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Carbides (TiC, WC, and NbC) nanoparticles fully encapsulated in the caves of carbon nanotubes (CNTs) were synthesized via an
in situ reduction-carbonization route at 600°C in an autoclave. The structural features and morphologies of as-obtained products
were investigated using by X-ray diffraction, scanning electron microscopy, and high-resolution transmission electron microscopy
(HRTEM). HRTEM studies showed that the average diameter of CNTs encapsulated with carbide nanoparticles are in the range
of 15-40 nm. The reaction temperature, the reaction time, and the metal catalyst are found to play crucial roles to the product
morphology. The growth mechanism of carbide nanoparticles encapsulated in CNTs was discussed in detail.

1. Introduction

Transition metal carbides are important materials because
they possess some desired properties such as thermal sta-
bility, corrosion, and wear resistance, electronic, magnetic,
and catalytic characteristics [1-4]. Among them, titanium
carbide (TiC), tungsten carbide (WC), and niobium carbide
(NbC) are three kinds of important transition metal car-
bides, which are applied as cutting tools, ceramics, and wear-
resistance materials [5—7]. Furthermore, WC shows excellent
catalyst properties similar to platinum [8]. However, their
widespread applications have been limited due to their inher-
ent brittleness, catastrophic failure mode, and gathering [9].
Carbon nanotubes (CNTs) highlighted by the work of Iijima
[10] in 1991 are now a major component of nanotechnology,
which have attracted increasing attention because of their
unusual properties and numerous potential applications
[11]. The encapsulation of these carbides in CNTs has also at-
tracted widespread attention, not only because CNTs can be
used as protecting shells to environmental effects, but also
because they exhibit more excellent properties than indi-
vidual materials such as magnetic, catalytic, electronic,

and optical properties [12—-15]. The reported encapsulation
phases inside CNTs were mainly metals and oxides but sca-
rcely carbides. The encapsulation of carbides nanoparticles
in CNTs can compensate for the defect of each other and
make better. For transition metal carbides, it can increase
their specific surface area and decrease their aggregation.
Simultaneously, the CNTs properties such as field emission
properties, electrical conductivity, and quantum transport
behavior can be improved better. All these will extremely en-
large their applications compared to single material.

To date, some synthetic methods about TiC, WC, and
NbC nanoparticles encapsulated in CNTs systems have been
investigated. Pan et al. [16] reported TiC nanoparticles coat-
ed with CNTs prepared by CVD had good field emission pro-
perties. WC-CNTs composites were synthesized by the reduc-
tion and carbonization process [17] and the shape mem-
ory synthesis method [18]. NbC nanoparticles encapsu-
lated in CNTs were produced by arcing electrodes of graph-
ite-metal mixtures, and its susceptibility property was also
studied [19]. Most reports described that carbides located
either on the inner surface or on the outer surface of CNTs to
form composite materials. However, to our knowledge, there



have been few reports about TiC, WC, and NbC nanoparti-
cles fully encapsulated in the caves of CNTs up to now.

Pyrolysis of ferrocene has been proved to be the most
promising way to prepare not only CNTs but also carbon-
encapsulated ferromagnetic nanoparticles [20—-22]. Distinct
from other approaches, ferrocene can supply both iron as
catalyst of CNTs growth and carbon sources in the synthetic
strategy. Therefore, we present a way to fabricate TiC, WC,
and NbC nanoparticles fully encapsulated in CNT caves
by an in-situ reduction-carbonization route at 600°C in an
autoclave, and the growth mechanisms of as-obtained sam-
ples were discussed in detail.

2. Experimental Section

TiC, WC, and NbC nanoparticles encapsulated in the CNT
caves were prepared as follows. In a typical experimental
procedure, 2 g ferrocene, 1g metal oxide (TiO,, WOs, or
Nb,0s), and 1g Mg powder were mixed and placed in a
50 mL stainless-steel autoclave. The autoclave was sealed and
put into an electronic furnace which was heated to 600°C for
10 h, then cooled to room temperature in the air. The black
powder products were collected and washed with distilled
water, dilute HCI, and absolute ethanol in turn several times.
Finally, the products were dried under vacuum at 50°C for
6 h. In addition, the final products of WC-CNTs were treated
with ammonia to remove W,C impurities.

