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When nanotubes form in a carbon arc, the presence of boron results in long boron-doped carbon nanotubes

which are generated as dominant zigzags. Metallic behaviour is observed, in contrast to carbon nanotubes,

which are semi-conducting.

1. Introduction

Boron-containing carbon ®bres and allied materials have been
studied widely since the 1960s, one of the initial aims being to
evaluate their electronic structure.1±3 Various measurements
(e.g. EPR, magnetic susceptibility, resistivity, Hall effect and
magnetoresistivity) have shown that the mobility of the charge
carriers and the diamagnetic susceptibility of these materials
are strongly dependent upon the boron concentration. Early
preparative methods employed have been reviewed4 and are
generally divided into two types: (a) boron addition to carbon
(i) prior to or (ii) after graphitisation; and (b) introduction of
boron into an organic precursor before carbonization. A recent
discovery, made during carbon arc generation of multi-walled
carbon nanotubes (MWCNs), is that the carbon tubules can be
ef®ciently lengthened when the graphite anode contains
elemental boron,5±7 and that BC3 units, in particular, appear
to be incorporated into the hexagonal carbon network.5±7 In
the arc discharge process, boron is incorporated simulta-
neously with graphitisation of the carbon nanotubes.

In general, the lengths of carbon nanotubes range from ca. 4
to 8 mm for C/arc-generated and from ca. 10 to 200 mm for BC/
arc-generated products; the diameter (5±40 nm) is comparable
in both, based on TEM and SEM observations.5±8 Calculations
suggested that the closure energy for nanotubes, which we
assume involves the formation of pentagonal rings, is greater
when boron is bonded to the network edges, than in the case of
pure carbon nanotubes.9 Accordingly, boron is believed to play
a key role at the open end of a growing tube, particularly in
controlling the structure of tube walls. In this paper, we have
systematically investigated the effects of boron-doping in
carbon nanotubes using TEM, EELS, X-ray diffraction,
electron diffraction, Raman spectroscopy and microwave
measurements.

2. Experimental

Boron-containing carbon nanotubes (BCCNs) were prepared
by passage of a dc arc between a hollow graphite anode ®lled
with BN powder, and a pure graphite cathode in a 500 Torr
helium atmosphere, as described previously.7 The BCCNs were
puri®ed by an established technique10 utilising ultrasonic and

micro®ltering processes. Raw material (100 mg), extracted
from the dark inner core of the cylindrical cathode deposit and
ground in a mortar, was sonicated with acetone (100 cm3) for
10 min. The mixture was transferred to a BuÈchner funnel ®tted
with a glass ®lter (4±10 mm porosity); this was then placed in an
ultrasonic bath and connected to a vacuum. Passage of the
polyhedral carbon particles, and the ¯ake-like and amorphous
carbon (suspended in acetone) through the ®lter was thereby
achieved, leaving long nanotubes as a deposit on the surface of
the ®lter. In this way, structural damage to the nanotubes was
minimised (unlike the oxidative process,11 which tends to cause
extensive damage to the ends of the nanotubes). Although
small quantities of the carbon particles and ¯ake-like materials
remained attached to the nanotubes after the process, the
sample contained more than 85% nanotubes (Fig. 1). EELS
measurements were made on a JEOL-2010 HRTEM instru-
ment; X-ray powder diffraction was carried out on a
SIEMENS D-5000 diffractometer, using Cu-Ka radiation.
The Raman spectra of BCCNs, and a sample of MWCNs
puri®ed using the same procedure were recorded at room
temperature under the 650 objective of a Renishaw System
1000 spectrometer. For 514.5 nm excitation, the power
measured under the objective was ca. 4 mW, and a slit width
of 5 mm was used. For 632.8 nm excitation, a slit width of
10 mm was used, and the power at the sample was ca. 6 mW for
the MWCNs. This value was reduced to ca. 3 mW for the
BCCNs in order to eliminate sample burning. The reported
spectra are the average of ten accumulations. The spectra
wavenumbers were calibrated by the superposition of Ne
emission lines onto the spectra to give an accuracy of 1 cm21.
Band centres and widths were obtained from Lorentzian ®ts to
the observed band pro®les.

