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Abstract. Various filled carbon nanotubes have recently been successfully produced by the arc-discharge
method by doping a 99.4% graphite anode with a transition metal like Cr, Ni, a rare earth like Yb, Dy, or
a covalent element like S, Ge. In this work, the structural characteristics of these encapsulated nanowires
were studied by High Resolution Transmission Electron Microscopy and their chemical composition was
investigated using Electron Energy-Loss Spectroscopy with high spatial resolution: this analysis mode
provides elemental concentration profiles across or along the filled nanotubes. Except in the case of Ge for
which only pure Ge fillings were identified, surprising amounts of sulfur, which was present as an impurity
(=~ 0.25%) in the graphite rods, were found within numerous filling materials. When using high purity
carbon rods, no filled nanotube was obtained. We chose the case of Cr to clearly evidence that the addition
of sulfur in catalytic quantity is responsible for the formation of filled nanotubes, including sulfur free
encapsulated nanowires. A growth mechanism based on a catalytic process involving three elements, i.e.
carbon, a metal and sulfur, and taking into account the experimental results is proposed.

PACS. 61.16.Bg Transmission, reflection and scanning electron microscopy (including EBIC) — 81.05.Tp
Fullerenes and related materials; diamonds, graphite

1 Introduction

The discovery of carbon nanotubes by Iijima [1] led to
an extensive interest motivated by the prediction of spe-
cific properties and in particular of an unique capillary
behaviour [2]. Ajayan et al. succeeded in opening and fill-
ing carbon nanotubes by heating them in air in presence
of molten Pb [3]. Various materials have since been in-
serted into nanotubes using different methods. Specific
electronic, magnetic or mechanical properties can be ex-
pected for these one-dimensional encapsulated nanoma-
terials. Measurements of individual physical properties of
such nano-objects have recently been achieved [4,5]. Al-
though the potential applications of filled nanotubes in
nanotechnology are for the moment speculative, the pro-
duction and purification of encapsulated nanowires hav-
ing controlled structural and chemical characteristics will
probably be required in a near future.

The first route to produce filled carbon nanotubes is
to use pre-existing nanotubes and to fill them by different
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techniques. First, molten media have been used to fill
nanotubes with compounds having low surface ten-
sion [6]: beside PbO, compounds like Biz O3 [7], V205 [8],
MoOs [9] or AgNO3 [10], have been inserted by capillar-
ity through open ends. An other way to fill pre-existing
nanotubes involves wet chemistry solution methods
[11,12]. In that case, the metal oxides or metals that are
encapsulated are discrete crystals unlike the long continu-
ous fillings obtained by molten media or arc-discharge as
described below. Finally, it is also interesting to mention
that carbon nanotubes have been converted to carbide
nanorods, which are not encapsulated, by reaction with
oxide or iodide species [13].

The second route is to produce the nanotubes and
their fillings simultaneously. Recently, encapsulated Sn
nanowires have been obtained by electrolysis of graphite
electrodes immersed in molten LiCl/SnCly mixtures [14].
But filled nanotubes have mostly been synthesized us-
ing a modified arc-discharge method in which the an-
ode is doped with a chosen compound. The arc-discharge
method, which consists in establishing an electric arc be-
tween two graphite electrodes in a He atmosphere, was
first used by Kratschmer et al. to produce fullerenes
in large quantities [15] and was later optimized for
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the synthesis of carbon nanotubes [1,16]. The modified
arc-discharge method led to the formation of endohedral
fullerenes [17] and then of nanoparticles encapsulated in
graphitic shells [18,19]. The first filled nanotubes pro-
duced by this method contained yttrium carbide [20-22].
Other carbides (Gd, La, Mn) were later inserted into nan-
otubes by the same method [23-25]. As far as nanotubes
filled with pure elements are concerned, partial fillings of
pure Ni inside bamboo-shape carbon nanotubes have first
been reported [26]. In 1994, Ajayan et al. showed that
long pure Mn fillings can be formed by doping the an-
ode with pure Mn metal [27] and recently, pure Cu and
Ge nanowires have been synthesized using a hydrogen arc
[28,29]. As previously reported [30-32], we succeeded in
synthesizing various filled nanotubes by successively dop-
ing the anode with several elements. Long continuous fill-
ings, often exceeding one micron in length and therefore
being true encapsulated nanowires, were obtained for ten
elements belonging to different groups: transition metals
(Cr, Ni), rare earths (Sm, Gd, Dy, Yb) and covalent ele-
ments (S, Ge, Se, Sb). Partial fillings were also obtained
with elements like Co, Fe and Pd. The fillings were gen-
erally found to be compounds, except in a few cases like
Ge for which the nanowires were pure Ge crystals encap-
sulated in a few graphitic layers.