X-ray powder diffraction (XRD) measurements were
carried out using a Bruker D8 advanced X-ray diffractometer
equipped with graphite monochromatized Cu Ka radiation
(A = 1.5418 A). Field emission scanning electron microscopy
(FESEM) images were taken by a JSM-6700F scanning
electron microscope. The transmission electron microscopy
(TEM) images were obtained by a Hitachi model H-7000
TEM. The high-resolution (HRTEM) images were recorded
on a JEOL 2100 transmission electron microscope.

3. Results and Discussion

The XRD pattern of as-obtained samples is shown in Figure

1, which confirms that the three samples were composed
of two phases: the broad peaks with relatively low peak in-
tensity could be ascribed to the diffraction of graphite (mark-
ed with “0”); the other sharp peaks with relatively high peak
intensity could be indexed as carbides. From Figure 1(a), the
sharp and high-intensity diffraction peaks can be indexed
to face-centered cubic TiC (JCPDS card no. 65-8417). The
XRD pattern of Sample 2 is shown in Figure 1(b), which
reveals that the diffraction peaks are indexed as hexagonal
WC (JCPDS card no. 65-4539). Figure 1(c) shows the typical
XRD pattern of Sample 3, which can be indexed as face-
centered cubic NbC (JCPDS card no. 65-8784). The CNT-
related graphite peaks are detected at 22.6° and 44.9° for the
graphite (002) and (102) planes, respectively.

Figure 2(a) is HRTEM image of Sample 1, which shows
that TiC nanoparticles are encapsulated in CNTs with a dia-
meter range of 15-25nm at some intervals. The inset of
Figure 2(a) is a single CNT encapsulated with some TiC
nanoparticles. It is clear that the CNT is not one-dimen-
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FiGgure 1: XRD patterns of the as-obtained samples: (a) TiC-CNTs,
(b) WC-CNTs, and (¢) NbC-CNTs.

sion smooth, but bamboo-like and TiC nanoparticles are
encapsulated in small caves of bamboo-like CNTs, which are
different from previous reports that TiC nanoparticles were
located on the surface of CNTs. Detailed structural ana-
lysis of the core-sheath nanostructures was carried out with
HRTEM (shown in Figure 2(b)). The HRTEM image of
the core indicates clearly resolved interplanar distances of
0.201 nm, corresponding to the (200) lattice spacing of TiC.
In addition, it can be seen that there is a layered structure
which the d-spacing of 0.32 nm corresponds well to the (200)
lattice spacing of graphite. In contrast, with well-crystallized
graphite layers in CNTs, there are many staking faults in the
bamboo-like carbon wall. There are some TiC nanoparticles
outside of CNTs. Those sizes are larger than that of inside
CNTs possibly due to their easy aggregation property.
Figure 2(c) shows the HRTEM images of Sample 2. Sample
2 is also consisted of nanoparticles and CNT with a diameter
range of 20-40 nm, and nanoparticles lie on the inner chan-
nels of the CNT. The inset SEM image shows that a knot in
the middle of the CNT suggests that the WC nanoparticle
is wrapped in graphite. The crystal plane distances of the
nanoparticle inside the cave of CNT is 0.188 nm (shown in
Figure 2(d)), which is almost equal to that of WC (101) plane.
Figure 2(e) shows the typical HRTEM image of Sample 3,
which indicates that Sample 3 is mainly composed of nan-
otubes with a diameter range of 30-40 nm and lengths up to
ten micrometers. In addition, a few nanoparticles were locat-
ed on the outside surface of the CNT. The inset of Figure 2(e)
is a SEM image of a closed CNT tumid end, implying that the
NbC nanoparticles were encapsulated in the CN'Ts. HRTEM
image (shown in Figure 2(f)) indicates that the d-spacing
of 0.157 nm corresponds well to the (220) lattice spacing of
NbC, and the fringe interplanar spacing was close to those of
graphite.

