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O
ne- and two-dimensional nano-

structures defined as those hav-

ing at least one dimension be-

tween 1 and 100 nm have attracted a prime

attention over the past two decades due

to their peculiar and fascinating properties

and a wide range of interesting potential

applications which, in many cases, shall be

more fruitful than for the corresponding

bulky material counterparts. The ability to

generate such minuscule structures is es-

sential for many branches of the modern

science and technology. The original find-

ings of carbon nanotubes (CNTs)1 in the

mid-1970s followed by their complete iden-

tification in 19912 stimulated intense theo-

retical and experimental studies in regard to

other nanostructures based on similar

honeycomb-like networks. Layered boron

nitride is a structural analogue of graphite in

which alternating B and N atoms substitute

for C atoms.3,4 In general, a BN nanotube5�9

can easily be imagined as a rolled graphite-

like BN sheet, where C atoms are fully substi-

tuted by N and B atoms in a fashion shown in

Figure 1. It is seen that, structurally, it is a

very close analogue of the CNT. Recent rise

of a carbon monatomic sheet, named

graphene,10 has also brought to the research

forefront a question of the existence and sta-

bility of its BN counterpartOa monatomic

graphene-like sheet solely made of B and N

atoms (Figure 1).

Undisputedly, compared to its sister sys-

tem (C), both the BN nanotubes and

nanosheets have remained much less ex-

plored. In fact, the number of BN-related

publications is notably smaller relative to

the well-explored C system (Figure 2). Since

the BN nanosystems have distinct differ-

ences/advantages compared to those of C,

for example, they are electrically insulating

(a band gap of �5�6 eV),11,12 have pro-

found chemical and thermal stabilities,13,14

but at the same time are equally thermally

conductive and mechanically robust as their

C counterparts, such a shortage of studies

does not reflect a fact that the BN system

has been ignored and/or underestimated

relative to the C nanomaterials; rather, this

is primarily due to the fact that the well-

defined synthesis of BN-based nanostruc-

tures is a much more challenging task com-

pared to the case of C. All well-established

synthetic routes of C nanotubes and

graphene formation have not properly

worked for the BN nanostructures.

Boron Nitride Nanomorphologies. BNNTs may

crystallize in single- and multiwalled struc-

tures. The sheets may also be mono- or sev-

eral layers thick. The single-walled BNNTs

have been rather rarely observed and stud-

ied15 compared with popular single-walled

CNTs. A single-walled structure is not typi-

cal in the BNNT system due to peculiar B�N

stacking characteristics. Also, in spite of a
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ABSTRACT Hexagonal boron nitride (h-BN) is a layered material with a graphite-like structure in which planar

networks of BN hexagons are regularly stacked. As the structural analogue of a carbon nanotube (CNT), a BN

nanotube (BNNT) was first predicted in 1994; since then, it has become one of the most intriguing non-carbon

nanotubes. Compared with metallic or semiconducting CNTs, a BNNT is an electrical insulator with a band gap of

ca. 5 eV, basically independent of tube geometry. In addition, BNNTs possess a high chemical stability, excellent

mechanical properties, and high thermal conductivity. The same advantages are likely applicable to a graphene

analogueOa monatomic layer of a hexagonal BN. Such unique properties make BN nanotubes and nanosheets a

promising nanomaterial in a variety of potential fields such as optoelectronic nanodevices, functional composites,

hydrogen accumulators, electrically insulating substrates perfectly matching the CNT, and graphene lattices. This

review gives an introduction to the rich BN nanotube/nanosheet field, including the latest achievements in the

synthesis, structural analyses, and property evaluations, and presents the purpose and significance of this direction

in the light of the general nanotube/nanosheet developments.

KEYWORDS: boron nitride · nanotubes · nanosheets · chemical vapor
deposition · transmission electron microscopy · atomic force microcopy
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long history and rich experience in growing BN thin

films,16�26 until now, it has been rather challenging to

prepare monatomic BN

graphene-like layers.27�35 Com-

pared with the covalent C�C

bonding in CNTs and graphene,

the B�N bonding possesses a

partially ionic character. This

leads to the prominent, so-

called “lip�lip” interactions be-

tween neighboring BN layers.

The B and N atoms are in suc-

cession superposed along the c

axis and prefer to form double-

or multilayered tubular struc-

tures or multilayered graphite-

like flakes. Formation of multi-

layers stabilizes the whole

structure. By contrast, in

graphene, the interactions be-

tween neighboring C layers are

rather weak and are represented by the van der Waals

forces, and this makes the formation of single-walled

CNTs and monolayer graphenes much easier. In a typi-

cal BN MWNT or a multilayer flake, the tube walls/sheet

layers are ordered with an interlayer distance of ca.

0.33�0.34 nm, characteristic of the d0002 spacing in a

hexagonal BN. Some of the researchers reported that

the interlayer spacing of BN nanotubes may be slightly

larger than that of bulk h-BN (that is, �0.333 nm), which

might result from the inner stresses within the bent

walls. Similar phenomena have also been observed in

CNTs.

Chiralities and Stackings in BNNTs. Boundary conditions

after one rotation around a flat sheet axis give a lim-

ited number of choices for the helicity of a hexagonal

layer relative to the tube axis. There are several cases of

the tube helicities: “zig-zag” type, in which the [10�10]

direction of the graphitic sheet is parallel to the tube

axis; “arm-chair” type, in which the [11�20] orientation

of the sheet is parallel to the axis; and many helical

types with varying chiral angles (Figure 3). Such con-

structions are equally possible for both CNTs and

BNNTs. Although arm-chair and helical tubes were also

observed in BNNTs, the majority of tubes studied by

many researchers displayed zig-zag or near zig-zag con-

figurations. This is quite distinct from the standard

CNTs in which all helicities are statistically equally

probable.

