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Abstract

Nanometer-size iron-rich particles in carbon nanotubes have been studied by transmission electron microscopy with and without
in situ and ex situ heating. Several remarkable results were found; a high temperature phase (y-Fe) of iron stable at low temperatures
and preferential presence of iron and iron carbide in carbon nanotubes. Based upon these experimental results, thermodynamics of
the Fe-C phase diagram and its kinetics were used to explain the non-uniform distribution of iron and iron carbide, which also
yielded a deeper insight into the formation of carbon nanotubes. Some of the results also allowed describing the role of the graphitic
structure in retaining the high temperature phase (y-Fe) of iron at low temperatures. Furthermore, methods have been demonstrated
with which y-Fe can be produced in carbon nanotubes intentionally or in a large quantity. Selected area electron diffraction patterns
of iron inside nanotubes demonstrated the crystallographic relationship of the iron to the nanotube axis along with phase changes of
the iron. This paper summarizes the findings and draws further conclusions on the particle shape inside multiwalled carbon

nanotubes.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Carbon nanotubes (CNTs) are crystalline graphitic
sheets rolled up into a seamless cylindrical shape. Since
their discovery diverse and unique physical properties of
CNTs have been revealed. Therefore, many novel appli-
cations such as nanotube-based electronic circuits and
field emission display [1,2] have been devised. CNTs
can be produced through various methods using metallic
particles as catalysts [3-5]. These catalytically grown
CNTs may have residual catalyst particles inside and
outside the nanotubes. The residual particles are nor-
mally removed before further processing [6-8] since they
affect the original properties of CNTs. On the other
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hand, materials inside the cavities of CNTs can behave
abnormally to show a subtle diversity in their phase dia-
gram or novel physical properties as a consequence of
increases in the surface-to-volume ratio, incomplete
bonds, and the relative interaction between the materials
and the inner walls of the nanotubes [9-11]. Therefore, it
is important to observe the morphology and phase of
residual catalyst particles for a better understanding
of the growth mechanism for CNTs and the properties
of the residual-catalyst containing CNTs.

While progress has been made in their applications,
the growth mechanism of CNTs is not clearly under-
stood. Various mechanisms have been suggested up to
now based on the VLS (vapor-liquid-solid) theory
[12-15] but a clear insight into thermodynamics during
synthesis has not been available. For example, the physi-
cal state and chemical composition of catalyst particles
during synthesis of CNTs are not known. According
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to the previous mechanisms, carbon from a carbon
source such as methane or xylene is dissolved into cata-
lyst particles in the liquid (molten) state and reprecipi-
tated as nanotubes. However, CNTs can be produced
even far below the carbon-catalyst eutectic temperature
[16,17]. Also, it is not clear whether the metallic particles
catalyze the synthetic reactions in the form of a pure ele-
ment or a metallic carbide. Therefore, a detailed investi-
gation into residual catalyst particles in CNTs may open
ways of optimizing the catalytic process and utilizing
these particles, affording a clear insight into thermody-
namics for the growth of CNTs.

Iron is one of the most frequently-used catalysts for
the preparation of CNTs. Iron has a body-centered
cubic (BCC) crystal structure (o-Fe, space group:
Im3m) in the ambient atmosphere. a-Fe transforms to
v-Fe (space group: Fm3m) with a face-centered cubic
(FCC) crystal structure at 912 °C. At 1394 °C y-Fe
transforms back to the BCC structure (3-Fe) before it
melts at 1538 °C [18]. Iron-rich particles encapsulated
as a residue inside the cavities of CNTs or in a graphitic
film have been probed thoroughly by transmission elec-
tron microscopy (TEM) to find out their crystallo-
graphic structures and orientations under various
conditions and to understand the growth mechanism
of CNTs [19-22]. In this paper these previous experi-
ments and their results are reviewed.

