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This article provides a concise review of the recent research advancements in boron nitride nanotubes

(BNNTs) with a comprehensive list of references. As the motivation of the field, we first summarize

some of the attractive properties and potential applications of BNNTs. Then, latest discoveries on the

properties, applications, and synthesis of BNNTs are discussed. In particular, we focus on low-

temperature and patterned growth, and mass production of BNNTs, since these are the major

challenges that have hindered investigation of the properties and application of BNNTs for the past

decade. Finally, perspectives of future research on BNNTs are discussed.
1. Introduction

The unique structural properties of carbon nanotubes (CNTs)

have stimulated tremendous interest in the extraordinary prop-

erties of nanotubular structures.1 Boron nitride nanotubes

(BNNTs) are structurally similar to CNTs and consist of co-axial

hexagonal boron nitride (h-BN) networks.2,3 As shown in Fig. 1,

the possible chiral vectors (n, m) for single walled BNNTs on a

h-BN sheet can be assigned identically, as for single walled CNTs.4

For example, the appearance of single-walled CNT (10, 0) and

BNNT (10, 0) are shown in Fig. 2. As is shown, both CNTs and

BNNTs have seamless structures, without dangling bonds on their

surfaces. In fact, they are the strongest light-weight nanomaterials

on Earth, with a Young’s modulus of �1.2 TPa.5,6

Despite this extraordinary property, research activities on

CNTs are much more popular than that of BNNTs. As shown in

Fig. 2(a) and 2(b), the number of papers published on the subject

of CNTs and BNNTs have both been increasing since 2001.
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However, the numbers of publications on CNTs in 2001 and

2009 are 24- and 42- times larger than those of BNNTs, respec-

tively. Among the major reasons for this situation is that the

syntheses of BNNTs are much tougher than that of CNTs. As
Fig. 1 Vectors (n, m) for single-walled BNNT on a h-BN sheet.
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Fig. 2 The number of publications on (a) carbon nanotubes, and (b) boron nitride nanotubes (based on the ISI Web of Knowledge). The models of

single-walled carbon nanotube (10, 0) and boron nitride nanotube (10, 0) are shown as the insets in (a) and (b), respectively. (c) The vectors (m, n) of

single walled BNNTs on a h-BN sheet.
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discussed in a recent review, the growth of BNNTs usually

requires excessively high growth temperatures (>1300 �C),

involving special instrumentation or dangerous chemicals.7 This

has been a major issue for more than a decade, and has limited

the availability of BNNT samples for experimental study of their

properties and applications.

It is apparent that a breakthrough in the synthesis of BNNTs

would potentially enhance the research activities of BNNTs.

Effective growth techniques of BNNTs with common instru-

mentation that is available in research laboratories are highly

desired. In view of this, we focus on summarizing recent research

advancements in the synthesis of BNNTs. As discussed later in

this article, low-temperature and patterned growth of BNNTs

were demonstrated by plasma-enhanced pulsed-laser deposition

(PE-PLD)8 and plasma-enhanced chemical vapor deposition

(PE-CVD).9–11 Later, high-yield synthesis of BNNTs was

recently reported by using pressurized vapor/condenser method
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(PVC).12 Finally, a simple growth technique of BNNTs with high

structural properties and chemical purity was demonstrated by

catalytic chemical vapor deposition (CCVD),13 much like the

growth of CNTs.14 We hope to highlight some of these growth

techniques so as to stimulate more attention and research efforts

on the growth of BNNTs and the investigation on their novel

properties and applications.

In the coming sections, we will first review the properties and

potential applications of BNNTs, followed by the historical

evolution on the synthesis of BNNTs. Recent advancements in

the growth of BNNTs by PE-CVD, PVC and CCVD will then be

highlighted. Readers are encouraged to refer to more compre-

hensive review articles on BNNTs.7,15–17
2. Properties and potential applications of BNNTs

As mentioned, BNNTs have an exceptional stiffness, with

a Young’s modulus of �1.2 TPa.6,18 Therefore, they are prom-

ising for reinforcement of polymeric composites and ceramics.19

These will lead to applications in lighter, faster and affordable

transportation, as well as lightweight armors. However, the other

physical and chemical properties of BNNTs are different from

those of CNTs, making BNNTs complementary nanomaterials

for the applications of CNTs at the cutting edge of nanotech-

nology.