In the case of multiwalled BNNTs or several layers

thick BN sheets, a marked character is that all of the lay-

ers within an individual nanotube/nanosheet tend to

have the same layouts. Crystallization of BN layers is

governed by the strong tendency to have the atomi-

cally perfect B�N stacked consecutive layers, resem-

bling the three-dimensional bulky BN crystal ordering

(Figure 4). In contrast, in multiwalled CNTs, a relative

freedom in a rotational disorder between neighboring

C shells can lead to a wide variety of helicities. Such fea-

ture of grouped selective helical angles within a multi-

walled BNNT and the symmetry of multilayer sheets can

lead to the two unique stacking orders, either

hexagonal- or rhombohedral-like stackings. This is quite

different from the cases of multiwalled CNTs and multi-

VOCABULARY: Boron nitride – an inorganic

compound with a chemical formula BN,

consisting of equal numbers of boron and

nitrogen atoms. BN is isoelectronic to a

similarly structured carbon lattice and thus

exists in various crystalline forms. The

hexagonal form corresponding to graphite is

the most stable and softest among BN

polymorphs • Nanotube – a nanometer-scale

tube-like structure. It usually refers to a carbon

nanotube, but may also exist in many

inorganic compounds, such as metal oxides,

nitrides, sulfides, selenides, etc. • Graphene – a

one-atom-thick planar sheet of sp2-bonded

carbon atoms that are densely packed in a

honeycomb crystal lattice

Figure 1. Structural model of a single-layered BN nanotube
made through wrapping of a planar monatomic BN
nanosheet. The alternating B and N atoms are shown in
blue and red, respectively.

Figure 2. Diagrams showing comparative statistics of papers pub-
lished year by year and related to CNT (black bars), graphene (red
bars), BNNT (blue bars), and BN nanosheets (dark green bars). Data
analysis based on the Scopus database, as of 02/2010.

Figure 3. (A) Plane BN sheet with possible wrapping fash-
ions and the corresponding (n,m) indices. (B) Ball and stick
structural models of three types of single-walled BNNTs
made of a wrapped BN layer: zig-zag (15,0), arm-chair (8,8),
and a helical (8,5) tube. The B and N atoms are shown in red
and blue, respectively.
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layer graphene-based structures which allow much dis-

ordering between the consecutive shells/layers.

Cross Sections and Tip-Ends of Tubes. Polygonization of

cross sections is favorable in the multiwalled BNNTs

since the B�N�B�N stacking order across a BN tube

could be easily preserved within the multiple

polygonized shells with flat-like facets.36 In cylindrical

tubes, such stacking would be eventually broken due

to various circumferences in consecutive layers. In fact,

many taken TEM images of multiwalled BNNT cross sec-

tions have displayed more or less faceted-like shapes.36

The diverse cross sections of BNNTs are related to the

different growth conditions, which also determine the

wall thicknesses and tube diameters. Usually in multi-

walled tubes, the dark (or bright) spots can be observed

on both wall sides in bright- (or dark-) field imaging

modes.37,38 Such contrasts in wall domains reflect the

tube areas where strain�stress fields exist due to possi-

bly various cross-sectional and/or chirality shell pack-

ages within the multiwalled structure. The correspond-

ing electron diffraction patterns also exhibit additional

spots which are not allowed in a perfectly cylindrical

nanotube but should appear in a faceted, polygon-like

cross-sectional multilayer nanostructure. Recently, a

polygonal model for layered inorganic nanotubes, in-

cluding those of BN, has been reviewed.39

Another important structural feature is that there is

a striking difference in the topological defects between

C and BN systems. They are namely odd-membered

atomic rings in the C system, but even-membered

atomic rings in the BN. These defects lead to a graphitic-

like layer curling and/or full closure.

Therefore, the tips of BNNTs possess characteristic

shapes that are easily distinguishable from those of

CNTs. In graphite, an energetically favorable defect is a

five-membered ring defect, a pentagon. The tips of

CNTs are closed by introducing pentagons into the hex-

agonal network, six pentagons for each tip. Heptagons

can also be introduced together with additional penta-

gons. By contrast, in a layered BN, the presence of a five-

membered ring defect requires the existence of B�B

and/or N�N bonds, which are energetically less favor-

able than a B�N bond. Therefore, in a BN layered sys-

tem, squares and/or octagons normally form (Figure

5B). The presence of four-membered rings (B2N2

squares) at the BNNT tips, instead of five-membered

rings, often leads to the formation of a flat tip with

right-angle corners. The existence of such characteris-

tic, rarely seen in CNTs, was initially prescribed as the

distinguishing feature of BNNTs. Besides the right-angle

flat tips, other tip morphologies can also be acciden-

tally observed in BNNTs. In particular, Saito et al.40 have

demonstrated the tips with a triangular flag-like shape.

This kind suggests that odd-numbered defects can

also exist in a BN-layered system. For example, four

B2N2 squares and two B3N4 (or B4N3) heptagons might

be introduced into the hexagonal network. In addition,

a triangular flag with one corner being truncated was

also noticed. Such tip contains two squares, four penta-

gons, and two heptagons. BNNT tips might also be

open.41 The latter tip-end type was frequently observed

after high-temperature chemical syntheses in oxidative

atmospheres when the nonhexagonal defects had ef-

fectively been annealed out due to high atom mobility

and aging/etching by oxygen-containing species or

metal catalysts.

Electronic Structures. Tight-binding method was em-

ployed to compute the BNNTs’ electronic structures.11

The tubes were found to be semiconducting with direct

or indirect band gaps. Theoretically, the band gap may

become rather small (�2 eV) in very tiny tubes with a di-

ameter �1 nm; however, such narrow BN tubes have

never been experimentally documented. Thus, in prac-

tice, the BNNTs are supposed to be stable, electrically

insulating with a rigid band gap of �5 eV. However, a

flattening deformation may cause a band gap de-

crease.42 The studies based on local density functional

(LDA) calculations proved that it is energetically more

favorable to fold a hexagonal BN sheet into a BNNT than

to create a CNT from a graphite sheet.12 According to

band-folding analysis, BNNTs have a direct wide gap for

zig-zag (n,0) tubes and an indirect gap for arm-chair

(n,n) tubes (see Figure 3). On the other hand, strong hy-

bridization effects may take place under folding (be-

cause a decrease in a radius of curvature); these signifi-

cantly reduce the gap. For the (n,0) BNNTs with n � 12

(a tube diameter �0.95 nm), the hybrid states did not

play a role. The gaps are stable at �4 eV according to

LDA. Because the LDA computations typically underes-

timate the band gap, this value coincides with the ex-

periments. In another calculation using density func-

Figure 4. Three-dimensional structural models of two
possible BN layer stackings in BN nanotubes/nanosheets:
(A) hexagonal-like stacking; and (B) rhombohedral-like
stacking.

