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Abstract Boron nitride (BN) nanotubes of different

sizes and tubular structures exhibit very different

mechanical and chemical properties, as well as differ-

ent applications. BN nanotubes of different sizes and

nanostructures have been produced in different nitrid-

ing gases in a milling and annealing process, in which

elemental boron powder was first milled in NH3 for

150 h and subsequently annealed at 1,200 �C for 6 h.

The influence of nitriding gases was investigated by

using N2, NH3, N2–H2 mixture gases. A relatively slow

nitriding reaction in NH3 gas leaded to a 2D growth of

BN (002) basal planes and the formation of thin BN

nanotubes without the help of metal catalysts. Fast

nitriding reactions occurred in N2 or N2–H2 mixture

gases, catalyzed by metal particles, resulted in 3D

crystal growth and the formation of many large

cylindrical and bamboo tubes.

Introduction

Boron nitride nanotubes (BNNTs) have many excellent

properties as carbon nanotubes [1, 2], including some

even better properties such as a stable insulator, a super-

resistance to oxidation at high temperatures, and an

excellent thermal conductivity [2, 3]. Several synthesis

methods have been developed including electric arc-

discharge [4], laser heating/ablation [5], milling-anneal-

ing [6], carbon nanotube substitution [7], and chemical

vapor deposition [8]. Among them, the ball milling–

annealing method has produced such large quantities

that commercial BNNTs are available. In this method,

boron powder is first ball milled in a high energetic mode

at room temperature and subsequently annealed in a

nitrogen-containing atmosphere [2]. The fundamental

role of the high-energy ball milling treatment is creation

of a precursor containing both nucleation structures and

nanosized metal catalysts [9, 10]. BNNTs grow out from

the precursor during the subsequent annealing process.

BNNT growth depends strongly on the annealing tem-

peratures and durations, indicating an in-situ nanotube

growth during the nitriding reactions [11, 12]. Annealing

atmospheres can also affect the nanotube growth as very

different nanotubes have been produced from two

different annealing gases (NH3 and N2) even with the

same milled B sample. In the case of annealing in NH3,

only thin multiwalled BN nanotubes with diameter less

than 20 nm are formed [12]; while annealing in N2 gas

produces the nanotubes with a very large diameter range

from a few nanometers to more than 100 nm [9]. In this

work, the influence of annealing gases on the nanotube

growth is investigated by using N2–H2 mixture gases at

different contents and the mechanisms of nanotube

formation in different gases are discussed.

Experimental procedure

Amorphous boron powder (Sigma-Aldrich, 99%) was

used as the starting material. High-energy ball milling

J. Yu � B. C. P. Li � Y. Chen (&)
Department of Electronic Materials Engineering,
Research School of Physical Sciences and Engineering,
The Australian National University, Canberra, ACT 0200,
Australia
e-mail: ying.chen@anu.edu.au

J. Zou
School of Engineering and Centre for Microscopy and
Microanalysis, The University of Queensland, St. Lucia,
QLD 4072, Australia

J Mater Sci (2007) 42:4025–4030

DOI 10.1007/s10853-006-0381-4

123



treatment was conducted at room temperature using a

high-energy rotating ball mill equipped with 4 hard-

ened steel balls and a stainless steel cell [6]. The milling

cell was loaded with several grams of the boron

powder, and purged with NH3 gas for several times.

A starting pressure of 300 kPa of NH3 gas was

established prior to milling. The ball milling process

lasted for 150 h at ambient temperature so that a large

content of nitrogen gas was dissolved into the B

powder through both gas absorption and a partial

nitriding reaction induced under milling impacts [6, 9].

