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Mechanochemical Synthesis of Boron Nitride Nanotubes
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Abstract  Boron nitride (BN) nanotubes have been produced from elemental boron powder using a
new low-temperature process, which involves ball milli ng of boron powder in ammonia gas at room
temperature, and followed by annealing at temperatures up to 1300 °C in nitrogen gas.  Ball milli ng
induces nitriding reactions between the boron powder and the ammonia gas with the formation of a
disordered BN phase.  BN nanotubes then grow out during the subsequent heat treatment.  This
novel process for forming BN nanotubes is distinctly different from arc discharge and laser-heating
processes.

Introduction

Nanotubes with fullerence-related structure were first found in carbon in 1991 [1], which
generates substantial research interests since then.  Later on, formation of nanotubular structures
have also been found in several other systems, i.e. MoS2 [2],  BxCyNz [3] and BN [4].  BN nanotubes
are considered to be particularly promising for use in electronic devices because of the special
semiconducting property [5].  At the same time, several preparation methods for BN nanotubes
have been developed including plasma arc discharge [4], laser ablation [6] and catalytic
decomposition [7].  In this paper a new synthesis method is reported: room-temperature ball milli ng
treatment of elemental boron in ammonia gas is followed by annealing at a relatively low
temperature (up to 1300 °C).  The advantages of the new method are (1) the starting material is
elemental boron powder instead of boron nitride; (2) the nanotubes are formed at significant low
temperatures and nitrogen gas pressures.  Although high-energy ball milli ng has been used to
produce a large range of nanostructural materials, including nanocrystalli ne, nanoparticles and
nanocomposites, nanotubes, however, have not previously been synthesized using this technique.
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Experimental Procedure

Crystalli ne boron powder with a high purity (> 99.8%) was used as the starting material and
anhydrous ammonia as the reacting gas.  Ball milli ng process was performed at room temperature
in a vertical planetary ball mill (Uni-ball mill ) [8] using hardened steel balls with a diameter of 25.4
mm and a stainless steel cell .  The cell was loaded with 4 grams of the boron powder together with
several balls.  The cell was then purged with the ammonia gas several times and a starting pressure
of 300 kPa was established before milli ng experiment.  The pressure of the milli ng cell was
monitored using an attached pressure gauge.  Subsequent to milli ng, selected powders were
annealed under N2 gas flow at temperatures up to 1300 °C.  The milled and annealed samples were
characterized using various techniques.  Structure of samples was investigated by means of X-ray
diffraction analysis (XRD) using Co radiation (

�
=0.1789 nm) at room temperature.  Contents of

light elements (H, N, and C) were measured using a combustion elemental analyzer (Carlo Erba
1106).  Iron concentration was examined by using X-ray energy dispersive spectroscopy (XEDS) in
a Jeol (JSM6400) scanning electron microscope. Transmission electron microscopy (TEM) was
performed using both a Phili ps EM430 (300kV) and Jeol 2000 instruments.

Results and Discussion

Fig. 1 shows a typical pressure change of the milli ng chamber during milli ng.  The initial
pressure decreases from 300 to 190kPa during the first 36 hours of milli ng, and then gradually
increases again during further milli ng.  A stable pressure of 315 kPa is established after 150 hours
of milli ng.
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Fig.1 Pressure changes during milli ng of boron powder in ammonia gas

The final pressure is higher than the initial ammonia pressure.  Similar pressure changes have been
observed during ball milli ng of some metal powders (Ti and Zr ) in ammonia gas [9, 10].  It is
found that the pressure reduction at the first stage of milli ng is due to absorption of ammonia gas
onto boron particle surfaces newly created by ball impacts.  The rise of pressure during further
milli ng results from nitridation of boron by NH3 with the release of hydrogen gas.  Indeed,
combustion analysis shows that the 150h-milled sample contains about 10.1 wt.% of nitrogen, while
only 0.9 wt. %, confirming nitridation of boron by NH3.
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The XRD pattern taken from a sample after 150 hr of milli ng is shown in Fig. 2a.  Week and
broad diff raction peaks of unreacted boron suggest a nanocrystalli ne structure (crystallit es < 50 nm
in size).  A new peak at about 25 degrees reveals a newly formed nitride phase which is either
amorphous or consists of extremely small , highly disordered crystallit es.  The BN phase was found
by TEM after a heat treatment at 1300 °C for 6 hours in flowing Ar gas.  A thin layer of BN with a
thickness of about 10 nm was observed on the surface of B particles.

The 150h milled sample was heated at 1300°C for 6 hours in flowing N2.  The XRD pattern
obtained from the sample after annealing is shown in Fig. 2b.  Presence of a dominant hexagonal
BN phase and an iron boride (Fe2.12B103.36) phase suggests a complete nitridation of the residual
boron, and transformation of the disordered BN phase to a well ordered hexagonal BN phase, as
well as formation of the iron boride during heating.  The iron contamination comes from abrasion of
the steel ball and the milli ng container at an average content of 5 wt. % as approximately
determined by XEDS.