The unique nature of BNNTs is associated with the nature of

their partial ionic bonds. For example, BNNTs are preferable to

CNTs for hydrogen storage because ionic B–N bonds induce

a dipole moment between hydrogen and the nanotubes for

stronger binding.20 Experimentally, multi-walled and bamboo-

like BNNTs can take up 1.8 wt% and 2.6 wt% of hydrogen,

respectively, at �10 MPa at room temperature.21 The storage

rates can even be higher (4.2 wt%) at �10 MPa for collapsed

BNNTs.22 These are at least comparable to the reported capacity

for multi-walled CNTs.23

Because of this ionic bonding nature, BNNTs are wide band

gap materials like other nitride materials. BNNTs possess elec-

tronic properties that are not sensitive to the change of their
Nanoscale, 2010, 2, 2028–2034 | 2029
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diameter, chirality and number of tubular walls.2,3 In addition,

zig-zag single-walled BNNTs are expected to have a direct band

gap while armchair single-walled BNNTs will have an indirect

band gap.2 An earlier study by tunneling spectroscopy estimated

that BNNTs will have band gap in the range of �4.5–4.9 eV.8,24

In fact, BNNTs are a good electrical insulator at room temper-

ature.13 They have been experimentally utilized to shield many

kinds of nanowires, such as non-metal SiC nanowires25 and Co

and Ni nanowires.26 More interestingly, the band gap can be

theoretically engineered by carbon substitution,27 radial defor-

mation28 or applying transverse electric fields.29–31 Doping of

BNNTs by fluorine, for example, can cause their resistivity to

reduce to 0.2–0.6 U cm.32 However, such an approach produced

defective BNNTs.

The magnetic properties of BNNTs are attractive. As indi-

cated by theoretical calculations, spontaneous magnetization for

BNNTs can be induced by carbon-doping (i.e., substituting

either B or N atoms in BNNTs).33 Moreover, those properties

can be tuned by chemisorption treatment. For example, fluorine

adsorption on B atoms in BNNTs can induce strong magnetism

and the magnetic moment increases with increasing F coverage.34

Experimentally, magnetic behavior of BNNTs could be intro-

duced by functionalization with Fe3O4 nanoparticles35 or due to

the presence of Fe catalyst particles.36 In addition, BNNTs were

also excellent piezoelectric systems.37 A recent calculation

showed that an axial deformation of up to 1% can be induced by

an electric field with a strength of 10 V nm�1 due to both the

converse piezoelectric and electrostatic effects.38 This is about

nine times larger than that in traditional piezoelectric ceramics.

BNNTs have a high thermal conductivity (Table 1). In fact,

BNNTs were predicted to have a larger thermal conductivity at

low temperatures45 than CNTs under the same conditions of

phonon mean free path as CNTs. This will make BNNTs useful

for nanoelectronics applications due to the demand for heat

dissipation in nanoelectronics operations. On the other hand,

BNNTs have a higher chemical stability than CNTs at elevated

temperatures.41,46,47 It was shown that purified BNNTs can

survive up to 1100 �C in air.47 In fact, because of their excellent

thermal and chemical stability, boron nitride has been used as

high-temperature ceramic for years.

Chemically functionalized BNNTs are important for various

applications in nanotechnology. Because of their similar struc-

tural properties, BNNTs provide an alternative choice to CNTs
Table 1 Properties of BNNTs and CNTs

Boron nitride nanot

Color White
Electrical properties Almost constant wi

(�6.0 eV)13

Mechanical properties (Young’s
modulus)

�1.18 TPa6

Chemical stability Stable up to 1100 �C
Thermal conductivity �350 W mK�1 (for

of 30–40 nm tube

Optical properties Applicable in the de

2030 | Nanoscale, 2010, 2, 2028–2034
for mechanical reinforcement and improving thermal conduc-

tivity in polymeric composites. Intensive research on BNNTs’

functionalization have been reported by Zhi et al. and a review of

their works can be found in literature.48 In general, non-covalent

functionalization of BNNTs is simpler by p–p interaction,

similar to that of CNTs. However, covalent functionalization is

more challenging due to the chemical inertness of BNNTs.

