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Soon after the discovery of carbon nanotubes, the ternary system
of BCN nanotubes began to attract increasing research intefest.
A prime advantage of the BCN nanotubes over their carbon
counterparts is the relative simplicity in controlling the tube
electronic propertied® A pristine carbon single-walled nanotube
(C—SWNT) may behave either as metal or as semiconductor with
varying band gaps, depending sensitively on the tube diameter and
chirality whose control remains a formidable challenge for all
known synthetic methods. By contrast, the electronic structure of
BCN nanotubes is predicted to be controlled largely by their
chemistry rather than their geometry, such that the band gap could

be tailored over a wide range merely by varying the tube’s chemical rigure 1. (a) TEM image of the as-grown BGRSWNTSs and (b) EELS
compositior?3 spectrum taken from a SWNT bundle.

Direct synthesis of the B- and N-doped multi-walled carbon over the powdery MgO-supported FMo bimetallic catalyst
nanotubes (BCNMWNTSs) was first attempted by Stean et al. (denoted as FeMo/MgO), by using CH, BoHe, and ethylenedi-

in 199422 Since then, considerable progress has been made in theamine vapor as the reactant gases. Details of the catalyst preparation
synthesis of the ternary BCNMWNTs and/or nanofibers by P g : ystprep

different means of arc-discharge, laser ablation, and chemical vaporﬁ]r}grtr:ztEECVD growth process are presented in the Supporting

deposition (CVD}4° At the same time, theoretical understanding In Figure 1a, we display the transmission electron micrascopy

of the structural and electronic properties concerning the BCN (TEM) image of the as-grown BCNSWNTs. TEM observation

nanotubes has also been largely advariéethe majority of the 9 g )

theoretical work, however, has been dealing with the SWNT reyeal_ed that th? as-grown SWNTs have clean an_d smooth surfaces
' ' with diameters in the range of 0-2.5 nm. Sometimes doubled-

fr::JnCtuflfr? d?rtr:]ee;tter\]la(;]ifm g?g:s(%;?ﬁggzbffgehg\zires%:;e:ély walled nanotubes (DWNTSs) with slightly larger outer diameter can
y Y ) also be found to coexist with the SWNTSs, but their amount is not

portantly, |t.|s. or.1ly.the SWNTs structur.e that wou.ld makg the dominating. An electron energy loss spectroscopy (EELS) spectrum
study of their intrinsic structural and physical properties easier and 27 o
68 ; ) . taken from a SWNT bundle is displayed in Figure 1b, where the

more valuablé:5-8 In this regard, exploring synthetic methods for K-edges of B, C, and N can be clearly identifiett® The sharply
producirlg high-quality termary BCNSW.NTS is highly desirable, defined 7* an,d (,7* fine structure features of thé C K-edge are
though.|t seems to be an even more difficult task. Up to.now, the characteristic of well-graphitized 3ponding carbon networks.
only existing example of the ternary BGREWNTS synthesis was The B and N K-edge signals, though being much weaker, also show
achieved via an alternative post-growth treatment route, that is, bya discernibler* peak as weI,I as &* band. indicatin thai the B
substitution reaction of the presynthesized pristireS®VNTs with and N atoms eF:re in the samezft]ybridi,zed stateg as their C
BsO, and N\ at high temperaturgAs far as the direct synthesis counterparté&*° That is, the B and N atoms are built into the
:)c;u;ﬁéitcocl):ﬁﬁmgf’c:gw;gri thaevlv s\,ltlLth?:eBs j:]ﬁpvxi?;\zzepnocs;'bmtygraphite network by substitutional doping, rather than gathered in

ping y . ' the bundle intra-tube tunnels. The ternary bonding nature of the
for the presence of the ternary SWNTs simultaneously composed BCN—SWNTs was further confirmed by X-ray photoelectron

of the B, C, and N elements have not been identified yet. o ' .
Herein, we report on the direct, large-scale synthesis of ternary spectroscopy (XPS) characterization (see Supporting Information,
’ ' Figure S3). From the XPS spectra of B 1s and N 1s core-level

