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Abstract Boron nitride (BN) nanotubes, nanohorns and

nanocoils were synthesized by annealing Fe4N/B, FeB and

Fe/B powders at 1000 �C for 1–24 h in nitrogen gas

atmosphere, and large amounts of BN nanotubes were

obtained by annealing Fe4N/B. The growth mechanism and

atomic structures were investigated on cup-stacked BN

nanotubes synthesized from Fe4N/B by X-ray diffraction,

high-resolution electron microscopy, electron diffraction

and energy dispersive X-ray spectroscopy. As-produced

BN soot was purified by removing non-BN nanomaterials

such as metal catalyst particles and unreacted boron, and

high purity BN nanotubes were obtained.

Introduction

Several studies have been reported on boron nitride (BN)

nanomaterials such as BN nanotubes [1–3], nanocapsules

[4, 5], nanoparticles [6], nanocable [7], and clusters [3].

Such materials are expected to be useful as electronic

devices, high heat resistance semiconductors, insulator and

lubricants because they provide excellent protection

against oxidation and wear. Gas storage calculation of H2

in boron nitride (BN) nanomaterials has also been reported

[3]. However, selective synthesis and purification methods

[8] are required to use them as ‘‘devices’’.

Recently, growth mechanisms of carbon nanotubes have

been reported to optimize and control their structures to use

for applications [9–12]. However, few experiments have

been reported for BN nanomaterials, and understanding of

their growth mechanism is important to achieve a

controllable growth and to obtain a large amount of BN

nanomaterials.

The purpose of the present work is to develop a new

purification method and to investigate atomic structures of

BN nanotubes. To understand growth mechanism of BN

nanomaterials, Fe4N/B, Fe/B, FeB, B was used as starting

materials, and the structures of BN nanomaterials were

compared. Most of synthesized samples contain a high

amount of non-BN nanomaterials such as metal catalyst

particles, boron and boron oxides. Therefore, it is necessary

to purify the BN nanomaterials to characterize them appro-

priately. Purification experiments for carbon clusters have

been carried out [13–16]. However, few experiments have

been carried out for BN nanomaterials [8], and an efficient

method for purification of BN nanomaterials is required.

Although our research group has reported to eliminate Fe and

B2O3 from as-produced soot, it is insufficient to eliminate

unreacted boron and to obtain small size of BN nanomate-

rials [17]. The key steps in purification of BN nanomaterials

in the present work would be HCl, HNO3 and pyridine

treatment. To investigate the growth mechanism and to

confirm the formation of BN nanostructures, high-resolution

electron microscopy (HREM) and energy-dispersive X-ray

spectroscopy (EDX), which are powerful methods for atomic

structure analysis, were carried out. Electron diffraction and

X-ray diffraction (XRD) was also carried out to detect the

reacted phases. These studies will give us a guideline for the

synthesis of BN nanomaterials.

Experimental procedures

Four-types of mixture powders (Fe/B, FeB, Fe4N/B and B)

were used as starting materials for BN synthesis [18].
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Particle sizes of Fe (purity of 99.5%, Mitsuwa’s Pure

Chemicals, Osaka, Japan), FeB (99%, Kojundo Chemical

Laboratory (KCL) Co. Ltd., Saitama, Japan), Fe4N (99.9%,

KCL) and B (99%, KCL) were about 5, 850, 50, and

45 lm, respectively. After Fe/B and Fe4N/B (Weight ratio

[WR] = 1:1, respectively) were well mixed in a triturator,

the samples were set on an alumina boat and annealed in

the furnace. The furnace was programmed to heat at

6 �C/min from a room temperature to 450, 700, and

1000 �C and hold for 1–24 h, and then cooled at 3 �C/min

to a room temperature. Nitrogen pressure was 0.10 MPa,

and its gas flow was 100 sccm.

As-produced soot synthesized from Fe4N/B via the

above method was purified by the following steps. The

as-produced soot were poured in 4 M HCl solution and

stirred for 4 h at a room temperature. The green color of

the solution provides an indication of the dissolution of
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Fig. 1 X-ray diffraction patterns of (a) B, (b) Fe4N/B, (c) FeB, and

(d) Fe/B after annealing at 1000 �C for 1 h

Fig. 2 TEM images of samples

synthesized from (a) Fe/B,

(b) FeB, and (c) Fe4N/B.

(d) Edge of boron of the

samples Fe4N/B after annealing,

and (e) surface of boron after

acid treatment. (f) EDX

spectrum of (d)
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Fe ions. After HCl treatment, the samples were poured in

1 M HNO3 solution and stirred for 30 h at 50 �C. The

yellow color of the solution provides an indication of the

dissolution of boron. After both acid treatment, the solution

was filtered and rinsed with deionized water until the pH of

the filtrate became neutral and dried. Then, the samples

were poured in pyridine to eliminate bulk BN, and high

purity BN nanotubes with a cup-stacked structure were

obtained by collecting supernatant.

