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Viscous boundary layer chemical vapor synthesis is a novel technique that uses the viscous boundary layer

between a laminar pyrolysed metallocene/Ar vapor flow and a rough surface to induce the nucleation and

growth of radial carbon nanotube (CNT) structures highly filled with ferromagnetic materials. Here we

report the synthesis and characterization of radial structures comprising multiwall CNTs filled with large

quantities of Fe3C and FeCo alloys and low quantities of g-Fe in the forms of small single crystals.

Surprisingly high saturation magnetizations up to 80 emu g�1 and a very high coercivity of 1400 Oe at

room temperature are found. Such values of magnetization suggest that no room-temperature magnetic

interaction is present between g-Fe and the ferromagnetic crystals in our samples. The presence of such

large coercivity values may be associated with the small size of the encapsulated particles which is

strongly dependent on the high evaporation temperature of the precursors for fixed pyrolysis

temperatures and vapour flow rate. The addition of Cl-species is also considered in the attempt to slow

down the growth-rate of the radial CNT-structure and further investigate their growth mechanism.
Introduction

Recently multiwall carbon nanotubes (MWCNTs) lled with
Fe-based single crystals like Fe3C and a-Fe have attracted great
attention due to their potentially outstanding magnetic proper-
ties (coercivity and saturation magnetization). These encapsu-
lated single crystals have become an important focus of research
owing to the high number of potential applications which
include nano/biomedicine, magnetic devices, electromagnetic-
systems, aerospace-related technology, as well as many others.

Nano/biomedicine applications involve the use of CNTs
as highly stable nano-containers for biomedical diagnosis,
therapy, and monitoring.1–4 In particular the hysteretic behavior
of the encapsulated ferromagnetic or superparamagnetic
nanomaterials has been studied for its role in the application of
magnetic hyperthermia cancer therapy.1–4 Magnetic-device
applications involve the development of ferromagnetically l-
led CNTs technology for: (I) magnetic data storage purposes in
the form of buckypaper-electrodes or vertically aligned arrays
Sichuan University, Chengdu CN, China.

n; m.willis@scu.edu.cn

versity, Chengdu CN, China

tion (ESI) available. See DOI:

is work.

hemistry 2017
with large coercivities.5–15 (II) Exchange bias devices which
require the presence of magnetic coupling between ferromag-
netic and antiferromagnetic materials16,17 (III) probes for
magnetic force microscopy18 and (IV) alternative permanent
magnets. Alternatively, electromagnetic applications involve the
use of these CNTs structures into nanocomposite magnetic
ller particles19 or as nanoinductors (the inductance of these
structures is expected to increase with the increase of saturation
magnetization values of the ferromagnet).20 In addition, studies
of lled CNTs for aerospace applications have led to the devel-
opment of articial muscle systems,21 the enhancement of
microwave absorption properties and design22 together with the
fabrication of advanced eld emission displays.23

Despite the numerous studies reported in literature, the
development of CNT-based magnetic-technology is still
hindered by the many difficulties in controlling the magnetic
properties of the encapsulated ferromagnetic phases.

For instance the coercivity properties of these materials have
been reported to depend mainly on the crystal anisotropy and
on the spatial distribution of the crystal phases inside the
CNTs.5,24–26 The saturation magnetization appears instead to
depend on the quantity of ferromagnetic material encapsulated
within the CNT-capillary (i.e. quantity of Fe3C and a-Fe). In
principle, long ferromagnetic single crystals of Fe3C or a-Fe are
required for enhancement of the magnetic loss in microwave
RSC Adv., 2017, 7, 4753–4758 | 4753
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absorption applications,22 enhancement of the torque when
placed in a constant magnetic eld,19,23 and oscillatory response
of a time-varying magnetic eld.27

Interestingly recent reports by Lv et al., Wang et al.5,24–26 Boi
et al.28,29 and Peci et al.30 have shown that long continuous
ferromagnetic lling rates can be achieved through three main
approaches. The rst of these approaches is based on the
pyrolysis of chlorine containing hydrocarbons/ferrocene
mixtures in a laminar Ar-ow,5,24–26 whereas the second type of
approach demonstrates continuous CNTs lling rates in pres-
ence of local perturbations28 and viscous boundary layers29

owing to the presence of a temperature gradient at the open tip
of the growing CNTs. In the third type of approach, the presence
of continuous lling rates has been observed for the specic
case of vertically aligned CNTs grown in absence of vapour-
perturbations and is also attributed to an open-growth mecha-
nism driven by a temperature gradient at the open CNT-tip in
conditions of low vapour ow rates. An open growth mecha-
nism has been reported also by Muller et al. in the case of
partially lled vertically aligned CNTs.31 In contrast partial-
lling rates have been reported in presence of closed-tip
growth mechanisms.32