In this work, we studied in detail both the struc-
ture and the chemical composition of these encapsulated
nanowires using High Resolution Transmission Electron
Microscopy (HRTEM) and high spatial resolution Elec-
tron Energy Loss Spectroscopy (EELS). Here we show how
this investigation revealed that the successful formation of
carbon nanotubes filled with metals by arc-discharge re-
lies on the presence of a small amount of sulfur, which
was initially present as an impurity in the graphite elec-
trodes. A particular attention was paid to the case of Cr to
clearly evidence that sulfur is responsible for the growth of
filled nanotubes, including free from sulfur encapsulated
nanowires. The key role of sulfur in the formation of filled
nanotubes is finally discussed and a growth mechanism
taking into account the experimental results is proposed.

2 Experimental conditions

Several elements of the periodic table have been tested
[30,31] for filling carbon nanotubes by the arc-discharge
method using the experimental conditions described in
reference [30]. In brief, we used two graphite electrodes
(purity 99.4%) 9 mm in diameter. The anode was drilled
with a 6-mm hole and packed with a mixture of graphite
and chosen element powders. The arcing conditions were
100-110 A dc, 20-30 V, under a 0.6 bar He atmosphere,
during 30-60 min. The deposit formed on the cathode
and containing filled nanotubes and nanoparticles encap-
sulated in graphitic shells was ground, ultrasonically dis-
persed in ethanol and dropped on holey carbon grids for
electron microscopy observations.

HRTEM and standard EELS characterizations were
performed using a JEOL 4000FX working at 400 kV,
equipped with a Gatan 666 parallel collection electron
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Fig. 1. HRTEM images of filled carbon nanotubes produced
by arc-discharge when a 99.4% graphite anode is doped with:
(a) Cr, (b) Ni, (c) Yb, (d) Dy, (e) S, (f) Ge. The graphitic walls
of the nanotubes are imaged by fringes separated by approx-
imately 0.34 nm. In the case of Ni (b), white arrows indicate
grain boundaries present in the filling material. In the case
of Ge (f), the filling material is polycrystalline and encapsu-
lated in only 2 or 3 graphitic layers. Pure Ge microcrystals in
a (110) projection can be seen on the left and right parts of
the nanowire and typical microtwins and stacking faults of the
(111) dense atomic layers are frequently observed.



N. Demoncy et al.: The key role of sulfur for filling carbon nanotubes

X 50

Photodiode counts (arb. units)

200 400 600 800 1000 1200 1400

Energy Loss (eV)
Fig. 2. Electron energy-loss spectrum obtained on a part of a
pure Ge nanowire encapsulated in graphitic walls. The C-K and
Ge-La,3 edges are clearly seen and no other edge is detected.

energy-loss spectrometer. High spatial resolution EELS
analyses were performed using a dedicated scanning trans-
mission electron microscope (STEM) VG HB501, working
at 100 kV, equipped with a field-emission source and a
parallel collection electron energy-loss spectrometer. This
instrument provides EELS spectra with a typical 0.7 eV
resolution recorded on subnanometer areas. Acquisition
times required for achieving a satisfactory signal to noise
level on core-loss signals is of the order of 1 s. An annu-
lar dark field detector collects electrons scattered at large
angles; annular dark field images are obtained by raster-
ing the subnanometer probe over a scan area. In the usual
mode, one rasters the probe over a reduced area while
recording annular dark field image so that a location of
the specimen can be chosen for acquiring the correspond-
ing EELS spectrum. A new mode, called line-spectrum
mode [33], improves the correlation between spectral ac-
quisition and the probe position on the specimen. It con-
sists in recording all the spectra while ramping the probe
at given steps across the specimen. Typically, in this work
we acquired collections of 64 spectra with subnanometer
step increments, a probe size of 1 nm and an acquisition
time per spectrum of 1 s. The intensity profiles of the core-
edges after background substraction follow the thickness
profiles. Quantitative features, i.e. relative atomic concen-
tration profiles, can be obtained by normalizing the in-
tensity profiles with the inelastic scattering cross-sections
respective to each edge. We have generally scanned the
probe perpendicularly to the tube axis, moving the probe
from vacuum into the nanotube and to vacuum again. The
intensity profile perpendicularly to a hollow carbon nan-
otube has a typical shape [34]: as the beam scans across,
the intensity increases up to a probe position which cor-
responds roughly to the location of the internal wall, then
dips in the middle due to the hollow core (the minimum
of intensity occurs for a probe location corresponding to
the center of the nanotube) and exhibits a symmetrical
behaviour on the opposite side (see for instance C profile
in Fig. 3b). Note that longitudinal line-scans can also be
obtained by scanning the electron beam along the tube
axis.
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Fig. 3. Electron energy-loss line-spectrum across a filled car-
bon nanotube obtained with a 99.4% graphite anode doped
with Cr. A collection of 64 spectra was acquired over 60 nm
perpendicularly to the tube axis. (a) Sum of spectra obtained
on the filled part of the nanotube showing the C-K, Cr-La 3
edges and the unexpected S-La 3 edge. (b) Concentration pro-
files deduced from the intensities of the C-K, Cr-L2 3 and S-L2 3
edges as the beam is scanned across the filled nanotube. The
C profile is characteristic of a carbon nanotube, whose hollow
core is filled with a chromium sulfide as shown by the well-
correlated Cr and S profiles. The S/Cr atomic ratio is close
to 1. Inset: Annular dark field image of the nanowire. The
white bar represents the line of scan.