Figure 5. Typical fullerene-like molecules (A) in the carbon
system (C60) and (B) in the boron nitride system (B12N12),
showing 12 pentagons in (A) and 6 squares in (B), which in-
duce a complete graphitic-like sheet closure.
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tional theory (DFT), the band gaps of BNNTs were found

to be saturated at 5.03 eV for all tubes with realistic

diameters.43�46

Various methods were attempted to tune the elec-

tronic structure of BNNTs, such as applying an electri-

cal field,47�53 strain,54,55 doping,56�60 introducing

defects,61�63 or modifying the tube surface.64�66 The

BNNT band gap could be directly reduced by a field or

a strain or modified by introducing localized energy lev-

els inside the gap under chemical treatments. For ex-

ample, by applying an 0.2 V/Å electric field, the band

gap of an arm-chair (12,12) BNNT was reduced from 4.5

to �2.5 eV,47 whereas fluorine doping induced an unoc-

cupied localized state in the gap.67 Chemical modifica-

tions enriched the properties of BNNTs; for instance, the

polarization field was induced by chemical adsorp-

tion68 or ferromagnetism by fluorine66 or carbon dop-

ing.69

In double-walled BNNTs, there is hybridization be-

tween � and � states of inner and outer tubes.70,71 This

leads to the top valence and bottom conduction band

localization on the outer and inner tubes, respectively.

The band gap of outer tubes is slightly narrower than

for the inner tubes. This is because the downward shifts

of the � states of the inner tubes are larger than that

of the outer tubes. Within the interwall region, the pe-

culiar charge redistribution is induced by the near-free-

electron states.70 Doping with fluorine significantly

modified the interwall interactions and turned both lay-

ers into effective conducting channels.72

Between electrons and holes in BNNTs, there are

strong interactions.73,74 In fact, such excitonic effects

were found to be more important in BNNTs compared

to CNTs. Bright and dark excitons in BNNTs alter their

optical response. For example, the absorption spectrum

of a zig-zag (8,0) BNNT is dominated by a peak at 5.72

eV, due to an exciton with a binding energy of 2.3 eV.74

The binding energy for the first excitonic peak is more

than 3 eV in the arm-chair (2,2) tube, which fast con-

verges to �2.1 eV (peculiar to a single hexagonal BN

sheet) due to the strongly localized nature of this

exciton.73

Theoretical band gap of a BN sheet was computed

to be 4.60 eV.75 Several works have addressed the ef-

fects of vacancies on magnetic properties76�78 and

edges on electronic properties of BN layers.52,79

Synthesis of BN Nanotubes. The techniques known for

the growth of CNTs (e.g., arc-discharge and chemical va-

por deposition (CVD)) have all been modified to synthe-

size BNNTs.5�7 In addition, a number of alternative tech-

niques, such as continuous laser heating at superhigh8

or ambient pressures,80�82 heating of milled B powders

or B-containing reagent mixtures,83 metal-boride-

catalyzed CVD,84 the so-called “substitution reaction”

method,85 high-temperature CVD,86 low-temperature

plasma-enhanced pulsed laser deposition,87 arc-melting

of LaB6 powders,88 heating of h-BN powders up to

2100 °C in a nitrogen atmosphere,89 and a pressurized

vapor condensed method,90 have been developed.

Nevertheless, the absence of an effective method for

the large-scale synthesis of BNNTs with high purity and

small diameters is still a prime obstacle in a route to-

ward further understanding BNNT characters and their

real practical prospects. In the following paragraphs,

some of the most important methods developed for

the synthesis of BNNTs are briefly reviewed.

The first successful synthesis of BNNTs was reported

by Chopra et al.5 via an arc-discharge procedure in 1995.

BNNTs were fabricated in a plasma arc-discharge appa-

ratus. The insulating nature of bulk BN prevented its

use as an electrode. Instead, a pressed rod of h-BN was

inserted into a hollow W electrode, forming a com-

pound anode. The cathode consisted of a rapidly

cooled copper electrode. The synthesized BNNTs pos-

sessed metallic nanoparticles encapsulated at the tube

tip-ends, which originated from the tungsten electrode.

Other developments of the arc-discharge synthesis

have also been reported. For example, Loiseau et al.6

used hot-pressed HfB2 rods as electrodes to produce

BNNTs. The plasma was established between HfB2 elec-

trodes in nitrogen atmosphere. Saito et al.40 fabricated

BNNTs by an arc-discharge between ZrB2 electrodes,

also in N2 atmosphere. Altoe et al.91 used conductive

electrodes prepared by melting elemental B with Ni and

Co and directly injected pure nitrogen gas into the

plasma during arcing. However, in all of these experi-

ments, the yield of BNNTs was rather low and the prod-

ucts contained various metal impurities depending on

the electrode material used.

In 1996, Golberg et al.8 reported on the first growth

of pure BNNTs through laser heating of hexagonal and

cubic BN targets at superhigh nitrogen pressure. Hex-

agonal or cubic BN single crystals were laser heated in

a diamond anvil cell (DAC) under nitrogen pressures of

5�15 GPa. A stabilized CO2 laser was focused onto the

edge of the BN samples. The laser beam heated the tar-

gets for approximately 1 min. Temperatures above

5000 K were reached under these experimental condi-

tions. On the surface of the laser-irradiated BN targets,

pure but rather short, �100 nm, BNNTs, with outer di-

ameters of 3�15 nm, were found.

