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An in situ synthesis method to fill boron nitride (BN) nanotubes with metals or metal alloys was proposed
using a vapor-liquid-solid catalytic growth mechanism. Nickel fillings could be obtained by using nickel
foil or a silicon substrate covered with nickel film during catalytic growth of pure BN nanotubes. The filled
nickel nanowires usually connect to nanoparticles at the tip-end of BN nanotubes. Extensive structural
investigations display the general existence of 4-fold superstructures along the [100] and [110] axes. The
superstructures ensure the existence of one set of{223} planes of the cubic nickel parallel to the BN sheet,
its planar distance are four times the interplanar spacing of the BN nanotubes shell, and the Ni-Ni distance
in this plane is equal to the B-B and N-N distance. The (223) plane grows directly on the (0002) plane of
the BN tubular layer according to a lattice-match relationship between the BN shell and the cubic nickel.
NiSi2 nanowires could also fill BN nanotubes when using a silicon substrate covered with a nickel film. The
alloy nanowires have the growth axis along the [0-11] direction and the (-422) planes grow parallel to the
innermost BN shells. The grown plane has the three times planar distance of the BN (0002) shells, and the
atomic distance in this plane accords with B-B and N-N bonds. All the results indicate that metal Ni and
NiSi2 crystallizes on the innermost shell of the BN nanotubes at a specified plane restricted by the all-space
lattice-match relationship. Investigations further confirm the nanometallurgical behavior: crystallization of
liquid metals is strongly confined by BN nanotube geometry.

Introduction

Extensive research on boron nitride (BN) nanotubes has
immediately followed the discovery of carbon nanotubes.1-4 In
view of the structural similarity of graphite and hexagonal BN,
it is common to discuss morphologies and formation mecha-
nisms of BN nanotubes in terms of some models designed for
carbon nanotubes. However, BN nanotubes exhibit unique
physical and chemical properties that are considerably different
than carbon nanotubes. The electronic properties of carbon
nanotubes may range from metallic to semiconducting with the
strong dependence on chirality and diameter, while BN nano-
tubes exhibit relatively uniform semiconducting behavior with
a wide band gap weakly dependent on geometrical configura-
tion.5 In addition, in contrast to the intense chemical reduction
nature of carbon, graphite-like BN is quite stable, even at high
temperature and in harsh environment. The chemical inertness
displayed by BN nanotubes has been reported.6 Considering that
a nanometer scale will probably accelerate the oxidation of some
metallic nanowires, a feasible strategy has been suggested to
use BN nanotubes as protecting “cages” or “molds” for any
metallic material encapsulated within.7

Metals and/or metal compounds filling carbon nanotubes via
chemical methods has been reported. The methods allow carbon
nanotubes to be opened at the tip-ends and filled with some
specific materials having low surface tension via capillary and
wet-chemical actions.8-10 However, to date there has been
limited success in analogous filling of BN nanotubes using

chemical methods,11 partly due to difficulties in tip-opening and/
or wetting of BN nanotubes. We have noticed that a high-
temperature growth method, using composite metal-carbon
electrodes during arc vaporization, has been used to fill carbon
nanotubes with various metals or metallic compounds.12 The
crystallization of encapsulated materials and the growth of
carbon nanotubes are strongly coupled due to the chemical
reaction between the tube and the metallic material. Therefore,
carbon nanotubes could be filled with several pure metals and
metallic carbides. However, clues with respect to filling of BN
nanotubes may be obtained from the high-temperature growth
process: simultaneously introducing metals during growth of
BN nanotubes, which overcomes the difficulties of consecutive
tip-opening and wetting of BN nanotubes.

In fact, randomly formed metal-based nanoparticles were
observed in the tips of BN nanotubes synthesized via arc
discharge or laser ablation with metal-boron electrodes.1,2 Invar
Fe-Ni alloy nanorods also filled BN nanotubes during high-
temperature conversion of carbon nanotubes with metal encap-
sulations to BN nanotubes.13 BN nanotubes filled with SiC
nanorods were prepared using the similar carbon-nanotube-
confined reaction methods.14 Very recently, we reported the BN
coating of SiC nanowires through simultaneous growth of BN
and SiC in the presence of Ni-C catalysts.15 All mentioned
experiments imply that the high-temperature simultaneous
growth procedure should be a feasible strategy to achieve a
large-scale filling of BN nanotubes with metals.