3 Structural and chemical analyses

Figure 1 presents a selection of HRTEM images of filled
nanotubes that have been successfully produced when
the anode was doped with a transition metal like Cr, Ni
(Figs. la, b), a rare earth like Yb, Dy (Figs. 1c, d) and
a covalent element like S, Ge (Figs. le, f). Their struc-
tural characteristics, i.e. the number of graphitic layers,
the degree of graphitization, the crystallinity of the fill-
ing material, depend on the chosen element as previously
reported [30,31]. The nanotubes are often completely filled
from their tips and their length ranges from a few hundred
nanometers to a few microns. However for some elements
like Co or Fe not presented here (see [30]), only partial
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fillings never exceeding a few hundred nanometers have
been found.

The encapsulated crystals were initially thought to be
carbides since in most cases the corresponding selected
area electron diffraction (SAED) patterns were not consis-
tent with the pure elements, except for Ge. In that partic-
ular case, the nanotubes are very thin and abundant, gen-
erally completely filled from their tips over a few hundred
nanometers. It is worth noting that Ge nanowires recently
produced using a hydrogen arc are very similar [29]. Fig-
ure 1f shows a HRTEM image of a typical 10 nm-diameter
nanowire encapsulated in only 2 or 3 graphitic layers. Al-
though long single-crystals have also been observed, the
fillings are often polycrystalline as the one presented in
Figure 1f. Microcrystallites in (110) projection can be seen
on the left and right parts of the nanowire; the distance be-
tween the fringes is consistent with the reticular distance
of the (111) atomic planes in pure Ge (dij;1 = 3.2 A).
Typical microtwins and stacking faults of the (111) dense
atomic layers are frequently observed. The chemical com-
position was studied by EELS: only the C-K edge (285 eV)
and the Ge-Ly 3 edge (1217 €V) are present on the spectra
obtained on selected parts of these nanowires as shown in
Figure 2.

Since no stable Ge carbide phase is known, this result
is consistent with the HRTEM observations of pure Ge
nanocrystals.

The chemical composition of encapsulated nanowires
was investigated in a rather systematic way using high
spatial resolution EELS. Surprisingly, important amounts
of sulfur were found in numerous filling materials along
with the inserted element. The source of sulfur was iden-
tified to be the used graphite electrodes (purity 99.4%): a
refined chemical analysis of the graphite powder showed
that the major impurities are Fe (= 0.3% in weight with
respect to C) and S (&~ 0.25%). The case of Cr containing
filled nanotubes is emphasized in Figure 3a: in addition to
the C-K edge and Cr-Ly 3 edge (575 ¢V), the unexpected
S-Lo 3 edge (165 eV) appears on the EELS spectra for a
large number of nanotubes. Figure 3b presents an exam-
ple of concentration profiles deduced from a line-spectrum
across the filled nanotube shown in inset. The C profile is
characteristic of a hollow carbon nanotube and the ex-
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Fig. 4. (a) Selected area electron diffrac-
tion pattern of a conveniently oriented
nanotube filled with Cr and S consis-
tent with a (001) projection of the trig-
onal chromium sulfides CrsSg or CrzSs
(which have the same space group and
very close lattice parameters) (b) Cor-
responding HRTEM image showing the
3.0 A periodicities due to (110) type re-
flections. Note that the graphitic layers
are very disordered because of irradiation
damage in the microscope.