Some years later, Laude et al.81 also using a continu-

ous CO2 laser heating of a BN target under low nitro-

gen pressure produced BNNTs in a somewhat larger

quantity. The synthesized tubes were self-assembled in

ropes, �40 �m long. BN-coated B nanoparticles and

BN flakes were also found in the products. Similarly,

Loiseau’s group15,82 reported that, through the continu-

ous heating of a h-BN target by a continuous CO2 laser

under a partial pressure of nitrogen gas, single-walled

short BNNTs, around hundreds of nanometers, could be

obtained. Although there were still some multiwalled

nanotubes (20%) and many B-containing nanoparticles

mixed in the products, such a method seems to be the
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most effective route for getting single-walled BNNTs

so far. Arenal et al.82 proposed a root-growth model for

these single-walled BNNTs based on the TEM analyses,

synthetic parameters checking, and a B�N phase dia-

gram study. In this model, a B droplet plays an impor-

tant role, and three steps were considered to be in-

volved in the growth depending on temperature: (i)

formation of liquid B droplets from the decomposition

of different B compounds existing in a hexagonal BN

target; (ii) reaction of these B droplets with N2 (present

in the vaporization chamber) and recombination of

these elements to form BN; and (iii) incorporation of

the N atoms at the root of the B particles at active react-

ing sites that finally leads to the tube growth.

Due to the analogous layered structures and close

lattice constants between CNTs and BNNTs, the former

can be used as a lattice-matching template to produce

BNNTs. In fact, Han et al.85 have shown that a substitu-

tion reaction starting from multiwalled CNTs is appli-

cable for the low-cost mass production of multiwalled

B�C�N and BN nanotubes on such templates. The de-

signed reaction relies on the fact that the B and N at-

oms substitute for C atoms under CNT oxidation by

B2O3 vapor in a flowing nitrogen atmosphere along

with a reaction: B2O3 � 3C (nanotubes) � N2 ¡ 2BN

(nanotubes) � 3CO. The synthesized BNNTs had diam-

eters and lengths similar to those of the starting CNT

templates. The major drawback of this method was the

residual C presence in the resultant tubes. Due to the in-

complete substitution of C atoms during the reaction,

a significant fraction of ternary B�C�N nanotubes ex-

isted in the products. Golberg et al.95 improved this

method through the additions of MoO3 in the reac-

tants as a promoter. The sublimated oxide vapors

caused fast CNT template opening at relatively low tem-

peratures and resulted in effective substitution of C for

BN on both sides (inner and outer) of the CNT tem-

plates. A fraction of pure BNNTs was remarkably im-

proved by using this technique. Another kind of the

templates used for the growth of BNNTs was an an-

odic aluminum oxide (AAO) membrane. Bechelany et

al.96 have described a technique to synthesize BNNT ar-

rays from a liquid polymeric borazine using AAO tem-

plate channels. Thermolysis of a B precursor was carried

out inside the templates using a liquid-phase infiltra-

tion (LPI) technique. The BNNTs were 60 �m long and

had an average diameter of 200 nm. However, the crys-

tallization of BNNTs was not satisfactory and the yields

were still limited.

Lourie et al.84 described BNNT growth by chemical

vapor deposition (CVD) using a borazine (B3N3H6) pre-

cursor. The precursor was generated in situ from a mol-

ten salt consisting of a mixture of (NH4)2SO4, NaBH4,

and Co3O4 at 300�400 °C (3(NH4)2SO4 � 6NaBH4 ¡

2B3N3H6 � 3Na2SO4 � 18H2). The nanotube growth was

achieved from nickel boride particle catalysts. The

BNNTs exhibited lengths of up to 5 �m and often pos-

sessed bulbous, flag-like and/or club-like tips. Multi-

walled BNNTs were also synthesized by Ma et al.86 via a

CVD route from a B4N3O2H precursor. The tips encapsu-

lated boron oxynitride nanoclusters, which incorpo-

rated Si, Al, and Ca and served as the effective promot-

ers for the CVD growth. Later, BNNTs grown by floating

catalyst CVD were reported by Kim et al.92 On the basis

of the use of low pressure of a molecular precursor,

borazine, in conjunction with a floating nickelocene

catalyst, double-walled BNNTs were fabricated. How-

ever, the product was not pure because catalytic Ni

nanoparticles were frequently incorporated into the

BNNT tip-ends.

Original ball milling�annealing method was pio-

neered by Chen et al.83 Elemental B powders were first

ball-milled in NH3 atmosphere at room temperature for

long times. High-energy milling impacts transferred a

large amount of mechanical energy into B powder par-

ticles, leading to a metastable material composed of

disordered BN and nanocrystalline B. Then the pow-

ders were subsequently heated in N2 gas at 1200 °C to

fully convert all remaining B or mixed B�N powder to

BN. Large quantities of BNNTs could be obtained by this

method. The shortcoming was that the prepared BNNTs

usually had bamboo-like structures and the B/B�N re-

actants (amorphous B particles and BN bulky flakes) re-

mained in the products. These are very difficult to re-

move after the synthesis because both BN and B phases

are equally stable. Ball milling of a B powder followed

by annealing at 1100 °C over 15 h under N2 flow re-

sulted in rather long BN tubular fibers.97 The longest fi-

ber was �1 mm in length, while a diameter ranged

from 50 to 200 nm. An attempt to produce BNNTs from

B2O3 powder over 100 h ball milling followed by anneal-

ing at 1200 °C for 6 h under a continuous flow of am-

monia again resulted in BNNTs with bamboo-like fea-

tures.98 Similar mechanothermal process was employed

to grow BNNTs from h-BN powders in two steps.99 First,

the powders were ball-milled with liquid ammonia in

acetone over 10�100 h under ambient conditions. This

method generated highly disordered/amorphous fi-

bers that were converted into crystalline BNNTs via iso-

thermal annealing under nitrogen at 950�1300 °C for

�10 h. The longest BNNTs, �1 �m, were produced at

1300 °C.

A few years ago, the most promising synthetic route,

so-called BOCVD method, was developed within our

group in Tsukuba using CVD, and a boron powder, and

a metal oxide as the reactants.93 Typically, a vertical in-

duction furnace was used (Figure 6). The furnace had

two inlets on its top and base and one outlet on its

side. A mixture of B and MgO powders was loaded into

a BN crucible and placed at the bottom of the reaction

chamber. During the reaction process, a protecting and

transporting argon flow and a reactive ammonia flow

were introduced through the inlets at a flow rate of 200

(base) and 300 sccm (top) when the furnace was heated
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to �1300 °C. At this temperature, B reacted with MgO

to form B2O2 and Mg vapor in accord with a reaction: 2B

(s) � 2MgO (s) ¡ B2O2 (g) � 2Mg (g). The vapors were

argon-transported upwardly and reacted with a supply-

ing NH3 gas in the lower temperature furnace zone. After

reaction for 2 h, white-colored pure BNNT products could

be collected from the reaction chamber (Figure 6).

