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Various magnetic nanostructures such as Fe nanoparticles (Fe-NPs) adhering to single-

walled carbon nanotubes, carbon-encapsulated Fe-NPs, Fe-NP decorated multi-walled car-

bon nanotubes (MWCNTs), and Fe-filled MWCNTs have been synthesized by the pyrolysis

of pure ferrocene. It is found that the formation of the nanostructures can be selectively

controlled by simply adjusting the sublimation temperature of ferrocene, while keeping

all other experimental parameters unchanged. Magnetic characterization reveals that

these nanostructures have an enhanced coercivity, higher than that of bulk Fe at room tem-

perature. Based on the experimental results, the formation mechanism of the nanostruc-

tures is discussed in detail.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Recently, magnetically-functionalized carbon nanostructures

have attracted an increasing interest, due to their unique

electronic, magnetic and nonlinear optical properties, as well

as many potential applications in biomedicines, magnetic

data storage devices, magnetic force microscopy, and nano-

scale electronics [1–5]. The generation of small and bare mag-

netic metals such as nanoparticles (NPs) and nanowires has

been proved to be difficult due to the easy oxidation tendency

of metals such as Fe, Co and Ni [6]. The idea of encapsulating

them within carbon shells, which ensure that magnetic met-

als are retained in a reduced state, seems feasible. In addition,

beyond the geometrical advantage of sphere/cylinder-shaped

nanostructure design, carbon shells provide an effective pro-

tection against environmental oxidation and thus maintain

long-term stability of the ferromagnetic core [7,8]. For such

purpose, many methods including detonation-induced reac-

tion [9], arc discharge [10], and chemical vapor deposition

(CVD) [11] have been developed for synthesis of various mag-

netic carbon nanostructures. In most growth processes,
er Ltd. All rights reserved
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metallocenes such as ferrocene are frequently used as precur-

sors to prepare magnetic carbon nanostructures, because

they can not only act as carbon source, but also give rise to

small metal clusters as catalyst and the magnetic properties

of the final products [12,13]. However, the formation of vari-

ous nanostructures such as NPs, nanowires, heterostructures,

and carbon nanotubes (CNTs) by the pyrolysis of ferrocene

has painted a considerably complex picture about their selec-

tivity and growth mechanism, which are not yet completely

understood [12–16].

In this paper, we have developed a simple and effective

method for synthesis of Fe nanoparticles (Fe-NPs) adhering

to single-walled carbon nanotubes (SWCNTs), carbon-encap-

sulated Fe nanoparticles (CNPs), Fe-NP decorated multi-

walled carbon nanotubes (MWCNTs), and Fe-filled MWCNTs

by the pyrolysis of pure ferrocene by only controlling its sub-

limation temperature (Tsub). The magnetic characterization

shows that these samples have an enhanced coercivity at

room temperature. Understanding of the important role of

Tsub can give valuable information for an insight into the

growth mechanism of these nanostructures, which will help
.
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us to improve the selectivity and CVD growth efficiency of

various carbon nanostructures.

2. Experimental

The synthesis was performed in a quartz tube reactor (i.d.

40 mm) inside a dual-zone furnace. In our experiments, the

Tsub of the ferrocene was finely controlled, varying from 60–

400 �C within a 5-�C-temperature range while keeping all

other experimental parameters such as growth temperature

and flow rate of carrier gas unchanged. When the tempera-

ture in the second zone reached �1100 �C, a known quantity

of pure ferrocene was sublimated at the scheduled Tsub in

the first zone. Ferrocene vapor was carried into the second

zone, where pyrolysis occurred, by �2000 sccm Ar flow (car-

rier gas). After the growth, the furnace was cooled naturally

to room temperature under the protection of Ar.