BCN—SWNTs via a bias-assisted hot filament CVD (HEVD) electrons, the presence of$p—C, C—N, and B-N bonding states

process. The same HEEVD system has previously been used in . o -
. ) . can be clearly identified, whereas other bonding states were not
our group to grow turbostratic BCN films and oriented BCN found

12 i . : . .
MWNTSs. Th'.s work is a continuation of our ongoing efforts For EELS elemental quantification, the detected B/C and N/C
toward the rational growth of BCN nanostructures. In the present . . .

relative ratios were usually different from bundles to bundfes.

contribution, the BCN-SWNTSs’ growth by HF-CVD was achieved We have performed numerous EELS runs on different BCN

t Institute of Physics, Chinese Academy of Sciences. SWNT bundles, and in most EELS runs, the N contents prevailed
*International Center for Young Scientists, National Institute for Materials over those of B. The B contents usually vary in the range-o4 2
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Materials Science. % and can, on occasion, reach as high-d$é atom %. It is likely
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Figure 2. Zero-loss and energy-filtered images of two adjacent BCN
SWNT bundles.

Figure 3. Typical HRTEM images of (a) an individual BCNSWNT; (b)
a thin SWNT bundle; (c) a thick SWNT bundle; and (d) an individual
DWNT. Scale bar= 5 nm.

that the B is more difficult than N to be incorporated into the
graphite latticé?

For the as-grown BCNSWNTS, we also succeeded in recording
the energy-filtered elemental maps of B, C, and N, respectively. In
Figure 2, the zero-loss and energy-filtered TEM images of two
adjacent BCN-SWNT bundles are shown, where it can be seen
that all constituting B, C, and N elements are homogeneously
distributed within the SWNTSs tube shells.

In the present study, we have conducted detailed high-resolution
TEM (HRTEM) analyses of the BCNSWNTs as well as the
pristine C-SWNTs prepared via the same HEVD growth
process. It turned out that the BEI$WNTs are generally more
deformable under the irradiating electron beam tharS@/NTSs.
This phenomenon is understandable when considering that the
substitutional B and N atoms are localized defects within the honey-
comb carbon lattice, and thus that the BCN tube shells are
energetically less stable than pure carbon latti®eNevertheless,
as shown in Figure 3ad, the BCN-SWNTs normally have the
straight cylindrical tube walls, a morphological feature similar to
that of the pristine € SWNTSs. This is in contrast to the previously
reported defective, “bamboo-like” tube structures of BEN
MWNTs,24512put in line with the BCN-SWNTSs obtained via the
substitution reaction routeRecently, the straight nonbuckled tube
wall structure was also observed for the binary N-doped SWNT
prepared by arc-discharg@For the SWNT structures, it is likely
that the B and/or N incorporation will introduce topological defects
in the graphite shell, but not necessarily result in the defective,
bamboo-like structural featuréhe BCN-DWNTSs coexisted with
the SWNTSs also exhibit similar nonbuckled hollow tube structure
(Figure 3d).

Here we note that, except for SWNTs and DWNTS, the present
HF—CVD growth also produced multi-walled carbon onions and
a small amount of bamboo-like MWNTSs. These byproducts cannot
be entirely avoided, but their amount can be effectively reduced

by optimization of the growth parameters, such as the partial
pressure and feeding sequence of the reactant gases, the filament
temperature, the bias voltage, and growth time, etc. More impor-
tantly, optimizing the FeMo/MgO catalyst is also crucial for the
BCN—SWNTs growth. Itis only the optimized catalyst with proper
metal loading and superior textural properties that could ensure
growth reproducibility and improve the selectivity toward SWNTSs.

In summary, the direct synthesis of ternary BEBWNTSs via a
bias-assisted HFCVD process was presented. The BESBWNTs
were grown over the powdery F&o/MgO catalyst by using CH
B,He, and ethylenediamine vapor as the reactant gases. EELS and
XPS characterization results confirmed that the B and N atoms are
incorporated into the SWNTS'’ lattice by substitutional doping. The
element EELS mapping further indicated that all constituting B,
C, and N elements are homogeneously distributed within the SWNT
tube shells. HRTEM observations revealed that the as-grown-BCN
SWNTSs have the straight nonbuckled tube wall structure.
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