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Abstract

Ž . Ž .Bundles of single-walled boron-doped carbon B C , boron- and nitrogen-doped carbon B C N and boronx 1yx x 1yxyy y
Ž .nitride BN nanotubes were prepared by thermal treatment of a mixture of boron trioxide and bundles of single-walled

Ž .carbon nanotubes at 1523–1623 K in a nitrogen flow. The B C qB C N rBN nanotube yield ratio increasedx 1yx x 1yxyy y

with decreasing temperature in the reaction zone. The nanotubes were characterised by using high-resolution transmission
electron microscopy and electron energy loss spectroscopy. The diameter of the individual nanotubes in the resultant bundles
was 1.2–1.4 nm, which was similar to the diameter of the starting C-nanotubes. The BrC ratio of the B-doped carbon
nanotubes was of (0.1, whereas the BN nanotubes exhibited a BrN stoichiometry of ;1.0. q 1999 Elsevier Science B.V.
All rights reserved.

1. Introduction

w xDoping of carbon nanotubes by B and N 1–4 or
synthesizing nanotubes with exact BN stoichiometry
w x5–8 offers the possibility of nanotube electrical

w xtransport tailoring over a wide range 9 . The elec-
tronic structure of such tubes is assumed to be
controlled by their chemistry rather than their geom-

Ž .etry helicity and diameter as for their pure carbon
w xcounterparts 10 .

w xTheoretical calculations 11 and conductivity
w xmeasurements 12 have shown that B-doped nan-
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otubes are intrinsically metallic, while the conductiv-
ity of the pure C nanotube varies between metal and
semiconductor type depending on the nanotube’s

w xchirality 10 . In addition, B is known to increase the
w xoxidation resistance of carbon-based materials 13

which is of prime importance for practical applica-
tions.

A BN nanotube is predicted to have stable insulat-
w xing properties with a band gap of 5.5 eV 14 , which,

however, may drop to 1.5–2.0 eV under cross-sec-
w xtion polygonization 15 . In combination with a higher

resistance to oxidation, this makes a BN nanotube a
perfect nanoinsulating shield for any encapsulated
material.

Among nanotubular structures, special attention
has been focused on single-walled nanotubes
Ž . w xSWNT 10,16 , since they open up a real-life labo-
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ratory for one-dimensional physics due to the ab-
sence of effects important in multi-walled nanotubes
Ž .MWNT : lip-lip interactions between shells and he-
licity distribution for the individual shells.

BN SWNT were found in low yields relative to
MWNT in the resultant product of an arc-discharge

w x w xprocess utilising HfB 7 or ZrB electrodes 172 2

and in relatively high yields after excimer laser
w xablation in different carrier gases 18 .

Recently, a new route for the synthesis of MWNT
in the B–C–N system has been proposed by Han et

w xal. 19,20 . It is a general substitution chemical reac-
tion of carbon nanotubes during which carbon atoms
are partially or completely substituted by B and N
atoms without topological changes of the starting
material. The prime advantage of this technique is its
simplicity, low cost, and a practically unlimited yield
of nanotubes, which depends only upon the quantity
of the starting C nanotubes.

Application of this new technique to synthesizing
SWNT in the B–C–N system is the goal of the
present study.

2. Experimental

High purity untreated carbon SWNT were bought
Ž .from Carbolex USA . Encapsulated metal catalyst

Ž .particles FerNi , carbon nanospheres and an amor-
phous-like carbon residue were present as impurity
phases. The nanotube product consisted of SWNT

Ž .bundles 10–200 nanotubes per bundle . The esti-
mated volume fraction of the SWNT product was
approximately 50–70 vol.%.

The carbon SWNT product, in the form of a black
powder, was placed in a carbon crucible together
with B O and the resultant powder mixture was2 3

heated in an induction furnace with a susceptor made
of graphite at temperatures ranging between 1523
and 1803 K over 30 min in a flowing nitrogen
atmosphere. The temperature in the reaction zone
was controlled with the aid of an optical pyrometer
with an estimated accuracy of "10 K. More details
on specimen preparation are presented in recent pa-

w xpers 19,20 .
The extracted reaction product was mixed with a

CCl solution. Finally, a few drops of the mixture4

were dripped onto a standard B 3 mm carbon-film-

coated copper grid. High resolution transmission
Ž .electron microscopy HRTEM observations were

carried out by means of a JEOL-3000F field emis-
sion type electron microscope operating at 300 kV.
The HRTEM images were taken at the optimum
defocus of the microscope ;y56 nm at a magnifi-
cation of 4=105. The chemical composition and the
bonding character of the product were characterized
by means of a parallel Gatan-666 electron energy

Ž .loss spectrometer EELS using an ultrafine electron
probe focused down to B 0.8–1.6 nm for the diffrac-
tion mode with a 12 cm camera length.