The samples were characterized by using scanning elec-

tron microscope (SEM, LEO SUPRA35), X-ray diffractometer

(XRD, CuKa), transmission electron microscope (TEM,

JEOL2010 and TecnaiG2 F30), micro-Raman microscope (Jobin

Yvon LabRam HR800), thermogravimetric analyzer (TGA, NET-

ZSCH STA 449C) and superconducting quantum interference

device (SQUID) magnetometer.
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Fig. 1 – (a) SEM image of Fe-NPs adhering to SWCNTs produced b

of the Fe-NPs adhering to SWCNTs (b) before and (c) after sonic

adhering to SWCNTs excited by a laser of Elaser = 1.96 eV. Inset

(e) TGA curves of the Fe-NPs adhering to SWCNTs with a heatin
3. Results and discussion

3.1. Morphological and structural features of magnetic
carbon nanostructures by the pyrolysis of ferrocene by
controlling Tsub

SEM and TEM were used to examine the morphology and

structure of the samples produced by the pyrolysis of ferro-

cene. At a low Tsub of 90 �C, the pyrolysis of ferrocene yields

semi-transparent and web-like carbon deposit, which at-

taches to the quartz tube reactor at the outlet end. The depos-

it comprises abundant Fe-NPs adhering to CNTs with tens of

micrometers in length (Fig. 1a). EDX analysis reveals that that

the sample has a C/Fe atomic ratio of 2–3. In order to obtain

the morphology of the sample, a piece of the transparent film

formed during synthesis was attached onto a copper grid and

then fixed by several drops of ethanol for TEM observation, as

shown in Fig. 1b. A prominent feature is that a great number

of Fe-NPs are adhered to SWCNT bundles. Fig. 1c shows a typ-

ical TEM image of the sample after sonication in ethanol for

2 h, demonstrating the tight adherence of Fe-NPs to SWCNTs.

Meanwhile, the small intensity ratio of D to G band (ID/IG) re-

veals that the high quality of the SWCNTs (Fig. 1d). However,

Fig. 1e indicates that the SWCNTs are very easily oxidized in
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y the pyrolysis of ferrocene at Tsub of 90 �C. (b–c) TEM images

ation treatment for 2 h. (d) Raman spectra of the Fe-NPs

in (d) is the corresponding radial breathing mode (RBM).

g rate of 10 �C/min in the airflow.
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an airflow in the presence of abundant Fe-NPs, because tran-

sition metals is known to catalyze the gasification of carbon,

although the mechanism is not fully understood [17]. The

residual metal oxide (i.e. mainly Fe2O3) is about 97 wt%, which

is in agreement with EDX analysis.

At Tsub of �130 �C, the pyrolysis of ferrocene tends to pro-

duce black powder, consisting of uniform spherical NPs, as

shown in Fig. 2a. Fig. 2b reveals that the great majority of

this sample is CNPs, with a core-shell structure of an iron

core and carbon shells. The carbon shells tightly surround

the iron core without any obvious voids (the inset in

Fig. 2b), ensuring long-term stability of the iron core. To val-

idate such protection of graphitic shells on the encapsulated

iron core, the as-synthesized CNPs were immersed in con-

centrated HNO3 (�65 wt%) for 30 h at room temperature.

Fig. 2c shows a typical TEM image of the resulting CNPs in

a large quantity. The Fe-C core-shell structures remained

after the HNO3 treatment (Fig. 2d). The iron core is crystal-

line and has a lattice fringe spacing of 0.20 nm, related to

the (110) plane of the a-Fe crystal (JCPDS06-0696); the spac-

ing of the lattice fringes of shells is 0.34 nm, which is close

to that of the graphite (002) plane.

When ferrocene is sublimated at �150 �C, Fe-NP decorated

CNTs are obtained in a large quantity, as shown in Fig. 3a.
Fig. 2 – (a) SEM and (b) TEM images of the CNPs produced by th

enlarged TEM image of a CNP. (c–d) TEM images of the resulting

Insert in (d) is an enlarged TEM image of the framed portion of
Fig. 3b shows that the sample consists of MWCNTs homoge-

neously and densely decorated by numerous Fe-NPs on their

outer surface. The MWCNTs are decorated by Fe-NPs with

several micrometers (� 5.5 lm) in length, as shown in

Fig. 3c. The internal cavities of these MWCNTs are either

empty or intermittently filled by short Fe nanowires. It is

worth noting that preparation of this specimen for TEM

observation involved sonication in ethanol. However, even

after long-time sonication for hours, the Fe-NPs are not

peeled off from the outer surface of MWCNTs, indicating that

the Fe-NPs are tightly anchored onto the outer surface of

MWCNTs. Obviously, the strong interaction between the Fe-

NPs and the surface of MWCNTs will be advantageous when

such a nanostructure is used as support for heterogeneous

nanocatalysts in liquid-phase reactions for magnetic separa-

tion [18].