2. Experiment

The materials used in these studies were multiwalled
carbon nanotubes (MWNTs) synthesized at 700 °C by
chemical vapor deposition. As mentioned above, at this
temperature o-Fe is the stable phase of iron. Ferrocene
(Fe(CsHs),) and xylene (C¢H4(CH3),) were used as
sources for the catalyst and carbon, respectively. These
CNTs contained nanometer-size iron-rich particles (nor-
mally of a rod shape) inside their cavities [19]. For these
particles, high resolution, bright and dark field TEM
images, selected area electron diffraction (SAED) pat-
terns, and fast Fourier transforms were taken and ana-
lyzed. To test the effect of a graphitic structure on the
iron phase diagram, submicrometer-size iron particles
were placed on an amorphous carbon film and irradiated
with the electron beam in situ inside the TEM [20]. Also,
the residual iron particles in CNTs were irradiated by the
electron beam in situ inside the TEM [21] or annealed ex
situ by a heating element [22] and monitored for changes
in morphology and phase of the particles.

3. Results and discussion

Through the analyses, a high temperature phase of
iron (y-Fe) was found to be stable in a large quantity

(~40% of total iron particles) inside the cavities of
CNTs even though the nanotubes were synthesized be-
low the o-to-y transition temperature [19,22]. Fig. 1
shows a typical y-Fe particle in an as-synthesized
MWNT. The other particles inside the cavities of CNTs
were the stable a-Fe and a small fraction of iron carbide
(Fe3C). In contrast, at the tips of CNTs iron carbide was
observed to be dominant with a smaller number of o-Fe

20 nim

Fig. 1. A typical nanometer-size y-Fe particle in a CNT. (a) A bright
field (BF) TEM image of a high temperature phase (y-Fe) of iron
(pointed at by the arrow) in a CNT (scale bar: 20 nm). (b) A high
resolution (HR) TEM image magnified from the white box in (a)
showing the wall fringes of the CNT and the lattice fringes of the iron
(scale bar: 2 nm). (¢c) A HRTEM image magnified further from the
white box in (b) showing the lattice fringes of the y-Fe aligned along
the 001 zone (scale bar: 1 nm). (d) Fast Fourier transform of the high
resolution TEM image in (b) shows spots corresponding to the (0002)
planes of a CNT, and the (200) and (020) planes of y-Fe.
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particles. (In these papers [19-22] ‘the cavity of a CNT’
indicates the space enclosed by the innermost wall of the
nanotube, excluding both tips.) Most of these iron-rich
particles were found to be single crystals. Since the syn-
thetic temperature (700 °C) is close to the stable (738 °C)
and metastable (727 °C) eutectoid temperatures in the
iron—carbon system, where y-Fe, a-Fe, and carbon (or
Fe;C) may coexist [18], the formation of either y-Fe or
a-Fe is expected to have similar energetics during the
growth of CNTs. Some y-Fe particles formed during
synthesis may have a tight contact with the inner walls
of CNTs. Since the volume of y-Fe needs to be increased
by about 9% to transform to a-Fe, these y-Fe particles in
a tight contact with CNTs can retain their crystal struc-
ture even at room temperature due to the high elastic
modulus (~1TPa) of CNTs [23]. This may explain
why the high temperature phase of iron (y-Fe) is ob-
served at room temperature inside the cavities of CNTs
synthesized below the o~y transition temperature. The
fact that most Fe;C particles are at the tips while most
iron particles are inside the cavities of CNTs may be a
crucial key to understanding the growth mechanism of
the nanotubes. It is well known that Fe;C forms a meta-
stable equilibrium with both y-Fe and o-Fe while graph-
ite forms a stable equilibrium with these iron phases.
However, there is no stable or metastable equilibrium
between Fe;C and graphite (this is why we cannot see
phase regions above 6.7 wt.% carbon in the iron—carbon
phase diagram). When Fe;C and graphite are in contact,
Fe;C easily decomposes to iron and carbon especially at
high temperatures. Therefore, when Fe;C is at the grow-
ing tip of a CNT during synthesis, its part contacting
with the nanotube should be decomposed into iron
and carbon. The iron may form a layer between the
Fe;C and the nanotube to make a stable equilibrium
with the nanotube and a metastable equilibrium with
the Fe;C while the carbon may participate in forming
the graphitic structure of the nanotube. This iron layer
can be pinched off during further growth of CNTs to
form iron particles inside the cavities, holding Fe;C at
the tips. Fig. 2 shows the growing tip in this model
and a real tip of a CNT for comparison. A so-called
‘metal dusting’ process supports this hypothesis [24—
26]. According to this process, when bulk iron is exposed
to a large amount of carbon in the temperature range of
400-800 °C, Fe;C and graphite are produced on its sur-
face and a thin layer of iron is formed later between the
Fe;C and the graphite as a result of the decomposition
of FesC. This iron layer acts as a catalyst for further
deposition of carbon. Therefore, this may explain the
non-uniform distribution of iron and iron carbide in
CNTs (in the cavities and at the tips) and give a clue
to the growth mechanism of the nanotubes.