However, despite the length of the encapsulated ferromag-
netic crystals obtained with the three approaches mentioned
above, relatively low saturation magnetizations have been
measured (i.e.much lower with respect to the bulk values). In the
case of the rst approach the lowmagnetization values have been
attributed to the Cl-concentration in the produced pyrolysed
vapour.33,34 Alternatively, in the case of the viscous boundary layer
growth, the presence of an unusual exchange coupling interac-
tion between the ferromagnetic a-Fe phase and an antiferro-
magnetic g-Fe phase has been reported to strongly limit the
control of the ferromagnetic properties of these structures at
both high- and low-temperatures.29 Such a dramatic effect
implies that the g-Fe phase may exhibit a complex magnetic
arrangement, much different with respect to that described in
literature (paramagnetic at room temperature and antiferro-
magnetic at low temperature16,17,29 below 200 K).

Further investigations of the growth and encapsulation
mechanisms of such encapsulated phases are therefore crucial
in order to minimize the quantity of g-Fe and enhance both the
saturation magnetization and coercivity properties of the radial
structures. In this context, the encapsulation of a large number
of small single-crystals of interstitial alloys like Fe3C or substi-
tutional alloys like FeCo could be useful to decrease or elimi-
nate the contact between a-Fe and g-Fe phases and thus
enhance the magnetic properties of the radial structures (both
saturation magnetization and coercivity).

In this paper we address this problem by reporting the
observation of large coercivities of 1400 Oe and high saturation
magnetizations up to 80 emu g�1 in radial CNTs structures l-
led with large quantities of two main types of ferromagnetic
single crystals: (1) Fe3C and (2) FeCo together with low quanti-
ties of g-Fe phases. We nd that in these types of samples no
room-temperature magnetic interaction is present between g-Fe
and the ferromagnetic crystals. In fact the measured saturation
magnetizations of 30 emu g�1 (Fe3C) and 80 emu g�1 (FeCo) are
4754 | RSC Adv., 2017, 7, 4753–4758
higher with respect to those observed in previous reports on
continuously lled CNTs radial structures (28 emu g�1). These
comparisons also take into account the relation of the % of
graphitic carbon present in these systems. The morphological
and structural characterizations are performed with scanning
electron microscopy (SEM), transmission electron microscopy
(TEM), high resolution TEM (HRTEM), and X-ray diffraction
(XRD). Room temperature vibrating sample magnetometry
(VSM) is then used for the magnetic characterization. Further-
more, by adding small quantities of dichlorobenzene to ferro-
cene, we show that a change in the growth mechanism
dynamics of the radial structures is present due to the presence
of Cl radicals.5,24–26,33,34

Experimental

The radial structures were grown in the viscous boundary layer
between a (1) ferrocene or (2) ferrocene/cobaltocene or (3)
ferrocene/dichlorobenzene Ar ow and a rough quartz surface
(roughness of 50–70 micrometres). The source vapor was
produced by evaporation of (1) 180 mg of ferrocene or (2) 40 mg
of ferrocene/40 mg of cobaltocene or (3) 60 mg of ferrocene/
0.05 ml of dichlorobenzene. The evaporation temperature was
450 �C. The synthesis product was achieved by using the argon
ow rate of 11 ml per minute and a furnace temperature of
990 �C. A quartz tube reactor of 1.5 m, 22 mm outer diameter
and 2.5 mm thickness was used. The duration of the reaction
was 10–20 minutes. The reactor was cooled to room tempera-
ture with a fast cooling rate by moving the furnace along a rail
system when the temperature of 800 �C was achieved. SEM
investigations were performed by using a JSM-7500F instrument
at 10–20 kV, while transmission electron microscopy (TEM) and
high resolution TEM (HRTEM) investigations were performed
with a 200 kV American FEI Tecnai G2F20. XRD analyses were
performed with a Philips Xpert pro MPD (Cu K-a source with l¼
0.154 nm). The magnetic characterization was performed with
a VSM 2.5 tesla electromagnet East Changing 9060 by using
a magnetic eld of 1.3 tesla at room temperature. For this
reason the diamagnetic contribution from the MWCNTs is not
considered.35

Results and discussion

The typical cross sectional morphology of the radial structures
produced by pyrolysis of 180 mg of ferrocene evaporated at
450 �C is shown in Fig. 1(a) and (b) using TEM analysis. Most
notably the radial structures obtained in these conditions show
a characteristic partial lling rate with a lling-crystal diameter
of 20–30 nm. The Rietveld renement of the XRD diffractogram
in Fig. 2 allowed for the extraction of the relative abundance of
the phases encapsulated inside the MWCNTs. Interestingly
a large relative-abundance of single-crystalline Fe3C (23.7%)
with space group Pnma was found, while only 3% of a-Fe with
space group Im�3m was present together with a very small
quantity of g-Fe (0.4%). Note that the relative abundance of the
graphitic carbon associated with the 002 reection of the CNTs-
walls (see ESI Fig. S5†) was 72.9%. The unit cell parameters of
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Transmission electron micrographs (a) and (b) of a small radial-
structure with a core diameter of 0.2 micrometres.

