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Abstract

Perfectly ordered nanotubes (NTs) displaying a limited number of defect-free B–C–N shells (typically 2–4) were

synthesized from CVD C NTs and a mixture of boron oxide and gold oxide placed in a flowing N2 atmosphere at �1950
K. The NTs were analyzed using field emission conventional and energy-filtered (Omega filter) high-resolution electron

microscopes, and electron energy loss and energy dispersive X-ray spectrometers. NTs with inner diameters of 0.9–4.0

nm were frequently assembled in bundles consisting of several tubes and extending up to 1–2 lm in length. Two-ter-

minal transport measurements on individual B–C–N nanotube bundles were carried out in-situ in a Fresnel projection

microscope. The bundles displayed semiconducting behavior with an estimated band gap of �1 eV. � 2002 Published

by Elsevier Science B.V.

1. Introduction

In addition to C nanotubes (NTs) [1], exten-
sively studied over the last decade, NTs may form
in the B–C–N system [2–17]. The structures of
graphite and hexagonal BN are nearly identical
(unit cell, atomic distances), making the ternary
B–C–N NTs a unique material due to the possi-
bility of random and/or ordered substitution of B
and N atoms for C atoms in the graphitic sheet.
Moreover, the conduction properties of C NTs
and those of BN are predicted to be diametrically
opposite. C NTs are known to be metals or semi-

conductors [18], while BN NTs are expected to be
insulators [19]. So preparation of ternary B–C–N
NTs of various compositions may allow one to
tune transport properties over a wide range.

Control of the number of layers grown for a
given NT is an important issue as far as electronic
applications are concerned. It has been shown that
transport properties of C NTs are a complex
function of the number of graphitic shells, wall
defects, diameter, helicity and cross-sectional
shape [18,20]. Clearly, the smaller the number of
tube layers, the fewer topological defects affecting
the electron transport are introduced into the
graphitic network. Thus, for real applications,
NTs with few layers are advantageous. In C,
bundles of single-walled NTs [21] as well as dou-
ble-walled NTs [22] have been synthesized. In BN,
double-walled morphology has also been observed
[23–25]. There have been a few reports on synthesis
of single-walled BN NTs [12,13,26,27]. By
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contrast, NTs simultaneously composed of B, C
and N atoms and exhibiting a limited number of
layers have so far been unknown. In addition, all
the B–C–N NTs reported to date have typically
been observed as undulating, poorly graphitized
multi-walled tubular fibers with numerous wall
and core defects [2–17]. There has also been no
consensus with respect to the atom distribution in
multi-walled B–C–N NTs: contradicting models of
definite phase (C and BN) separation, i.e. sand-
wich-like structures and heterojunctions [7,9,10,17,
28], and composite B–C–N layers [2–6,8,12,17,30–
32] have been considered.

The present work has been carried out in an
attempt to address all the above-mentioned issues.
For the first time, we have synthesized perfectly
ordered, straight and long (1–2 lm) B–C–N NTs
with very few layers (typically 2–4) and studied
their morphologies, chemical compositions and
transport properties in three different types of
microscopes as described below.

2. Experimental

The NTs were prepared in an induction furnace
under a constant N2 flow of 3.2 l/min [12–
15,25,32]. A graphite crucible with mounted layers
of B2O3, Au2O3 and CVD-grown C NTs was he-
ated gradually to 1950 K, held at 1950 K for 30 min
and cooled down to room temperature over 2 h.
The mixture of oxide powders and C NTs were
physically separate from each other within the
crucible to prevent embedding of the final product
in the liquid bath created by the oxides under
heating. This significantly increased the yield of
extracted tubes.