At Tsub of 280 �C, many flake-like films are produced. These

films are aligned Fe-filled MWCNTs with �10 lm in length

(Fig. 4a). The MWCNTs can be continuously filled by very long

Fe nanowires of �5 lm in length (Fig. 4b), much longer than

the previously-synthesized Fe-filled MWCNTs [6–8, 12–14].

Moreover, the diameters of the MWCNTs and Fe nanowires

are found to increase with the increase of Tsub from 160 to

400 �C, as shown in Fig. 5.
e pyrolysis of ferrocene at Tsub of 130 �C. Insert in (b) is an

CNPs after the HNO3 treatment for 30 h at room temperature.

(d).
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Based on our experiments in general, Fe-NPs adhering to

SWCNTs, CNPs, Fe-NP decorated MWCNTs, and Fe-filled

MWCNTs were produced by the pyrolysis of ferrocene by con-

trolling its Tsub in the temperature ranges of 60–110, 110–140,

140–160 and 160–400 �C, respectively, while keeping all other

experimental parameters unchanged. It should be noted that

although these as-synthesized nanostructures correspond
Fig. 3 – (a) SEM and (b–c) TEM images of Fe-NP decorated MWCN

Fig. 4 – (a) SEM and (b) TEM images of Fe-filled MWCNTs produ

(a) is a low-magnification SEM image.
very well to the above Tsub ranges, the pyrolysis of ferrocene

simultaneously yielded very small quantities of other struc-

tures in such Tsub ranges. Moreover, at the boundary temper-

ature of these Tsub ranges, both corresponding structures are

mainly formed by the pyrolysis of ferrocene. For example,

when ferrocene is sublimated at 110 �C, the SWCNTs are still

produced; however, CNPs are also formed in a large quantity
Ts produced by the pyrolysis of ferrocene at Tsub of 150 �C.

ced by the pyrolysis of ferrocene at Tsub of 280 �C. Insert in



Fig. 5 – (a–d) TEM images of typical Fe-filled MWCNTs by the pyrolysis of ferrocene at Tsub of (a) 170, (b) 240, (c) 320

and (d) 380 �C.

Fig. 6 – (a–b) TEM and (c) SEM images of typical products by the pyrolysis of ferrocene at Tsub of (a) 110, (b) 160 and (c) 450 �C. (d)

SEM image of carbon fibers accumulated at the center of the quartz reaction tube by the pyrolysis of ferrocene at Tsub ranging

from 200 to 400 �C due to the flow fluctuations of carrier gas. Insert in (d) is an enlarged SEM image of two carbon fibers.
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by the pyrolysis of ferrocene, as shown in Fig. 6a. At Tsub of

160 �C, the pyrolysis of ferrocene tends to produce more Fe-

filled MWCNTs instead of Fe-NP decorated MWCNTs

(Fig. 6b). On the other hand, once Tsub is over 450 �C, only bulk

C/Fe mixtures (Fig. 6c) are formed in a large quantity, with a

few small spherical or tubular structures. Meanwhile, under

certain conditions, the flow fluctuations of carrier gas can re-

sult in many long and straight carbon fibers (Fig. 6d) to be pro-

duced and accumulated at the center of the quartz reaction

tube from the pyrolysis of ferrocene at Tsub ranging from

200 �C to 400 �C.

3.2. Characterization of iron in carbon nanostructures and
their corresponding magnetic properties

The formation mechanism of magnetic carbon nanostruc-

tures by the pyrolysis of ferrocene is not yet completely

understood, although a vapor-liquid–solid mechanism may

be involved with filling of metals in a liquid state [19]. The par-

ticular shape, size and structure of products appear to be

strongly determined by the quantity and dimensions of metal

particles remaining after the pyrolysis of ferrocene. As a re-

sult, in order to explore the growth mechanism of magnetic

carbon nanostructures by the pyrolysis of ferrocene, it is nec-

essary to examine the metal particles in these products.

