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Formation of cobalt-encapsulating carbon nanotubes/nanoparticles from the decomposition products of
Co(CO)3NO was investigated by carrying out the reaction in a specially arranged closed cell at different
temperatures. Multiwalled carbon nanotubes along with carbon-encapsulated cobalt nanoparticles were generated
via a catalytic carbon monoxide disproportionation reaction over the in situ formed cobalt nanoparticles on
an MgO support. The carbonaceous materials were separated from the product by a simple acid-treatment
method. Structure and composition of the products were characterized by X-ray diffraction (XRD), transmission
electron microscopy, and thermogravimetric analysis. It was observed that nanotube formation is favored at
1000 °C, whereas lower temperatures produced mainly nanoparticles with or without the encapsulated cobalt.
The average outer diameter of the nanotubes was 26 nm with an inner diameter of 15 nm. As revealed from
XRD, the encapsulated cobalt particles were in their high-temperature fcc phase and were present at the tip
of the nanotubes and inside the nanoparticles. Magnetization measurements showed that the encapsulated
cobalt particles are ferromagnetic in nature and the saturation magnetization (Ms) and coercive force (Hc) are
dependent on the reaction temperature.

1. Introduction
In the past few years there has been intense research in carbon
science, mainly provoked by the discovery of C60 in 1985.1 In
a very short period of time, a number of new forms of carbon
were identified, such as nested spheroidal shells (onions),2 giant
fullerene shells,3 interconnected fullerene-like cages,4 flattened
nanotubes, and flattened carbon nanoshells.5,6 In 1991, another
new form of carbon, the carbon nanotubes, was detected by
Iijima7 while investigating the soot obtained from the cathodic
deposit of an arc-discharge fullerene production apparatus. The
carbon nanotubes are currently an active field of research, owing
to their exceptional electrical and mechanical properties, which
make them suitable for application in semiconductor devices,
field emitters, tunneling microscopes, quantum wires, etc.8-15
The carbon nanotubes are unique nanostructures consisting
of nested cylindrical graphitic layers capped by fullerene-like
ends with a hollow internal cavity. They can be multiwalled or
single walled depending on the number of graphitic layers
present in the structure. It has also been suggested that nanotubes
containing different kinds of materials inside their cores might
exhibit interesting properties.15-17 In particular, for magnetic
metal filled carbon nanotubes, the magnetic behavior of the
occluded nanoparticles and the oxidation resistance of carbon
coating have led to the consideration of these materials for
applications in areas such as magnetic data storage, xerography,
and contrast agents in magnetic resonance imaging.
Soon after the report of carbon nanotubes by Iijima, many
other synthetic methods to produce carbon nanotubes were
reported. A lot of effort has been devoted to the synthesis of
nanotubes, chiefly because of the requirement in both quantity
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and quality in order to verify their properties, which were
predicted theoretically. All the synthetic methods can be roughly
categorized into three groups: the carbon arc-discharge method,7,8
laser vaporization of a graphite electrode,18 and chemical
methods.19-23 So far, helium arc discharge is the most widely
used fabrication method because of the better quality of the
produced nanotubes with well-graphitized tube walls. However,
the nanotube sample obtained by this method has the disadvantage of containing other materials, such as graphitic particles.
This inhomogeneity of the nanotube samples, as well as the
required drastic experimental conditions, has motivated investigations for alternative production techniques. Most of these
techniques produce nanotubes through a catalytic process
(chemical methods), such as decomposition of hydrocarbons or
carbon monoxide over metallic particles. A comparison of the
nanotubes prepared by different synthetic techniques showed
that the catalytic methods yield nanotubes with many structural
defects in the tube walls.24 However, the lower reaction
temperatures involved in these methods, along with the low cost
of production, are some of the advantages that have made them
an important area of research for the production of nanotubes.
A catalytic method generally involves the decomposition of