3. Results and discussion

Fig. 1 shows the HRTEM images of the starting
Ž .carbon SWNT bundle Fig. 1a and the resultant

Ž . ŽSWNT bundles of B C Fig. 1c and BN Fig.x 1yx
.1e obtained after thermal treatments at 1523 and

1623 K, respectively. Corresponding typical EELS
spectra taken from the bundles are shown in Fig.
1b,d,f. The BrC ratio of the spectrum in Fig. 1d was
measured to be ;0.1, whereas the BrN ratio of the
spectrum in Fig. 1f was ;1.0. The estimated scatter
of the measured BrC and BrN ratios was ;20%
because of uncertainty in the background subtraction
and the precise evaluation of the pure B-, C- and
N–K edges.

With a decrease in the thermal treatment tempera-
ture from 1623 to 1523 K, we observed B Cx 1yx

ŽSWNT bundles only occasionally containing negli-
. Ž .gible traces of N in the resultant product Fig. 1c,d .

Though B C and B C N SWNT bundlesx 1yx x 1yxyy y

form preferentially even after increase in temperature
to 1623 K, we were able to detect some fraction of

Žpure BN bundles as a by-product in this case Fig.
.1e,f . Typically, SWNT formed in the bundles, al-

though individual isolated SWNT were occasionally
observed. A further increase in processing tempera-
ture to 1803 K leads to the complete transformation
of the C SWNT bundles to bulk BN product consist-
ing of hexagonal, rhombohedral and turbostratic BN
with a minor fraction of BN nanoscale structures:
polygonal particles, nanocones, nanorods, and
MWNT, with no traces of the SWNT bundles re-
maining.
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Ž . Ž . Ž .Fig. 1. HRTEM images of the starting carbon SWNT bundles a and the resultant B C c , and BN e SWNT bundles prepared throughx 1yx
Ž Ž .. Ž Ž ..a partial at 1523 K c or complete at 1623 K e substitution chemical reaction. The corresponding EELS spectra taken from the starting

Ž . Ž . Ž .C SWNT bundle b , the B C SWNT bundle d , and the BN SWNT bundle f are also shown. The B-, C- and N–K edges at 188, 283,x 1yx

and 401 eV, the characteristic p )-peaks indicating sp2-hybridization in the nanostructures, and the calculated BrC and BrN ratios are
labelled.

The diameters of the individual SWNT in the
B C , B C N and BN bundles exactly cor-x 1yx x 1yxyy y

responded to that of the starting SWNT and were in
Ž .the range of 1.2–1.4 nm Fig. 1a,c,e . Thus, it can be
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presumed that the starting C SWNT are not simply
the source of carbon atoms during the synthesis, but
that C atoms in the SWNT are partially or com-
pletely substituted by the B and N atoms, while the
topology of the SWNT is kept unchanged, although a
slight undulation of the individual SWNT in the

Ž .bundles may have taken place Fig. 1e .
The following chemical reactions have been pro-

posed for the incomplete and complete substitution
reactions, respectively, leading to the formation of

w xMWNT B C and BN 19,20 :x 1yx

xB O q 2q3 x C nanotubesŽ . Ž .2 3

™2B C nanotubes q3 xCO , 1Ž . Ž .x

B O q3C nanotubes qNŽ .2 3 2

™2BN nanotubes q3CO . 2Ž . Ž .
It appears that these reactions are indeed applica-

ble in the case of SWNT synthesis. During the
reactions, the SWNT C were oxidised and the C
atoms were partially or completely substituted by B
and N atoms and flowed away as CO vapor. The
sources of the B and N atoms were boron trioxide
vapour and flowing nitrogen gas, respectively. Al-
though the details of the substitution mechanism
need to be clarified, we expect that the intra-tube
tunnels between the individual tubes in the bundles
may serve as effective pathways for O, B and N
atom diffusion, which allows them to reach the
individual SWNT and react with them.

Numerous EELS runs taken on the B C SWNTx 1yx
Ž .bundles Fig. 1d revealed that their B-content never

exceeded ;10 at.%. It is of interest that the same
composition limit was realised for B C MWNTx 1yx

w xsynthesized through the substitution reaction 20 ,
and for B C fullerenes prepared by intense elec-x 1yx

tron irradiation of the graphitic B-doped materials
w x21 . In the case of the B-doped fullerenes, this limit
was found to correlate with the minimum in energy

Ž .of the B C series ns2, 4, 6, 8, 10 at ns6,n 60yn
w xi.e., a B content of ;10 at.% 22 . According to

Ž .density functional theory DFT calculations, the
chemical potential difference at which B C be-6 54

comes more stable than the C molecule was found60

to be 2.826 eVratom, compared to a very consistent
value of 2.836–2.837 eVratom for the structures

w xwith 2, 4, 8, and 10 atoms 22 . Analogous energy
w xcalculations for B C SWNT are underway 23 .x 1yx

We note that the maximum B-content and the
arrangement of B-atoms in B-doped nanostructures
is a questionable issue. To date, B-doped MWNT

Ž .with high B-content ;25 at.% have only been
w xreported by Weng-Seih et al. 24 . However, lower

B-contents were observed for B C MWNT inx 1yx
w xlater studies by various authors 20,25 . The B con-

tent in B C thin films grown by chemical vaporx 1yx
Ž . w xdeposition CVD was found to be 17 at.% 26 . It

was also mentioned that a B-content greater than this
value would result in the presence of B-atoms in
interstitial positions and produce a significant in-
crease in d spacing, or in defect generation within002