Recent work shows that surface modification of BNNTs49 or

alignment of BNNTs in polymer films50 improve the thermal

conductivity of the polymer films.43

Optical applications for BNNTs are highly anticipated since

BN powder and thin films have already been demonstrated as

a promising candidate for deep-blue and UV applications.

Cathodeluminescence (CL) of an individual multiwalled BNNT

shows a strong band at 320 nm (�3.9 eV) and a weak peak at 223

(�5.3 eV).51 Later, optical absorption measurement showed that

BNNTs could have an optical band gap at �210 nm (�5.9 eV)

and two sub-band absorptions at �260 nm (�4.8 eV) and

�325 nm (�3.8 eV).52 The optical band gap of high-quality

BNNTs was recently found to be �6.0 eV (absorption peak at

�205 nm) without sub-band absorption.13 Owing to their wide

band-gap, pristine BNNTs are insulators.13 However, it was

recently found that bending of an individual BNNT could

convert the insulating behavior into that of a semiconductor.53,54

Recent theory predicts that a single-walled BNNT embedded

in silicon nitride membrane can conduct water molecules while

rejecting ions, thus producing an efficient desalinator.55 Single-

walled BNNT (5, 5) may achieve 100% salt rejection at concen-

trations as high as 1 M. On the other hand, Lee et al. discovered

superhydrophobic behavior of BNNTs grown on an Si

substrate.56 Partially vertically aligned BNNT films were found

to exhibit strong water repellency (Fig. 3). It was found that

nanoscopic surface roughness was the origin of this super-

hydrophobicity since BN thin films were hydrophilic materials.

Randomly orientated BNNTs57 and BN nanosheets58 were later

reported, confirming the same kind of behavior. Since BNNTs

are chemically and structurally robust, they could be useful as

a self-cleaning, protective and anticorrosive surface under

rigorous chemical and thermal conditions.

Recent experiments showed that BNNTs could be non-

cytotoxic, suggesting that they are emerging as new biocompat-

ible materials for biomedical, therapeutic or diagnostic

applications.36,59,60 Furthermore, incorporating BNNTs into
ubes (BNNTs) Carbon nanotubes (CNTs)

Black
de band gap Semimetallic or semiconducting,

depending on the chirality,
diameter, and number of tubular
walls39,40

�1.25 TPa5

in air41 Stable up to �500 �C in air41

outer diameter
)42

� 300 W mK�1 (diameter of 30–40
nm).43 >3000 W mK�1 (diameter
of �14 nm).43

ep-UV regime13 Applicable in the near-IR regime44

This journal is ª The Royal Society of Chemistry 2010
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Fig. 3 Nearly spherical water droplets on surfaces coated with BNNTs

indicating the superhydrophobicity. The zoomed-in image shows the

cross-sectional view of the BNNTs on the substrate.
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biodegradable polymers, such as polycaprolactone (PLC) and

polylactic acid (PLA), with improved mechanical properties and

biocompatibility, was demonstrated to display increased osteo-

blast cell viability and its potential application in orthopedic

scaffolds.61 BNNTs were also demonstrated as nanotools to

enable cell electropermeabilization for enhanced cellular uptake

of molecules with very low electric fields.62 Cell permeabilization

is a technique for introducing various molecules and drugs into

cells, which currently requires high-voltage generators. In addi-

tion, it is proposed that BNNTs may be the boron carriers in

boron neutron capture therapy (BNCT).63 If this is true, BNNTs

delivered into cancer cells may absorb neutrons from an external

neutron beam source and generate localized alpha radiation to

kill the tumors. In addition, it was recently shown that uniformly

distributed Fe3O4 nanoparticles could be formed on the surfaces

of BNNTs.35 This technique introduced magnetic behavior into

BNNTs and might find a wide range of potential applications in

magnetorheological devices, microelectromechanical systems

(MEMS) and magnetically targeted drug delivery.
Fig. 4 Experimental setup for catalytic chemical vapor deposition and