hydrocarbons or carbon monoxide over a catalyst. From a
thermodynamic point of view, the CO decomposition method
differs sharply from others (decomposition of hydrocarbons)
in that the equilibrium yield of carbon decreases with temperature, whereas it increases for the other cases (e.g., for CO
disproportionation, ∆G°(700 K) is -48.4 kJ/mol and ∆G°(900
K) is -12.9 kJ/mol at 1 atm). However, hydrocarbon decomposition has the disadvantage of forming an amorphous carbon
coating due to the self-pyrolysis of the reactant at high
temperatures. This can be avoided by using CO as the carbon
source, as it disproportionates at a sufficiently high temperature
to give carbon nanotubes over a catalyst.
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Several studies on the catalytic disproportionation of CO for
the production of nanotubes have been reported. Dai et al. were
the first to prepare SWNT by a preformed catalyst from a flow
of CO gas.25 Tube diameters ranging from 1 to 5 nm were
produced over Mo particles for which they proposed a “skullcap” type of growth mechanism. The nano-sized Mo particles
were responsible for the nanotube formation, whereas the larger
Mo particles were found to be fully covered by graphitic layers
and were thus inactive in catalyzing the tube formation. A
comparative microscopic study on the products obtained from
catalytic decomposition of CO over a catalyst (Fe, Co, and Ni)
and high-temperature arc-discharge method showed that the
materials produced from both methods have similar morphologies.26 They also showed that the presence of hydrogen could
influence the process to give carbon filaments instead of
nanotubes. The various other catalysts, which were employed
for the synthesis of nanotubes from CO decomposition, are NiMgO,27 Co-Mo,28 and Co-Al2O3.29 In all the above methods,
the catalysts were prepared prior to their use in the nanotube
fabrication, and in some cases the effects of catalyst preparation
on nanotube growth were also investigated in detail.
Recently, it has been shown by our group that metal carbonyls
can be employed as the source for both carbon monoxide and
catalyst where the nanotubes grow from the in situ generated
metal catalysts.30-32 Carbon “nanoflasks” having circular or
ovoid bulb-type bases with long nanotube necks were obtained
when the metal carbonyl, along with magnesium, was heated
in a closed cell at 900-1100 °C. Here we describe a method
by which multiwalled carbon nanotubes and nanoparticles were
obtained from the decomposition products of Co(CO)3NO when
the reaction was performed over MgO or a mixture of Mg and
MgO instead of only Mg. A detailed study on the effect of
various experimental conditions upon the morphology of the
formed products and their magnetic properties has been
discussed. A short communication of the early results has been
published recently.33
2. Experimental Section
Syntheses of carbon nanotubes were carried out in a 2 mL
closed cell, which was assembled from stainless steel Swagelok
parts. A 3/8 in. union part was capped from one side by a
standard plug. For dispersing the generated metal particles from
the decomposition of metal carbonyl, we used a mixture of Mg
and MgO. This is based on the fact that the reactivity of MgO
can be enhanced by exposure of the sample to vapors of low
ionization energy metals such as magnesium and alkali metals,
and thereby change its catalytic properties.34,35 In a typical
preparation method, 350 mg of MgO (Merck, BET surface
area ) 52 m2/g) mixed with 75 mg of Mg turnings (Merck)
was loaded into the cell, and 700 mg of cobalt tricarbonyl
nitrosyl (STREM) was added to it slowly by a syringe. The
cell was then closed with the other plug. Prior to the loading,
MgO powder was heat treated at 500 °C in an atmosphere of
nitrogen for 3 h and loading of the cell was carried out in an
inert atmosphere of nitrogen (glovebox). The filled cell was then
heated in a furnace to the desired temperature at a heating rate
of 20 °C/min. The reaction was continued for different durations,
after which the cell was cooled to room temperature. The assynthesized black product obtained from the cell was treated
with 30% dilute HCl solution to remove the catalytic particles.
The resulting purified material was centrifuged, repeatedly
washed with deionized water and ethanol, and then vacuumdried. The products are designated as Cx, where x represents
the reaction temperature.
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Figure 1. X-ray diffractograms of (a) as-synthesized and (b) acidtreated C1000 sample.