Ž .the graphitic sheet i.e., B-rich islands . The intrinsic
w xmetallic behaviour of the B-doped MWNT 11,12

was accounted for by the existence of the B-rich
Ž .islands e.g., BC in the graphene sheet. No data3

have so far been reported for the B C SWNT.x 1yx

Thus, presently it is rather difficult to determine both
the reasons for the experimentally observed 10 at.%
B-content limit in B C SWNT, and the precisex 1yx

distribution of the B-atoms in the B C SWNTx 1yx

bundles prepared through the substitution reaction,
although a pronounced p )-peak in the B–K edge at

Ž .188 eV Fig. 1d allows one to assume that the
B-atoms are in the same sp2-hybridised state within
the graphitic shells as their C counterparts and are
not gathered in the B C SWNT bundle intra-tubex 1yx

tunnels.
The BrC and NrC ratios for the B C Nx 1yxyy y

SWNT bundles varied over a wide range from bun-
Ž .dle to bundle Fig. 2a,b . In addition, these

ratios were found to depend on the position of the
EELS probe across or along the bundle axis. It is
suggested that such a variety reflects the deviations
in chemical composition between the individual tubes
in the bundles andror within the graphitic shell of
the elemental tubes. The nearly equal BrC and NrC

Žratios measured in every particular EELS run Fig.
.2a,b may reflect the fact that the substitution reac-

tion proceeded gradually by formation of pure BN
areas incorporated into C graphitic shells, rather than
by a random substitution of the C atoms by the B
and N ones, thus, leading to the altering of the pure
BN and C SWNT within the bundle andror pure BN
and C areas within the individual shells. Similar to
the B-doped SWNT, for which B-rich islands seemed

w xto be favoured 11,12 , BN-rich islands in the indi-
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vidual graphitic shell may also be presumed to exist,
forming heterojunctions between C and BN nan-

w xodomains 9 .
Ž .The BN SWNT bundles Fig. 1e do not show
Ž .any traces of residual carbon Fig. 1f confirming

that the substitution chemical reaction proceeded to
Ž Ž ..completion Eq. 2 . Occasionally, individual iso-

lated BN nanotubes were observed in the product.
Fig. 3 shows such a BN SWNT exhibiting a charac-
teristic dimension in a cross-section of approxi-
mately 2.5 nm.

The exciting feature of the BN SWNT in Fig. 3 is
the HRTEM contrast observed in the core region,
resembling the 2-D image of a nested 4-shelled
entirely closed cage. Since the HRTEM contrast
under the focusing conditions of Fig. 3 is exactly the
same for the areas of the SWNT that are at a tangent

Fig. 2. Representative core-loss K-shell EELS spectra taken from
Ž . Ž .the BN-poor a and BN-rich b B C N SWNT bundlesx 1yxyy y

prepared through an incomplete substitution reaction at 1623 K.
The B-, C- and N–K edges and corresponding BrC and NrC
ratios are shown.

Fig. 3. An isolated individual BN SWNT found in a specimen
processed from the C SWNT bundles at 1623 K, exhibiting a
nested 4-shelled octahedral BN fullerene encapsulated within. The
fullerene HRTEM image resembles a hexagon, which would be
consistent with an octahedral BN cage viewed in an orientation

² : w xclose to 111 27,28 .

to the electron beam and for the 4-shelled object in
the core region, we consider that the cage is encapsu-
lated in the SWNT rather than mounted on the
SWNT surface. Recently, encapsulated C 60

w xmolecules have been observed in C SWNT 29 . The
2-D cage image in Fig. 3 is obviously not spherical
as it should be for a C type fullerene and would be60

consistent with a nested octahedral BN fullerene
² : Žviewed in an orientation close to 111 hexagon-like

. w xHRTEM image 27,28 . The dimensions of the
nested encapsulated 4-shelled object match well those
of the B N @B N @B N @B N nested12 12 76 76 208 208 412 412

w xoctahedral fullerene 28 . A perfect fit between the
BN octahedral fullerene and the BN SWNT in Fig. 3
with no gap between their shells leads us to suggest
that the individual BN SWNT cross-section may not
be a sphere but a polygon.

4. Conclusions

Bundles of B-doped carbon, boronrnitrogen-
doped carbon and boron nitride SWNT were ob-
tained through a partial or complete substitution
chemical reaction from carbon SWNT bundles by
thermal heating of C SWNT with boron oxide in a
nitrogen flow at 1523 and 1623 K. The B-doped and
BrN-doped SWNT were the only fractions in the
SWNT product obtained at the lower temperature
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and those yields were markedly higher than that of
pure BN SWNT after thermal treatment at the higher
temperature. The BrC ratio in the B-doped SWNT
was limited to ;0.1, whereas the BN SWNT re-
vealed an exact stoichiomety of the BrN-1.0. Occa-
sionally, octahedral BN nested fullerenes were found
to be encapsulated within the individual BN SWNT

w xin a similar way as C molecules in C SWNT 29 .60
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