In addition, to avoid the formation of metal carbides, attention
should be paid to carbon incorporation during the proposed high-
temperature, simultaneous growth process for metal-filling of
BN nanotubes.16 Fortunately, some successes have been achieved
in carbon-free growing of BN nanotubes.17-19 Recently, a novel
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precursor, the mixture of boron monoxide and magnesium which
are in-situ generated by reacting boron and magnesium oxide
at high temperature, has been utilized to effectively synthesize
bulk amounts of carbon-free pure BN nanotubes.20

In this paper, we report a synthetic route to successfully fill
BN nanotubes with nickel nanowires at a high yield. We also
demonstrated that BN nanotubes may serve as a one-dimensional
chemical reactor exhibiting nanometallurgical behavior when
filled with Ni and NiSi2 nanowires.

Experimental Section

All chemical reagents were bought from Aldrich with the
purity of 99.995% for amorphous boron powder and 99% for
magnesium oxide powder. The mixture of boron and magnesium
oxide powders with a molar ratio of 1:1 was thoroughly mixed
by ball-milling for 6 h and was then used as the reactant to
in-situ generate the vapor precursors of BN nanotubes at a high
temperature of 1300°C.

A piece of 1 mm thick nickel foil and a (100) single-crystal
silicon wafer with approximately 300 nm thickness nickel film
were used as the substrate to deposit BN nanotubes. Before use,
the nickel foil and silicon wafer were rinsed in distilled water,
degreased in acetone, and etched in a dilute hydrogen fluoride
solution for a few seconds. The pretreatment processes could
reduce the oxide thickness on the silicon substrates and form a
rough surface on the nickel foil. Nickel deposition on silicon
substrate was performed for 4 h by a RFsputtering system in
a multicycled mode at a rate of 1.5 nm/min. The as-sputtered
film was annealed at 500°C for 3 h in flowing argon to form
a strongly adhered nickel layer.

A RF induction furnace was used to synthesize the BN
nanotubes with metal nanowires fillings. The substrate and the
mixture of boron-magnesia were put into a long BN boat,
which was placed into a graphite susceptor in an induction
furnace. A temperature gradient of 200°C was kept between
the mixture source and the substrates when the mixture was
heated to 1300°C by adjusting the locations of reacting
crucibles. The experimental setup and vapor flow directions are
schematically shown in Figure 1. Argon was used as a carrier
gas to transport the simultaneously generated boron monoxide
and magnesium vapors. The argon flow was maintained at 30
standard cubic centimeters per minute (sccm) during reaction.
When the substrate was heated to 1100°C, ammonia gas was
introduced at a flow rate of 200 sccm and flowed over the
substrate. After 100 min of transport reaction, the ammonia flow
was shut off and the furnace was gradually cooled to room
temperature. The products were scraped from the substrates.

The crystal structure and chemical composition of the
products were examined by means of X-ray powder diffraction.
The morphologies of the as-synthesized samples were analyzed
by scanning electron microscopy (SEM, JEOL, JSM-6700F).
Sample powders removed from the substrates were also
ultrasonically dispersed in CCl4 solution and dropped onto a
carbon-coated copper grid for analysis by means of a high-
resolution field emission transmission electron microscope
(TEM, JEOL, JEM-3000F) operated at 300 kV. Energy-
dispersive X-ray analysis (EDX) and electron energy loss (EEL)
spectroscopy with a stationary focused 0.5 nm electron probe
were employed to identify the elemental compositions of the
tubes and the encapsulated nanowires.