This method was further improved with respect to

the larger BNNT quantities when SnO or FeO were

added into the precursor mixtures.94 The metal oxides

worked as solvents at a high temperature during the re-

action between B and MgO. The macro- and micromor-

phologies of the products are shown in Figure 6B�D.

These display high yield and high purity of the tubes.

Nowadays, gram levels of highly pure BNNTs can be ob-

tained using this technique in a single experimental

run. The phase purity can be up to 90 vol % and C im-

purities are totally eliminated. No C-containing phases

are involved in the process, and additionally, the precur-

sors and the products are well-separated during the

growth. These resulted in the ultimate “snow-white”

tube purity. However, it is still a challenge to control the

BNNT diameters and the number of walls under this

method. Most BNNTs synthesized via this route have a di-

ameter of approximately 50 nm, as shown in Figure 6E.

Further developments of the regarded method

along with the use of pulsed-laser deposition-coated

MgO films on Si substrates, masks on them, normal

BOCVD precursors and the novel growth vapor trap-

ping (GVT) technique have enabled Yap’s team to

achieve a patterned growth of BNNT arrays in a simple

resistive horizontal tube furnace100 (Figure 7).

A simple chemical reaction of a mixture of nitrogen

and hydrogen gas with previously ball-milled B�Ni

powder at 1025 °C has recently been utilized by Lim et

al.102 This method successfully generated BNNTs with

20�40 nm and lengths �250 nm. The process did not

involve any harmful precursors and requires compara-

tively low temperature.

Very recently, the researchers from NASA have de-

veloped a method named PVC (pressurized vapor/

condenser) and produced highly crystalline, very long,

small-diameter BNNTs without using any catalysts.90

Palm-sized, cotton-like masses of tube raw material

were grown and spun directly into centimeter-long

yarns. The technique involved the forced condensation

of seed particles in an ascending plume of pure B va-

por (held at elevated ambient pressure; 2�20 times at-

mospheric pressure). The B vapor was produced at a

quasi-point source by local heating (by a laser) of a tar-

get, for example, cast B, hot- or cold-pressed BN, or an

amorphous BN powder, centered in the chamber. The

large density difference between the hot B vapor (T

over 4000 °C) and the surrounding high pressure N2

gas (room temperature) generated a strong buoyancy

force and a narrow vertical B vapor plume. A cooled me-

tallic wire traversed the B plume and acted as a con-

denser for B droplets on which BN tubes grew under

droplet collisions with molecular nitrogen supplied.

Clusters of BNNT grew, intermingled, interlocked, and

were shaped by fluid shear into a dimensionally stable

fibril shape (Figure 8). The whole process lasted only

Figure 6. (A) Illustration of the apparatus for the synthesis of pure snow-white multiwalled BNNTs by the BOCVD method.
(B) Photo images of as-prepared BNNT products. (C,D) Typical scanning (SEM) and transmission electron microscopy (TEM)
images, displaying high yield and pure phase of a BNNT product. (E) Histograms of the tube diameter distributions.

Figure 7. Well-defined patterned growth of multiwalled
BNNTs on Si substrates (artificial colors are added). Adapted
from ref 100.

R
E
V
IE
W

VOL. 4 ▪ NO. 6 ▪ GOLBERG ET AL. www.acsnano.org2984



100 ms. However, a significant fraction within the yarns

of BN phases other than tubes may be a concern.

Preparation of BN Nanosheets. Several years ago, BN

nanosheets were first prepared by decomposition of

borazine in the form of so-called nanomeshes on metal-

lic substrates in the case of lattice mismatch, or on

metal surfaces with a matching lattice,103,104 and in

folded shapes by solution28 and/or ultrasonication31

processing of a hexagonal BN. If there is no need for

large quantities, such as for structural observations

and/or the analysis of defect structures by HRTEM,29,30,34

the BN flakes could be prepared nowadays by peeling

using the Scotch adhesive tapes or chemical exfolia-

tions of h-BN in ways similar to the graphene fabrica-

tions. Another approach designed in our group is me-

chanically assisted cleavage of BN flakes through

ultrasonication, for example. The typical view of an indi-

vidual BN nanosheet prepared by ultrasonication31 of a

hexagonal BN flake in dimethylformamide (DMF) is pre-

sented in Figure 9.

Properties of BNNTs. For many years, much interest has

been devoted to bulky h-BN due to its low density, high

thermal conductivity, electrical insulation, superb oxi-

dation resistance, passivity to reactions with acids and

melts, and low coefficient of friction. The BNNT, as an in-

heritor of the graphitic BN, takes all of these advanta-

geous properties.

Compared with metallic or semiconducting CNTs, a

BN nanotube is a wide band gap semiconductor with

a band gap of ca. 5 eV.11,12 Recent studies by Yap’s

group have pointed out a band gap of �5.9 eV, ap-

proaching that of h-BN single crystals.100,101 As men-

tioned in the previous sections, BNNTs have a rigid elec-

tronic structure, which is basically independent of the

tube geometry/morphology. Along with the theoreti-

cal predictions discussed above,54�60,64�66 BNNTs were

indeed experimentally changed from insulators to nar-

row band n- or p-type semiconductors through

doping,105,106 deformation,107 and/or functionaliza-

tion.108 Importantly, opposed to CNTs, BNNTs possess

distinguishable chemical stability.13 In fact, they are in-

ert to most acids and alkalis. The thermal stability of

BNNTs was confirmed using thermogravimetry (TG)

analysis. While oxidation of standard CNTs already starts

at ca. 450�500 °C, the reaction temperature of BNNTs

with air shifts to a much higher temperature, ca.

950�1000 °C.9,13,14 Thus, BNNTs are supposed to be

more practical than CNTs for nanotube-based nanode-

vices or protective shields on various nanomaterials, es-

pecially for those performing at high temperatures

and in hazardous environments.

