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Magnetic properties of multi-walled carbon nanotubes encapsulated
Fe/Co particles
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Abstract: The experimental apparatus by self-designed was used, Fe/Co particles encapsulated in multi-walled carbon nanotubes
(MWCNTSs) were prepared by the method of anodic arc discharging plasma. The products were characterized by transmission election
microscopy, Raman spectroscopy and X-ray diffractometry. The magnetic properties of the products were characterized with vibration
sample magnetometer. The TEM results show that MWCNTs have little impurity and good particles size, and Fe/Co with high
continuity encapsulaties in carbon nanotubes. The saturated magnetization (o,), remanence (oy,) and coercivity (H.) of the sample are
17.30 A/(m'kg), 3.96 A/(m'kg) and 31 521.60 A/m, showing better ferromagnetism compared with the bulk Fe/Co. The optimal
conditions in this case are as follows: a helium gas atmosphere of 6.0x10* Pa, an arc current of 70 A, a voltage drop of 24 V, a constant
distance of about 2 mm between the anodes and cathode, metallic powder contents of Fe and Co of 15.0% (mass fraction) and 15.0%,
respectively, and well cooled electrodes and collector. This process is a convenient and effective that Fe/Co particles can be

encapsulated in MWCNTs.
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1 Introduction

Carbon nanotubes[1-2] are attracting much interest
due to their potential applications as high-performance
nanoscale materials[3—4] and electronic devices[5—6].
More specifically,metal-filled carbon nanotubes may
also have a variety of industrial applications[7]. Different
methods of synthesis have been attempted and various
materials encapsulated have been tested[8], particularly
these involving the magnetic or ferromagnetic materials.

The magnetic nanocomposites have potential
applications in various areas such as magnetic recording,
magnetic data storage devices, toners and inks for
xerography, and magnetic resonance imaging. Therefore,
the studies on magnetic nanocomposites, especially on
magnetic carbon nanotubes (CNTs), are rapidly
expanding. Recently, Kozhuharova and his co-workers[9]
have synthesized aligned Fe/Co alloy-filled MWCNTs
on the silicon substrates via pyrolysis of
ferrocene/cobaltocene mixtures. Stoffelbach and his

co-workers have decorated MWCNTs with magnetic
nanoparticles by adding a solution of positively charged
Fe;04 nanoparticles to the negatively charged MWCNTs.
KORNEVA et al[10] have proposed a new method to
produce magnetic tubes by filling MWCNTs with
ferrofluid. SUN et al[ll] have fabricated magnetic
carbon nanotube composites by the decomposition of
ferrocene on MWCNTs at different temperatures. Various
magnetic materials including iron[12], iron oxide,
nickel[13], cobalt, Co[14—15], Fe[16], Au[17]and Fe,04
encapsulated in CNTs have been prepared. However, it is
still difficult to uniformly modify CNTs with accessible
cavities, which is essential for applying magnetic carbon
nanotube composites in cellular delivery systems[18].

At present, MWCNTs are usually filled using
post-processing steps which involve opening up and
filling through either capillary action or other chemical
means. Such additional filling steps are not only
inefficient but also additive to the overall production cost.
The present investigation focuses on the mechanism of
the formation and encapsulation of metallic particles
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inside the nanotubes. In this paper, the results of the
preparation and characterization of Fe/Co encapsulated
in MWCNTs by anodic arc discharging plasma method
were reported. The magnetic properties of the products
were characterized by VSM, the chemical compositions
of the samples by this process were characterized by
XRD and TEM. The straight MWCNTs encapsulated
Fe/Co particles were fabricated, and the results were
discussed.

2 Experimental

The schematic diagram of the experimental
installation  designed for obtaining MWCNTs
encapsulated magnetic Fe, Co, and Fe/Co metal nano-
particles is presented in Fig.l. The experimental
apparatus self-designed and fabricated mainly consists of
the stainless steel vacuum chamber, the gas supply
device, the DC power supply current source (idle voltage
(U) 24 V, continuously adjustable current (/) in the range
of 70 A, DC), the plasma generator with high frequency
initiator, the vacuum-pump, the water-cooled collection
cylinder, the fixed water-cooled copper anode crucible
and plumb moveable tungsten cathode in a vacuum
chamber and connected to a power supply. The bulk raw
material was coarse-grained electrolytic polycrystalline
Fe/Co and graphite (purity 99.9%) to be evaporated was
placed on the anode.

Collection cylinder

Vacuum
chamber
Graphite
Graphite
cathode

\  gas
Vacuum  Watet
pump coolant outlet

coolant inlet

Fig.1 Schematic diagram of experimental installation

In the preparation process, the vacuum chamber was
pumped to 6.6x10° Pa and was then back filled with
inert helium (purity 99.99%) to near 6.0x10* Pa. The
electric arc in the helium environment is automatically
ignited between the graphite anode and the graphite
cathode(well cooled), and it is maintained by the current
source at the pre-established values U and /. Under
helium pressure and electric discharge current (/), the
ionized gas was driven from the plasma jet. The bulk
metal Fe/Co and graphite anode was heated and melted

by the high temperature of the plasma. The melt detached
from the metal surface when the plasma jet kinetic
energy exceeded the melt superficial energy. The metal
atoms diffusing around and colliding with inert gas
atoms decreased the germ forming energy, and then the
products were formed by collision between the metal
atoms[19]. Finally, the reactor was slowly cooled down
to room temperature in an He working gas.