The X-ray diffraction patterns of the products were recorded
by employing a Bruker AXS D8 Advance Powder X-ray
Diffractometer (using Cu KR λ ) 1.5418 rad). The transmission
electron micrographs (TEM) were obtained with a JEOL-JEM
100SX microscope, working at a 100 kV accelerating voltage.
Samples for TEM were prepared by dispersing the powdered
sample in ethanol by sonication and then drop-drying on a
copper grid (400 mesh, Electron Microscopy Sciences) coated
with carbon film. The TGA measurements were carried out
under air on a Mettler Toledo TGA/SDTA 851 instrument at a
heating rate of 5 °C/min. Elemental analysis was done by an
Eager 200 CHN analyzer. Magnetization was measured using
a vibrating sample magnetometer (VSM-Oxford 3001).
3. Results and Discussion
3.1. XRD Analyses. The different phases in the assynthesized and acid-treated samples were characterized by
XRD. Figure 1 illustrates the XRD patterns of the C1000 sample
before and after acid treatment. In the case of the as-synthesized
sample, the pattern mainly consists of dominating peaks due to
MgO. The other less intense peaks could be assigned to metallic
cobalt particles and graphite. The Co particles were found to
be in their unstable fcc phase. The stabilization of the fcc
structure rather than the stable hcp phase was similar to that in
our earlier report.30 It was proposed that the covering graphene
layers could be responsible for the stabilization of the fcc phase.
After the sample was acid treated, the (002) graphitic peak
became more prominent. In addition, the dominant MgO peaks
disappeared due to the removal of the MgO particles by HCl.
From the graphitic (002) peak the average interlayer spacing
was calculated to be 3.4 Å, which is less by 0.04 Å than the
reported value for carbon nanotube/nanoparticle mixtures
obtained by the arc-discharge method.36 However, it is known
from the more recent analysis by Kiang et al.37 that the interlayer
spacing can vary from 3.4 to 3.9 Å depending on the tube
diameter, with the smaller diameter tubes having the largest
spacing. This correlation was attributed to the high curvature
of the small tubes resulting in a greater repulsive intertube force.
As seen from the diffraction pattern in Figure 1b, a small
amount of Co was found to remain even after the acid treatment.
These Co particles are still in their fcc symmetry, suggesting
that they are strongly covered by the graphene layers, which
prevented the metal from reacting with HCl. The XRD patterns
of the C800 and C900 samples are shown in Figures 2 and 3.
Patterns of all the samples are similar to those of C1000 except
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TABLE 1: Carbon Yields for Various As-Synthesized
Samples and Cobalt Content in Acid-Treated Samples
sample
C1000

C900
C800
Co(CO)3NO

reaction
temp (°C)

reaction
duration (h)

carbon
yield (wt %)

1000

1
3
7
10
3
3
3

29.8
32.1, 16.8b
34.8
35.2
39.3
44.8
12.7

900
800
1000

wt %
Coa
4.9
6.0
6.5

a
Cobalt contents in the acid-treated samples calculated from TGA
analyses. b The value corresponds to percentage of carbon yield for
the product obtained in the absence of magnesium.

Figure 2. X-ray diffractograms of (a) as-synthesized and (b) acidtreated C900 sample.

Figure 3. X-ray diffractograms of (a) as-synthesized and (b) acidtreated C800 sample.

the as-synthesized C800 sample, for which extra peaks due to
MgCO3 were observed. The presence of MgCO3 only for the
sample prepared at 800 °C indicates that this might have formed
from the reaction of CO2 on the surface of MgO, and on further
heating to higher temperature it decomposes. The d spacings
for the graphitic (002) peak for C800 and C900 samples are 3.35
and 3.36 Å, respectively, and are similar to that of a graphite
crystal (3.354 Å).
3.2. CHN Analyses. Carbon contents in various samples were
determined by CHN analysis. The as-synthesized C1000 sample
obtained after 3 h of reaction showed a carbon content of 6.4
wt %. In good agreement with this, the amount of material that
was recovered from the products after treating with HCl
corresponded to about 6.8 wt % of the as-synthesized product.
The balance of weight shows the effectiveness of the purification
method, which caused removal of the catalytic materials only.
The percentage of carbon yield could be estimated from this,
and it corresponds to about 32.1 wt % of the total amount of
carbon that was initially present in the reaction mixture. In the
acid-treated sample, the carbon content was 95 wt % and the
contents of the other elements such as H, N, and O were below
1 wt %.
The carbon yields for all the as-synthesized products obtained
at various times and temperatures are listed in Table 1. A very
slow increase in the carbon content with time was observed for