CNTs are known to be excellent thermal conduc-

tors, and the thermal conductivity of BNNTs might be

comparable to that of CNTs. The high thermal conduc-

tivity (k) on the order of 350 W mK�1 was experimentally

confirmed at room temperature for isotopically en-

riched BNNTs having an outer diameter of 30�40

nm.109 Furthermore, as for CNTs, the asymmetric axial

thermal conductance properties of BNNTs homoge-

neously covered with heavy molecules were also found

to be remarkable.110

Time-resolved photoluminescence spectroscopic

studies were performed by Wu et al.111 on the multi-

walled BNNTs prepared using the CNT template

method. Nanotubes were excited with a laser line at

267 nm. Photon replica-dominated luminescence band

was observed from 295 to 350 nm. A comparison of the

BNNTs’ photoluminescence with that of hexagonal BN

implied the existence of a spatially indirect band gap in

the tubes. On the other hand, Jaffrennou et al.112 per-

formed cathodoluminescence (CL) imaging and low-

temperature study on an individual multiwalled BNNT.

The authors observed a strong broad-band emission

centered at 320 nm (3.9 eV) and a weak peak centered

at 233 nm (5.3 eV). The luminescence was located all

Figure 9. (A) HRTEM image of a thin, few-layer thick BN sheet taken
from the edge of the thinnest BN flake (B) prepared by ultrasonica-
tion of a hexagonal BN crystal in dimethylformamide (DMF). The B�N
bond distance is resolved, as pointed out in the sketch. (C) Bright
spots on the HRTEM image show the center position of a six-
membered B3�N3 hexagon (Golberg et al. 2010, unpublished data).

Figure 8. (A) Result of a 200 mg PVC BNNT single produc-
tion run. The material has the appearance of cotton balls,
though the texture is somewhat softer and the material
finer-grained. (B) BNNT yarn (�1 mm diameter, 3 cm long)
spun directly from the PVC-grown BNNT raw material. The
BNNT fibril could readily support a small load (�a 6 g coin).
Adapted from ref 90.
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along the nanotube. In comparison with the related

bulk material, h-BN, the authors pointed out the strong

luminescence recorded around �230 nm. This was at-

tributed to the excitonic effects, more precisely to exci-

tons bound to the structural defects: dislocations and

facets, which were indeed observed along the tube

walls by HRTEM. The regarded two optical studies seem

to contradict each other. This is due to the fact that

some very important parameters related to the band/

electronic structures of BNNTs and even bulk h-BN are

still ambiguous (e.g., the issues of direct/indirect band

gaps, Wannier/Frenkel excitons, and the significance of

one-dimensional (1D) quantum confinement effects

have still been under debate). In spite of these ques-

tions, there has been a general agreement in the litera-

ture that BNNTs, similarly to h-BN,113 may be an ideal

candidate for optical nanodevices working in the UV re-

gime. Moreover, the photoluminescence quantum

yield of BNNTs was thought to surpass that of CNTs. In

fact, intense and stable UV emission of BNNTs has been

observed by Zhi et al.114 and some other researchers.

Recent studies have indicated that BNNTs exhibit ex-

cellent elastic properties, and the mechanical stiffness

of BNNTs rivals that of CNTs. In the pioneering work by

Chopra and Zettl,115 the Young modulus of BNNTs was

measured to be ca. 1.1�1.3 TPa. Thus, BNNTs are possi-

bly the stiffest insulating fibers ever known. In a more

recent work by Golberg et al.,36 direct bending force

measurements were performed during deformation of

multiwalled BNNTs of different diameters (40�100 nm)

prepared via the BOCVD method using an AFM device

integrated into a high-resolution TEM. BNNTs were

found to be very flexible and entirely elastic under load-

ing (Figure 10). The bending stress values of BNNTs

were measured between �100 and 260 MPa, and the

elastic modulus of a BNNT was estimated to be 0.5�0.6

TPa. The bending deformation was proceeded by kink-

ing, but not by arching/bowing as in a regular case of a

cylinder-like CNT. The initial kinks did not appear in

the middle tube zones; rather, they first formed at the

tube sides close to the clamps. This is due to pre-

existing stress�strain fields within multilayered poly-

gonal cross-sectional BN walls.

There have been many interesting physicochemical

properties of BNNTs not discussed in this contribution

due to space limitations. These include piezoelectric-

ity,116 immobilization of ferritin proteins on BNNT sur-

faces117 for some prospective medical and nanobiolog-

ical applications, irradiation stabilities of BNNTs, and so

on. One can find many of these and other issues in our

recent article.9 It is worth noting that, although there is

a vast interest in exploring the unique properties of BN

tubes, so far, most of the experimentally evaluated

properties were measured on multiwalled BNNTs with

comparatively large diameters, ca. �10 nm. Such a situ-

ation partially results from the lack of ultrafine BNNTs

(with diameters of a few nanometers, including SWNTs)

of high quantity and quality and partially is due to

many technical difficulties involved in testing of the

smaller objects.

Properties and Applications of BN Nanosheets. The mechan-

ical properties of BN nanosheets have recently been

elucidated by our group.33 The bending modulus was

found to depend on the sheet thickness approaching

the theoretical limit in the thinnest sheets, a few nano-

meters thick (Figure 11). These BN sheets were found to

be quite useful for the reinforcement of polymeric films.

The elastic modulus of PMMA (polymethyl methacry-

late) films was increased by 22% and its strength by

�11% while incorporating only 0.3 wt % of BN

nanosheets into the polymer.31

Prospective BN Nanotube Applications. The most logically

expected application of BNNT stems from their superb

thermal and oxidation stability and chemical inertness.

They may be smartly used as protective capsules for any

type of encapsulating nanomaterials, which otherwise

would be not stable in air, and/or easily contaminated

at ambient conditions. Figure 12 shows such a tubular

BN capsule for very small catalytic Pt particles (with an

average size of only �2 nm). Applications of multi-

walled BN tubes as protective shields/capsules for di-

verse functional materials, such as semiconducting

nanowires,118 magnetic nanorods,119 and luminescent

nanomaterials,120 have indeed been reported.