Fig. 7a shows the XRD diffraction patterns of these sam-

ples. The peak at about 26.2� can be assigned to the (002)

plane of hexagonal graphitic structure with an interlayer
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spacing of 0.34 nm. This peak is symmetric and narrow, indi-

cating a high crystallinity of these samples. The peaks at

44.7�, 65.0� and 82.3� can be identified as the (110), (200)

and (211) planes of body-centered cubic (bcc) lattice, i.e. a-

phase, respectively. The peak intensities and positions quan-

titatively confirm that a-Fe phase, thermodynamically favor-

able at room temperature and ambient pressure, dominates

in all samples, though a fraction of orthorhombic cementite

Fe3C phase is also seen in the XRD diffraction patterns. The

face-centered cubic (fcc) c-Fe (< 5%) in Fe-filled MWCNTs can-

not be ruled out, although not seen in the XRD diffraction pat-

terns [19]. In spite of thermodynamic instability of c-Fe phase

at low temperatures, it may be retained in iron nanowires

encapsulated in CNTs due to the confinement effects

(�1 TPa) of the surrounding carbon shells [20].

Fig. 7b shows the Fe-NP diameter distribution in the range

of 2-13 nm and the Gaussian mean diameter of 7.2 nm for Fe-

NPs adhering to SWCNTs. Direct observation on the Fe-NPs as

catalyst for the nucleation of SWCNTs reveals that they have

also a similar diameter distribution of 2–13 nm. Fig. 7c shows

the diameter distribution in the range of 12–44 nm and a

Gaussian mean diameter of 22 nm for CNPs. With the in-

crease of Tsub (�150 �C), the size of metal particles as catalyst

for the nucleation of MWCNTs further becomes larger. Inter-

estingly, the average size of Fe-NPs that do not act as catalyst

but decorate on the surface of MWCNTs is �10 nm (Fig. 7d).

When Tsub is over 160 �C, more ferrocene molecules are car-

ried into the reaction zone, and their subsequent pyrolysis
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produces abundant Fe clusters, which agglomerate into nano-

wires within nanotube channels. Therefore, it can be con-

cluded that the higher the Tsub is, the larger the size of

catalysts or even long metal nanowires are produced by the

pyrolysis of ferrocene.

To understand the magnetic properties of the samples,

SQUID magnetometer was used for magnetic characterization

of these carbon nanostructures at room temperature. Fig. 8a

shows an enhanced coercivity (Hc) of 163 Oe for Fe-NPs adher-

ing to SWCNTs, higher than that (Hc = �1 Oe) of bulk iron,

which is ascribed to the large surface anisotropy effect [21]

and the strong interactions between magnetic NPs that can

lead to ordering of magnetic moments [22]. It is worth noting

that the Hc of this sample is nearly four times of the value

(Hc=45 Oe) of arc-synthesized similar structure [23]. The pos-

sible reason is that arc-induced superhigh plasma tempera-

ture more favors the formation of Fe3C and c-Fe phases

than the moderate CVD growth temperatures [17]. Fig. 8b

shows a smaller Hc of 135 Oe for the CNPs, due to the random

arrangement and larger size of the CNPs. The Hc of 397 Oe for

Fe-NP decorated MWCNTs (Fig. 8c) and Hc of 472 Oe for Fe-

filled MWCNTs (Fig. 8d) are far larger than that of CNPs. A rea-

sonable explanation is that Fe decorated on the outer surface

of MWCNTs or filled in the inner channel of MWCNTs is ar-

ranged in a quasi-one-dimensional manner [23]. On the other

hand, the saturation magnetization (Ms) of each sample is

much lower than that (Ms = 222 emu/g) of bulk iron, because

of the small dimensions of Fe in these samples.
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Fig. 8 – (a–d) Hysteresis loops measured at room temperature fo

decorated MWCNTs, and (d) Fe-filled MWCNTs.
3.3. Formation mechanism of different carbon
nanostructures by the pyrolysis of ferrocene by controlling Tsub