cellent correlation between S and Cr profiles suggests a
homogeneous filling of the hollow core: the S and Cr in-
tensities are well anticorrelated to the C intensity. EELS
nano-analysis clearly evidenced that such nanotubes are
not filled with carbides but with sulfides. The S/Cr atomic
ratio is close to 1 £ 0.2. It is worth noting that a precise
quantification of the S-Lg 3 edge is difficult to obtain, es-
pecially when the amount of sulfur is close to zero. Indeed,
the modelisation of the high slope of the background be-
fore the S-Ly 3 edge is not easy in this energy range not
very far from the multiple plasmon-loss region and the
calculated inelastic scattering cross-section in the Hartree-
Slater approximation does not provide a good modelisa-
tion for the delayed shape of the S-Lj 3 edge. As shown
in Figure la, long single-crystals are often observed and
longitudinal line-spectra confirmed the homogeneous com-
position over long parts of the nanowires. A particular ap-
proach using both EELS analysis and electron diffraction
on a given filled nanotube was used to determine both the
chemical composition and the lattice structure through
a careful analysis of the reciprocal space deduced from
SAED patterns obtained for different orientations. For
a majority of S containing nanowires, the structure was
found to be trigonal and consistent with that of CrsSg,
for which the S/Cr atomic ratio is close to 1, or CraSs.
Figure 4 presents the SAED pattern and the correspond-
ing HRTEM image of such a chromium sulfide nanowire in
a (001) projection. The arrows show the diffraction spots
due to the graphitic nanotubes. It is very interesting to
note that the tube axis was always found to be paral-
lel to a (300) direction proving that strong orientational
relationships exist between the nanotube and the inner
crystal during its formation.

Sulfur was also found inside nanotubes filled with Ni.
As for Cr, transverse EELS line-spectra showed that sul-
fur was homogeneously mixed with nickel inside the nan-
otubes. However, in constrast with Cr, longitudinal line-
spectra revealed that the S/Ni atomic ratio can vary
along the tube axis. Two typical examples are presented
in Figure 5. S and Ni concentration profiles are well
anticorrelated and the resulting S/Ni atomic ratio takes
discrete values, namely ~ 0.4, = 0, =~ 0.4, ~ 0 (£0.2)
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Fig. 5. (a) and (b) Longitudinal electron energy-loss line-
spectra along the axis of two filled carbon nanotubes obtained
with a 99.4% graphite anode doped with Ni. Collections of
64 spectra were acquired over 160 nm and the Ni and S concen-
tration profiles were deduced from the intensities of the Ni-Lo 3
and S-La 3 edges. In (a), the S/Ni atomic ratio takes discrete
values along the tube axis: = 0.4, ~ 0, =~ 0.4, = 0. The filling
material is alternatively pure Ni and a nickel sulfide inside this
nanotube. In (b), the left part corresponds to a sulfur rich re-
gion close to the tip of the nanotube. Then, the S/Ni atomic
ratio has a stairs shape, ~ 0, ~ 0.4, ~ 0.7, corresponding to a
succession of definite compounds within the filling material.

in Figure 5a: in this nanotube, the filling material is al-
ternatively pure Ni and a nickel sulfide. No stable nickel
sulfide corresponding to a S/Ni ratio close to 0.4 is
known. Therefore, it is likely that a metastable sulfide
has been formed. More important amounts of sulfur were
also found, in particular at the tip of nanowires (see the
left part of Fig. 5b). It is interesting to note that in some
cases, we observed SAED patterns of crystallites conve-
niently oriented, as those shown in Figure 6, consistent
with the a-NigSy pseudo-cubic phase. The corresponding
S/Ni atomic ratio is close to the 0.7 ratio we observed
in some EELS analyses (see Fig. 5b). These results show
that various chemical compositions can be found within
the same continuous filling, including pure Ni metal and
different sulfides. Moreover, composition changes can be
related to structural and morphological changes of the fill-
ing material observed on HRTEM images. For example in
Figure 1b, the filling displays three crystallites having dif-
ferent structures and imaged by different arrays of fringes;
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the grain boundaries are indicated with arrows on the
image.

Sulfide fillings were also obtained with Co but were
always partial and often had a conical shape. Figure 7a
exhibits an elongated particle located at the tip of a nan-
otube which is bamboo-shaped as frequently observed.
Both the HRTEM image and the corresponding electron
diffraction pattern shown in Figure 7 are well consistent
with a (110) projection of the cubic CogSs phase. Such
multiwalled nanotubes partially filled with a cobalt sulfide
were observed together with very abundant encapsulated
nanoparticles which were found to be pure Co crystallites.
Figure 8 presents the HRTEM image of a typical pure
Co single-crystalline nanoparticle encapsulated in a few
graphitic layers and surrounded by amorphous carbon. In
this context, it is worth noting that we have found most of
these cobalt nanoparticles in their high temperature f.c.c.
phase; it was recently showed that this phase is not a con-
sequence of rapid cooling in the growth process of such
fine particles but is a stable phase for particles of this
size [35]. Since the graphitic envelope provides an efficient
protection against oxidation on their surface, the particles
have a high crystallinity which enabled to perform the first
magnetization measurements of individual ferromagnetic
nanoparticles using high sensitive SQUID [5].

