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Simple Growth of BCNO@C Core Shell Fibers and
Luminescent BCNO Tubes

Liangxu Lin®, Le Ma®, Shaowei Zhang"®, Juntong Huang” and Dan A. Allwood™

A novel core shell structure (BCNO@C with C core and BCNO shell) has been prepared using
a simple heating reaction. These fibers have a diameter around 100-300 nm with lengths up to
hundreds of micrometers. To create BCNO@C fibers, the C fibers (cores) were first grown
using Ni particle catalysts before adding BCNO shells. Simple burning of the core shell fibers
led to the formation of novel By.43Cq23N02700.07 tubes. Unlike the BCN tubes grown from the
substitution of C tubes, the BCNO tubes here have a homogenous structure with luminescence
centered at around 386 nm (from 290-700 nm), which was mainly contributed by the 1,3-B
centers, carbene structures and BO,™ species. The method used here is suitable to being adapted

in the future to tune the electronic structure of BCN based materials.

1. Introduction

Multilayered hexagonal boron nitride (hBN) nanotubes (BNNTSs)
and carbon nanotubes (CNTs) are layered materials with densely
packed sp® hybridized benzene-ring structure in each layer.!
However, the physical properties of BNNTs and CNTs are greatly
different.? Although the preparation of pure BN that displays deep
ultraviolet emission is difficult (it is usually suppressed by dopants
such as C*), tuning the element composition in the range from hBN
to graphite to achieve a B,CyN, structure can open new electronic
gaps for various applications (e.g. electronics and optoelectronics).*

Nevertheless, preparation of ByC,N, nanotubes using arc-
discharge,’ chemical vapor deposition (CVD)® or pyrolysis
techniques’ typically involves toxic or expensive reagents such as
methane (CH,), diborane (B,H,), ammonia (NHj3) and melamine
diborane. The arc-discharge and CVD technologies are also complex
and become expensive for B,C,N, nanotube production. Alternative
routes may involve the substitution of CNTs with B and N to form
doped nanotubes.®*® While the initial growth of CNTs can be
expensive, their substitution usually results in a heterogeneous
distribution of dopants.® Although some new methods, such as
electrospinning techniques are well developed for building
interesting nanostructures,'®'? significant works are still need to
understanding the deformation of these nanostructures under high
temperature conditions (normally involved in the nucleation and
growth of inorganic C/BN/BCN fibers).

Here, we report a simple growth route for homogenous and
luminescent BCNO tubes. This involves the growth of carbon fibers
(catalyzed by Ni particles) followed by the growth of C- and O-
doped BN layers around the fibers to achieve a BCNO@C core-shell
structure (C core and BCNO shell). Bj43C(23N270007 tubes
remained after the C cores were burned out and, unlike the other
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methods discussed above, had a relatively homogenous B, C, N and
O distribution. The C and O dopants in the sp> BN lattice creates
new luminescent centers and gives much potential for tuning the
properties for optical and electronic devices. In this paper, how these
interesting structures formed in the reaction is also investigated.

2. Experimental Section

A. Preparation. 2 g VBS750 sealant tape (Tygavac Advanced
Materials Ltd) was used as carbon source for the reaction (Scheme
S1), which was placed into one side of a corundum tube. An Al,O3
boat was used to hold a mixture of B,O; (1 g) and NH,CI (4 g). A
graphite paper with nickel nitrate coating (0.1 mg/mL Ni(NOs),
solution was drop-casted on the substrate with ~ 1 mm thickness,
and then dried in the oven) was used to cover the crucible boat. A
furnace tube containing the carbon source and Al,O; boat was
purged with N, for 10 minutes and then heated to 1450 °C (heating
rate: 5 °C/min) and held for 1 h in flowing N, (purity 99.999%). The
fired samples were allowed to cool to room temperature in flowing
N,. A black layer of product (BCNO@C) was visible on the
underside of the graphite paper, which was collected for the
characterization and following treatment. Finally, the carbon cores of
the collected BCNO@C fibers were removed by heating at 500 °C
for 30 minutes in an oven under air condition. As a control,
preparation was also conducted without the Ni(NOj), catalyst. For
the study of the growth mechanism, the preparation (with Ni(NO;),
catalyst) was also conducted at 1000 °C for 1 hour.