Multiwalled BNNTs were also found to be valuable

for the reinforcement121 and/or increase in thermal

Figure 10. (A,B) HRTEM images of a multiwalled BN nanotube under its bending and reloading in the transmission electron
microscope. The AFM-TEM holder setup is sketched in panel C. The tube fully restores its original shape due to unmatched
elasticity and flexibility. No defects are left in the reloaded tube, despite severe tube shell corrugations at bending, as circled
in panel A. The insets in panels A and B show the same tube at a lower magnification. The force�displacement curves (C)
are recorded in tandem with the TEM imaging. (A,B) Adapted from ref 9.
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conductivity122,123 of insulating polymeric films and fi-

bers. The yield stress and/or elastic modulus of insulat-

ing polymer films may be increased 30�50% by loading

with rather modest weight fractions of BNNTs, only

1�3%.121 Figure 13A shows a macrofilm (5 cm 	 5 cm)

made of numerous stacked BNNTs-containing PVA

(polyvinyl alcohol) sheets. The sheets were made by

merging aligned electrospinned polymeric fibers

loaded with 10 wt % of BNNTs.123 Importantly, the BNNT

axes were also aligned along the fiber axes during elec-

trospinning. The image in Figure 13B shows the same

film after hot-pressing at 90 °C. The film becomes fully

transparent due to a complete dissolution of polymeric

fibers. BNNTs do not change either their alignment

within the macrofilm or morphology/structure at such

moderate temperature treatment and remained as-

sembled in parallel within the film. Since the tubes do

not absorb a visible light due to a wide band gap (�5.5

eV), the film is entirely transparent. The thermal conduc-

tivity of such film was increased more than 3-fold, from

�0.16 to �0.54 W/mK due to the effect of BNNTs when

measured along the aligned BNNTs’ axes direction.

BNNTs can also be decent field emitters and pH sen-

sors. Very recently, the submicrometer-sized sensors

were fabricated out of biotin�fluorescein-

functionalized multiwalled BN nanotubes with an-

chored Ag nanoparticles (Figure 14).124 Intrinsic pH-

dependent photoluminescence and Raman signals in

attached fluorescein molecules enhanced by surface-

enhanced resonance on decorated Ag nanoparticles

(�20 nm in size) allow these novel nanohybrids to per-

form as practical three-dimensional pH mapping

probes. The spatial resolution of the pH measurements

was determined by a laser spot size and a BNNT diam-

eter. Using the calibrated pH/Raman intensity ratio

curves, the environmental pH values of subunits in liv-

ing cells (where a traditional optical fiber sensor fails be-

cause of spatial limitations) could be determined. If

one can fix a Raman laser spot on a specific site on a hy-

brid BN nanotube and assemble the tubes into a ro-

botic control system, the probe should detect the pH

values in any position one is interested in, without the

necessity to fill other labels.

Yap’s group found that the BNNT nanotube films

are superhydophobic125 (Figure 15). The effect may be

smartly used in making not wetting and/or self-cleaning

glasses and windows. Interestingly, such hydrophobic-

ity is in striking contrast with the standard BN thin film

behavior which can be partially wetted by water.

Recently, it was theoretically demonstrated that

single-walled BN nanotubes have the ability to carry

out some of the important functions of biological ion

channels.126 The tubes with radii of 4.83 and 5.52 Å em-

bedded in a silicon nitride membrane were selectively

permeable to cations and anions, respectively. The

Figure 11. (A) AFM topography image of a Ti/Au contact-clamped BN nanosheet placed under the trench on a Si/SiO2 sub-
strate. (B) Measured bending modulus of BN nanosheets as a function of their dimensions. Adapted from ref 33.

Figure 12. HRTEM image of a multiwalled BNNT capsule/
container. Numerous tiny platinum particles (�2 nm in di-
ameter) are encapsulated and sealed in it, providing their
entire protection from oxidation/contamination (Golberg et

al. 2010, unpublished results).

Figure 13. (A) PVA macrosheet (�5 cm � 5 cm in size) made of 18
stacked plates with aligned PVA fibers (each loaded with 10 wt % of
BNNTs). (B) Same sheet after hot-pressing at 90 °C; it becomes fully
transparent because of fiber dissolution and revealed more than a
3-fold increase in thermal conductivity due to the positive effect of dis-
solved and ultimately aligned highly thermoconductive BN tubes in a
polymer matrix.
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tubes mimic some of the permeation characteristics of

gramicidin and chloride channels. Such tiny tubes were

suggested to have potential applications as sensitive

biosensors, antibiotics, or filtration devices. The same

group127 has computed that SWNT BN nanotubes show

superior water flow properties compared to CNTs and

are thus expected to provide a more efficient water pu-

rification device. Using molecular dynamics simula-

tions, the authors showed that a (5,5) arm-chair BN

nanotube in a Si nitride membrane can obtain 100%

salt rejection at concentrations as high as 1 M owing

to a high energy barrier while still allowing water mol-

ecules to flow at a rate as high as 10.7 water molecules/

ns, or 0.9268 L m�2 h�1.

Although several biomedical applications of CNTs

have already been proposed, the use of BNNTs in this

field has largely been unexplored. Ciofani et al.128 have

initiated an experimental program aimed at the explo-

ration of the interactions between multiwalled BNNTs

and living cells. The authors reported on the magnetic

properties of BNNTs with Fe catalysts and confirmed the

feasibility for their use as nanovectors for targeted

drug delivery. In vitro tests have shown a dependence

of the BNNT uptake by living cells on exposure to an ex-

ternal magnetic source. Following this work, Huang et

al.129 have also shown that multiwalled BNNTs can be-

come fully magneto-operable under their surface func-

tionalization with Fe3O4 superparamagnetic

nanoparticles.

Through first-principles electron dynamic simula-

tions under applied fields, Yan et al.130 have confirmed

that the alkali-doped BNNTs can generate an emission

current 2 orders of magnitude larger than CNTs. The

nodeless wave function at the Fermi level, together

with the lowered work function, constitutes the major

advantage of the alkali-doped BNNTs. The authors pro-

posed that such a doped BNNT should be an excellent

electron emitter in terms of the large emission current

as well as its chemical and mechanical stability. In fact,

we observed the decent field emission even from un-

doped multiwalled BNNTs several years ago.131

Alkali metal atoms and alkaline-earth metal ions in-

serted into a single-walled BNNT have recently become

of interest from a perspective of quantum comput-

ing.132 Theoretically, it was shown that the spin density

is localized on intercalated individual alkali atoms or

ions. The antiferromagnetic state of a linear chain of

such atoms and ions is energetically more favorable.