As far as nanotubes filled with rare earths are con-
cerned, an extra difficulty in quantifying the elemental
analysis is due to the fact that the S-Lo 3 edge is overlap-
ping with the rare earth Ny 5 edge. Although it seems that
in some cases, these nanowires also contain sulfur, a stan-
dard quantification method cannot be used and the chem-
ical study requires further investigation. The HRTEM im-
age in Figure 1d displays lattice periodicities which are
well consistent with the structure of the DyS compound.
In the case of Yb, the HRTEM image in Figure 1c would
rather fit the cubic structure of pure Yb than that of YbS,
but it should be noticed that these two compounds have
close lattice periodicities.

Finally, another surprising result was observed for the
nanowires obtained when the chosen element was S it-
self [31] (see Fig. le). In that case, unexpected high con-
centrations of Fe, which was the other major impurity of
the graphite rods (=~ 0.3%), were found along with S in-
side the nanotubes as shown in Figure 9. Thus the very
abundant nanotubes formed on the cathode are filled with
iron sulfides; in that case, iron probably played a crucial
role as a metal for their formation.

All these results revealed an unexpected concentration
phenomenon of sulfur inside numerous nanotubes (or iron
in the particular case described above) although it was
present as an impurity (= 0.25%) in the graphite rods used
for the arc-discharge experiments. They strongly suggest
that three elements, i.e. carbon, a metal and sulfur, are
involved in the growth mechanism of filled nanotubes. In
order to confirm the crucial role of sulfur, further experi-
ments described below were carried out using high purity
carbon rods.
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4 The key role of sulfur: the case of Cr filled
nanotubes

We first tried to reproduce some of the experiments de-
scribed in the previous section using high purity carbon
rods (99.997%), the other experimental conditions being
unchanged. High purity carbon rods were powdered to
fill the anode along with the chosen element. We succes-
sively doped the anode with Cr (99.95%), Ni (99.9%), Co
(99.9985%), Dy (99.9%) and S (sublimed) powders. Once
the arc was established, the plasma was as stable as in
previous experiments and a similar deposit was formed
on the cathode. But the TEM observations of this de-
posit revealed that no filled nanotube could be found. For
Ni and Co experiments, single-walled nanotubes (SWNT)
similar to those usually observed in catalytic synthesis by
arc-discharge [36] were obtained. Figure 10 shows SWNT
produced with Ni: these nanotubes are very abundant and
often self-organize in bundles that can exceed one micron
in length. For Cr, Dy and S experiments, only a few empty
multi-walled nanotubes could be found.

In order to confirm the crucial role of sulfur, we fo-
cused our attention on the case of Cr since the addition
of this element produced the longest and most abundant
encapsulated nanowires when using 99.4% graphite rods.
Thus, we doped the anode with a mixture of Cr and S so
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Fig. 6. (a) and (b) Selected area electron diffrac-
tion patterns of a conveniently oriented filled nan-
otube obtained with a 99.4% graphite anode doped
with Ni. The structure is consistent with the pseudo-
cubic NizSs phase (thombohedral cell: a = 4.08 A, «
close to 90°) which corresponds well to a S/Ni atomic
ratio close to 0.7 observed in some EELS analyses. A
(110) projection and a (100) projection can be seen in
(a) and (b) respectively. The presence of numerous en-
capsulated nanoparticles in the selected area induces
rings corresponding to reticular distances of the pure
Ni phase (indicated by Ni) and of the graphitic struc-
ture (indicated by g) on the diffraction patterns.

Fig. 7. HRTEM image in (a) and corresponding elec-
tron diffraction pattern in (b) of a conical particle
at the tip of a bamboo-shaped carbon nanotube ob-
tained with a 99.4% graphite anode doped with Co.
Both are well consistent with a (110) projection of the
cubic CogSg phase.

that sulfur represents 0.1% in weight with respect to total
C (i.e. drilled carbon anode and carbon powder inside).
In these conditions, the atomic ratios are the following:
S/C = 0.04%, Cr/C = 8% and S/Cr = 0.5% (1:200). This
doping resulted in the formation on the cathode of numer-
ous filled nanotubes, similar to those produced with 99.4%
graphite rods. Although nanotubes completely filled from
their tips are slightly less abundant, their length also often
exceeds one micron as shown in Figure 11a and long single-
crystals can be observed as previously (see Fig. 11b).