the resultant patterned growth.
3. The synthesis of BNNTs

The growth of BNNTs has been demonstrated by various tech-

niques, including arc-discharge,64 laser vaporization,65–67 the BN

substitution method from CNT templates,68 chemical vapor

deposition (CVD) using borazine,69,70 induction heating boron

oxide CVD (BOCVD),71,72 high-temperature ball milling,73 and

combustion of Fe4N/B powders.74 The BOCVD approach has

been used for the mass production of well crystallized multi-

walled BNNTs by the use of an induction furnace with a high

growth temperature gradient. The high-temperature ball milling

technique is a potential mass production approach, but results in

bamboo-like structures. In 2005, Wang et al. showed that

BNNTs could be directly grown on substrates by a plasma-

enhanced pulsed-laser deposition (PE-PLD) technique at

600 �C.8 It is apparent that the use of plasma has eliminated the

need for high growth temperatures and has led to the first success

in the vertically-aligned growth mode. Impurity-free and highly

crystallized BNNTs can be grown at desired patterns as defined

by the Fe catalyst films. However, all the techniques mentioned

so far involved either specific instrumentation, high growth

temperatures (>1300 �C), and/or dangerous chemistry.
This journal is ª The Royal Society of Chemistry 2010
4. Recent advancement on low-temperature growth
and high-yield synthesis

4.1. Low-temperature and patterned growth by plasma

techniques

Low temperature synthesis of BNNTs is important for experi-

mental investigation of the properties and applications of

BNNTs. As discussed, the PE-PLD technique was the first

success in patterned growth of high-quality BNNTs at 600 �C.

The as-grown BNNTs are impurity-free and have capped tips

and highly-crystalline structures. However, the lengths of these

BNNTs are relatively short (up to one micrometre). The

patterned growth of BNNTs was recently demonstrated by

a microwave plasma chemical vapor deposition approach. The

B2H6–NH3–H2 gas system and an Ni-coated SiO2 substrate were

used.9 BNNTs produced by this approach at 800 �C were still low

in density and crystallinity. A similar approach was reported

later using B2H6, NH3, O2, and Ar gases and an Al/Fe or Fe/

SiO2–Al2O3 catalyst.10,11 A quartz tube furnace was used as

a reactor with an integrated inductively coupled plasma (ICP)

setup. Again, however, this plasma approach produced low

density and relatively defective BNNTs at 900 �C.
4.2. Patterned growth by thermal annealing and catalytic CVD

Patterned growth of BN nanorods using Fe(NO3)3 catalyst was

also demonstrated by thermal annealing of milled boron carbide

powders in flowing nitrogen at 1300 �C.75 However, the solution-

based catalyst caused spatial diffusion during annealing and the

growth region was not well defined. Like the products of ball

milling,73 these BN nanorods were bamboo-like in structure.

As discussed so far, there are no simple techniques for the

growth of high-quality BNNTs such as the popular thermal

CVD for the growth of CNTs. Recently, Lee et al. succeeded in

growing BNNTs in a conventional tube furnace by thermal CVD

at 1100–1200 �C.52 This was obtained by the growth vapor

trapping (GVT) approach and the well-developed BOCVD

chemical route. This success has provided a convenient technique

for growing BNNTs in a regular tube furnace without compli-

cated chemical reactions. Later, Lee et al. demonstrated that high

quality BNNTs could be grown on substrates with desired
Nanoscale, 2010, 2, 2028–2034 | 2031
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patterns.13 The experimental setup for this catalytic chemical