Results and Discussion

The deposited material on the nickel foil does not strongly
adhere and is peeled off easily, while the deposition on silicon

substrate exhibits somewhat strong adhesion. XRD measure-
ments indicate that a face-centered cubic nickel could be
detected from the samples collected both from the nickel foil
and the silicon substrate. It is worth noting that the crystalline
NiSi2 with cubic CaF2 structure can also be formed in the
product on the silicon substrate. We therefore suggest that the
following metallurgical process occurs near the surface of silicon
substrate:

The SEM image shown in Figure 2a depicts the morphology
of the product scraped from the nickel foil. A significant fraction
of bright contrast objects could be observed, which are attributed
to the images from metal nickel. Although nickel particles were
attached to the surface of BN nanotubes, we also observed metal
nickel inside BN nanotubes to form the encapsulated nanopar-
ticles or nanowires. The BN nanotubes grown on the silicon
substrate display similar nickel attachments and fillings (Figure
2b).

Due to the high vapor pressure at the deposition temperature
of 1100 °C, magnesium could not be confined geometrically
by the BN nanotubes during the growth process, as described
in our previous growth research on BN nanotubes.20 We also
observed some white BN attached at the inner wall of reaction
chamber. SEM and TEM characterizations show that the sample
exhibits the structure similar to the BN nanotubes without
introducing the substrate.

For the sample deposited on the nickel foil, the observed
fillings only result from metal nickel (Figure 3a). Over 80% of
the BN nanotubes were filled, as estimated from more than 100
tubes by our TEM examinations. The filled BN nanotubes
usually display different morphologies, which consist of either
nanoparticles encapsulated within the tip-ends of BN nanotubes
or long continuous nanowires in BN nanotubes. The longest
filling reaches several hundred nanometers. Some nickel nano-

Figure 1. Schematic of the fillings of BN nanotubes. The arrows show
the directions of the gas flows. Nickel foil and silicon substrate (covered
with 300 nm thick nickel film) were put into the chamber, where the
reaction temperature is adjusted to 1100°C, when the mixed reactant
was heated to 1300°C. Samples were collected from the surfaces of
the nickel foil and silicon substrate.

Ni + 2Si f NiSi2 (1)
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particles not directly attached to the tube ends of BN nanotubes
could also be observed. They typically join the tip-ending
nanoparticle through a continuous nanowire. This morphology
is shown in Figure 3b. Isolated nickel nanowires not attached
to the nanoparticles were rarely observed. We can also find BN
nanotubes with nickel fillings with the similar morphologies in
the product collected from the surface of the silicon substrate
covered with nickel film.

High-resolution TEM and selected area electron diffraction
(SAED) analyses were used to further investigate the structural
orientation relationships between the Ni fillings and the BN
nanotubes. Figure 4 shows the typical features of the Ni fillings.
A Ni-filled BN nanotube attaches to a Ni nanoparticle at a BN
tube end and is∼55 nm in diameter (Figure 4a). No high-
symmetry atomic planes that are parallel to the BN shell could

be found from the high-resolution TEM image (Figure 4b), while
two well-ordered crystalline planes with the spacing of 0.50
and 0.71 nm could be clearly observed. The planar distances
correspond to four times the distances of the (220) plane (0.1246
nm) and the (200) plane (0.1762 nm) of cubic nickel, indicating
the existence of a 4-fold superstructure.

The corresponding SAED pattern (Figure 4c) clearly shows
the superstructure and orientation relationships. The diffraction
pattern of the BN nanotubes (marked with the arrows) is
characteristic of the nearly zigzag arrangement (the [-1010]
direction is nearly parallel to the tube axis). The high-intensity
spots on the diffraction pattern originating from the Ni nanowires
form a rectangular array, consistent with the face-centered cubic
[-110] zone axis of nickel. The 4-fold superstructure reflections
along the [100] and [011] directions could be observed clearly;
therefore, the superperiodicity along the two directions is equal
to 4 times the planar distances and relies on the 4-fold
superstructure in the above high-resolution TEM image. In fact,
all our electron diffraction observations on the filled Ni
nanowires confirmed the general existence of this 4-fold
superstructure.