The chemical analysis of these nanowires revealed the
existence of various compositions: some of them con-
tain sulfur as those obtained previously (see Fig. 3), but
most of them are free from sulfur and look like pure Cr
nanowires encapsulated in graphitic shells and in some
cases like chromium carbide encapsulated nanowires. Fig-
ure 12 presents a 3D plot of an EELS line-spectrum
(64 spectra) acquired across a pure Cr filled nanotube
(shown in inset) and the corresponding concentration pro-
files. C and Cr profiles are characteristic of a carbon nan-
otube whose hollow core is filled with Cr; the so-called S
profile was deduced from the intensity in the S-Ly 3 edge
energy-loss range and shows that no sulfur is detected. Fi-
nally, the concentration profiles obtained on a chromium
carbide filled nanotube are presented in Figure 13. Here
the C profile is not consistent with a nanotube having
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Fig. 8. HRTEM image of a typical pure Co single-crystalline
nanoparticle obtained with a 99.4% graphite anode doped with
Co. The particle is encapsulated in a few graphitic layers and
surrounded by amorphous carbon. Such nanoparticles have
mostly a face-centered cubic (f.c.c.) structure and often contain
twin boundaries and stacking faults; these defects are known
to frequently occur in this structure. The existence of elastic
strains at the interface between the cobalt particle and the
graphitic walls may be responsible for the observed distorsions
in the f.c.c. structure. Here is the image of a nanoparticle al-
most in a (110) projection. The (111) dense atomic layers are
indicated by small bars and separated by 2.0 A. These HRTEM
observations were performed using a Akashi 002B microscope.
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Fig. 9. Electron energy-loss spectrum after background sub-
traction obtained on a filled carbon nanotube obtained with
a 99.4% graphite anode doped with S. Beside the C-K edge
and the S-Lj 3 edge, the unexpected Fe-Ly 3 is present on the
spectrum.
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Fig. 10. TEM image of long bundles of single-walled nan-
otubes (SWNT) obtained when a high purity carbon anode
was doped with Ni.

100nm

S nam

Fig. 11. (a) TEM image of a long typical filled carbon nan-
otube obtained with a high purity carbon anode doped with
Cr and S in a S/Cr = 0.5% atomic ratio. (b) HRTEM im-
age of another Cr-containing nanowire having a very small
diameter and encapsulated in 10 graphitic layers. The fill-
ing is single-crystalline and in epitaxial relationship with the
graphitic walls.

a carbon free hollow core. Moreover, the fine structure
(ELNES) of the C-K edge in the core region is different
from that in the peripheral region of the nanotube which
is characteristic of graphitic walls as shown in the inset
of Figure 13: the 7* peak is more intense and the overall
shape of the ¢* band is modified.

No striking morphological difference was found be-
tween the different kinds of fillings. Note that the chemical
composition may change along the nanotube and longi-
tudinal line-spectra over the entire length of the fillings
would be necessary to obtain good statistics. An investi-
gation using the approach mentioned above, i.e. combin-
ing EELS analysis and electron diffraction on the same
nanowire, is in progress in order to associate the chem-
ical composition to the crystallographic structure of the
filling material. It is already possible to state that the
structure of numerous S containing nanowires is consistent
with a trigonal chromium sulfide like Cr5Sg previously ob-
tained for the nanowires produced with the 99.4% graphite
rods. Moreover, many S free nanowires have a structure
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Fig. 12. Electron energy-loss line-spectrum across a pure Cr
filled carbon nanotube obtained with a high purity carbon an-
ode doped with Cr and S in a S/Cr = 0.5% atomic ratio. (a) 3D
plot of the collection of 64 spectra acquired over 80 nm, show-
ing the evolution of the C-K and Cr-Lo 3 edges as the electron
beam scanned across the graphitic walls, the filling and again
the graphitic walls. (b) Corresponding C and Cr concentration
profiles. The so-called S profile is deduced from the intensity
in the S-La, 3 edge energy-loss range and shows the absence of
sulfur. Inset: Bright field image of the nanowire.

consistent with the orthorhombic CrzCs carbide. How-
ever, the structural identification of the nanowires which
are pure Cr fillings according to EELS profiles requires
further experiments since neither the b.c.c. Cr phase nor
a A15 metastable Cr phase [37] could be unambiguously
identified. As a conclusion, we have shown that the addi-
tion of a very small amount of sulfur to Cr provokes the
formation of long encapsulated nanowires having various
chemical compositions, including pure Cr.

5 Discussion

Our experimental results clearly show that sulfur is es-
sential for the production of nanotubes filled with a large
variety of materials. It is worth mentioning that the results
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Fig. 13. Electron energy-loss line-spectrum across a carbon
nanotube filled with a chromium carbide obtained with a high
purity carbon anode doped with Cr and S in a S/Cr = 0.5%
atomic ratio. The C concentration profile shows that the hollow
core of the nanotube contains carbon in addition to Cr. Inset:
ELNES structures of the C-K edge in the carbide core and on
the sides, i.e. the graphitic walls of the nanotube.

Fig. 14. (a) TEM image of a filled nanotube obtained with a
99.4% graphite anode doped with Ni, having a typical widened
shape and a faceted tip. (b) TEM image of a several microns
long filled nanotube, obtained with a high purity carbon anode
doped with Cr and S in a S/Cr=0.5% atomic ratio, also having
a slightly widened shape.

with cobalt are very similar to those obtained by Kiang
et al. [38,39]. They doped the anode with an equiatomic
mixture of cobalt and sulfur to study the effect of sulfur
on the production of SWNT and observed the formation
of multiwalled nanotubes partially filled with a cobalt sul-
fide.