B. Characterization. Fourier transform infrared (FT-IR)
spectroscopy was performed on a commercial PerkinElmer
Spectrum 2000 spectrometer by using a pressed mixture (KBr and
resultant product disks). Raman spectra were recorded on a
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Renishaw in plus laser Raman spectrometer with an excitation
wavelength of 785 nm (with an inVia model microscope and a
Streamline Plus system). Scanning electron microscopy (SEM)
images were taken by a commercial Inspect-F scanning electron
microscope. X-ray diffraction (XRD) pattern was obtained using a
Philips PW1830 powder diffractometer (Cu Ka, wavelength ~0.154
nm). Transmission electron microscopy (TEM) images and selected
area diffraction patterns (SAED) were taken by a Phillips 420
transmission electron microscope at 120 kV, and by a JEOL 2010F
transmission electron microscope operated at 200 kV with field
emission gun (for high resolution TEM/HRTEM). Energy-dispersive
X-ray spectroscopy (EDS) of the samples were recorded during the
SEM (Inspect-F) and TEM (JEOL 2010F) characterizations. The
cathodoluminescence (CL) of the sample was recorded by a
GatanMono CL-4 CL detector with Inspect-F SEM.

3. Results and discussion

Figure 1. (a, b) SEM and (¢, d) TEM images of BCNO@C fibers; (¢) SEM
and (f) TEM images and (g) B-, (h) N-, (i) C-, and (j) O- EDS maps of
BCNO tubes.

Graphite paper prepared with Ni catalyst source was placed over a
crucible containing B,O; and NH,CI and the crucible heated in a
flow of C-containing N, gas (Scheme S1; see Experimental Section
for further details). SEM of the product that developed on the
graphite paper showed fibers with lengths up to hundreds of
micrometers (Figures S1&2). These fibers were of 100-300 nm total
diameter with a core-shell structure, as observed by SEM and TEM
(Figures la-d, Figures S2c&d and Figure S3). The shell thickness
and core diameter were generally approximately comparable
(Figures lc&d and Figure S3). EDS analyses suggested that cores
contained only C and shells B, C, N and O (Figure S4).

It was hard to directly determine the crystallinity of the core due
to the large diameter of the BCNO@C fiber. However, XRD of the
collected BCNO@C fibers give evident (002) and (100, 101)
diffraction peaks of layered materials (graphite, BN and BCNO) at
around 26.7 and 43° respectively (Figure S5a). High resolution TEM
(HRTEM) of the tip of an exposed core region (Figure 1d inset)
shows an interlayer spacing of ~0.33 nm, corresponding well with
the (002) lattice fringe of graphite (JCPDS card no. 41-1487). The
crystallinity of the fiber was further confirmed by the SAED pattern
from fiber tip (Figure S5b). The fiber shells are also crystalline,
which will be discussed later.
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The chemical composition and structure of the BCNO@C fibers
were further confirmed by FT-IR and Raman spectroscopies. FT-IR
spectra of the fibers (Figure 2a) gave peaks at around 1636, 1381,
1107, 814 and 677 cm’’, which can be assigned to the vibrations
from C-C/C=C (also BN-C), B-N, B-O, N-B-O and O-B-O,
respectively.> The Raman spectra of the fibers (Figure 2b) showed
peaks at around 1347 cm™ (full width at half maximum [FWHM]
115 ecm™) and 1588 cm™ (FWHM 87 cm™). The first of these
corresponds to the D peak of graphite but BN or C/O-doped BN also
show a similar peak.” The second peak corresponds to the G peak of
graphite.'* The high intensity ratio of D/G (~ 1.1) is reasonable due
to the existence of BCNO structures (B/C/N/O species were from the
shell) in the fibers.
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The carbon core of BCNO@C fibers can be easily removed by
heating under air at 550 °C for 30 minutes to leave the BCNO shells
as tubes. In contrast with BCNO@C fibers, the formed BCNO tubes
collapsed slightly to lose their previous circular cross-section (Figure
le&f and Figure S6a&b). Correspondingly, the widest diameters of
these tubes were slightly larger than that of pristine BCNO@C fibers.
The majority of tube tips were flat (Figure le and Figure S6a&b) and
had the same diameter as the tube’s body. However, occasionally,
some tips showed horn morphologies (Figures S6c&d).