Phases of the samples were determined by X-ray dif-

fraction with Cu–Ka radiation. To observe the morphology

of the samples, Transmission electron microscopy (TEM)

and HREM observation were performed with a 300 kV

electron microscope (JEM-3000F), and EDX analysis was

performed using the EDAX system. For image processing of

the observed HREM images, Digital Micrograph software

(Gatan, CA, USA) was used. The digital images were

masked and fast Fourier transformed. Basic structure models

for BN nanotubes with a cup-stacked structure were con-

structed by CS Chem3D (CambridgeSoft, MA, USA). For

stability calculations, structural optimization of the BN

nanotubes with a cup-stacked structure was performed by

molecular mechanics calculation (MM2). To compare

observed images with calculated ones, HREM images were

calculated by the multi-slice method using the MacTempas

software (Total Resolution, CA, USA). The parameters used

in the calculations are as follows: accelerating

voltages = 300 kV, radius of the objective aper-

tures = 5.9 nm–1, spherical aberration Cs = 0.6 mm, spread

of focus D = 8 nm, semi-angle of divergence a = 0.55 mrad,

under defocus values Df = –10 to –90 nm, unit cell (one

cluster) = 5.0 · 5.0 · 12.0 nm3, crystal thickness (unit-cell

thickness, sixteen slices) t = 5.0 nm, space group P1 and

assumed temperature factors of 0.02 nm2.

Results and discussion

X-ray diffraction patterns of samples are shown in Fig. 1.

Diffraction peaks of hexagonal BN and a-Fe were observed

for each sample except for a sample synthesized from

boron powder. Diffraction peaks of B2O3 were also ob-

served for each sample except for a sample synthesized

from Fe4N/B powder. Figure 2a is a low magnification

image of BN nanotubes synthesized from Fe/B. BN na-

notubes were also observed from samples of FeB and

Fe4N/B as shown in Fig. 2b, c, respectively. For the sample

of Fe4N/B, BN nanotubes and Fe@BN nanotubes were

formed at edge and surface of boron as shown in Fig. 2d, e,

respectively. Figure 2(f) shows an EDX spectrum of edge

of boron. In Fig. 2(f), EDX peaks of boron, nitrogen were

observed, which showed the atomic ratio of B:N =

53.7:46.3, which indicates formation of BN at edge of

boron. Peaks of Fe (0.70 keV) and oxygen were also
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Fig. 3 (a) X-ray diffraction

patterns of samples at elevated
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Fig. 4 Schematic illustration of

the growth mechanism of BN

nanotube
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detected, which would be due to the formation of a small

amount of B2O3. It is considered that Fe4N/B is suitable to

obtain high purity BN nanotubes from the results of Fig. 1

and 2. Therefore, X-ray diffraction patterns of samples

synthesized from Fe4N/B were investigated at various

temperatures and time as shown in Fig. 3. In Fig. 3a, Fe4N

was reduced to Fe by boron at temperatures in the range of

450–700 �C, and BN was obtained at 1000 �C. Figure 3b

shows intensity change of BN as a function of annealing

time. A large amount of BN was obtained as time advances

because Fe4N would be sufficiently reduced to Fe.

Growth of carbon nanotubes was explained as a model

of Vapor–Liquid–Solid (VLS) mechanism [19]. In this

model, hydrocarbon such as methane is resolved in catalyst

metal nanoparticles. Supersaturated solid solution of car-

bon in catalyst metal was precipitated as carbon nanotubes.

BN nanotube growth might be explained in a similar

model. Schematic illustration of a growth mechanism of a

BN nanotube was proposed as shown in Fig. 4. Fe4N was

reduced to Fe by boron at 700 �C as shown in Fig. 3a, and

Fe nanoparticles were dispersed and adhered on the surface

of boron. Supersaturated solid solution of boron in Fe

nanoparticles was formed and reacted with N2 gas. BN

nanotubes grow from these sites, and the diameter of

nanotubes depends on particle size. Fe nanoparticles are

easy to be separated from BN because Fe begins to react

with BN from 1350 �C, and Fe@BN nanotubes were

obtained as shown in Fig. 2d. Oriented BN nanotubes

might be obtained when Fe nanoparticles are uniformly

dispersed on surface of boron.

Fig. 6 TEM images of samples

for each purification process.