In contrast with other synthesis methods, it is likely
that, according to the micronic length of numerous en-
capsulated nanowires, the nanotube and its filling form
almost simultaneously: the filling by capillarity of empty
nanotubes after their formation on the cathode is difficult
to envisage on such a length and the variety of structural
characteristics depending on the chosen element confirms
this assumption. Furthermore, numerous filled nanotubes
share striking similarities with catalytically grown carbon
nanofibers [40,41]. The conical shape of Co containing
elongated particles at the end of nanotubes (Fig. 7a) as
well as the widened shape of long Ni or Cr containing
nanowires shown in Figure 14 are representative features
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reminding us of catalytically grown fibers. The catalytic
growth mechanism of the latter may therefore give clues
for the growth of filled nanotubes as already proposed by
different authors [27,30].

In brief, we recall that nanofibers are usually obtained
by catalytic decomposition of hydrocarbons (or carbon
monoxide) on metal particles such as Fe, Co or Ni around
600 °C and can sometimes be partially filled by metallic
carbide particles [42]. Growth models are based on three
steps [43]: the hydrocarbon is first adsorbed on the metal
surface and decomposed to produce carbon species which
then dissolve and diffuse through the metallic particle and
finally precipitate at the rear face of the particle to form
the nanofiber. Different models were then proposed to ex-
plain the formation of hollow structures (see e.g. [44]).
Moreover, the addition of sulfur was found to enhance
the catalytic activity of cobalt [45]: it was claimed that
the presence of small amounts of S promotes the recon-
struction of the metal surface by giving a more favorable
crystallographic orientation for the catalytic adsorption.
Higher sulfur coverages give rise to a loss of the catalyst
activity and in severe conditions, the bulk sulfide CogSg
is formed as in electric arc experiments.

In spite of morphological similarities, carbon
nanofibers and filled nanotubes are formed in differ-
ent experimental conditions as far as temperature and
species supply are concerned. In this respect, temperature
is an essential parameter. In our experiments, filled
nanotubes are found in localized regions of the soot
around the cathode which depend on the chosen metal.
This means that they grow on the cathode in a definite
temperature range, in contrast with the vapor-phase
self-assembled carbon nanomaterials (see e.g. [36]). We
believe that in the electric arc experiment, one of the
key factors is the important temperature gradient on the
cathode which is created by the efficient water-cooling
of the electrodes. Between the electrodes, a high tem-
perature regime, probably above 4000 °C (i.e. above
sublimation temperature of graphite) is responsible for
the formation without any catalyst of the multiwalled
carbon nanotubes discovered by Iijima [1]. On the rear
part of the cathode, we assume that the temperature is
lower than 1000 °C thanks to the water-cooling. Thus,
we suggest that the temperature of formation of filled
nanotubes ranges between 1000 °C and 2000 °C.

It is worth noting that the melting point of numerous
metals belongs to this temperature range. We therefore
suggest that the growth mechanism of nanotubes filled
with metals in presence of sulfur follows a catalytic pro-
cess, apart from the fact that the catalyst particle is in a
molten state. In such a way, the catalyst material can flow
inside the tube and fill it as it grows. Such a mechanism
involving a molten catalyst particle has already been pro-
posed to explain the rapid formation of carbon nanofibers,
probably due to an increased diffusion rate of carbon in the
liquid particle [46]. Zhang et al. proposed that the deposi-
tion and surface diffusion of carbon on a liquid-like metal
is responsible for the formation of iron-filled nanotubules
in their carbon arc in presence of Fe(CO); gas [47]. In
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our case, we believe that the solid or molten state of the
catalyst particle makes the difference between filled tubes
and tubes capped by a metallic particle. Moreover the lig-
uid state of the filling material during the growth seems
essential to explain the various chemical compositions of
the nanowires after solidification, as discussed later.

The specific role of sulfur in this catalytic process has
to be discussed. Our results show that this element is cru-
cial to obtain metal-based nanowires and is highly con-
centrated within a large number of them. S is not a cat-
alyst in itself. However, it is known to promote below
2000 °C the graphitization of carbon materials, such as
heavy petroleum products [48-50], by acting as a cross-
linker and being then released from the graphitizing struc-
ture. We suggest that the same phenomenon occurs here.
Therefore, we assume that C and S easily combine in the
vapor phase at high temperature, maybe forming S-rich
carbon clusters which would provide important amounts
of S to the growing nanotube. Then, sulfur assists the
graphitization of the nanotube on the cathode and helps
the catalytic action of the metal. Finally S is released from
the graphitizing tube and trapped in the metallic filling
inside the nanotube because of its strong affinity with met-
als. This process results in a progressive increase of the
S concentration in the nanowire. It gives an explanation
for the difference in S concentration between the pure Co
nanoparticles and the Co sulfide fillings of nanotubes: the
final S amount in the filling material seems proportional to
the final C amount, i.e. to the length of the nanotube. In
addition, this sulfur concentration phenomenon certainly
contributes to maintain the metallic material inside the
growing nanotube in a molten state. Indeed, according
to the Ni-S phase diagram for instance [51], the melting
point decreases as the S concentration increases in the Ni-
rich region. Finally, the spreading and wetting properties
of the metallic phase over the graphitic walls can also be
affected by the presence of sulfur.