the reaction at 1000 °C. It can be seen that most of these carbons
have already been formed at 1 h. When the reactions were
performed at lower temperatures (800 and 900 °C), they
produced more carbon corresponding to 44.8 and 39.3 wt %
yields, respectively. This may be the consequence of the
decrease in free energy change (∆G for the CO disproportionation reaction) with temperature making the reaction more
favorable at lower temperatures, thus yielding a higher amount
of product. Moreover, in the case of C800, the formation of
MgCO3 also adds to the total amount of carbon present in the
as-synthesized product. For comparison, the carbon content in
the product obtained by heating only Co(CO)3NO inside the
cell at 1000 °C is also given in Table 1. The lower percentage
of conversion in this reaction can be related to the lower activity
of bigger metal particles (g500 nm) formed from the decomposition of Co(CO)3NO in the absence of any support.
The advantage of using Mg along with MgO was reflected
in the increase in carbon yield from a value of 16.8 wt % for
MgO to 32.1 wt % for a mixture of Mg and MgO. This indicates
that Mg plays an important role in promoting the reaction over
cobalt catalyst. The promotional effect can be directly due to
the interaction of either Mg with cobalt or through a metal/
support interaction. We assume that Mg can promote the
reaction in a manner similar to that known in the case of alkali
metal promoted Fischer-Tropsch catalysis.38,39 Various experiments and theoretical calculations have shown that the interaction of electropositive adatoms such as Na or K with the
transition metal surface causes an enhancement of the binding
energy of molecularly adsorbed CO and increases the dissociation probability of CO.38-41 This has been attributed to the
increased electron density on the transition metal surface atoms
by the adsorption of alkali metal atoms on them. On the other
hand, Mg may also indirectly promote the cobalt catalyst through
an interaction with the MgO support. It has been shown that
when MgO is exposed to Mg vapor, it generates an electronrich surface by creating defect centers consisting of single
electrons in anionic vacancies.34,42 This electron rich defect site
can activate the cobalt catalyst by donating electrons through
metal/support interaction.
3.3. TEM Analyses. Representative TEM images of the assynthesized and the extracted products are illustrated in Figures
4 and 5. As seen in Figure 4a, only a few carbon nanotubes
could be detected in the as-synthesized material and most of
them were covered with the catalytic particles. However, these
impurities were not seen in the case of the HCl-treated product
and the nanotubes were clearly visible, as shown in Figure 4bd. The morphologies of the nanotubes before and after the acid
treatment remained similar, indicating that they are undamaged
by this purification method. The dimensions of carbon nanotubes
were varied in a narrow size range with an outer diameter of
∼26 nm for most of them, and the rest had a diameter in the
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Figure 4. Transmission electron micrographs of (a) as-synthesized
material and (b, c, and d) acid-treated samples obtained from the
reaction at 1000 °C for 1, 3, and 7 h durations, respectively.

Figure 5. Transmission electron micrographs of acid-treated samples
obtained at (a) 800, (b, c) 900, and (d) 1000 °C (heating rate 100
°C/min).

16-34 nm range. The distribution of the inner diameters was
in the 10-22 nm range with an average of ∼15 nm. Accordingly, the tube-wall thickness varied from 3 to 10 nm with the
majority of the tubes consisting of about ∼15 graphitic layers,
corresponding to a wall thickness of ∼6 nm. The nanotubes
with larger diameters were often found to have thicker walls. It
was also observed that many of the nanotubes were attached
with very small cobalt particles of 20-35 nm size (Figure 4b,c)
at one of their ends. The similarity in the size of these
encapsulated cobalt particles and the outer diameters of the
attached tubes clearly indicates that the dimensions of the
nanotubes are determined by the size of the catalytic particles.
Although the carbon content in the C1000 product was found
to increase with time (Table 1), there was not much change in
the nanotube content (Figure 4b-d). Since all of the metal
carbonyls must have decomposed well before the reaction
temperature reached 1000 °C, and all the formed metal particles
suitable for the nanotube growth might have been covered with
carbon at the initial stages of the reaction, one cannot expect
any further generation of new nucleating centers for the nanotube
growth at later times. Thus, the extra carbon that was being
formed at later hours might be contributing to the further growth
of the tubes that had already been nucleated at the beginning
of the reaction.
To understand the effect of reaction temperature on the
product morphology, the products obtained from the reactions
at 800 and 900 °C were also analyzed by TEM. For both
temperatures the overall nanotube content was decreased