FT-IR spectra of the hollow BCNO tubes (Figure 2a) showed a
weakened and slightly red shifted vibration at around 1626 cm™
(shifted from 1636 cm™ of BCNO@C). It is likely that this is due to
the loss of the C-C/C=C contributions with the removal of the C core
and that peak was purely due to the C- and O-doped BN structure of
the tube. Raman analysis of the BCNO tubes (Figure 2b) confirmed
the removal of the C core, with the only response at around 1339 cm’
' (FWHM of 29 cm™) corresponding to a red-shift of the 1365.5 cm™
peak from hBN." This red shift suggests that C- and O- chemical
doping happened within the lateral hexagonal BN structure via
substitution of B and N elements rather than the chemical
functionalization of the BN structure which, in principle, would
suppress the vibration of B-N and lead to blue shifting of the Raman
response. Traditional substitution of C tubes (with B and N dopants)
normally results in remaining C-C/C=C domains giving a clear
Raman response at around 1588 cm™.” However, the lack of the
Raman G peak for C-C/C=C species from our BCNO tubes (Figure
2b) indicates that they contained few carbon-carbon bonds.

TEM observation of a remaining BCNO tube (Figure 1f) shows
relatively homogenous contrast when we might expect some areas
with wrinkles. This suggests a relatively even spread of the elements
in the tube. This is confirmed by the EDS mapping (Figures 1g-j) of
one BCNO tube (SEM image of this tube is shown in Figure S7).
Further EDS analyses give the average chemical composition of
tubes to be By.43C(23Np 270007 (calculated as an average from ten
EDS spectra. Analysis from different areas showed similar chemical
composition). The chemical composition of the tube tips and bodies
are similar (Figure S8, also similar to the analysis of BCNO shell
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before C removal in Figure S4c). The high proportion of C and the
absence of a G peak in Raman spectra (Figure 2b) suggest that C
distribution is relatively homogenous in the BCNO tubes. Like the C
core of the BCNO@C fibers, the BCNO shells are also crystallized.
Figure 3 shows HRTEM images of the tubes, which show the
crystalline nature of the BCNO. The interlayer distance of the
BCNO tubes was measured as around 0.33 nm, corresponding well

with the (002) lattice of sp? hBN structure (JCPDS card no. 45-0896).

However, the HRTEM also suggested some dislocations (e.g. dotted
circle in Figures 3a-c) on the wall as well as a crack in the tube
(Figure 3d). It is expected since dislocation and crack might be
induced by the chemical doping of BN structure and sonication
treatment (for TEM analysis), respectively.

@ 2 (o)

— T B S —mv'z K
Figure 3. HRTEM images of the BCNO tubes. C axis in these images

represents the tube direction, which is parallel to the (002) plane of BCNO
tubes.

Drop-Casting Fiber Core-Shell
Ni(NO,), Covered Film e Growth T ube
KX
< Nucleation @
v — s
The Laier of Ni Particle O

Figure 4. Growth scheme and SEM images of (a) graphite substrate, (b)
reacted graphite substrate with Ni catalyst and (c) — (f) various BCNO@C
core/shell fibers.

We performed further systematic investigations to understand how
these BCNO@C fibers can be grown using this simple method. The

This journal is © The Royal Society of Chemistry 2012
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scheme in Figure 4 describes the process of heating the NiNO; on
the graphite substrate to nucleate and form Ni particles
(Ni(NO;),+C—Ni). The (111) lattice of the crystallized Ni matches
that of graphene and has been used previously as a substrate and
catalyst for the growth of graphene and graphite fibers/tubes.'> In
our experiment, the growth of fibers was achieved only with the
addition of Ni(NOs),. The formed Ni particle during the heating
process can be the catalyst for the growth of carbon fibers. Figure 4a
is an SEM image of the blank graphite substrate, showing the surface
morphology (also see Figure 4a inset). Heating the Ni-coated
substrates to 1000 °C for 1 h created carbon seeds for form on the
substrate surface (the small bright dots in Figure 4b). The Ni particle
catalysts gave only a weak signal from EDS (Figure S9), indicating
their low presence or perhaps that they are inside the carbon layer.
The majority of carbon seeds are plate-like rather than spherical
(Figure 4b inset). The crystal structure of graphite means that growth
along the (002) plane is much easier than the others; therefore the
plate seed can be the host (002) wall for the following growth of
carbon fiber (Figure 4c). This deduction corresponds well with SEM
and HRTEM observations (Figures la-d and Figure 3). Fibres
appeared to twist and distort close to their seed before evolving into
a cylindrical cross-section (e.g. Figure 4c). Besides, some cylindrical
fibers emerging from single larger carbon seeds was also found
(Figure 4d).