The general scheme of the catalytic growth model
we propose is sketched in Figure 15. The multiwalled
nanotube starts to grow from a carbon-rich metal par-
ticle deposited on the cathode. Sulfur helps the precipi-
tation of carbon and is then removed from the graphitiz-
ing walls. It is trapped by the metallic material and con-
tributes to maintain it in a liquid state. In the same time,
the S-enriched liquid flows inside the carbon nanotube.
The growth will continue as long as the carbon, metal and
sulfur species supply and temperature conditions will be
maintained. Afterwards, during the solidification of the
filling material, the cooling conditions will influence the
microstructure of the final encapsulated nanocrystals. A
rapid solidification will probably lead to the formation of
numerous microcrystallites (see for instance Fig. 1f); on
the contrary, if a solidification front can be established, the
formation of long single-crystals in epitaxial relationship
with the graphitic walls will be possible. Since sulfur is
generally not soluble in metals, we believe that segregation
phenomena occur at the solid-liquid interface as the solid-
ification front moves through the nanowire: as a result,
a pure metal crystal will grow and the S concentration
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Fig. 15. Schematic growth mechanism proposed for the for-
mation of a carbon nanotube filled with a metal on the cathode
of an arc-discharge experiment in presence of sulfur (see text
for details).

of the liquid phase will increase until the growth of a def-
inite sulfide crystal replaces that of the pure metal. This
is typically the case of Ni containing nanowires: longitu-
dinal EELS analyses evidenced the coexistence of pure Ni
crystals and Ni sulfides crystals inside the same nanotube.
As far as the long pure Cr nanowires are concerned, we
believe that their formation is due to the existence of a
miscibility gap in the molten state between a pure Cr lig-
uid and an S-rich liquid in the Cr-S phase diagram [51].
Therefore, the cooling of these different liquids will lead
to the formation either of pure Cr crystals or of CrS com-
pounds. A similar explanation can be proposed for the
formation of pure Ge nanowires we observed although Ge
is not a metal. In that case, GeS compounds are probably
not formed because the number of encapsulating carbon
layers is too reduced and the length of the nanotubes too
short to obtain sulfur rich liquid particles of Ge. In all
cases it is important to remind that the nanometric size
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of the crystallites and the confined space of the nanotubes
may allow the formation of unusual phases.

Finally it is interesting to compare the formation of
filled tubes and that of SWNT. In the latter case, a cata-
lyst like Co or Ni is clearly required otherwise the SWNT
would spontaneously close into graphitic domes [52]. Dif-
ferent models involving a catalytic growth either in the
vapor phase (see e.g. [63,54]) or on the surface of a cat-
alyst particle [55] have been proposed. In contrast to the
experiments with Co by Kiang et al. [39], the presence
of sulfur in our experiments with Co and Ni seemed to
poison the formation of SWNT: only a few of them em-
anating radially from metal particles were found on the
colder parts of the cathode. Therefore, it seems that in
presence of sulfur, both SWNT and filled nanotubes grow
from metal particles. Sulfur probably plays a role in the
vapor phase by modifying the species supply and thus pro-
moting the growth of multiwalled filled nanotubes on the
cathode instead of self-assembled SWNT.

6 Conclusion

In conclusion, we have shown that the presence of sulfur
in catalytic quantity is crucial for the production by the
electric arc method of abundant metal containing encap-
sulated nanowires which can be free from sulfur. The role
of sulfur may be compared to that of hydrogen in the for-
mation of pure Ge and Cu encapsulated nanowires [29].
High spatial resolution EELS was proved to be essential
and particularly adapted for characterizing filled carbon
nanotubes and understanding their formation. We propose
that sulfur enhances the catalytic activity of the metal as
far as graphitization is concerned and helps the filling ma-
terials to remain in the liquid state and to flow inside the
growing nanotubes.

We are grateful to C. Ricolleau, G. Hug, A. Jouniaux, M.
Armand for their assistance in certain experiments and to S.
Bonnamy, F. Beguin and F. Willaime for useful and stimulat-
ing discussions.
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