Preparation and characterization of iron-encapsulating carbon

nanotubes and nanoparticles
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Iron-filled carbon nanostructures have been synthesized via a simple catalytic process, using Fe(CO)s as the
source of both iron and carbon. The iron-containing materials can be separated from the products using a
permanent magnet. The nanotubes have dimensions of several hundred nanometers in length and 10-20 nm in
width. The fabrication of cup-like and centipede-like carbon nanostructures is reported for the first time. In
addition, some large fractured carbon cages with an average diameter of 200 nm were also observed in the
products. XRD measurements revealed that the encapsulated iron nanoparticles had a bec structure. The
magnetic properties of the products were evaluated by conducting dc magnetic measurements. XPS and TGA

were also employed to characterize the products.

Introduction

Metallofullerenes, especially metal-filled carbon nanotubes,
have been attracting intense scrutiny in recent years owing to
their unique electronic, magnetic and nonlinear optical proper-
ties.! It has been suggested that these materials might find
important applications in diverse areas, such as magnetic data
storage, xerography and magnetic resonance imaging.> While
the metal particles show quantum effects as their dimension
decreases to the nanoscale, the carbon shells isolate the metal
particles from each other, as well as from the outside
environment. This protection also prevents the oxidation of
the metallic particles. In addition, the lubricating properties of
the graphite coating might be helpful in magnetic recording
applications and reinforce material durability.>* So far,
various approaches, either via arc discharge®’ or post chemical
treatments,®® have been developed for encaging materials in
carbon nanotubes and nanocapsules. However, in addition to
the complicated procedures involved, these methods are
confined to a limited range of metals or produce products in
low yields. Therefore, it is of particular importance to establish
new methods for the fabrication of such materials.

It has been demonstrated that transition metals are efficient
catalysts for the fabrication of single- and multi-walled carbon
nanotubes.'®® Thermolysis of hydrocarbons in the presence
of organometallic complexes (e.g. metallocenes) has been
reported to yield graphitic nanotubes.'*'® Some of the as-
prepared carbon nanotubes and nanocapsules were filled with
metal particles; however, their hollow analogs were usually
predominant and the composition, as well as magnetic
properties, of the former were seldom studied. Rao et al
found that vapor-phase pyrolysis of Fe(CO)s in a gas flow
containing Ar, H, and another carbon source (CO or CgHp)
yielded iron-filled or hollow carbon nanotubes.'*” More
recently, Grobert et al. described a way to generate films of
aligned carbon nanotubes filled with iron nanowires by
annealing Cgo in the presence of ferrocene.!” Our previous
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work revealed that cobalt-filled carbon nanotubes and nano-
flasks can be successfully fabricated by employing Co(CO);NO
as a precursor.'® Unfortunately, no carbon nanotubes have,
thus far, been obtained by thermolysis of Fe(CO)s alone.

In this paper, we report a very simple in situ method which
yields iron-encapsulating carbon nanotubes and nanoparticles
by employing Fe(CO)s as a precursor. This thermolysis
feedstock not only acts as a source of carbon, but also gives
rise to small metal clusters or particles which further catalyze
the formation of the carbon nanotubes. The outer diameter of
the nanotubes is 10-20 nm. The yield of iron-filled graphitic
nanotubes and nanocapsules in our experiments was ca. 5% by
mass. We report for the first time the preparation of cup-like
and centipede-like carbon nanostructures. Moreover, a kind of
large, fractured carbon cage with an average diameter of
200 nm is also fabricated.

Experimental

The synthesis was carried out in a 2 mL closed vessel cell, which
was assembled from stainless steel Swagelok parts. A 3/8”
union part was capped from one side by a standard plug. In a
typical synthesis, 0.5 g of magnesium powder and 0.5 mL of
Fe(CO)s were placed in a cell at room temperature, after which
the vessel was tightly closed immediately. The reactor was
heated at 36 K min ™' to the desired temperature (i.e. 900, 1000
or 1100°C) and was kept at this temperature for 3.0 h. The
reaction took place under autogeneous pressure. After allowing
it to cool naturally to ambient temperature, the vessel was
found to be unpressurised. Two different kinds of products
were obtained: a black, soft powder-like solid was found
attached to the container’s wall, especially near the cap;
another kind of powder, which formed at the bottom of the
vessel, appeared gray and hard. The powders were mixed and
treated with 50 mL of 8 M HCI for 1.0 h at 70 °C and treated
again overnight at room temperature. Finally, a black, soot-
like mixture was obtained after filtering and rinsing. The
powder of iron-containing moieties from the mixture was
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further enriched by the attraction of the magnetic particles to a
permanent magnet.

