbon and/or hydrocarbon layer dissolves into
Ni nanoparticles as temperature increases; see Fig. 4b. The
graphene shells of the bamboo structures segregate from the
tail of the Ni nanoparticle and take the shape of the cat-
alyst. Continuous shrinkage due to evaporation results in
graphene shells segregating from a Ni catalyst; see Fig. 4c.
The crystalline Ni catalyst becomes liquid phase at 780°C,
Fig. 4d, accompanied by the formation of graphene shells
of the same bamboo structure at a temperature higher than
780°C. The liquid phase assists the catalyst splitting from
the graphene shells, following the similar step in Fig. 4c.

The observation favors the tip-growth mechanism for the
MWCNTs synthesized with Ni as the catalyst compared
with the SEM results in [20]. The FeSi catalysts were fully
encapsulated in CNTs and hence there was no free surface
for physical absorption and no low energy diffusion path
for further tube growth. Nevertheless, the crystallinity of the
shells became better after heating, consistent with previous
observations [29, 30].

Fig. 4 Schematic diagrams illustrating the steps of the bamboo struc-
ture formation for a MWCNT containing a Ni catalyst on the tip upon
heating. (a) An as-grown CNT and (b) carbon and/or hydrocarbon
residue at the surface dissolved into Ni, (c) the segregation of graphene
shells from the Ni catalyst and (d) bamboo structures clearly observed
after graphene-particle splitting

4 Conclusions

Upon annealing in a UHV-TEM, we observe that MWC-
NTs with uncapped Ni catalysts at their tips exhibit a series
of structural evolution steps including additional bamboo
structures formation as the catalyst evaporates and the tube
elongates. However, MWCNTs with fully encapsulated cat-
alysts at onion-like tips only underwent structure healing on
heating. The proposed mechanism for the structure changes
is consistent with the tip-growth mode for MWCNTs grown
by using Ni as the catalysts [20] and the easier removement
of such catalyst from MWCNTs. CNTs may act as ideal
nanoscale pressure cells causing the melting temperature of
the nanocrystals, constrained inside, greatly reduced com-
pared to the Ni case.
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