3. EELS measurements

EELS analyses (Fig. 2) revealed the incorporation of boron
into the hexagonal carbon network (B±C trigonal hybridisation
at 188 eV). Boron is found frequently at the tips of the long
tubes, and is also discernible in the nanotube walls. Nitrogen is
completely absent. These results are consistent with a report8

describing the aggregation of boron atoms at the opened ends
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of growing tubes. However, we were unable to estimate the
stoichiometry of BCCNs by EELS measurements, due to the
broad distribution of tubule dimensions.

4. X-ray and electron diffraction measurements

a. In-plane structure

Due to curvature, the X-ray diffracting domains (i.e., the
coherent re¯ections resulting from the periodic atomic
arrangements) of the carbon nanotubes are limited. For
example, the hk0 re¯ections (i.e., the in-plane re¯ections)
arise as a result of axial (along the 100 and 110 axes) and non-
axial re¯ections (angular and helical translational periodi-
cities). In graphitic materials, e.g., single graphite crystals or
highly oriented pyrolytic graphite (HOPG), the re¯ections are
equivalent along the a- and b-axes. For carbon nanotubes, the
hk0 re¯ections are asymmetric (sawtoothed), indicating the
presence of non-equivalent X-ray diffracting components, i.e.,
the axial re¯ections are more intense than the non-axial
re¯ections.12 The BCCNs, which are of considerable length, are
therefore expected to exhibit axial re¯ections that are stronger
than those associated with MWCNs. In fact, we observed that
the intensities of in-plane re¯ections are slightly weaker in
BCCNs than in MWCNs (Fig. 3), particularly for the 110
re¯ection. This phenomenon may be due to the presence of
localised BC3 domains slightly in¯uencing the periodic atomic
arrangement of the hexagonal carbon network along the axis.

b. 3D ordering

The BCCNs also exhibit intense 3D ordering features, e.g., the
101 re¯ection (similar to those of HOPG and a graphite single
crystal; i.e., due to hexagonal unit cell stacking) (Fig. 3). 3D
ordering implies the presence of good alignment between the
adjacent layers that make up the individual nanotubes.13

MWCNs do not show discernible 3D ordering, due to the co-
existence of helical and non-helical atomic arrangements in the
tube walls.14,15 It has been pointed out that the effect of boron

at the open ends of growing tubes should result in preferential
formation of a zigzag con®guration.8 In order to evaluate this
prediction, micro-electron diffraction analyses were carried out
on the individual BCCNs and BCCN bundles. Surprisingly, the
zigzag pattern appeared frequently over several electron
diffraction measurements (Fig. 4a and b), and is believed to
represent the prevailing structure in the BCCN samples (the
armchair, but not the helical patterns, were also observed).
Dominant zigzag structures therefore seem to account for the
observed 3D ordering feature (i.e., a good alignment is present
along the c-axis). Other re¯ections related to the orientation
between layers, such as 102 and 112, can also be explained on
the basis of the above description. Nevertheless, the question
remains as to how an identical orientation (i.e., zigzag edge)
can be maintained in a concentric structure. For example, a
four-layer carbon nanotube (ca., 3 nm id) with constant
separation of 0.34 nm would have circumferences: 3p nm,

Fig. 1 TEM image of puri®ed BCCNs.
Fig. 2 EELS measurements performed at the tip region of individual
BCCNs. Insert; the presence of BC3 trigonal hybridisation at 188 eV
atom21.

Fig. 3 X-ray diffraction patterns of BCCNs (top) and MWCNs
(bottom), note that the 110 re¯ection is slightly weaker in BCCNs
than in MWCNs.
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(0.34N1z3)p nm, (0.34N2z3)p nm and (0.34N3z3)p nm from
the innermost to the outermost layer (N1~2, N2~4, N3~6). In
a graphite sheet, the length of a hexagonal ring along the zigzag
edge is 0.246 nm, so obviously the numbers of hexagonal rings
in each shell are not integral (i.e., 12.2, 14.9, 17.7 and 20.5).
Moreover, the greater the number of the layers in a nanotube,
the larger the gap between the rings in adjacent shells. In
reality, alignment of carbon nanotube walls can be achieved in
two ways: the variation of separation along the c-axis, or the
formation of a polygonal cross-section. In practice, the varied
002 d-spacing in BCCNs has been observed by TEM.7

c. Finite crystal size along the c-axis

From the full width at half maximum (FWHM) analyses for
the (002) peak and the Bragg equation, the number of graphite
layers along the c-axis for BCCNs is ca. 42, comparable with
that for MWCNs.13 It is noteworthy (Fig. 3) that the 004
re¯ection is split, indicating the presence of varied d-spacing
along the c-axis as the number of layer increases. This result is
consistent with the TEM observations described above.