vapor deposition (CCVD) technique is illustrated in Fig. 4. For

patterned growth of BNNTs, the substrate was coated with a

30 nm thick Al2O3 film, followed by a 10 nm thick MgO, Ni or Fe

film, using a pulsed laser deposition (PLD) technique, with

a shadow mask to define the growth areas. Subsequently, they

were placed on the top of a combustion boat, in which B, MgO

and FeO precursors (molar ratio of 4 : 1 : 1) were filled. The

assembly was then loaded inside a closed-end quartz tube to be

heated up in a horizontal tube furnace at 1200 �C with an

ammonia flow of 200 to 350 sccm for 30 min. The closed-end

quartz tube was to avoid direct NH3 flow through the reaction

zone and thus helped to trap the growth species to generate the

so-called GVT approach. As a result, the as-grown BNNTs by

this controlled CCVD approach had high purity and structural

quality with an optical band gap of �6 eV without significant

sub-band levels. This approach has made the synthesis of

BNNTs as convenient as the growth of CNTs.14
4.2. High-yield synthesis

In addition to the BOCVD, a new mass production approach

was recently reported via the pressurized vapor/condenser

method (PVC).12 In brief, a 1 kW free-electron laser (wavelength

�1.6 mm) or a kW-class CO2 laser (wavelength �10.6 mm) was

used as the evaporation source of a boron target inside

a chamber filled with nitrogen gas (pressure �2–20 bars). This

will produce an upward stream of hot boron vapor (�4000 �C) in

the high-pressure nitrogen gas. Condensation of the boron

vapors will form liquid boron droplets which serve as nucleation

sites for the growth of BNNT networks that interlock to form

fibrils. As shown in Fig. 5(a), a cotton-like fibril of BNNTs can

be finger-twisted into a yarn with a diameter of about one mil-

limetre. In fact, the as-grown products are an entangled network

of branching BNNTs and tube bundles as shown in Fig. 5(b) and

5(c). These BNNTs often linked and anchored by boron nano-

droplets (dark particles in Fig. 5(d)). Fig. 5(e) shows transmission

electron microscopy (TEM) images. As shown, most of these
Fig. 5 (a) A �1 mm diameter, 3 cm long BNNT yarn spun directly from as g

microscope images showing the structures of the as grown BNNT fibrils at in

2032 | Nanoscale, 2010, 2, 2028–2034
BNNTs have 2 to 5 walls, although single-walled BNNTs can

also be found. It is apparent that the PVC approach is based on

spontaneous nucleation (or condensation) of the boron nano-

particles and thus the diameters of BNNTs are not controllable.
5. Conclusion and perspective

In addition to their attractive properties, research on CNTs has

become popular due to the fact that many laboratories are

capable of producing their own samples for various investiga-

tions. As discussed, the progress of research on BNNTs is still

limited by the availability of BNNT samples for widespread

investigation of their properties and applications. Many novel

properties were predicted without sufficient experimental verifi-

cation. It is apparent that effective growth of BNNTs is impor-

tant for further research development. As evidenced, the success

of growing large quantity of BNNTs by BOCVD has led to

a series of experimental researches on the properties and appli-

cations of BNNTs.15,19,32,35,47–51,76–80 However, the specific design

of the induction furnace system for BOCVD is not commonly

accessible and thus hinders widespread use of the technique by

other research groups.

Recent progress on the synthesis of BNNTs has started to

generate a new understanding of the properties of BNNTs and is

likely to promote more research interest in the field. For example,

the GVT approach52 has enabled the effective growth of BNNTs

in resistive tube furnaces that are regularly use for the synthesis

of CNTs81–84 and ZnO nanostructures.85–87 This success has

begun to initiate experimental study of the chemical,88 elec-

trical,53 superhydrophobicity,56 and patterned growth13 of

BNNTs. The GVT approach is expected to gain popularity, as

the technique enables the growth of BNNTs much like the

synthesis of CNTs.14 On the other hand, the PVC approach

seems to be the most effective growth technique for mass

production of BNNTs.12 The next step needed will be to untangle

the BNNT fibril from the chemically inert boron nanoparticles.

It is apparent that significant boron nitride powders might be

contained in the as-grown samples, as PVC is a physical vapor
rown BNNT raw material. Scanning (b)–(d) and transmission (e) electron

creasing magnifications (modified from ref. 12).

This journal is ª The Royal Society of Chemistry 2010
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evaporation approach. Solutions for these will lead toward large

scale application of BNNTs in reinforcement purposes, for

example in polymeric composites. Obviously, research interest in

the synthesis of BNNTs will continue, especially toward the

controlled growth of single-walled BNNTs, which can only be

produced so far by laser evaporation.

As evidenced, there is growing interest on using BNNTs for

biological and chemical applications.59,60,63,89 In addition to their

physical properties (mechanical, thermal, and electrical,

magnetic, etc.), a new understanding of the non-physical

behaviors of BNNTs will be the next frontier for future BNNT

research.
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