After the milling, the B samples were annealed for

completion of the nitridation and nanotube growth in a

horizontal alumina tube furnace up to 1,200 �C for

several hours in different gases including N2, N2–H2

mixture gases and NH3 at the same flow rate of about

500 ml/min. BNNT samples were analyzed using X-ray

powder diffraction (XRD) analysis with a Co radiation

of k = 0.1789 nm, field-emission scanning electronic

microscopy (SEM) (Hitachi S4500, operated at 3 kV),

and transmission electron microscopy (TEM) (Philips

CM300, operated at 300 kV). A thin Pt-Au layer of

about 3 nm was coated on the samples for SEM studies

to reduce charging effect. The BNNT samples for TEM

observation were deposited directed on holly carbon

coated grids without any coating. The chemical

contents were measured using both X-ray energy

dispersive spectroscopy (EDS) in a JEOL (JSM6400)

SEM equipment with an ultra-thin window for light

element detection and energy filtered TEM (EFTEM)

in a FEI F30 TEM equipped with a Gatan imaging

filtering system.

Results and discussion

The SEM images in Fig. 1 show typical morphology of

the BNNTs formed from the 150 h milled B samples

after annealing at 1,200 �C for 6 h in different gases.

Figure 1a shows BNNTs and some particles formed in

pure N2 gas. Both thin tubes (diameter less than 20 nm

indicated by arrows) and thick nanotubes (diameter

large than 20 nm) can be seen. The ratio of thin to

thick tubes depends on annealing conditions [9].

Figure 1b and c show the BNNTs with a higher yield

produced after annealing in N2–5%H2 (Fig. 1b) and

N2–15% H2 (Fig. 1c) mixture gases, respectively. SEM

images clearly indicate higher densities of nanotubes

and the particle content, estimated from SEM images,

is less than 10%. The inset in Fig. 1c shows both thin

and thick nanotubes. The SEM image in Fig. 1d shows

uniform thin nanotubes with a diameter less than

20 nm formed after the annealing in NH3 gas, and no

thick nanotubes were observed. Detailed SEM obser-

vation showed that the clusters observed are actually

made of many thin nanotubes and thin layers [12]. The

above SEM images clearly show a strong influence of

the annealing atmosphere on the size and yield of

BNNTs.

Fig. 1 SEM images of the
typical morphology of the
BNNTs annealed under
different gases: (a) Pure N2,
(b) N2–5% H2, (c) N2–15%
H2 (inset: higher
magnification), and (d) NH3
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The size and structure of the BNNTs formed in

different annealing gases were further investigated

under TEM. The TEM image in Fig. 2a shows thin

multiwalled BN nanotubes observed at the edge of a

nanotube cluster. A typical straight cylindrical nano-

tube can be seen from the inserted high-magnification

TEM image. The parallel fringes suggest a 4-layered

cylindrical nanotube of a diameter about 7 nm. Most of

the thin BNNTs have one end attached to the BN

cluster, which may be due to the growth from the base

clusters [13, 14]. Interestingly, no metal particle was

found inside the nanotubes, although many Fe particles

were observed in the samples. Nanotubes with larger

diameters (large than 20 nm) or other structures such

as bamboo and cone-like structures were not found. In

contrast, the TEM images in Fig. 2b show different

structures of the BNNTs formed in N2 gas. Thick

nanotubes with a bamboo structure and an outer

diameter up to 120 nm were observed. The typical

bamboo structure with repeated transverse layers is

shown in the inserted image. The straight thin cylin-

drical BNNTs can also be observed as the arrow

pointed. BNNTs formed in the two mixture gases have

both thin and thick nanotubes, as well as cylindrical

and bamboo type tubes. The TEM analysis confirmed

the different size ranges observed under SEM, and

revealed very different tubular structures.