However, the exchange interaction between spins is

fairly weak. Therefore, such BN tube-based systems

were suggested to be used as two qubit cells for a

quantum computer.

Other prospective applications of BN nanotubes,

which include gas adsorbents, spintronic devices, UV la-

sers, high resistivity substrates (R � 10 G
), and inter-

connects for nanoscale electronics, radiation stoppers,

and reinforcing agents for functional airspace metals/

ceramics, are also on the agenda. These deserve further

studies and developments.9

Conclusion and Perspective. In spite of the promising fu-

ture of BN nanotubes and BN nanosheets, the progress

in their research has been rather marginal to date, espe-

cially when compared to that of CNTs and graphenes

(Figure 2). It is suggested that such a situation is prima-

rily the result of significant difficulties involved in the

BN nanophase preparations. To date, various synthetic

methods for BNNTs and nanosheets have been devel-

oped; however, the yield and/or purity of the products

is still far from satisfactory and is not enough for the im-

mediate commercialization. By using the BOCVD

method,93,94 large-scale synthesis of pure multiwalled

BNNTs has already been achieved. Some novel meth-

ods have also displayed promise.90 However, up to now,

BNNTs synthesized via most of the existing routes have

relatively large diameters of �50 nm. There is still a

challenge in finding a way to finely control/downsize

the tube diameters using any method. In fact, some

functional properties and particularly a defect struc-

ture of BNNTs may have a close relationship with their

diameters and morphologies. Thus, present lacking of

the structural diversity surely limits the new property in-

vestigations and applications of BNNTs. Synthetic re-

search on BN nanosheets is still in its embryo stage, and

very few works related to their synthesis and property

investigations have been published to date.27�35

On the other hand, a key feature that has attracted

much research effort with respect to conventional C

nanotubes is the ability of their surfaces to be chemi-

Figure 14. (A) Diagram showing pH-dependent fluorescence intensity
of a multiwalled BNNT�biotin�Ag nanoparticle hybrid and an optical
image of fluorescent BNNT tubes. The inset in panel A is an image of
a hybrid BN nanotube powder under 325 nm UV light illumination. (B)
Low- and high-magnification TEM images of biotin�fluorescein-
functionalized BNNTs with decorated Ag nanoparticles (B). Adapted
from ref 124.

Figure 15. Photograph of water droplets on a film made of
short multiwalled BN nanotubes showing superhydropho-
bicity. Adapted from ref 125.
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cally functionalized. It has allowed the solubilization of

nanotubes/nanosheets in a given solvent, the integra-

tion into host materials to form composites, and the as-

sembly with diverse nanomaterials. In particular, the

combination of nanoparticles and CNTs was an interest-

ing approach: on one hand, CNTs can be a support for

nanoparticles, and on the other hand, nanoparticles can

widen the range of tube properties. In recent years,

studies on the analogous functionalization of BNNTs

have also been initiated. Several kinds of nanoparticles,

such as Au, Ag,124 and SnO2,133 were functionalized on

BNNT surfaces to form BNNT-based nanocomposites.

However, compared to CNTs, the research on BNNT-

based nanocomposites with foreign inorganic nanopar-

ticles has had relatively modest progress. No experi-

mental data have been published with respect to BN

nanosheet chemical modifications. That is partially due

to the lacking of the effective methods to prepare BN

nanotubes and nanosheets on a large scale. Another

reason is that BN nanostructures possess high chemi-

cal stability and poor wetting properties at ambient

conditions, which make direct and uniform coatings/

functionalizations difficult. Developing an effective

method to achieve surface functionalization of BN

tubes/sheets with diverse nanoparticles and/or func-

tional substances is thus highly desirable.

Before real integration of BN nanotubes/nanosheets

into modern nanotechnology in order to meet the hu-

man needs, the key targets at present are on-demand

nanomaterial physical and chemical manipulations, as

well as their novel physicochemical property assess-

ments toward prospective applications. The BN nano-

tubes seem to be nontoxic.134,135 This is a solid advan-

tage of these nanomaterials as far as transparent and

safe practical applications are concerned. Needless to

say, nontoxity of BN tubes/sheets has to be reconfirmed

in numerous tests and under varying experimental con-

ditions before the BNNT-based products may go into

the market.

Structural resemblance between C and BN nano-

scale systems gives an excellent match between the

two in many prospective applications. The C�BN

heterostructures may be interesting in synthetic,136�138

electronic,139�141 and magnetic applications.142,143 As C

nanostructures are metallic or semiconducting,

whereas those of BN are electrically insulating, the BN

nanomaterials are able to nicely serve as atomically

compatible insulating substrates in electrical applica-

tions of CNTs and graphenes, preventing current leak-

age and short currents. Prior to this, stability of BN

nanostructures under high current densities should be

thoroughly elucidated.144,145

Along with the developments of synthetic meth-

ods, the analytical tools to precisely resolve the atomic

and defect structure of BN nanotubes and nanosheets

aimed at the clear understanding of structure�

property relationships need to be developed. For ex-

ample, recent breakthroughs in analytical transmission

electron microscopy toward atom-by-atom structural

and chemical analysis of BN monatomic sheets have

nicely been demonstrated by Krivanek et al.146 The au-

thors have been able to determine three types of

atomic substitutions, namely, C for B, C for N, and O

for N in a monolayer BN sheet using an annular dark-

field technique and an aberration-corrected transmis-

sion electron microscope.

By taking into account all of the above-mentioned

and pre-existing restrictions/limitations of the BN nano-

tube/nanosheet syntheses and analyses, their modifica-

tions, and practical utilizations, the scientists should

now focus on a design of the tube diameter and sheet

thickness controllable syntheses and targeted surface

functionalizations of BN nanostructures. The final goal

of these efforts is the detailed evaluation of their ad-

vanced properties required for future high-performance

composites, nano-, bio-, electromechanical, and medi-

cal devices.
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