drastically producing mainly nanoparticles. As shown in Figure
5a-c, the C900 sample has comparatively bigger particles than
C800, and for both cases it has a wide size distribution ranging
from 50 to 200 nm. Many of these nanoparticles have an empty
core, while the others have encapsulated metal particle. In the
case of hollow particles, the empty core is a result of the removal
of metal particles during the acid-treatment procedure. For the
encapsulated particles, because of the surrounding graphene
layers the metal was well protected from leaching out by HCl.
However, the low content of the nanotubes at these temperatures
was in contradiction to the other reported results where
nanotubes were observed even below 700 °C from a continuous
flow of CO over a catalyst.43 This can be attributed to the lower
ratio of CO to metal in our case, which allows the metal particles
to agglomerate, forming bigger particles at 800 °C and 900 °C,
thus making them inactive for the nanotube nucleation. When
catalytic particles become larger, the formation of graphitic
overcoat is favored, as the strain energy of the over-coating layer
becomes smaller.44 However, in case of the reaction at 1000
°C, because of the enhanced reactivity for nanotube formation,
the initially formed smaller metal particles start nucleating the
nanotubes before reacting with other metal particles to form
bigger aggregates. Thus, it can be said that the product formation
is mainly directed by competition between two reactions, i.e.,
nanotube formation and agglomeration of the metal particles.
It was also observed that the nanotube content decreased by
increasing the rate of heating, further suggesting that the higher
rate of heating facilitated the agglomeration of metal particles,
resulting in nanoparticles only (Figure 5d).
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Figure 6. TGA curves for acid-treated samples of C1000, C900, and C800.

3.4. Mechanism. The nanotube tips containing Co particles
as seen from the TEM images reveal that these small metal
particles are responsible for the nucleation and growth of
nanotubes. First, the decomposition of metal carbonyl over MgO
gives rise to nanosized metal particles and carbon monoxide.
These cobalt nanoparticles then catalyze the disproportionation
of carbon monoxide to form carbon over the metal particles
from which the nucleation and growth of carbon nanotube takes
place. The trapped cobalt particles seen in the tip of the
nanotubes are similar to that already reported for both SWNT
and MWNT syntheses.23,25 Thus in our case we anticipate a
similar “yarmulke” type of catalytic mechanism as has been
proposed earlier.25 According to this mechanism, an excess of
carbon assembles on the metal particle surface to form a
graphene cap with its edges strongly chemisorbed to the metal.
The newly arriving carbon then either forms another cap
underneath the first or adds to the cylindrical section of a
growing layer to form a tubular structure with one of its ends
still attached to the metal particle.
3.5. TGA Analyses. Thermogravimetric analyses were carried
out in order to quantify the nanoparticle/nanotube contents in
acid-treated samples. TGA curves for the samples prepared at
three different temperatures are shown in Figure 6. For all
samples, weight loss starts at ∼400 °C and continues until ∼750
°C. It is known that the nongraphitic carbon oxidizes first at a
temperature below 550 °C.45 Above 550 °C the weight loss is
related to the oxidation of carbon nanotubes/nanoparticles.
However, the reported onset value for multiwalled carbon
nanotubes prepared by the arc-discharge method is ∼700 °C,46
which is higher than that found in our study. This decrease in
the decomposition temperature could be due to the presence of
metal particles in the sample, which can catalyze the oxidation
of carbon nanotubes at a lower temperature.46 Moreover, the
exothermic reaction of the first component can also initiate
burning of the second component at a lower temperature.47 From
the TGA curve, the total nanotube and nanoparticle content in
C1000 was estimated to be 73 wt %. The values for C800 and
C900 are 62 and 70 wt % respectively, which indicates that at
lower temperatures the formation of nongraphitic carbon is
favored as compared to that at 1000 °C. The metal content in
various samples was also calculated from the residue by
considering it as completely oxidized, and is given in Table 1.
3.6. Magnetic Measurements. Carbon encapsulation of the
magnetic materials is of importance as the effective distance of
neighboring magnetic grains can be increased so as to weaken
or eliminate the exchange coupling between them. Carbon
encapsulation can also provide protection against surface
oxidation of magnetic grains. These magnetic nanoparticles are
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Figure 7. Plot of magnetization vs applied field for various samples
measured at 300 K. Inset figures show the magnified parts of the curve
for C1000 in high magnetic field region.