The powder product (�50 mg) was collected
from the crucible, milled and dispersed into CCl4.
After ultrasonic treatment a few drops of the
solution were dripped onto a C-coated-Cu grid
(for high-resolution transmission electron mi-
croscopy (HRTEM) analysis) and onto a Ni
mesh (for transport measurements). A 300 kV
JEOL-3000F field-emission HRTEM and a 300
kV JEOL-3100FEF field-emission energy-filtered
TEM (Omega filter) were used for atomic struc-
ture analysis and elemental mapping, respectively.

The elemental map acquisitions were performed
using a 3 window procedure (2 pre-edge and 1-
post edge energy filtered images were taken). The
window energy shifts for the 1st, 2nd pre-edges,
and the post-edge were, respectively, set as fol-
lows: for B (K-edge at 188 eV) – 28, 10, and 10
eV; for C (284 eV) – 26, 10, and 10 eV; for N
(401 eV) – 28, 10, and 10 eV. The slit width of the
Omega filter was adjusted to 20 eV. The spatial
resolution of the energy-filtered images was esti-
mated to be �0.5 nm. Chemical compositions of
the tubes were analyzed using an electron energy-
loss spectrometer (EEL) ‘Gatan 766’ and an en-
ergy-dispersive X-ray (EDX) spectrometer ‘Noran
Instruments’. Two-terminal transport measure-
ments were performed in a Fresnel projection
microscope [33]. We narrowed the gap between
the sharp tungsten tip of the microscope and the
tip-end of a free-standing individual NT bundle
until a contact current was detected. The two-
probe I–V characteristic of the bundle was then
obtained by gradually changing the tip bias and
measuring the current in the ‘tungsten tip – NT
bundle – ground‘ circuit. The X-, Y- and Z-tip
movements were performed by inertial sliders and
a piezotube for coarse and fine tip positioning,
respectively. The microscope was placed in a
vacuum chamber with a working pressure of 10�9

Torr.

3. Results

Figs. 1a–c show representative HRTEM mi-
crographs of the thinnest double-walled NTs. In-
dividual tubes (Fig. 1a); those assembled in thin
bundles (Fig. 1b) and those in thick bundles (Fig.
1c) were normally observed. Representative EEL
spectra taken from an individual four-shelled tube
and from a thick tube bundle are shown in Figs.
2a,b, respectively. Both spectra are characteristic
of a B–C–N material with definite core-loss K-
edges at 188, 284, and 401 eV, corresponding to
the B, C, and N signals, respectively. The sharp p�-
peaks on the left-hand side of the edges and the
well-defined r�-bands on the right-hand sides are
the fingerprints of the sp2-hybridized B, C and N
atoms.
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There was sufficient microscopic evidence that
the present B–C–N NTs had grown from the
starting C NTs through templating, in line with
our previous considerations [12–17,25]. The mi-
croscopic mechanism and growth kinetics are not
yet well understood, although we frequently ob-
served B–C–N NTs attached to the starting C NT
templates. Metallic Au, which was a result of gold
oxide decomposition during heating at 433 K, did
not adhere to the tubular structures; no Au fillings
or clusters were found within the grown NTs.
Instead, Au nanocrystals were frequently encap-
sulated into by-product BN and B–C–N nano-
particles after the syntheses, as revealed by
combined EEL and EDX analyses.

Figs. 3a,b depict the energy-filtered TEM im-
ages of an individual four-layered and a two-lay-
ered B–C–N NT. All three (B, C, and N) maps
were successfully recorded for the four-layered
tube (Fig. 3a). However, we were unable to record
the N-map for the thinnest tube in Fig. 3b, since its
intensity was too weak. In addition, the tubular
morphology in Fig. 3b deteriorated dramatically
due to the electron beam damage after consecutive
B- and C-map acquisition as shown on the right-
hand side zero-loss image in Fig. 3b. Figs. 3c,d
quantitatively specify the B- and C-map contrast
intensity profiles across the four-walled tube and
along the double-walled tube previously shown in
Figs. 3a,b, respectively.