The growth direction of nickel nanowires along the BN shell
stands between the [111] and [113] directions and is ap-
proximately normal to the{223} plane of superstructural Ni in
the [-110] direction. It is worth noting that one of the nearest
distances in the{223} planes is equal within 0.003 nm to the
B-B and N-N distance (0.249 nm) along the zigzag edge of
the BN sheet. Additionally, the planar distance of Ni(223) is
0.08515 nm, which is equal to 0.25 times of the layer spacing
of BN(0002) (0.33) within 0.0006 nm. Considering the existence
of the superstructure along the [100] and [110] directions, the
diffractions of the (223) planes could be observed due to the
close lattice match between the Ni(223) plane and h-BN(0002)
plane, as highlighted in the SADP pattern. The spatial lattice-
match relationship controls the epitaxial recrystallization of Ni
on the innermost BN graphite-like layer.

Figure 2. SEM images showing the morphologies of the products.
(a) The sample taken from the surface of nickel foil: metal nanoparticles
or nanowires (bright contrast area in the figure) are encapsulated in
the nanotubes; some large-diameter BN whiskers could also be found.
(b) The sample on the silicon substrate: the nanotubes grown from
the substrate exhibit the same filling morphology.

Figure 3. TEM images of the samples in the presence of nickel. (a)
The filling Ni nanowires are usually join with the tip-ending nanopar-
ticles. (b) A Ni nanowire connects to two nanoparticles.

Figure 4. (a) Structural analyses of Ni-filled BN nanotubes. (b) High-
resolution TEM image showing the existence of a 4-fold superstructure.
(c) SAED pattern. Here the arrows point to the reflections from the
BN tubes, whereas a circle marks the reflection from cubic Ni.
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Although the Ni-filled BN nanotubes can be found in the
sample from the surface of silicon substrate, the more commonly
observed filling composition is NiSi2 phase, which can be
confirmed by the extensive EDX analyses for the filled metals
with a constant molar ratio between Ni and Si approaching 1:2
(Ni:Si). This result is in agreement with the observation of XRD.
A significant share of fillings exists in the middle of BN
nanotubes and usually do not attach to the nanoparticles. A
typical filling morphology is shown in Figure 5a. In addition,
the NiSi2 nanowires usually have a larger filled length than Ni
nanowires, the longest of which reaches several micrometers
(Figure 5b).

Different than fillings of metal Ni, the NiSi2 fillings show a
slightly different superstructure. Figure 6 depicts the filling
feature of NiSi2 nanowires in the middle of BN nanotubes and
without the attachment to a nanoparticle. The filled nanotube
discussed here is 44 nm in diameter, and the diameter of Ni
nanowires is approximately 20 nm (Figure 6a). A SAED pattern
taken from the filled alloy nanowires could be indexed as a
[111] zone axis (Figure 6b). Figure 6c shows the diffraction
pattern obtained through tilting the specimen around the zone
axis, indicating the zigzag arrangement of the outer BN
nanotube.21 The BN tube (0002) plane is approximately parallel
to one set of the NiSi2{422} planes. The superstructure
reflections along the NiSi2{220} planes display a 2-fold
symmetry. Although we could not obtain a good quality SAED
pattern showing the superperiodicity along the [112] direction,
a 3-fold symmetry should be expected on the basis of the
orientation rule obtained in the case of Ni fillings. Spacing that
is 3 times that of the (422) planes (0.1105 nm) is in a good
agreement with the distance of the BN shell (0.33 nm). The
Ni-Si bond length on the planes coincides with the nearest B-B
or N-N distance.