TABLE 2: Magnetization Data for Various Samples
Measured at 300 K
sample

Ms (emu/g)

Mr/Ms

Hc (G)

Ms (emu/g of Co)

C800
C900
C1000

5.8
2.9
1.2a

0.2
0.1
0.3

435
197
302

90
49
24

a The saturation value corresponds to the highest value achieved (at
8000 G) before the diamagnetic decrease of magnetization with applied
field.

generally prepared by the high-temperature carbon-arc technique, the tungsten-arc technique, the Magnetron and ionbeaming technique, and the rf plasma torch technique. The
cobalt-containing carbon nanotubes/nanoparticles produced by
our chemical method may provide an alternative route for their
preparation in a comparatively low temperature region.
Magnetic properties of the samples were investigated at room
temperature using a vibrating sample magnetometer with an
applied field -1.6 T e H e 1.6 T. Plots of magnetization vs
applied magnetic field for various samples are given in Figure
7. In the case of C1000, a typical ferromagnetic behavior was
observed at low field range, and after 8000 G the behavior
became diamagnetic with negative magnetic susceptibility (see
inset of Figure 7). Although the pure carbon nanotubes are
known to exhibit a greater diamagnetic susceptibility compared
with graphite,48 this decrease is also in the same range that can
be expected from the diamagnetic contribution of a sample
holder. Thus, the decrease in magnetization with the applied
magnetic field above 8000 G is indicative of an additive effect
of ferromagnetic saturation of cobalt magnetization and a
diamagnetic decrease in the magnetization of carbon nanotubes
and/or the sample holder with increasing field. Magnetization
curves for C800 and C900 reveal that these samples are also
ferromagnetic in nature, but in contrast to the diamagnetic
character of C1000 at higher field, the magnetization attained
saturation values above 8000 G. The absence of diamagnetic
contribution in C800 and C900 can be attributed to the lower
percentage of carbon nanotubes as evidenced in the TEM
pictures.
Values of saturation magnetization, remanence-to-saturation
ratio, and coercive field for all samples are listed in Table 2.
The coercive force changes with reaction temperature in the
following order: C800 > C1000 > C900. This trend can be well
correlated to the sizes of the cobalt particles. The coercive force
is known to follow a peak with increase in particle size, and at
a critical size it attains the maximum value.49 Thus, the C1000
sample having the smallest cobalt particles belongs to the left

4084 J. Phys. Chem. B, Vol. 106, No. 16, 2002
side of the peak, where the particles are of a single domain
system. Similar coercive forces were also reported by Block et
al.50 and Saito et al.51 for graphite-coated Co particles of 5-50
and 10-100 nm size, respectively, prepared by an arc-discharge
process. In the case of C800 and C900, as they have comparatively
bigger particles, their behavior can be related to that of
multidomain systems placed on the right side of the peak with
C800 near the maximum and C900 (larger particles) with a lower
coercivity. In contrast to the size dependence of coercive force,
the saturation magnetization was found to follow a different
order: C1000 < C900 < C800. This contradicting behavior,
however, cannot be explained on the basis of particle size only.
Any explanation at this point will be arbitrary, and it requires
further investigation, which is currently in progress.
4. Conclusions
Cobalt-encapsulating carbon nanotubes and nanoparticles are
formed from the decomposed products of Co(CO)3NO over a
mixture of Mg and MgO via catalytic disproportionation of
carbon monoxide. By a variation in the reaction temperature, it
was possible to control the morphology and composition of the
final product. Nanotubes are favorably generated at a reaction
temperature of 1000 °C, whereas lower temperatures produce
mainly nanoparticles. Uniformly dispersed small metal particles
formed on the support are the active centers for nucleation and
growth of nanotubes, which also result in a narrow size
distribution for the generated nanotubes. If Mg is used along
with MgO, the overall carbon yield is increased as a result of
a promotional effect on the cobalt catalyst. Moreover, the use
of MgO as the support is advantageous for its effectiveness in
dispersing the metal particles, in addition to its easier removal
by a simple acid-treatment method.
The nanoparticles are formed with or without the encapsulated
cobalt particles. These cobalt particles, which are also present
at the tips of nanotubes, are stabilized in fcc phase by the
graphite coating. Magnetic measurements showed that the
encapsulated cobalt particles are ferromagnetic in nature and
the saturation magnetization (Ms) and coercive force (Hc) can
be altered significantly with change in reaction temperature. The
smaller cobalt particles encapsulated at the tip positions of
nanotubes show single domain behavior with a high coercive
force. On the other hand, the nanoparticles obtained at lower
temperatures are of multidomain systems. The above results
evidently demonstrate that the chemical method employed here
is promising for fabricating carbon-coated cobalt particles at
lower temperatures.
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