Fig. 4 shows zero-loss and energy-filtered im-
ages of the two-layered B–C–N NTs assembled in

a bundle. For comparison, images of a wavy dis-
ordered B–C–N NT are also depicted in the figures
(lower section). The morphology of the latter tube
still resembles that of the starting CVD C template
used for the synthesis. The difference in normalized
B, C and N contrast brightness between the two
nanostructures is obvious in Fig. 4.

Images of a representative B–C–N NT bundle
(before (a) and after (b) I–V measurements), as
revealed by Fresnel projection microscopy, to-
gether with measured I–V characteristics are
shown in Figs. 5a–c. Importantly, the bundle was
free-standing (Fig. 5a), i.e. it was supported by the
substrate (a C-rich B–C–N NT residue mounted
onto a Ni grid) from one side only. This is crucial
for the current measurements since it allows us to
completely exclude the effects of current leakage
through the substrate. The shape of the I–V curves
in Fig. 5c is characteristic of a semiconductor with
�1 eV band gap. Three consecutive representative
curves are shown in Fig. 5c (sweeps 1, 2 and 3),
which display good reproducibility.

4. Discussion

4.1. EEL spectra

Quantification of the EEL spectra depicted in
Figs. 2a,b gave the following B, C, N atomic ratios
within the nanostructures: individual four-shelled
NT – B – 0:55� 0:08; C – 1:00� 0:00; and N –

Fig. 1. Representative HRTEM images of the thinnest double-walled NTs: (a) an individual NT; (b) assembled in a thin bundle;

(c) packed in a thick bundle.
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0:60� 0:09; bundle of NTs B – 0:79� 0:14; C –
0:48� 0:07; and N – 1:00� 0:00. The cross-sec-
tions involved in the computation were calculated
with the usual r–K hydrogenic model [2]. In ad-
dition, we found that the relative B/C/N ratios
marginally varied from one tube to the next and
from one bundle to the next. It is worth noting that
the observed C contents are not primarily due to

contamination of the inner core or external shells
with a C residue: the HRTEM images of the B–C–
N NTs (Figs. 1–3) look nearly perfectly clean.

Keeping in mind the pre-existing beliefs on the
dominant trend for BN and C shell separation via
organization into so-called sandwich-like struc-
tures [7,9,10,17,28] let us a priori assume the sim-
ple case of an equal number of BN and C shells for

Fig. 2. Representative EEL spectra taken from: (a) an individual four-walled NT; (b) double-walled NTs packed into a rope. The core-

loss K edges of B, C and N are visible at 188, 284 and 401 eV, respectively.

D. Golberg et al. / Chemical Physics Letters 359 (2002) 220–228 223



a given even-number-shelled NT (half of the shells
– pure C; the other half – pure BN). Then the
corresponding composition ratio in this case
should be B – 0.50, N – 0.50 and C – 1.00. These
values indeed look close to those measured for the
four-shelled tube (Fig. 2a) within the estimated
experimental error of �20% (the error arises due
to uncertainties in the background subtraction).
However, one can argue that the shells may be
composed of a stoichiometric BC2N phase widely
discussed in the literature [2,3,6,10,29]. Thus the

EEL data alone, routinely taken into account in
most previous works [2–17], do not shed any light
on whether the B–C–N NTs are composed of
phase-separated BN and C shells and/or domains
or complex B-, N-, and C-containing layers.

4.2. Elemental mapping

Fortunately, the energy-filtered spatially re-
solved TEM data presented in this Letter gave us a
single answer: The present tubular shells typically

Fig. 3. Zero-loss and energy-filtered TEM images of (a) an individual four-walled B–C–N NT; (b) the thinnest individual double-

walled B–C–N NT. We were unable to record an N-map in (b) due to its low intensity and tube damage due to the electron beam

irradiation during the acquisition as shown on the right-hand side of the TEM image in (b). The long (�1 lm) free-standing NT in (b)

was blurred during study leading to noisy HRTEM contrast. Therefore, its exact two-walled morphology was confirmed by taking a