The external diameter of BNNTs was measured on a

large number (around 200) of the BNNTs observed on

a number of SEM images taken under different

magnifications. Although the Pt-Au thin coating adds

additional 5 nm to the tube diameters, the size can still

be compared between the samples as they were all

coated under the same condition. In addition, TEM

measurement of these samples confirmed the size

range. The diameter distributions of the above four

samples are compared in Fig. 3. The BNNTs formed in

N2, N2–5% H2, N2–15% H2 gases have a large

diameter range from 6 to 100 nm as suggested by

Fig. 3a–c. In contrast, the BNNTs produced in NH3, as

shown in Fig. 3d, have a much smaller external

diameter and a very narrow diameter distribution from

5 to 20 nm. The average diameter of the BNNTs,

calculated from the diameter distributions, decreases

from about 50 to 8 nm with increasing H content from

0% (pure N2) to 75% (NH3). These results indicate

Fig. 2 TEM images of BNNTs annealed in different gases: (a)
NH3: the typical straight cylindrical BNNTs have a diameter
about 7 nm. (Inset: the HRTEM image of a 4-layered cylindrical
nanotube); (b) N2: the bamboo structures of an outer diameter
from 20 to 120 nm. (Inset: the typical bamboo structure with the
transverse layers)

Fig. 3 External diameter distributions of BNNTs measured on a
large number of BNNTs observed from the SEM images
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that hydrogen gas might affect the nitriding reactions

and enhance the formation of the nanotubes with a

small diameter. Similar effect has been previously

observed in the case of carbon nanotube growth [15].

The diameter distributions of BNNTs can be changed

by varying annealing temperatures and times [9, 11].

The BN structure formed during the annealing was

examined using XRD analysis. The XRD spectra taken

from the samples heated in N2–15% H2, N2 and NH3

gases are shown in Fig. 4. The BN phase can be

identified by the presence of the BN (002) and (100)

diffraction peaks at 31.2 and 48.7 degrees. The sharp

and pronounced (002) diffraction peaks in Fig. 4a and

b suggest a large size of BN crystallites (thick (002)

layers) formed in N2 and N2–15% H2 gases. The

appearance of the (100) peak indicates the formation

of bulk hexagonal BN phase with certain orientations

between the basal planes, which is consistent with the

observation of thick and multiwalled cylindrical and

bamboo tubes under TEM [16]. In contrast, in the case

of NH3 gas, the relatively weak and broadened (002)

peak (Fig. 4c) indicates the formation of thin layers of

the (002) planes and a possible 2D growth with the

formation of many (002) basal planes. The (100) peak

is difficult to be determined because of the overlap

with board Fe peaks. Because the intensity of the (001)

peak should be 15% of that of the (002) peak, the (001)

peak might not exist or is very weak too. Single or thin

(002) layers were observed under both SEM and TEM

(Figs. 1d and 3a). The significant differences in the

shape and intensity of the BN diffraction peaks in the

XRD patterns suggest different nitriding reactions

occurred during the annealing in different gases. The

pronounced a-Fe diffraction peaks in Fig. 4a and b

indicate a large number of active catalyst Fe particles,

which are reduced from stainless steel Fe(Cr, C) during

nitriding reactions. The steel particles came from the

milling balls and container as milling contamination

but have a positive catalyst role in nanotube formation.

The Fe catalyst role can be seen clearly from the

elemental mapping of EFTEM shown in Fig. 5. The

bright field (BF) image shows a dark particle capsu-

lated inside a tube. B and N maps indicate clearly that

the tube is made of BN. The Fe and Cr maps suggest

the dark particle contains dominant Fe and some Cr.

The C map shows almost absence of C at the particle

area and a low level of C on the surface of the tube

possibly due to sample contamination. These EFTEM

analyses reveal the formation of thick BN nanotubes

with the help of Fe(Cr) particle in N2 and the mixture

gas. Such catalytic effect was not observed in the
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Fig. 4 XRD spectra taken from the samples heated in different
gases: (a) N2–15% H2; (b) N2, and (c) NH3

Fig. 5 EELS elemental mapping of a BN nanotube containing a
metal particle inside. Table Content Graphic: The size and
structure of the BN nanotubes synthesized using milling and
annealing method can be controlled by using different nitriding
gases, which lead to different nitriding reactions and metal
catalytic effects. The elemental mapping of energy-filtered TEM
images showing a BN nanotube containing a Fe–Cr catalyst
particle
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sample heated in NH3. Therefore, the structures and

sizes of the BNNTs could be determined by the

formation of the BN phases produced from the

nitriding reactions between the milled B and the N

containing gases as elemental B must be first converted

to the BN phase before forming tubular structures.