Another important feature found with the MWNTs is
that they contain rod-shape iron particles even though
they were produced far below the melting temperature
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Fig. 2. Comparison of the tip of a CNT in the suggested mechanism
with a real tip. (a) A schematic of the mechanism suggested for the
growth of a CNT where the black lines, the dark gray sphere, and the
other gray parts stand for walls of a CNT, iron carbide, and iron,
respectively. The iron layer between iron carbide and a growing CNT
may be pinched off and form discontinuous iron particles in the cavity.
(b) A BF TEM image of a real tip of a CNT containing iron-rich
particles. Note the similarities between the schematic and the BF TEM
image.

of iron. In the suggested mechanisms [12-14] the catalyst
particles should be in the liquid state as mentioned
above, molding themselves into a rod to the shape
of the cavities of CNTs. Therefore, the rod-shaped
iron-rich particles appear to support the mechanisms.
However, it is hard to believe that at the synthetic tem-
perature (700 °C) the catalyst particles with a diameter
of larger than 5 nm were in the liquid state, even consid-
ering the exothermal decomposition of the carbon
source and a high carbon concentration. This apparent
discrepancy may be explained by the abnormal behavior
of small metallic particles on a substrate. It is known
that even far below the melting temperature, particles
of small sizes (sub-micrometer to a few micrometer in
diameter) on a substrate can behave like they are in
the liquid state [27-30]. In the reports Ag islands evapo-
rated onto NaCl coalesce like liquid even at 100 °C
(melting temperature of Ag is 961 °C), and Ag crystal-
lites on graphite or an amorphous carbon film move
randomly like liquid droplets also below the melting
temperature even though diffraction patterns or Moiré
patterns show the Ag islands and crystallites are in the
solid state. Therefore, the iron particles in CNTs are ex-
pected to take a rod shape even in the solid state during
synthesis as a result of the liquid-like property of the
particles on the inner walls of the nanotubes.
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To evaluate the role of the high elastic modulus of a
graphitic structure in stabilizing y-Fe, it was investigated
whether y-Fe could be stable without a graphitic struc-
ture such as CNTs and graphitic films. To do this, oxi-
dized submicrometer-size iron particles on an
amorphous carbon film were irradiated by the electron
beam in situ inside TEM [20]. It was found that by the
electron irradiation the oxidized iron particles could be
reduced to a-Fe, y-Fe, and Fe;C, often forming a gra-
phitic film on the surface through interaction with the
underlying amorphous carbon during the reduction pro-
cess. Fig. 3 shows an example in which an oxidized iron
particle was fractured and reduced by the electron beam
to form an y-Fe particle with a graphitic film on its sur-
face. In this experiment, all y-Fe particles were observed
to be encapsulated in a graphitic film, indicating that a
graphitic structure is indispensable for retaining y-Fe
at low temperatures. Namely, the high elastic modulus
of graphite [31] can suppress the volume increase of -
Fe necessary for its transformation into o-Fe even at
room temperature. This result may open a way of con-
trolling phase of iron in a CNT. In fact, it was found
that when o-Fe in CNTs is irradiated by the electron
beam in situ inside TEM it is transformed to a stable
v-Fe efficiently (~80%) without damaging the nanotubes
[21]. Fig. 4 demonstrates one example. The long o-Fe
particle encapsulated in a MWNT (Fig. 4(a) and (b))
transformed to y-Fe (Fig. 4(c) and (d)) with a large
reduction in aspect ratio after the beam irradiation. Fur-
thermore, it was also found that when CNTSs are an-
nealed by a heating element in a furnace, the number
ratio of y-Fe to a-Fe particles in the nanotubes is greatly
increased up to about 2 from 0.7 for iron in as-synthe-
sized CNTs [22]. The formation of y-Fe is accomplished
by the heat transfer to o-Fe from the incident electrons
or the heating element. The heat may raise the tempera-
ture of a-Fe above the o—y transition temperature. The
retention of y-Fe in CNTs at room temperature is attrib-
uted to the formation of a tight contact between the y-
Fe and the nanotubes through an increase in diameter
of the iron, and the high elastic modulus of CNTs.
The increase in diameter of iron particles in CNTs
may be caused by the decrease in their aspect ratios in
the solid state or melting depending on experimental
temperatures [21,22]. Carbon dissolved into iron parti-
cles may play an important role in lowering their melting
temperature and stabilizing undercooled y-Fe [22].