Fig. 2 XRD diffractogram (red line) and Rietveld refinement (green
line) of the radial-structures revealing the following phase abun-
dances: 23.7% of Fe3C, 3% of a-Fe and 0.3% of g-Fe. Each peak is
indicated with the labelled reflection (plane) of the corresponding
phase. The black star refers to the 111 reflection of g-Fe.

Fig. 3 HRTEM micrographs of a typical Fe3C single crystal (a) and (b).
In (c) the Fourier transform of the area in (b) shows with the red circles
the forbidden 100 reflection (d ¼ 0.50 nm), with magenta circles the
forbidden 001 reflection (d ¼ 0.46 nm), with orange circles the 002
reflection (d¼ 0.23 nm), with the yellow circles the 200 reflection (d¼
0.25 nm), with sea-blue circles the 013 reflection (d ¼ 0.15 nm), with
cyan circles the 310 reflection (d ¼ 0.17 nm), with dark red circles the
101 reflection (d ¼ 0.34 nm) and with the light blue circles the 10–1
reflection (d ¼ 0.33 nm).
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Fe3C were a ¼ 0.510 nm, b ¼ 0.674 nm and c ¼ 0.452 nm, while
the unit cell parameters of a-Fe and g-Fe were a ¼ b ¼ c ¼
0.286 nm, and 0.359 nm respectively. Such quantity of graphitic
carbon is much higher with respect to that previously measured
in the case of previous investigations in viscous boundary layer
pyrolysis of ferrocene (50%). HRTEM investigations of the
crystal structure of a typical Fe3C single crystal are shown in
Fig. 3(a) and (b). In Fig. 3(c), the Fourier transform of the area in
This journal is © The Royal Society of Chemistry 2017
(b) allowed for the measurement of the reciprocal lattice
reections for the Fe3C single crystal and extraction of the
lattice-spacing values in nm.

It would appear through the observation of the a- and
c-crystal axis (100 and 001 reections) that the crystals grow with
a preferred orientation with an angle (of the a-axis) of approxi-
mately 60 degrees with respect to the hollow of the MWCNT.
The list of reections is reported in the caption of Fig. 3. Note
that the phase identication of the a-Fe and g-Fe could not be
performed through HRTEM owing to the limited instrumental
resolution. Further morphological and structural analysis was
then performed using SEM (see Fig. S1 in ESI†) and TEM in the
case of the radial structures lled with FeCo alloys. A typical
example of the cross-sectional morphology of a radial structure
RSC Adv., 2017, 7, 4753–4758 | 4755
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Fig. 5 XRD diffractogram (red line) and Rietveld refinement (green
line) of the radial-structures revealing the following phase abun-
dances: 84% of FeCo and 16% of g-Fe (excluding the contribution of
the graphitic carbon from the CNTs walls). Each peak is indicated with
the labelled reflection (plane) of the corresponding phase.
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observed at low magnication is shown in Fig. 4(a). Interest-
ingly these structures appear to be characterized by a more
pronounced branched-like morphology which is different with
respect to that observed when only ferrocene is used as
a precursor (Fig. 1). Further investigations at higher magni-
cation revealed that also in this case the CNTs comprised in the
radial structures are lled with small elongated crystals with
a diameter of approximately 5–30 nm (Fig. 4(b) and ESI
Fig. S2†). In addition, selective area electron diffraction (SAED)
analysis of these structures conrmed that also in this case the
encapsulated particles possess a single crystal arrangement (see
inset in Fig. S2(I) in ESI†). The XRD analysis performed for the
specic case of FeCo are shown in Fig. 5. The relative abun-
dance of the phases extracted from the Rietveld renement
method were as follows: 84% of FeCo with space group Pm�3m
(excluding the carbon% and with unit cell parameters a ¼ b ¼ c
¼ 0.285 nm database card 9004229 Crystallography Open
Database) and 16% of g-Fe with space group Fm�3m (excluding
the carbon% with unit cell parameters a ¼ b ¼ c ¼ 0.357 nm
database card 9008469 Crystallography Open Database). The
magnetic properties of the radial-structures were then investi-
gated. The typical hysteresis loop of a powder comprising these
structures is shown in Fig. 6. Large coercivity values of 0.140 T
Fig. 4 Transmission electron micrographs showing the cross-
sectional morphology (a and b) of the radial structures comprising
MWCNTs filled with large quantities of small FeCo particles and small
quantities of g-Fe particles.