Two different nitriding reactions occurred during

annealing under different gases. In the case of N2 gas,

the decomposition of molecular nitrogen into atomic N

is an equilibrium reaction. The nitriding process is

driven by the reaction potential, which is determined

by the partial pressure of nitrogen (PN). PN can be

reduced by the use of H2 commonly to promote the

reaction. In nitrogen and hydrogen mixture gases,

hydrogen dilutes the PN, leading to faster nitridation of

B in pure N2. Indeed, EDS analysis revealed a higher N

content (N/B = 0.87) in B samples heated in mixture

gases compared with the sample heated in N2 (N/

B = 0.72), which is also consistent to the XRD results.

In the case of ammonia gas, more H2 gas is released

from the decomposition reaction, resulting in the

lowest nitrogen partial pressure PN. Further, nitrogen

and hydrogen decomposed from NH3 are more reac-

tive. Therefore, the nitriding reaction in NH3 gas

should proceed faster than that in N2 and the mixture

gases. However, EDS analysis reveals that the sample

heated in NH3 has a lower N content (N/B = 0.66)

compared with those heated in N2 and mixture gases.

The weak BN diffraction peaks in the XRD patterns

(Fig. 4c) also suggest a possible partial nitridation. Two

possible reasons may be responsible to the relatively

lower nitridation degree in NH3 gas. The first one is

that metal catalysts did not act. The starting milled B

sample contains same amount of Fe/Cr particles (about

1 at%), these metal particles acted as the catalysts and

produced thick nanotubes with or without bamboo

structures in N2 and N2–H2 mixture gases, but did not

work in the NH3 atmosphere. The second reason might

be the gas flow rate. The reaction rate is affected by the

equilibrium NH3–H2–N2 gas mixture, which is con-

trolled by the NH3 flow rate. Under the same flow rate,

the ammonia gas provides only half of N to the

nitriding reaction compared with N2 gas. In-situ inves-

tigation of the nitriding reactions in different atmo-

spheres and flow rates with the formation of BN

nanotubes has been conducted using thermal gravi-

metric analyzers (TGA). Detailed results will be

published later.

In N2 and N2–H2 gases, when the nitriding reaction

proceeds too fast, a rapid growth of BN structures and

even three-dimensional growth occurred as indicated

by XRD measurement. Furthermore, Fe particles have

played important catalytic role in the formation of

thick BN nanotubes and particles; while in NH3 gas,

relatively slow nitriding reaction produces only (002)

layers and thus avoids the formation of large tubes and

particles. In addition, Fe particles did not play the

catalytic role, maybe because more reactive N and H

atoms decomposed from NH3 can react directly with B

so that metal catalysts are not needed [17], thick

bamboo tubes are thus not formed. Other hydrogen

containing gases such as H2O vapor can help the

formation of BN nanotubes as reported by Ma et al.

[18]. It has also been found that thin C and BN

nanotubes can be formed in the ball milled C and B

without the help of metal catalysts [10, 14] and the

catalyst-free BNNTs have been also produced using a

different method [19].

Conclusions

BNNTs of different sizes and structures were produced

from the same ball milled B sample after annealing in

different gases including N2, N2–H2 mixture gases and

NH3. Annealing in NH3 gas produces thin multiwalled

cylindrical nanotubes with a diameter less than 10 nm.

Annealing in N2 and N2–H2 mixture gases produces

both thin cylindrical tubes and thick bamboo nanotu-

bes of a diameter up to 120 nm. A slow nitriding

reaction in NH3 gas appears to lead to a 2D growth of

(002) basal planes. Thin BN nanotubes are therefore

formed without the help of metal catalysts. A fast

nitriding reaction in N2 and N2–H2 mixture gases

produces 3D BN phases and large bamboo tubes with

the help of metal catalysts. The nanotubes with

different sizes and structures offer different properties

and meet different requirements from various applica-

tions.
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