It was also found that iron particles in CNTs are
aligned in specific crystallographic orientations of each
crystal structure [22]. Therefore, along the axis of CNTs
a-Fe is oriented in the (001) or (111) directions of its
BCC structure while y-Fe is in the (110) directions of
its FCC structure. These iron particles may be used to
modify the electronic properties of CNTs like metallo-
fullerenes in CNTs [32]. For example, a-Fe in a CNT
can be transformed selectively to y-Fe by the electron
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Fig. 3. Formation of y-Fe encapsulated in a graphitic film by the
electron beam. (a) A BF TEM image of an iron particle (the dark
object) on an amorphous carbon film (background) before the beam
irradiation. (b) An SAED pattern taken from the particle in (a)
showing its polycrystalline crystal structure. Each diffraction ring is
indexed as crystal planes of y-Fe,O; or a-Fe. Parenthesized indices
correspond to the planes of a-Fe. (c) A BF TEM image of one of the
particles formed from fracture of the particle in (a) by the electron
beam. The arrows indicate a graphitic film on the surface of the
particle. (d) An SAED pattern taken from the particle in (c) shows the
021 zone of y-Fe and the 0002 diffraction ring of a graphitic film. The
other diffraction rings come from the carbon film.

beam, which will differentiate three dissimilar parts of
the nanotube (two parts containing y-Fe or o-Fe, and
the part containing no iron) due to the pressure applied
by y-Fe [33,34] and the charge transfer between iron
and a CNT. y-Fe has a tendency to transform back to
o-Fe at room temperature, applying pressure on the wall
of a CNT where it is encapsulated. Also, the charge
transfer between y-Fe (or a-Fe) and a CNT induced by
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Fig. 4. Phase transformation of iron in a CNT by the electron
irradiation. (a) A BF TEM image of a CNT containing a long iron
particle. (b) An SAED pattern taken from the iron particle in (a)
showing the 111 zone of a-Fe. (c) A BF TEM image of the iron
particle after the electron irradiation. (d) An SAED pattern taken from
the iron particle in (a) showing the 110 zone of y-Fe.

the difference in their values of the work function will
change the energy band structure of the nanotube.

4. Conclusions

In conclusion, nanometer-size iron-rich particles
encapsulated in CNTs have been investigated under var-
ious conditions. It was found that inside the cavities of
as-synthesized CNTs the high and low temperature
phases (y-Fe and a-Fe) of iron are dominant whereas
most of the residual particles at their tips are iron car-
bide. From this fact, the mechanism for the non-uniform
distribution of iron and iron carbide, and the formation
of CNTs is suggested based upon the metal dusting pro-
cess. Also, the reason that iron has normally a rod shape

inside the cavities of CNTs is suggested by the liquid-like
properties of small metal particles on a substrate. The in
situ irradiation of small iron particles on an amorphous
carbon showed that graphitic structures are necessary
for retaining gamma-Fe at low temperatures. From this
fact, methods have been devised, by which gamma-Fe
can be produced intentionally inside the cavities of
CNTs (by the electron beam or by a heating element).
Analyses of SAED patterns taken from the iron parti-
cles inside the cavities of CNTs revealed that they
are aligned along specific crystallographic directions of
each crystal structure. These results from the detailed
investigation into iron-rich particles in CNTs provide
fundamental information on the catalytic mechanism.
Furthermore, controlling the crystal structure of the
encapsulated catalyst particles may lead to modifying
the physical properties of their host CNT.
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