��� ��� ��� ��� �	���
���

�
���
��
� �
����
�����

� �

��
� 
�

�
���
� �
�

��� �"!$#��"�"%'&(*)

+

,,,,,, ,,,,,, ,

-*. # ."/a

b

++++

Fig. 2 (a) X-ray diffraction pattern taken from a boron sample after milli ng for 150 hr in ammonia,
(b) X-ray diffraction pattern for the 150hr milled sample subsequently annealed at 1300°C
for 6 hr in N2. 0 : hexagonal BN, +: Fe2.12B103.36.

Fig. 3 shows a typical TEM micrograph taken from the 150h-milled sample after heating at
1300 °C for 6 hours in nitrogen flow.  A group of BN tubes growing from BN powders is observed.
These tubes have a multi -wall structure with an outer diameter varying from 20 to 100 nm.
Although the internal structure is much complicated, the tubular structure can still be observed with
the wall thickness between 5 and 10 nm.  Microdiff raction was taken from the wall area of these
nanotubes and reveals a characteristic orientation and spacing of basal plane (002) of hexagonal
BN.  Selected area diffraction also reveals a hexagonal BN structure in neighboring particles, in
agreement with the XRD analysis.

Fig. 4 shows a cylindrical tube with the wall thickness of about 20 nm.  Some cross-cutting
structures are observed at the end of the tube.  A metal particle is clearly observed at the tip of the
tube.  Microdiff raction reveals that it is an iron particle.  It seems that the iron particle has catalyzed
the growth of the tube.  The catalyst effect of metal particles on the formation of nanotubes has
been observed previously in other methods [11].
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Fig.3  TEM micrograph for the 150hr milled B sample after
heating at 1300°C for 6 hours showing a group of BN

nanotubes

Fig.4  TEM micrographe of a BN
nanotube in the 150hr-milled B

sample after heating (1300°C / 6 hr)

The above results clearly demonstrate that a high number of BN nanotubes can be produced
from a low-temperature annealing of a ball -milled boron sample in nitrogen gas.  However, without
ball milli ng treatment, direct elementary reaction between boron and nitrogen occurs only at a
considerably higher temperature (above 1500 °C) and under a high pressure (>2 GPa) [12].
Nanotubes have not been found in the end product.  Therefore, high-energy ball milli ng at room
temperature has an essential role for the formation of nanotubes at low temperatures.  The low
reaction/formation temperature appears to be due to the metastable, chemically activated
nanostructure of ball mill ed samples.  This metastable nanostructure consists of a disordered BN
and a nanocrystalli ne B phases.  The highly disordered BN phase is produced from the
mechanochemical reaction between boron powder and ammonia gas as revealed by both XRD and
the pressure changes.  This metastable BN phase might serve as seeds for nanotube formation.
Nanosized boron particles produced by extended ball milli ng have a high level of micro-strain and a
high density of structural defects such as grain boundaries, as suggested by the XRD patterns,
leading to a system with increased free-energy.  Iron particles dispersed within the boron powder
can enhance the nitridation reaction by reducing reaction temperature and increasing reaction
kinetics, as been reported previously [13, 14].  Hence, when the milled samples consisting of
mixtures of nanosized boron, metastable BN and iron particles heated in the presence of nitrogen
gas, nanosized boron particles react easily with nitrogen gas at temperatures much below the normal
temperatures without milli ng treatment.  This significant low reaction temperature appears to be an
important factor for the formation of BN nanotubes rather than microsized particles.

The formation temperature of BN nanotube following reactive ball milli ng is much lower
compared with other production techniques.  In the case of arc discharge, BN nanotubes are
probably formed during cooling of the B-N plasma from a temperature of at least 3700 °C [4].
Laser heating leads to a higher temperature of about 5000K [6].  At these low annealing
temperatures, two-dimensional structures including sheets and tubes might be favored.  This
suggests that BN nanotubes appear to be formed during a non-equili brium growth process.
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Summary

Boron nitride nanotubese are produced from boron powders at significant low temperatures
following a ball milli ng treatment in ammonia gas at room temperature.  Ball milli ng induces a
partial nitridation reaction (B + NH3--> BN (disordered) + H2(gas)) and nanosized B particles.  The
subsequent thermal annealing leads to formation of BN nanotubes with diameters varying from 20
to 100 nm probably via two reactions: the nitridation of residual B powder (B + N2 --> hexagonal-
BN (powders + filaments)) and the recrystalli zation of pre-formed disordered BN phases are
represented as follows (BN (disordered) --> hex-BN (filaments)).
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