Fig. 6 Hysteresis loops obtained after lightly pressing each powder
samples in a radial-structure film and mounting it on adhesive strip.
The radial structures filled with Fe3C, a-Fe, g-Fe show a saturation
magnetization of 30 emu g�1, while the radial structures filled with g-
Fe/FeCo show a saturation magnetization of 80 emu g�1. Large
coercivities of 1400 Oe are found.

4756 | RSC Adv., 2017, 7, 4753–4758
(1400 Oe) were serendipitously found in both types of samples
whereas, a saturation magnetization of 30 emu g�1 was found
for the radial CNTs structures lled with Fe3C (similar to that
observed in ref. 29) and of 80 emu g�1 for the case of FeCo
crystals.

The saturation magnetization in the rst type of radial CNTs
is much lower with respect to that expected in literature for bulk
Fe3C (169 emu g�1). Rescaling the value of magnetization with
respect to the % of ferromagnetic material gives a value of 110
emu g�1. Such value of magnetization is much higher with
respect to that of 28 emu g�1 (56 emu g�1 when rescaled with
respect to the ferromagnet% (ref. 29)) obtained in the case of
radial structures produced in the previous report on viscous
This journal is © The Royal Society of Chemistry 2017
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boundary layer CVS.29 A similar trend is found also in the case of
g-Fe/FeCo structures where the magnetization is low with respect
to what would be expected for bulk FeCo (220 emu g�1) and
assumes a value of 133 emu g�1 if rescaled to the FeCo (50.4%)/g-
Fe (9.6%) abundances. The relative abundances of 60% of whole
FeCo/g-Fe system and 40% of graphitic carbon were extracted by
using the Rietveld renement method. These observations
suggest that the room-temperature magnetic properties of the
radial structures produced in this work are not affected by the
presence of the g-Fe phase. Therefore a dependence of these
properties on the single- or poly-crystal arrangement of the
ferromagnet, on the magnetic domain arrangements or on the
grain-boundary arrangement can not be excluded.

The growth mechanism of the radial structures was then
investigated also in presence of mixed dichlorobenzene and
ferrocene vapors. Cl radicals have been recently used to slow
down the growth mechanism of CNTs in order to favor the
process of Fe encapsulation and allow the achievement of high
and continuous ferromagnetic lling rates. However the
dynamics of such growth mechanism in the viscous boundary
layers have not yet been investigated. In this specic case, the
SEM analyses in Fig. 7(A) and the TEM micrograph in Fig. 7(B)
Fig. 7 Scanning and transmission electron micrographs showing the
surface and cross sectional morphology of the nanowires obtained
from pyrolysis of ferrocene (60 mg) and dichlorobenzene (0.05 ml)
mixtures in the viscous boundary layer created by the introduction of
a rough surface in the pyrolysis zone of the reactor.

This journal is © The Royal Society of Chemistry 2017
(see also ESI Fig. S3†) revealed a change in the morphology of
the radial structures, which appears to be characterized by thin
walled carbon nanotubes lled with 100 nm to 2 micrometres
long Fe3C crystals (see ESI Fig. S4 for VSM analyses†). Inter-
estingly these radial-structures do not exhibit a central core
feature but rather numerous branches. These observations
suggest therefore that the homogeneous nucleationmechanism
induced by the viscous boundary layer is strongly affected by the
presence of Cl radicals. These radicals slow down the CNTs
nucleation process by etching the catalyst particles and by
removing carbon species through the formation of CCl4 species.

As shown in Fig. S4 ESI† the hysteresis loop measured in the
case of these structures shows a remarkable decrease in the
coercivity properties to the value of 580 Oe due to the increase of
the particles diameter and length. Whilst the measured satu-
ration magnetization of 35–37 emu g�1 is comparable to that
shown in Fig. 6 for radial structures lled with Fe3C, a-Fe and g-
Fe crystals.

Conclusion

In conclusion we have reported the synthesis and character-
ization of radial-structures lled with large quantities of small
Fe3C and FeCo crystals. The saturation magnetization is found
to increase from 30 emu g�1 to 80 emu g�1 when the FeCo
crystals are encapsulated inside the radial structures. Very large
coercivity values of 0.140 T (1400 Oe) are found in both cases
and can be associated to the small diameter of the encapsulated
crystals. It seems clear that the encapsulation of these small
crystals is induced by the high evaporation temperature of the
precursors (higher with respect to that used in the previous
reports). No magnetic effect is found from the g-Fe phase. The
effect of Cl radicals on the radial structure formation is also
investigated and shows a dramatic variation in the morphology
of the radial structures, with the disappearance of the central
core and an increase of the encapsulated particles diameter.
The attractive magnetic properties of these structures presented
in this work show promise for numerous possible applications
in magnetic data recording systems and electrodes, as well as
microwave absorption, nanoinductors, permanent magnets,
aerospace, and others.
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