Tsub of ferrocene in the first zone plays a decisive role in the

formation of different carbon nanostructures, because all

other experimental parameters are unchanged. In our exper-

iments, carbon is relatively insufficient while Fe is superflu-

ous, because both of them are derived from the only source,

i.e. ferrocene. In the reaction process, only a very small por-

tion of iron acts as catalyst for absorption or dissociation of

gas-phase reactants, while most of the remaining iron is at-

tached to, decorated on, or filled in the formed nanostruc-

tures. Moreover, the higher the Tsub is, the larger the size of

catalyst is produced by the pyrolysis of ferrocene. Meanwhile,

the size of catalyst is closely related to the structure of final

product; e.g. small particles yield SWCNTs, while large ones

are covered by graphitic layers or give rise to MWCNTs. Based

on the experimental results, the formation of various carbon

nanostructures by the pyrolysis of ferrocene by controlling

Tsub is schematically depicted in Fig. 9.

Fig. 10 shows that the sublimation rate of ferrocene

strongly depends on the temperature and the heating rate.

Different Tsub of ferrocene can lead to different sublimation

rates, and then vaporizes different quantities of ferrocene

molecules into the second zone, in which ferrocene quickly

decomposes and yields different ambient particulate concen-

trations with the fixed molar ratio of C/Fe = 10/1. When ferro-

cene is sublimated slowly at low temperatures (<110 �C), only
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Fig. 9 – Schematic of the formation mechanism of magnetic carbon nanostructures by the pyrolysis of ferrocene by

controlling Tsub.
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a small quantity of ferrocene is carried into the reaction zone

by the gas flow, and its subsequent pyrolysis produces tiny Fe-

NPs (<10 nm), some of which act as catalyst for the nucleation

and growth of SWCNTs, while the rest are tightly attached to

SWCNTs. When Tsub is in the range of 110–130 �C, the formed

Fe-NPs (�20 nm) are beyond the size limit suitable for the
growth of SWCNTs, but fall into the size range suitable for

the nucleation of MWCNTs. However, under such condition,

the carbon concentration is deficient for the growth of

MWCNTs, and then CNPs are mainly produced. Therefore, a

logical question is why SWCNTs instead of smaller CNPs are

still formed from more deficient carbon by the pyrolysis of

ferrocene at Tsub of �90 �C. We believe that a lower carbon

supply will allow the structures to form more slowly, giving

each carbon atom more time to anneal to its lowest energetic

configuration. In a comparable diameter range, the activation

energy of CNPs is higher than that of SWCNTs but lower than

that of MWCNTs. Therefore, SWCNTs instead of CNPs were

formed when ferrocene was sublimated at <110 �C. Our re-

sults are well in agreement with the theoretic calculation by

Hafner et al [24].

As the carbon concentration increases with Tsub, MWCNTs

begin to be formed and grown from Fe catalyst particles.

Meanwhile, more Fe-NPs are produced to deposit on the side-

walls of the newly-produced MWCNTs due to the strong affin-

ity between C and Fe. The decorated Fe-NPs on the surface of

MWCNTs have an average diameter of �10 nm, smaller than

that of the CNPs. Once Tsub is over 160 �C, great quantities

of carbon are supplied to the second zone, and so abundant

MWCNTs are produced. As the reaction proceeds, more and

more iron clusters are also simultaneously supplied to the

second zone and aggregate into long nanowires to be filled

in the internal cavities of MWCNTs.
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To reveal how iron enters the inner cavities of nanotubes,

we examined Fe-filled MWCNTs obtained after different reac-

tion duration times. Fig. 11 shows the growth evolution of Fe-

filled MWCNTs with different lengths. It can be seen that

MWCNTs lengthen with a close tip, concurrent with the filling

of iron in internal cavities of nanotubes. It is suggested that

the growth of Fe-filled MWCNTs predominantly follows the

base growth mode, where carbon is successively supplied to

the catalyst particle to form a nanotube, and simultaneously,

iron clusters incessantly aggregate into the catalyst particle to

supply the material to be filled in the internal cavities of the

growing nanotube, as schematically shown in the IV section

of Fig. 9. However, a key question is what the driving force

is to draw iron into the inner cavities of MWCNTs, which in-

volves the surface energies of the interaction between the li-

quid Fe and the solid surface of the nanotube such as the

capillarity.