Transmission electron microscopy (TEM) was performed on
a JEOL JEM-1220 at 80 kV and high-resolution transmission
electron microscopy (HRTEM) on a Phillips CM-120 at
120 kV. Specimens for TEM and HRTEM observations were
sonicated in ethanol for 10 min and then loaded onto copper
grids (200 mesh). X-Ray photoelectron spectroscopy (XPS)
was recorded using a KRATOS ANALYTICAL AXIS HIS
160 ULTRA. X-Ray diffraction (XRD) patterns were taken
with a Rigaku X-ray diffractometer (Model-2028, Cu-Kao
radiation, 20kV). Thermogravimetric-mass spectrometric
analyses (TGA-MS) were carried out on a Mettler Toledo
TGA/SDTA 851° (equipped with a Balzers Thermostar GSD
300T3 unit) with and without an applied magnetic field
(10 K min~!, N, 40 mL min~!). Dc magnetic measurements in
the range 5-300 K were conducted using a Quantum Design
superconducting quantum interference device (SQUID) mag-
netometer.

Results and discussion
XRD

The XRD patterns of as-prepared samples obtained at 1100 °C
are presented in Fig. 1, indicating that the black powder and
the gray product differ in composition. The main peaks in
Fig. 1a (black powder) can be indexed solely to bee Fe, while
those in Fig. 1b (gray powder) can be indexed to bcc Fe
(JCPDS 6-696) and fcc MgO (JCPDS 30-794). After treating
the powders together with concentrated HCI (8 M), MgO and
most of the metallic iron were dissolved. This led to XRD
patterns in which graphite became the dominant feature, iron
was detected only as a weak signal and the MgO peaks were
completely absent. Fig. 2 shows the XRD patterns of the HCI-
treated samples prepared at various temperatures. Obviously,
the higher temperature favors better crystallization of the
graphite. Based on the XRD analyses, the following mechan-
ism is proposed. In the first step, Fe(CO)s decomposes into Fe
and CO and the iron atoms cluster together to form highly
active nanoparticles. Subsequently, CO reacts with Mg to yield
MgO and carbon. The reactions are as follows:

1000 - § .
‘A’ o graphite
*  Fe (bee)
A MgO (fec)
s + MgO (cubic)
¥

750 |~

> (220)

500 |

{11

Relative intensity/counts s-1

©{(002)
(252)

+

250

i g g8 s =
i % g g 3
A " A - *
oL i ' WMWMWWMM
20 40 60 80
20/°

Fig. 1 XRD patterns of as-prepared (a) black and (b) gray powders
obtained at 1100 °C.
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Fig. 2 XRD patterns of HCl-treated samples prepared at (a) 900, (b)
1000 and (c) 1100 °C.
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During the reduction of CO, the iron particles act as catalysts
to orient the fabrication of nanotubes and nanoparticles with
the in situ generated carbon. They are probably also important
for the growth of cup-shaped fractured carbon cages (vide
infra). Meanwhile, part of the metallic iron produced by the in
situ thermolysis of Fe(CO)s is encapsulated within the carbon
shells. Those iron particles not isolated by the graphitic shells
are removed by the HCl treatment. The XRD patterns shown
in Fig. 2 demonstrate that the samples contain small amounts
of bee Fe, even after prolonged treatment with concentrated
HCI. This implies that iron is encapsulated within the carbon
shells.

TEM

A typical TEM image (Fig. 3a) of the HCl-treated product
shows nanotubes filled with spheroidal iron nanoparticles at
the tips. Some iron-filled carbon nanoparticles were also
observed by TEM. The nanotube dimensions are several
hundred nanometers in length and 10-20 nm in diameter, while
the quasi-spheroidal iron-filled carbon nanoparticles have
external diameters ranging between 20 and 80 nm. Usually,
the meandering nanotubes intertwist. Fig. 3b shows a HRTEM
image of an iron-encapsulating nanoparticle with ca. 7
graphitic layers on the outside. Fig. 3¢ shows an iron
nanoparticle at the tip of a carbon nanotube. The non-
magnetic residues remaining after the removal of the iron-
containing material with a permanent magnet were also
analyzed by TEM. They revealed hollow carbon nanotubes
and large cup-shaped fractured cages (Fig.4). The cross-
section of the fractured cages is approximately 100-200 nm
long and 100 nm wide. Some fractured carbon cages packed in
chains were also found, as shown in the upper part of Fig. 5.
These cup-shaped carbon materials are somewhat similar to
those formed by arc evaporation,'”® but the latter are much
more slender (ca. 30 nm wide and >200 nm long). To date, no
such large cup-shaped carbon nanostructures have been
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Fig.3 (a) A typical TEM image of iron-encapsulating carbon
nanotubes. (b) A HRTEM image of an iron nanoparticle encapsulated
in a quasi-spheroid. (¢) A HRTEM image of an iron nanocrystal
located at the tip of a carbon nanotube.
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Fig. 4 A TEM image of the non-magnetic residues of a HCl-treated
sample after removal of the iron-containing material with a magnet.
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Fig. 5 A TEM image of a carbon nanoflask and a chain consisting of
hollow graphitic cages.