(a) as-produced soots, (b) after

HCl treatment, (c) after HNO3

treatment and (d) after pyridine

treatment

(c) HNO3 treatment

(b) HCl treatment

BN
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Fig. 5 X-ray diffraction patterns of samples after (a) synthesis,

(b) HCl treatment, (c) HNO3 treatment, and (d) pyridine treatment
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X-ray diffraction patterns in a purification process are

shown in Fig. 5. Diffraction peaks of hexagonal BN, boron

and a-Fe are observed for the sample at annealed at

1000 �C for 1 h as shown in Fig. 5a. It is found that Fe was

removed after HCl treatment as shown in Fig. 5b, and

boron was removed after HNO3 treatment as shown in

Fig. 5c. After pyridine treatment, a strong peak of BN was

obtained as shown Fig. 5d.

Figures 6 show TEM images of the samples for each

process. There is no obvious change of the structure during

the process, and BN nanotubes with small sizes were

obtained after pyridine treatment. It is believed that bulk

Fig. 7 TEM images of BN

nanotubes with (a) a cup-

stacked structure, and (b) a

normal structure. Electron

diffraction patterns obtained

from (a) and (b), respectively.

Fourier-filtered images of (e)

side wall and (f) center of (a)

Fig. 8 (a) Structure model for

B565N565. (b) Calculated HREM

images of four-fold walled

B2240N2240 nanotube with a cup-

stacked structure as a function

of defocus values

J Mater Sci (2008) 43:2955–2961 2959

123



size of BN was eliminated and high purity BN nanotubes

were obtained by pyridine treatment.

TEM images of BN nanotubes with a cup-stacked

structure and normal BN nanotube after purification are

shown in Fig. 7a, b, respectively. Electron diffraction

patterns obtained from Fig. 7a, b are shown in Fig. 7c, d,

respectively. 002 reflections of BN are inclined in Fig. 7c,

which indicates that this BN nanotube has a cup-stacked

structure, and the cone angle between the BN layers at both

nanotube walls is ~22�. Strong peaks of BN nanotube in

Fig. 7d corresponds to the plane of {002} of normal BN

nanotube.

Fourier-filtered images of the side wall and the center of

the BN nanotube are shown in Fig. 7e, f, respectively. BN

nanotubes with a cup-stacked structure were formed by

stacking of BN {002} layers for side walls, and hexagonal

arrangements are observed at the center of the nanotube.

Figure 8a is a proposed structure model for B565N565

cup layer, which consists only of hexagonal BN rings. The

nanotube axis is indicated by z-axis. A structure model and

calculated HREM images of four-fold walled B2240N2240

nanotube with a cup-stacked structure are shown in Fig. 8b.

The calculated image at defocus values at –40 nm agree

with the HREM images in Fig. 7.

Total energies of B565N565, B1120N1120, and B2240N2240

cup-stacked BN layers calculated by molecular mechanics

calculation are listed in Table 1. Distance between BN

layers of nanotubes with a cup-stacked structure in a

HREM image was measured to be ~0.35 nm, and the basic

structure model was constructed based on it. After

molecular mechanics calculations, the layer distances were

optimized as ~0.38 nm. In addition, total energies of

B1120N1120 and B2240N2240 were reduced by stacking of

B565N565 nanotubes with a cup-stacked structure, and it is

considered that the structure of BN multi-layered nanotu-

bes with a cup-stacked structure would be stabilized by

stacking hexagonal BN networks (molecular interaction).

Cone angles of BN cup-stacks were measured to be ~22�,

which agreed well with that of the model in Fig. 8 (~22�).

Although atomic structure models for BN nanotubes with a

cup-stacked structure have been proposed from HREM

observation and molecular mechanics calculations [20], we

proposed a more suitable model in the present work.

Cone angles of carbon nanotubes with cup-stacked

structures have been reported to be in the range of 45–80�
[21, 22]. The cause of the different cone angles of the

present cup-stacked BN nanotubes would be due to the

different stacking of BN layers along c-axis (B–N–B–N...)

from carbon layers.

Conclusion

BN nanotubes, nanohorns and nanocoils were synthesized

by annealing Fe/B, FeB and Fe4N/B powders at 1000 �C

for 1–24 h in nitrogen gas atmosphere, and the growth

mechanism of nanotubes were proposed from X-ray dif-

fraction, HREM, and EDX analysis. Purification of BN

nanotubes were carried out by HCl, HNO3 and pyridine

treatment to remove non-BN nanotubes such as metal

catalysts, boron oxides and unreacted boron. Especially,

bulks of BN were eliminated by pyridine treatment, and

high purity BN nanotubes were obtained. An atomic

structure models was proposed from HREM, and image

simulations based on the proposed structure model agreed

with experimental data. These unique structures would be

suitable materials for gas storage, nanoelectronics devices

and extreme environmental materials with excellent

protection against oxidation and wear.
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