As known, if one wants to fill a nanotube with a given

material by capillarity, the material must have a contact angle

<90�, since this is a problem of wetting that is intimately re-

lated with capillarity. However, since the contact angle of li-

quid iron on nanotube walls is >90�, liquid iron cannot wet

and enter MWCNTs by capillarity without the aid of an exter-

nal force. Wei et al. believed that the aid of flow fluctuations
Fig. 11 – (a–d) SEM images of Fe-filled MWCNTs with gradually

simultaneously with the filling of iron in their internal cavities
made iron to overcome the surface tension and then be

encapsulated in MWCNTs [25]. If pure Fe is to be introduced

into MWCNTs, the pressure required will depend on the

diameter of the tube and the contact angle, as can be under-

stood from the Laplace equation:

DP ¼ 2c cos h=r ð1Þ

Where DP is the pressure difference across the liquid-vapor

interface, r is the radius of curvature, c is the surface tension,

and h is the liquid–solid contact angle. Based on TEM observa-

tions, the contact angle of liquid iron on MWCNT walls is

�135 �C. And the surface tension of the liquid iron, c mea-

sured in Nm�1, can be calculated as follows [26]:

c ¼ 2:858� 0:00051T ð2Þ

where T is the temperature in Kelvin. Thus, at 1100 �C where

Fe-filled MWCNTs grow, c = 2.158 Nm-1. According to Eq. (1), to

fill a 50-nm-diameter nanotube with liquid Fe, outside pres-

sure of an order of �610 atm will be required, depending on

the contact angle. If the sample is cooled with this pressure

on, the Fe will be stuck inside the nanotubes. Although the

surface tension will be lower at higher temperatures of the

arc, the filling pure iron is still not most likely a result of cap-

illary action. So it is hard to imagine that just flow fluctua-
increasing length, showing that MWCNTs lengthen

.



Fig. 12 – (a) TEM image of a Fe-filled MWCNT. (b) Enlarged

TEM image of the framed portion in (a), showing the

iron-nanotube interface.
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tions can help iron to overcome the surface tension and enter

the internal cavities of nanotubes.

The contact angle of most metals such as Pb on nanotube

walls is normally >90�; however, closed nanotubes can be

filled by molten lead in a reactive environment, because the

fringe of Pb nanowires reacts with oxygen to form a com-

pound with sufficiently low surface tension to be drawn in

by capillarity [27]. In stark contrast, if nanotubes were opened

and exposed to molten lead or other metals in an inert atmo-

sphere, they would not draw in by capillarity [28]. We believe

that the filling of Fe in MWCNTs is also for the similar phe-

nomenon; i.e. the fringe of Fe nanowires reacts with carbon

to form a thin-film compound with sufficiently low surface

tension to fill in MWCNTs by capillarity. In the XRD diffraction

patterns, a small fraction of iron carbide phases in the Fe-

filled MWCNTs is always not completely eliminated, which

is well in agreement with previously results [20]. Moreover,

it is found that there always exists a highly distorted, amor-

phous-like and unidentified iron carbide phase within a layer

approximately �1 nm from the interface (Fig. 12). The highly

ordered Fe single-crystal lattice fringes vanished in the area

adjacent to the Fe-nanotube interface, which may belong to

some superstructures, a variety of stable and metastable bin-

ary or ternary iron carbides, within nanoscale iron nanowires

filled in the inner cavities of nanotubes. Such Fe-C super-

structures were also observed by Golberg et al [20].

4. Conclusions

The pyrolysis of pure ferrocene has been systematically

investigated at elevated temperature of �1100 �C. The selec-

tive formation of various carbon nanostructures such as Fe-

NPs adhering to SWCNTs, CNPs, Fe-NP decorated MWCNTs

and Fe-filled MWCNTs by the pyrolysis of ferrocene is deter-

mined by the size of Fe particles as catalyst, which increases
with Tsub of ferrocene. The magnetic characterization reveals

that these nanostructures have an enhanced coercivity at

room temperature, when compared to the bulk Fe. Moreover,

by the pyrolysis of metallocenes such as ferrocene, nickelo-

cene, cobaltocene, or their mixtures, this technology can be

easily extended to prepare various magnetic nanostructures

with tunable magnetic properties, which can find various

applications in nanoelectronic devices, magnetic resonance

imaging and magnetic data storage media.
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