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Carbon nanotubes (CNT) provide a smart carrier system on the nanometer scale. The system can be used
as a template for ferromagnetic fillers. Such a molecular hybrid is a promising potential candidate for the
controlled heating of tumour tissue at the cellular level. This is a key reason why it is important to opti-
mize the synthesis route of metal filled carbon nanotubes with regards bulk scale synthesis and purity. In
the current study we present multiwalled carbon nanotubes filled with a-iron phase (Fe-MWCNT). The
influence of acid treatment on the stability of the filling and the sample purity is also presented. High
resolution transmission microscopy, its Energy dispersive X-Ray spectroscopy (EDX) and electron en-
ergy-loss spectroscopy (EELS) modes have been applied for the analysis of the morphology and chemical
composition of the samples. The phase of iron nanowires encapsulated into the carbon nanotubes was
determined with selected area electron diffraction (SAED) on a local scale.

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

One of the most interesting bioapplications of nanoparticles refers to “magnetic fluid hyperthermia”
(MFH), i.e. the controlled heating of tumour tissue. In this therapy, magnetic nanoparticles penetrate into
the tumour tissue and are inductively heated by applying AC magnetic fields. The biggest challenge of
MFH therapy is the temperature control for which fiberoptical thermometers must be inserted into the
tumour. A potential way to overcome this problem seems to be the application of carbon nanotubes filled
with iron, which could provide in-situ temperature control, with use of an external magnetic field, which
allow its manipulation in deep layers of human tissue. The temperature can be detected e.g. by NMR
where different characteristics of the material can be investigated (NMR shift, relaxation times, quadru-
polar splitting or linewidth). Iron used as filler is a promising candidate due to its ferromagnetic behav-
iour. In order to apply this kind of system as a magnetic nano-heater and a drug delivery carrier in medi-
cal diagnosis and therapeutic treatment at the cellular level, the pure and bulk scale synthesis of such a
molecular system is crucial.

Various efforts have been made for the synthesis of iron filled MWCNT and several methods were
employed in their production, the most popular being arc-discharge, laser-ablation and chemical vapour
deposition (CVD) [1]. The CVD method in comparison with other techniques attracts the biggest atten-
tion due to its upward scalability, low cost, use of low temperatures and bulk scale production of carbon
nanotubes [2—8].
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Despite many experimental studies on Fe-MWCNT synthesis, the preparation of a sample with the high
purity and yield on a bulk scale still remains a challenge. Here, we present a synthesis route and an effi-
cient purification procedure for Fe-MWCNT. The importance of the study comes from the systematic
analysis of the influence of the acid treatment for the stability of the filler and the purity of the material
on a bulk scale. In addition, the bulk and local scale analysis of iron phase resulted in the formation of
ferromagnetic a-phase iron nanowires incorporated into the tubes.

2 Experimental

The sample was synthesized via the catalytic decomposition of ferrocene under a methane gas flow in a
quartz tube reactor inside a dual zone furnace. Ferrocene is the iron source while methane acts as the
carbon feedstock and the carrier gas. The main parameters are the sublimation temperature of ferrocene
(applied in the first furnace stage), the deposition temperature (in the second furnace stage), 7= 174 °C,
T=950 °C, respectively. The methane flow rate was 200 ml/min. The reaction time was 0.5 h. Before
the process took place, the system was evacuated to ca. 10~ mbar at room temperature.

Annealing in air at 350 °C for 1 h purified the as-produced material and then various acid treatments
(2M, 3M, 4M HCI) were performed for further purification. Afterwards, the product was filtrated,
washed thoroughly with distilled water and acetone. The sample was prepared on the standard copper
TEM grid and characterized using transmission electron microscopy (TEM), electron energy-loss spec-
troscopy (EELS) and its high angle annular dark field (HAADF) mode, energy dispersive X-ray (EDX)
analysis and selected area electron diffraction (SAED).

3 Results and discussion

SEM micrographs of the as-produced Fe-MWCNT showed the presence of impurities in form of the
amorphous structures (images not presented here). Therefore, an efficient purification treatment is re-
quired. The first step was carried out by annealing in an open furnace at 350 °C for 1h in order to reduce
the amorphous carbon content. The next purification step was an HCI treatment. This stage is crucial in
order to remove any excess metallic compounds, which remain on the surface of MWCNT. The impor-
tance of this step comes from the fact excessively concentrated acid would also etch away the metal in
the interior of the tubes [9]. Hence the right concentration of the applied acid must be found experimen-
tally. From TEM analysis one can observe that the samples treated with 3M and 4M HCI loose the iron
not only from the surface of the tubes but also from their interiors (Fig. 1a). On other hand 2M HCI
treated sample removes excess iron on the tube surface whilest the filling resists the treatment. Addition-
ally, it is worth noting that the majority of iron particles which are not encapsulated into graphitic onions
are removed. Some metal particles, which are encapsulated by graphitic layers still remain in the samples.

Fig. 1 Bright field TEM micrographs after purification by HCI (a) 4M and (b) 2M.
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Fig. 2 (online colour at: www.pss-b.com) (a) EDX spectrum of a-Fe-filled nanotubes taken across the bundle from
a STEM image (upper panel); (b) distribution of particles along the cross section of a Fe-filled nanotube from a
STEM micrograph.

TEM pictures of the samples after 1 h treatment in 2M HCI (Fig. 1b) confirm the above-mentioned ob-
servations. All the described experiments were performed for 1 h. Additional experiments with extended
process times (20 h and 60 h) for 2M HCI treated sample were also investigated, but no further im-
provement in the purification was observed.

The chemical composition of the individual tubes filled with metal was performed with EDX analysis
(Fig. 2a). The area of the analyzed sample is indicated by the square in the STEM micrograph. EDX

51/nm

Fig.3 HAADF image (a) and SAED pat-
tern (c) from the selected area shown in
STEM micrograph (b) of iron filled in a
single CNT.
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analysis reveals that the only detected signals come from iron, carbon and copper (from TEM grid).
Further confirmations of the chemical composition and profile concentration were performed using local
EELS (Fig. 2b) [10]. Here the investigation of the correlation of the carbon and iron signal with EELS is
demonstrated. The Fe and C profiles show a clear correlation between them, while their maximum inten-
sities are anti-correlated.

The iron phase identification of the individual object was conducted with the selected area electron
diffraction (SAED) technique. The SAED pattern (Fig. 3¢) indicates that iron inside the CNT exists in a
single crystal, similar to what was reported before [11—15]. The SAED pattern corresponds to the (111)
plane of a-Fe. The a-Fe phase (body centred cubic (bcc) structure) is thermodynamically and ferromag-
netically the most stable form of iron at room temperature. The nanotube walls are almost parallel to the
(110) plane of a-Fe and their growth is shown to be parallel to the (121) plane, direction of the iron.
Other common structures found in Fe-MWCNT are y-Fe [14], or a-Fe plane (010) [16] and these were
not observed in samples. The presence of a-Fe is confirmed by X-ray Diffraction analysis (data not
shown here).

4 Conclusions

We have successfully synthesized single phase a-Fe-filled MWCNT on a bulk scale. The systematic
study of the acid treatment in the purification procedure allows us to find the optimum hydrochloric acid
concentration. The application of 2M HCI solution resulted in a significant reduction of the external iron
products, while the iron inside the tubes was not etched away. Increasing the length of time for this acid
treatment did not improve purity of the sample. We believe that presented study is a step forward to the
application of these materials as nano-heaters in the biomedical field of anti-cancer therapy.
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