The filled NiSi2 nanowires grow along the [110] direction
and the direction of the epitaxial crystallization on the BN shell
is [112]. The high-resolution TEM image of the filled tube
(Figure 6d) confirms the morphology and superstructure men-
tioned above. On the basis of the above-mentioned orientation
correlation, we believe that filling with Ni and NiSi2 takes place
simultaneously with the growth of the BN nanotubes. The binary
phase diagram of the Ni-Si system22 indicates that a Si rich
Ni-Si alloy is in the liquid phase at the deposition temperature
of 1100 °C. The liquid Ni-Si alloy could catalytically grow
BN nanotubes within a vapor-liquid-solid growth mechanism
and also might be absorbed into the as-formed BN nanotube to
form an encapsulated nanowire. The nanowire length strongly
depends on the amount of Ni or Ni-Si solution located near
the starting growth point. Although the bulk metal nickel is still
in a solid state at the deposition temperature, the size effect of
the melting point dependence for nanomaterials23 ensures the

occurrence of some liquid-phase nickel at the rough surface of
the nickel foil. The acid pretreatment procedure for the nickel
foil creates some nanoscale nickel particles on the foil. This
should be the reason that NiSi2 has the longer filled length and
can exist in the middle of nanotubessthere is more liquid
Ni-Si alloys than nanoscale liquid Ni at the deposited area.

During the cooling process, the filled liquid substances
crystallize in the BN nanotubes. Obviously, the crystalline
structures of the filled substances strongly depend on the
morphology of BN nanotubes. The epitaxial recrystallization
process in the BN nanotubes could be further confirmed by
extensive TEM observations. Figure 7a shows a filled Ni
nanowire separated by a short hollow space. It is interesting to
point out that the fragment morphologies adjacent to the hollow
space obviously exhibit a symmetric geometry. Considering that
the thermal expansion coefficient of metal Ni is nearly 20 times
larger than the in-plane expansion coefficient of the hexagonal
BN, the volume shrinkage is more severe for the Ni filling than
for BN sheets. Therefore, it is reasonable to assume that two
fragments were separated from a continuous liquid-phase Ni
filling during cooling. For NiSi2 nanowire filling, the NiSix alloy
particles embedded in NiSi2 nanowires could be frequently
observed, as shown in Figure 7b. The EDX patterns taken from
the dark contrast area and from the uniform nanowire are shown
in Figure 7c,d. The composition analyses clearly indicate the
existence of NiSix and NiSi2. Taking into account that the
Ni-Si alloy is in a liquid phase at the Ni/Si concentration
ranging from 0.5 to 1.5,22 the Ni1+xSi2 (0 < x < 2) might be
absorbed into the BN nanotubes. During cooling, the growth
of NiSi2 nanowires excludes the excess liquid from forming

Figure 5. (a) The filled NiSi2 nanowires usually do not attach to the
nanoparticles. (b) The NiSi2 nanowire fillings usually exhibit the longer
filled length than Ni nanowire filling, the longest of which reaching
several micrometers.

Figure 6. Structural analyses of NiSi2 fillings. (a) TEM image of the
NiSi2-filled BN nanotubes. (b) SAED pattern taken along the [111]
zone axis; a circle points to the BN (0002) planes and an arrow marks
the 2-fold superstructural reflection along the [110] direction. (c) SAED
pattern taken away from the zone axis obtained by tilting the sample,
showing the zigzag arrangement of the tubular shell. (d) High-resolution
TEM image displaying the superstructure and the growth orientation.
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NiSix alloy particles. The precipitated NiSix usually occurs at
the end of the filled alloy nanowires. Figure 7e shows the high-
resolution TEM image of an orthorhombic NiSi alloy precipita-
tion at the end of the NiSi2 nanowire.

All the results clearly indicate the nanometallurgical behavior
inside BN nanotubes: crystallization of metals inside the
nanosized volume confined by a nanotubular shape. For the
NiSi2 case, the macroeutectic reaction22

should also take place during the so-called nanometallurgical
process. However, due to the lattice-match confinement from
the BN template, only NiSi2 could be formed in continuous
nanowires, but NiSix forms in the nanoparticle precipitate.

Summary

We reported the in-situ filling of BN nanotubes with cubic
metal Ni and NiSi2 nanowires and the electron microscopic study
of the resultant structures and defects. The BN nanotube fillings
clearly exhibit nanometallurgical behavior: the absorbed liquid
metals crystallize in BN nanotubes and grow parallel to the
innermost tube shell. The confinement from the lattice-match
relationship between the BN shell and the filled metals results
in the possible growth of specific alloy phases.
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