In order to explain the growth mechanism, a series of
controlled experiments were carried out. The experimental
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FiGure 2: Typical HRTEM and SEM images of the as-obtained samples: (a,b) TiC-CNTs, (c,d) WC-CNTs, and (e,f) NbC-CNTs.

results proved that Mg powder played a key role in the forma-
tion of CNTs. When heating pure ferrocene or the mixture of
ferrocene and TiO,, the morphologies of the final products
are symmetrical spiral carbon nanofibers (Figure 3(a)) and
oxhorn-like (Figure 3(b)). Leonhardt et al. obtained carbon
nanotubes when heating pure ferrocene [14], which is dif-
ferent from our results. The possible reason of forming sym-
metrical spiral carbon nanofibers was that the magnetic Fe
particles (arrowed in Figure 3(c)) were attracted mutually to
cause two sections of textile fibers to curve and approach in
the sealed system. As adding Mg powder to pure ferrocene,

straightforward CNTs instead of flexural carbon nanofibers
were obtained in the final products. The catalyst particle
located in the top of both the CNTs (Figure 3(d)) was ob-
served in the untreated samples, which were used as the cata-
lyst to promote the 1-D carbon nanomaterials formation cor-
responding to vapor-liquid-solid growth mechanism [23].
Moreover, the amount of Mg powder also has a great
influence on the formation of CNTs. As the amount of Mg
powders is less than 0.1 g, only carbon nanofibers can be
found in the final products. If increasing it to 0.3 g, carbon
nanofibers and CNTs along with a small quantity of carbon
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FiGURre 3: Typical HRTEM images showing the reaction progress. (a) Heated ferrocene, (b) heated mixture of ferrocene and TiO,, and (¢,d)

metal particles located on the 1-D carbon nanomaterials.

hollow spheres coexisted in the sample. Only above 0.5 g, the
final products were the straight CN'Ts entirely. In the route of
carbides encapsulated in CNTs, Mg powder was used both as
catalyst to CNTs formation and as reducing agent. Carbon
particles deposited on the surface of the fresh Ti obtained
from the reaction between TiO, and Mg at 600°C to form
carbides, which were wrapped up by excessive carbon to form
the encapsulation subsequently.

In addition, the effect of reaction temperature, reaction
time, different oxides, and metal reducing agents on the final
formation of carbides encapsulated in CNTs was also inves-
tigated. Only CNTs were produced if reaction temperature
was lower than 600°C. The experimental data also indicated
that the reaction would be incomplete if reaction time was
shorter than 2 h. As the reaction time prolonged, the amount
of carbides nanoparticles encapsulated in CNTs increased. It
is found that no carbides formed if oxides were substituted
by SiO; or B,Oj3. The possible reason was that the reaction
between SiO, or B,O3 and Mg needed higher temperature.
As other metals such as Na, Zn, Ca, Fe, Ni, Co, and Cr were
substituted for Mg powder, there were no carbides existing
in the final products. If the oxides (TiO, and WO3) were
replaced with the corresponding metals, there were also no

carbides because the activity of the fresh Ti or W was lower
than the commercial products.

4. Conclusions

In summary, TiC, WC, and NbC nanoparticles fully encap-
sulated in the caves of CNTs have been prepared via in
situ reduction carbonization at 600°C in an autoclave.
HRTEM studies show that TiC, WC, or NbC nanoparticles
are located in the caves of CNTs, and a spot of carbides
particles exists outside of CNTs. The average diameters of the
prepared CNTs are in the range of 15-40 nm. The reaction
temperature, the reaction time, and the metal catalyst are key
influencing factors to the product morphology. The growth
mechanism of carbides encapsulated in CNTs was discussed
in detail.
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