5. Vibrational spectroscopy

Partial replacement of carbon by boron in the nanotube
structure will lower the local hexagonal symmetry and result in
further IR-active vibrations. For N-doped graphite16 analo-
gous lowering of symmetry caused both the Raman D- and G-
bands (vide infra) to become IR active, whereas we were unable
to detect any IR absorption for our BCCN samples. This is

probably because the BC3 domains are localised on the
nanotube tips, whilst the main contribution to the IR spectrum
is expected to arise from the cylindrical sections of the tubes.17

Nevertheless, the effects of boron doping were apparent in the
Raman spectra of these samples.

The Raman spectrum of MWCNs, puri®ed in the same way
as the BCCNs, is shown in Fig. 5(a), 514.5 nm excitation, and is
similar to previously reported spectra.18,19 A strong band at
1571 cm21, corresponding to the E2g G-band of HOPG, is
downshifted by 9 cm21 due to nanotube curvature.20 The band
width, 31 cm21, is slightly broader than that recorded for
MWCNs (23 cm21 18 and 20±22 cm21 19) and broader than that
for HOPG (15 cm21 18,19). A weak band, corresponding to the
disorder-induced D-band of graphite, occurs at 1347 cm21.
Hiura et al. attributed this band to the presence of nanometre-
sized graphitic particles.18 For crystalline graphite, the D-
band : G-band intensity ratio (ID : IG) is inversely proportional
to the crystal size in the direction of the graphite plane.21

Kastner et al. used this relationship to estimate the average
length of MWCNs, which was found to be between three and
nine times less than the maximum bimodal length distribution
obtained from an HRTEM study. They suggested that the D-
band intensity is enhanced by nanotube curvature, tubes with
smaller diameters providing the greater enhancement.19 The
intensity ratio (0.23) is larger than that measured here (0.06),
although the tube diameters are similar in both studies. This
outcome is probably due to the puri®cation process, which
results in the removal of large quantities of amorphous carbon
and polyhedral carbon particles, thereby highlighting the
characteristics of the nanotube structure.

The most intense absorption at high wavenumbers is the so-
called (second order) D*-band, centred at 2687 cm21 (band-
width 82 cm21). Weak bands occur at 2445, 3147 and
3227 cm21. The broad 3147 cm21 band has not been previously
reported, and is probably the second order of the intense

Fig. 4 Electron diffraction on individual BCCN bundles (a), consistent
with the zigzag simulation (b).

Fig. 5 Raman spectra of MWCNs with 514.5 nm (a) and 632.8 nm (b)
excitation wavelengths. Raman spectra of BCCNs with 514.5 nm (c)
and 632.8 nm (d) excitation wavelengths.
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1571 cm21 band. The other two bands were reported by
Kastner et al.,19 and are present in the graphite spectrum,
where they are attributed to second-order features due to the
contribution of a mid-Brillouin-zone extrema in the phonon
density of states.20

The spectrum of MWCNs, excited with 632.8 nm radiation,
is shown in Fig. 5(b). Although very similar to that recorded
with 514.5 nm excitation, there are notable differences; e.g., the
ID : IG ratio has increased from 0.06 at 514.5 nm to 0.10 at
632.8 nm. A similar change has been observed for various
polycrystalline graphite and is attributed to resonance
enhancement of the G-band upon excitation at shorter
wavelengths; p±p* transition at 4±5 eV.22 The appearance of
a shoulder (1616 cm21) on the high wavenumber side of the G-
band, was observed previously by Kastner et al. for both yellow
and red nanotube excitations.19 This band also occurs in the
spectrum of graphite crystallites23,24 and has been assigned to
disorder-induced symmetry broken by the ®nite particle size,
similar to the D-band. Another notable difference between the
Raman spectra recorded with 514.5 and 632.8 nm excitation is
that both the D- and D*-bands appear at lower wavenumbers
with 632.8 nm excitation, the D- and D*-band being lowered
by 14 cm21 and 30 cm21, respectively. This phenomenon was
noted by Kastner et al.,19 who tentatively attributed the
difference to phonon dispersion at the K and M derived points
at the Brillouin-zone edge. Laser excitation then results in
resonance enhancements of contributions from regions near to
the observed D- and D*-bands.