HRTEM image at the bottom part of the tube shown in the inset. (c) The B- and C-elemental map contrast intensity profiles across the

four-walled NT (from left to right) shown in (a); and (d) along the double-walled NT (from top to bottom) shown in (b). See text for

details.
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contain all three species, namely, B, C and N,
which are somehow assembled within the graphitic
layers, rather than separating into well-defined
pure C and BN shells and/or domains, or BN-rich
and C-rich islands of sub-nanometer size, as re-
ported in previous papers [7,9,10,15,17,28], where
the NTs have been prepared via different synthetic
routes. In fact, no basic trend for BN and C do-
main separation is visible in Figs. 3a,b. However,
we note that the spatially resolved B-map is
slightly wider than that of C in Fig. 3a; this implies
that the outermost layer/layers of the four-walled
NT may be enriched in BN and depleted in C. Fig.

3c verifies these statements quantitatively: the B-
and C-map contrast intensity profiles across the
four-walled tube perfectly correlate, and the B-
intensity dominates on the periphery of the tube.

It is also noted that the C-map contrast in Fig.
3b is brighter in the upper tube part as compared
to its lower part in accord with the corresponding
C-content variations. This phenomenon is high-
lighted in Fig. 3d, where the corresponding B- and
C-contrast intensity profiles along the double-
walled tube (from its top to its bottom) are dis-
played. The B-contrast intensity is fairly uniformly
distributed along the tube, whereas that of C

Fig. 4. Zero-loss and energy-filtered TEM images of a double-walled B–C–N NT bundle and an individual undulating disordered B–

C–N NT whose morphology resembles that of a starting CVD C NT template. The ring pattern in the background of the zero-loss

image is due to gain variations between pixels of a charge couple device used for taking digital TEM image. See text for further details.
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markedly prevails in the upper tube part compared
to its lower part (Fig. 3d). Clearly, the latter C-
map contrast distribution would be inconsistent
with a hypothesis of existence of one pure C and
one pure BN shell but, conversely, favors the as-
semblage of two B–C–N layers with varying C-
content along the tube. The close values of the B
and N atomic ratios measured in some EEL
spectra may also imply that stoichiometric BN is-
lands may occasionally assemble within single C
sheets, but the size of these islands should be well
below the resolving power of the Omega filter
TEM instrument (�0.5 nm). On the other hand, it
is noted that in most cases the N-contents pre-
vailed over those of B or vice versa. This implies
that random spatial distribution of B and N in C
sheets via formation of complex B–C–N, B–C and/
or C–N containing six member rings could be
presumed to exist.

This elemental distribution was also verified
during energy-filtered experiments on the long and
straight B–C–N NT bundle (Fig. 4). No evident
separation of BN and C domains was seen; indeed,
all three maps display fairly uniform brightness
across and along the ropes with B/N overall in-
tensities prevailing over C in line with the EELS
data in Fig. 2b. Conversely, the other tubular

morphology, depicted in the lower section of Fig. 4
and resembling the starting CVD C template,
displayed significant C enrichment at the expense
of B and N.

All the above-mentioned results contradict
much of the theoretical and experimental data
presented so far for ternary B–C–N NTs
[7,9,10,17,28], where BN and C shell and/or do-
main separation was highlighted as a key feature
of the B–C–N system. In contrast, our spatially
resolved energy-filtered data (Figs. 3 and 4) sup-
port the few theoretical predictions where substi-
tution of B and N for C was assumed to occur
within a single hexagonal sheet through formation
of variable B–C–N compositions or stoichiome-
tries [2–6,8,11,16,29–31]. We assume that this
striking disagreement is related to the peculiarities
and kinetics (rather than thermodynamics) of a
given B–C–N NT synthesis. In our recent report
on elemental mapping of thick aligned B–C–N
tubular fibers we have shown that, generally, both
forms of B/C/N coexistence may be realized, de-
pending on the specific features of the synthesis:
use of particular catalysts, reagents, temperature,
vapor pressures, etc. [17]. For example, it is worth
noting that, by comparison of the B- and C-map
brightness intensities for the image of the disor-

