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A procedure for the synthesis of Fe;Co, alloy particles
encapsulated in carbon nanoflasks is described, and
subsequent evaluation of their structural and magnetic
properties reported.

There has been significant research and speculation about the
synthesis, properties and potential applications of carbon
nanotubes filled with other materials.! Recently, we reported
on the synthesis of an apparently novel carbon structure
encapsulating cobalt metal.>* The flask-shaped carbon struc-
ture consists of a tubular part and a globular base that
encapsulates the metal catalyst. The “carbon nanoflasks”
(CNFs) were synthesized by decomposing Co(CO);NO in the
presence of Mg [covered with Mg(OH), layers] at 900 °C in a
specially arranged closed container. Investigation of the
structure and composition of individual nanoflasks showed
that the Mg metal plays a crucial role in the formation of
CNFs.* Firstly, it partially covers the cobalt particles in such a
way that the tube grows only from the exposed part. Secondly,
it promotes the CO disproportionation reaction over these
cobalt particles of comparatively larger sizes (50-800 nm) to
generate CNFs. Using the same principle, we report herein on
our successful attempt to encapsulate Fe—Co alloy particles in
CNFs.

The technological importance of Fe—Co alloys arises from
their soft magnetic properties and large magnetic inductions.’
Some outstanding initial work on carbon-encapsulated parti-
cles of Fe,Co, alloy has been done by Majetich and co-
workers.® They have clearly shown that these nanocomposite
materials, synthesized by the arc-discharge process, have a
protective carbon coating, which ensures that the alloy
encapsulate is retained in the reduced state. Encapsulation of
other ferromagnetic alloys, such as Fe-Ni, have also been
reported in the literature.” As far as the confined magnetic
materials are concerned, interesting properties can be exhib-
ited, such as, for example, Barkhausen magnetization jumps
seen in the case of iron nanowires encapsulated in aligned
carbon nanotube bundles.®

The method used here to obtain Fe—Co encapsulated carbon
nanoflaskst was the same as that for synthesizing the cobalt
analogue.* Fig. 1 shows the XRD patterns of the sample before
and after acid treatment. In the pattern of the as-synthesized
sample, the intense peaks are due to MgO in a periclase
structure. The less intense peaks can be assigned to Fe;Cos
alloy particles with a bce structure. Some very weak peaks are
also observed and are assigned to graphite and cobalt. The
presence of cobalt along with Fe;Co- alloy indicates that not all
of the cobalt is incorporated into the alloy. However, the cobalt
peaks disappear after the sample is acid treated. Moreover,
after the acid treatment, the (002) graphitic peak becomes
prominent with the removal of MgO particles by HCI. Along
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with the graphitic peak, an appreciable amount of Fe;Cos
having bce symmetry is also detected, suggesting that these
particles are well protected by the covering of graphene layers,
which prevent them from reacting with the acid.

The CHN analysis of the as-synthesized sample showed a
carbon content of 6.4 wt%. The amount of material recovered
after the acid-treatment was 6.8 wt% and had a carbon content
of 94 wt%. EDAX analysis of the as-prepared sample revealed
an Fe to Co molar ratio of 1:3. However, the starting mixture
had Fe and Co in a 1:1 ratio, thus indicating that all the iron
was not recovered from the reaction cell. Assuming that the cell
was leak free, the only possible explanation which can account
for the rest of the iron is that it might have been coated onto
the cell wall. It seems more probable for Fe(CO)s than
Co(CO);NO to be adsorbed onto the cell wall, as the
decomposition temperature for the former (250 °C)° is higher
than that of the latter precursor (55 °C),'° which may facilitate
the adsorption of metallic iron at the higher temperature. An
attempt to increase the percentage of Fe(CO)s in the starting
mixture resulted in the formation of fewer nanoflasks. This
corroborates well with the above reasoning and with our earlier
results, where only a few nanoflasks could be obtained using
Fe(CO)s, compared with the amount obtained with Co(CO);-
NO.2 After acid treatment, the Fe to Co ratio becames 3:7,
which is in good agreement with the XRD results.

Fig. 2 shows transmission electron microscopy (TEM)
images of the characteristic flask-like shapes of CNFs, with
the Fe;Co; alloy encapsulated in the globular base. In the
case of the as-synthesized material, only a few CNFs can be
seen as they are mostly covered with the other catalytic
materials. However, these impurities are not seen in the case of
the acid-treated product and the nanoflasks are clearly visible,
as shown in Fig. 2(b)—(e). Apart from the CNFs, other carbon
nano-structures, such as tubes and fullerene-like cages, are also
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Fig. 1 XRD patterns of (a) the as-synthesized sample and (b) the acid-
treated sample, with a magnified view of the portion between 50 and 80°.
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Fig. 2 Representative TEM images of (a) the as-synthesized and (b)—(e) the acid-treated sample, depicting the filled and empty CNFs. (f) The SAED
pattern from the filled globular part of the CNF shown in (b) (110 and 200 spots: Fe;Cos alloy; C-101 and C-110 spots: carbon).