To investigate the structure of the samples, the
samples were analyzed by Rigaku D/max-III X-ray
powder diffraction (XRD). The XRD patterns were
collected in the diffraction angle range of 0°—60° at room
temperature. The scanning rate was 0.005 (°)/s, the step
size was 0.02°. The shape of the samples we reexamined
by transmission electron microscopy with JEM1200EX.
The samples were placed in a vacuum oven to dry at
ambient temperature before examining. The magnetic
properties of the products were characterized with
vibration sample magnetometer (VSM)(LakeShore7304).

3 Results and discussion
3.1 TEM results

Figs.2(a) and (b) show the representative TEM
micrographs of Fe/Co encapsulated MWCNTs prepared

Fig.2 TEM micrographs of MWCNTs before(a) and after(b)
HCL oxidation treatment
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by this process. The samples are scanned in all zones
before the picture is taken. It can be seen from Fig.2 that
all of the MWCNTs are fairly homogeneous, the size of
the Fe/Co encapsulated MWCNTs ranges from 20 nm to
60 nm, and the median diameter (taken as average
diameter) is about 25 nm by calculation.

3.2 EDS results

As we know that the encapsulated Fe/Co particles
can not be discerned in the MWNTs. Fig.3 shows the
samples EDS pattern for the samples, the peak is the
metal Fe, Co and Cu, which explains that the carbon
nanotubes are filled with Fe, Co. The metallic Cu formed
may be because of the floor.
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Fig.3 EDS pattern of MWCNTs encapsulated metal particles
after HCL oxidation treatment

3.3 XRD results

Although TEM may give us direct information of
their microstructures, statistically the XRD method can
provide us more reliable knowledge about the
microstructures of the samples. Fig.4 shows the XRD
pattern of the samples. All the peaks with 26 values of
26.1° and 43° correspond to the (002), (100) planes of the
bulk metallic Fe, Co, Cu and carbon nanotubes,
respectively. This shows that the physical phases of the
sample synthesized in this work have high purity.

3.4 Magnetic properties of Fe/Co encapsulated in

MWCNTs

The magnetic properties of the Fe/Co-filled
MWCNTs were characterized by VSM at room
temperature. Fig.5 shows the magnetic hysteresis loops
for samples with Fe/Co encapsulated in MWCNTs,
respectively, which are the typical loops of soft magnet.

In order to characterize the macroscopic anisotropy
of the sample, which is an average anisotropy of the
individual Fe/Co-filled MWCNTs, the magnetic field (H)
was applied in two different directions: i.e. H in the
filmplane and perpendicular to the MWCNTs. The
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Fig.4 XRD pattern of MWCNTs encapsulated metal particles
after HCL oxidation treatment
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Fig.5 Hysteresis loops of Fe/Co filled MWCNTSs

magnetic hysteresis loops were measured at room
temperature, which shows the ferromagnetic behavior of
the Fe/Co-filled MWCNTs. The uniform filling of
ferromagnetic metals inside the MWCNTs is a difficult
task and few researchers have succeeded in obtaining
uniform, continuous long metal filling inside MWCNTs.
Although a number of papers were published about the
deposition of filled CNTs using different methods,
reports on the magnetic properties of ferromagnetic
metal-filled MWCNTSs which are important for potential
applications in key areas of nanotechnology, are very
limited. LEONHARDT et al[20] have studied the
magnetic properties of Fe-filled CNTs deposited by CVD.
They have found that the Fe filling inside the CNTs
enhances the ferromagnetic properties, compared with
the bulk Fe material.

There are no papers published, to the knowledge of
the authors, reporting the magnetic properties of Fe/Co
encapsulated in MWCNTs deposited using arc
discharging plasma. In this investigation, the uniform
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filling of Fe/Co inside MWCNTs by arc discharging
plasma was obtained. The saturated magnetization (o),
remanence (o,,) of the sample are 17.30 A/(m-'kg) and
3.96 A/(m'kg), respectively. The coercivity (H.) is 31
521.60 A/m, which is higher than that of bulk Fe (around
20—100 A/m). The high magnetization and protection
against the oxidation is the advantage of using Fe/Co as
filling material in the MWCNTs.

3.5 Theory of MWCNTs encapsulated Fe/Co by
anode-arc discharge method
The schematic diagram of CNTs encapsulated

magnetic Fe, Co metal nanoparticles is presented in Fig.6.

The magnetic field comes into being when DC power
switch on between two poles. And the compound
catenary of graphite is produced because of anode-arc.
The piece of graphite crinkles in the magnetic field
because of the electric power and magnetic force, Fe, Co
metal nanoparticles is encapsulated in CNTS for
magnetic shrinkage.

Fig.6 Schematic diagram of hysteresis construction
4 Conclusions

1) The deposition of MWCNTs using the anodic arc
discharged plasma approach was carried out. The
as-grown MWCNTs are both filled and unfilled with
Fe/Co, a ferromagnetic material, which is essential in the
growth of MWCNTs as it plays the role of a metallic
catalyst.

2) The optimal conditions are as follows: helium gas
atmosphere of both 6.0x10% Pa, arc current of 70 A,
voltage drop of 24 V, the metallic powder contents (mass
fraction) of Fe and Co of 15.0%.

3) The MWCNTs and other particle size distribution
of the powders range from 20 to 60 nm, the average
particle size is about 25 nm. The coercivity (H.) is 31
521.60 A/m, which is higher than that of bulk Fe.
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