Fig. 5. Fresnel projection microscope images: (a) before transport measurements; (b) after transport measurements and (c) repre-

sentative consecutive I–V curves of an individual B–C–N NT bundle. The curve key in (c) is as follows: solid line – 1st sweep; dashed

line – 2nd sweep; and doted line – 3rd sweep. All curves are characteristic of a semiconductor with an estimated band gap of �1 eV.
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dered tube in Fig. 4, one may randomly find C-
poor, and, simultaneously, B-rich islands in the
tube walls.

The role of a particular catalyst/promoter in
synthesis of B–C–N and BN NTs from C NT
templates has been mentioned before but is not yet
understood [14,15,25], and it is far beyond the
scope of this Letter. However, the stability of the
few layer morphology in B–C–N NTs against the
Au2O3 oxide-promoting synthesis is striking. Sta-
ble single- and/or double-walled morphologies
were noted both in C and binary BN systems
[21–27] but have never been mentioned for ternary
B–C–N tubes, which so far have not displayed any
selective criteria for choosing the number of grown
layers [2–17]. The correct interpretation becomes
even more complex given that we did not notice
any direct Au impact on the growth process during
careful HRTEM study: no encapsulated Au clus-
ters or wires, unlike in MoO3-promoted synthesis
[25], or Au atoms at the growing tube edges, as in
the case of PbO-promoted synthesis [25]. Instead,
Au was mostly found to reside within numerous
BN and B–C–N nanoparticles observed as a by-
product. This additional result provides an op-
portunity to use such B–C–N and/or BN particle
shells as Au cluster protection shields or nano-
bearings.

4.3. Transport properties

To date there have been a few theoretical pre-
dictions that layered B–C–N materials may display
semiconducting properties intermediate between
metallic C NTs and dielectric BN NTs [3,29]. Liu
et al. [29] predicted a 2.0 eV band gap for a BC2N
stoichiometric sheet, while Zhu et al. [31] calcu-
lated a 0.2 eV gap for a BCN layered network, a
value which looked quite small given to the frac-
tion of C present. There has been an experimental
estimate of the band gap in a mat of ternary
B0:34C0:42N0:24 undulating highly defective CVD
tubular fibers using photoluminescence, stated to
be around 1.0 eV [11]. The value of the band gap
elucidated in the present Letter for an individual
straight perfectly ordered B/N-rich B–C–N NT
bundle (Figs. 2b and 4) was close to �1 eV. The
small value of the band gap is connected with the

global reduction of the ionicity of the B–C–N NT
network as compared to pure BN NTs (band gap
of �5.5 eV [19]) whose transport properties have
been very recently measured by Cumings and Zettl
[34]. The detailed analysis of the I–V curves (Fig.
5) as well as precise band gap measurements and
field emission properties of the present B–C–N
NTs will soon be published elsewhere.

Finally, it is worth noting that due to significant
fraction of B/N present in the semiconducting
B–C–N bundles they are presumed to have higher
oxidation resistance [35] and thermal stability than
semiconducting pure C NTs. This is of prime im-
portance for applications.

5. Conclusions

The few layer (2–4) morphology was found to
be a stable configuration in the B–C–N NT system.
Perfectly ordered long and straight B–C–N NTs
with a limited number of defect-free layers syn-
thesized by reacting C NT templates, boron oxide
and gold oxide in a nitrogen flow at �1950 K
mainly exhibit a distribution of the constituent B,
C and N atoms within the tubular layers rather
than sandwich-like or island-like separation into
BN and C shells and/or domains. Individual
bundles of B–C–N NTs were measured to be
semiconductors with an estimated band gap of
�1 eV.
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