present in the sample (Fig. 2). The percentage of CNFs among
all the observed structures was approximately 15%, which, as
reported earlier,’ can be enhanced by a magnetic separation
technique. In most cases, the globular part of the CNF
encapsulates an alloy particle. However, in some cases, empty
nanoflasks [Fig. 2(e)] are also detected, which must be a result
of the reaction of HCI with the alloy particles in uncapped
CNFs. The presence of filled nanoflasks indicates a complete
capping of the alloy by the graphene layers, which prevent it
being leached out by HCI. In a few cases, filling of the tubular
part with the alloy was also observed, as shown in Fig. 2(c) and
(d). The dimensions of the globular part vary over a wide range;
diameters of 100-900 nm. The outer diameters of the tubular
parts vary from 30 to 100 nm and often are not uniform
throughout their entire length. There is a gradual decrease in
the diameter from neck to tail.

The selected area electron diffraction (SAED) pattern of the
filled globular part of the CNF in Fig. 2(b) is shown in
Fig. 2(e). The clear spots indicating a crystalline product can be
indexed to the bee structure of Fe;Co; alloy and the hexagonal
structure of the surrounding graphene layers. The calculated
interplanar distances are listed in Table 1, along with the
known values. The brightest, innermost ring was indexed to the
002 reflection of hexagonal graphite. It gives an average

Table 1 SAED data recorded from the globular parts of the nanoflasks

Measured d(+0.05)/A Reported d/A Assignment (hk/)

2.05 2.04 C-101
2.06 2.01 Fe;Co,-110
1.46 1.42 Fe3C07-200
1.23 1.23 C-110

“Reported d values from the JCPDS files for Fe3;Co; and carbon
(no. 48-1818 and 41-1487, respectively).
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graphitic interlayer spacing of 3.4 A, corresponding to a
turbostatic structure.'!

The magnetic properties of the samples were investigated at
room temperature using a vibrating sample magnetometer.
As can be seen in Fig. 3, at low fields range, typical ferromag-
netic behavior is observed, which, above 8000 G, becomes
diamagnetic with a negative magnetic susceptibility. The
pure carbon nanotubes are known to exhibit a greater
diamagnetic susceptibility compared with graphite.'> Thus,
the decrease in magnetization with increasing applied magnetic
field above 8000 G is indicative of an additive effect of
ferromagnetic saturation of the cobalt magnetization and a
diamagnetic decrease in the magnetization of the CNFs.!?

The low value of the saturation magnetization is a
consequence of the small number of alloy particles present in
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Fig. 3 Magnetic hysteresis loop, M(H), at RT for the acid-treated
sample.



the sample (~5 wt%). The measured coercive force is 570 G,
which is much higher than the values previously known for
bulk alloys (which amount to a few Gauss). The H. value is also
higher than the values (200-400 G) reported for carbon-coated
nanocrystalline Fe-Co alloys of ~50 nm average diameter;
these particles were considered to be of a single domain
structure.®'* Generally, in nanocomposite magnetic materials,
H, increases with increasing grain size when the grains are
isolated and exchange decoupled. On the other hand, in the
case of a multidomain structure, H. decreases rapidly with
increasing grain size because of strong exchange interactions
with neighboring grains. The higher coercivity in our case thus
indicates that the encapsulated Fe-Co alloys are of a large
grain size with weak intergrain exchange coupling near the
percolation threshold."?

In conclusion, we have successfully prepared a Fe;Co; alloy
encapsulated in carbon nanoflasks by a direct catalytic process
carried out at a lower temperature compared with the
conventional high temperature arc-discharge methods. The
above result evidently suggests that the Fe;Co5 alloy particles
are formed from the decomposition of a mixture Co(CO);NO
and Fe(CO)s at an elevated temperature. The close similarity
between the Fe-Co- and Co-encapsulating CNFs reported
previously further indicates that a similar kind of growth
mechanism is involved in the formation of the nanoflasks,
wherein Mg promotes the CO disproportionation reaction over
these catalysts. Further work to separate the encapsulated Fe—
Co particles and to study their properties is in progress.

Notes and references

FIn a typical preparation, 400 mg Mg-EtOH powder [prepared by
treating fresh Mg powder (Merck) with a mixture of ethanol and water
at RT for 48 h and then drying under vacuum] was inserted into a 2 ml
closed cell, which was assembled from stainless steel Swagelok parts. A
mixture of 350 mg each of Co(CO);NO and Fe(CO)s (STREM) was
then added to the cell under an inert atmosphere of nitrogen (glove

box). The filled cell was heated in a furnace to 900 °C at a heating rate
of 20 °C min~! for 3 h. The as-synthesized black product was treated
with 30% dilute HCI solution, centrifuged and then repeatedly washed
with de-ionized water and ethanol to obtain the purified material.
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