Raman spectra of BCCNs are shown for 514.5 nm [Fig. 5(c)]
and 632.8 nm [Fig. 5(d)] excitation. Below 1700 cm21, the
BCCN bands are ca. 20% broader than the corresponding
MWCN bands, the most obvious difference lying between their
ID : IG values. At 514.5 nm, the ratio increases from 0.06 for
MWCNs to 0.90 for BCCNs, whilst at 632.8 nm it increases
from 0.10 to 1.40. The high wavenumber shoulder on the G-
band is evident for both excitation wavelengths in the spectra
of BCCNs. These differences are consistent with the presence of
boron atoms in the carbon framework, which reduce the
ordering of the carbon atoms. Above 2500 cm21, the strongest
D*-band is accompanied by a band at higher wavenumber.
This is the DzG combination band (1355z1583~2938 cm21,
seen at 2933 cm21, for the 514.5 nm line). Dispersion in the D-
and D*-bands (and hence in the combination) is seen in the
spectrum of the BCCNs. On going from 514.5 to 632.8 nm
excitation, the D-band and D*-band are lowered by 28 and
55 cm21, respectively. This near doubling in the dispersion,
proceeding from MWCNs to BCCNs, is related to differences
in the electronic structure of these materials. Further
interpretation of the electronic structure of BCCNs awaits
detailed calculations.

Electron and X-ray diffraction analyses show that the
BCCNs possess a well-de®ned 3D order, i.e., the presence of
boron does not signi®cantly change the overall regularity of the
hexagonal lattice in the nanotubes. Raman characterisation, on
the other hand, is based on the nanotube vibrations, and is
sensitive to departures from local hexagonal symmetry. This is
apparent in the relatively intense D-band, which we have
shown to be due to the presence of the BC3 domains in the
carbon framework, and does not re¯ect the actual crystallinity
of the BCCNs.

6. The effect of boron on the electronic structure of
carbon nanotubes

Microwave conductivity measurements on BCCN samples
(Fig. 6) revealed a metallic pro®le in contrast to measurements
on MWCNs which are characterisitic of thermally activated
semi-conductors. For pure BC3 nanotubes, calculations
showed the presence of a free electron-like type structure, in

which p and p* states (i.e., conduction bands) located above the
Fermi level intercept at the 2/3 position between the C and X
points in the Brillouin zone.26 However, the electronic structure
of BCCNs resembles that predicted by classic band theory for
silicon-based semi-conductors (i.e., an extra energy level is
created near the valence band edge as a P-type dopant is
introduced), since the carbon nanotubes are partly doped with
boron.

The introduction of boron into carbon networks increases
the number of (hole-type) charge carriers, thus enhancing
conductivity. Nevertheless, the BC3 units also act as structure
defects, resulting in an increase in scattering density and
therefore a lowering of the carrier mobility. However, as EELS
investigations indicated that the BC3 domains are mainly
con®ned to the tip regions of the tubes, the scattering density
increment along the in-plane direction may not be signi®cant in
BCCNs.

The BC3 domains are more likely to be present in the outer
than in the inner layers. Experiments, performed by Carroll et
al., using STM to analyse directly the local density of states
(LDOS) on the individual BCCNs, showed the disappearance
of the band gap over the BC3 domains.27 This fact supports our
assumption (vide supra). Meanwhile, if greater energy is
required for pentagonal ring formation in the presence of
boron at the open edge of the tube, one should expect that the
energy requirement is much greater in the inner than in the
outer layers, due to the presence of greater strain in the inner
layers.

In summary, the introduction of boron into carbon
nanotubes results in: (a) increase in 3D ordering, due to the
presence of good alignment along the c-axis, but slightly less
ordering in the in-plane direction of the nanotubes, caused by
the reduction of hexagonal lattice regularity; (b) hexagonal
lattice symmetry breaking, due to the formation of BC3 units;
and (c) enhancement of nanotube conductivity.
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