reported. We suggest that these cages might have been filled
with iron or other materials (e.g. MgO) in their cores and, upon
the HCI treatment, they became empty. Unlike our previous
results with Co(CO);NO,'® we failed in the present work to
obtain long, straight, thick-walled carbon nanotubes filled with
metallic nanowires. We have obtained, on the other hand,
mainly short, tortuous, thin-walled nanotubes. We speculate
that these nanotubes are formed during the early stages of the
reaction. The quality of the tubes obtained from Fe(CO)s at
1100°C is not as good as those obtained at 900 °C in the
synthesis which employs Co(CO);NO. A few iron-filled
nanoflasks were found in the products. Also of interest is the
observation of the long, ribbon-like structure of a flattened
nanotube®' stretching from the neck of a flask (Fig. 5).
However, the content of such nanoflasks in the products is
much less than that in the case of Co(CO);NO. In addition,
some strangely structured carbon materials, which are
centipede-like and assembled with graphitic fragments, were
also found in the TEM images and are shown in Fig. 6. The
structures are probably the early stages of carbon nanotubes
which are similar to those obtained using Co(CO);NO as a
precursor. These phenomena imply that cobalt is a more
effective catalyst than iron for the fabrication of carbon
nanotubes according to eqn.2. Interestingly, selected area
electron diffraction (SAED) analysis did not detect any iron
carbide species, such as FeCs, FeC, etc. This is in accord with
the XRD results. Indeed, a relatively low temperature does not
favor the formation of carbides, thus the sample has a simple
composition. This is one of the advantages of our chemical,
catalytic method, as carbides are usually formed as by-products
in the arc discharge approaches.>”

XPS and TGA

The XPS spectrum recorded on the HCl-treated sample
identified only pure carbon (ie., no Fe signal). This is
inconsistent with the TEM results, indicating that metallic
iron is enclosed within the carbon nanotubes or shielded by the
graphite capsules. When the sample was bombarded with an Ar
ion gun, the iron signal appeared. Fig. 7 shows the iron content
as a function of etching time of a HCl-treated sample prepared
at 1100°C. The iron content in the product is about 1.1%
(atomic ratio). The TGA results for this sample measured with
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Fig. 6 A TEM image of centipede-like carbon.

and without an applied magnetic field are depicted in Fig. 8. In
the case in which there was no applied magnetic field (Fig. 8a),
a rapid drop in mass was observed between 730-830 °C. The
mass spectrometric analysis revealed that the effluent at
temperatures above 720°C contained FeO,.?> However,
when a magnet was placed above the sample chamber, there
was only a slight drop in mass above 650 °C (Fig. 8b). This
difference can be attributed to the effect of the magnetic field
on FeO,. When a magnetic field was applied, most of the FeO,
was attracted onto the lid of the crucible and kept there, while,
without an applied magnetic field, the magnetic species were
carried away by the flow.
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Fig. 7 XPS results: iron content vs. etching time of the sample prepared
at 1100 °C after treatment with HCL.
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Fig. 8 TGA curves measured (a) without and (b) with an applied
magnetic field for the sample prepared at 1100 °C after treatment with
HClL

Magnetic properties

Dc magnetic measurements of a sample in the range 5-300 K
(up to 50 kOe) were performed and are presented in Fig. 9. The
magnetization, M(H), has been evaluated at various tempera-
tures. As shown in Fig. 9, for the HCl-treated sample prepared
at 1100°C, the M(H) curves at 5 and 295K are strongly
dependent on the field up to about 10 kOe, until the typical
saturation for ferromagnetic substances was reached. No
hysteresis behavior was observed. Due to the low contribution
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Fig. 9 The magnetization at (a) 5 and (b) 295K for the sample
prepared at 1100 °C after treatment with HCIL.
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of carbon, it is assumed that the M(H) curves mainly show the
magnetic contribution of iron encaged within the carbon shells.
The saturation moment (og) of pure iron metal is about
220 emu g~ '. Therefore, the magnetization value at 5 K (g, =
2.5emu g ') corresponds to 1.13% Fe in weight, assuming that
the iron in the product behaves similarly to pure Fe and not
taking into account the size effect. At ambient temperature, the
saturation moment decreases by only 20%, indicating a high
magnetic transition temperature for this system. Using the
same logic, we estimate that the sample prepared at 900 °C
contains only 0.40% Fe by mass. Due to the low iron
concentration, attempts to carry out Mossbauer measurements
on these samples were unsuccessful.
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