From these SEM images, it can be concluded that the fibers were
grown either from the tip (majority) or building up from the root.
Our SEM images shown earlier (Figures la & b) suggested that most
fibers have a tip diameter smaller than the fiber diameter (also see
Figure 4e). This can be explained as the fiber growing by material
becoming added to the tip. However, we occasionally found some
tips that were much bigger than the diameter of remainder of its
fibers (Figure 4f). This is only possible if the fiber was at least in
part built up from the root (e.g. Figure S10). Following the
formation of carbon fiber, the formed (002) graphite wall performed
as the model lattice for the growth of BCNO shell (also see Figure 3).
This is understandable since the (002) BN wall (as well as the C and
O doped BN) has a similar lattice to graphene and finally led to
BCNO tubes as suggested by the growth scheme (see scheme in
Figure 4). One short fiber in Figure 4e (dot circled) also clearly
confirms that the BCNO shell was co-grown with the C fiber along
the (002) orientation (the growth direction has been shown in Figure
3).

From the discussed growth of the BCNO@C fibers, it is
interesting to find that the C core was tended to grow with (002)
direction (rather than perpendicular to (002)). Many works on the
growth of carbon fibers/tubes also gave same feature.>® Considering
the layered structure of graphite, this is understandable since the
nucleation in a graphene layer is easier than the formation of a new
layer. The growth of the C fiber with (002) direction, in principle,
cannot change the surface energy. However, differentially, like the
growth of hBN fiber, growth of the C fiber by attaching new
graphene layers increased the surface curvatures and surface
energies (the O-containing atoms on the C surface also increased the
surface energy of the C core),'® which increased the affinity of C
core with small airborne molecules.!” Therefore, once the C fiber
was formed with a certain diameter, new surfaces with C, B, N, O
composites are tended to be formed as the shells. Further precious
explanation of this competition growth between C core and BCNO
shell may be involved in our future works, which requires systematic
investigations of the surface energy of the materials, temperature of
the reaction, and the concentration of the supplied gas.

The doping of the BN structure with C and O is likely to cause
significant changes to its optical and electronic properties. To
investigate this, we performed CL of the obtained BCNO tubes.
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Figures 5a-d show SEM and CL images of the BCNO tubes, which
were captured during the CL characterization with (Figures 5b-c)
and without (Figure 5a) CL beam illumination. CL imaging showed
the BCNO tubes to be highly luminescent (Figure 5b), despite their
surfaces having been coated with a thin Au layer for SEM imaging.
However, the luminescence intensities of the tubes were not
homogenous, showing significant contrast in Figure 5b. The CL
spectra of two tubes (Figures 5c&d) with different sizes were further
analyzed. Both the big and small tubes (indicated in Figures 5c&d)
showed similar emission spectra except the intensities which highly
depend on their diameter. Luminescence was observed from 290-700
nm, centered at around 390 nm (Figures Se&f), and composed of one
strong peak at around 386 nm (3.2 eV) and three weak emissions at
410 nm (3.0 eV), 438 nm (2.8 ¢V) and 493 nm (2.5 eV).
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Figure 5. (a) SEM and (b-d) CL images of BCNO tubes. (e,f) CL spectra
collected from BCNO tubes, and (g-i) photoluminescence spectra of the
BCNO tubes. Spectra in (e) and (f) were collected from the indicated beam
position in images (c) and (d), respectively. CB: conduction band, VB:
valence band.

On the basis of previous studies, the luminescence here probably
arose mainly from the emission centers of carbon-substituted N
vacancy point defects (3-B and 1-B centers), BO,” (x = 1 and 2)
species, and carbene structure at zigzag edges. These attributions and
energy levels (3.2, 3.0, 2.8, and 2.5 eV) are close to the reported
theoretical predictions and experimental findings (emissions from
1,3-B center at around 3.0-3.4 eV, emission from zigzag carbene
structure and BO,™ species at the lower energies 2.7-3.0 eV).l'*!®]
Characterization (EDS and FT-IR) shows that the shell is composed
of B, C, N and O. Pure hBN domains in the shell did not have such
1,3-B centers. However, 1,3-B centers formed once the N in the BN
domain was replaced by C and consist of unpaired electrons trapped
in the vicinity of ''B.'® Electronic transitions from the 1,3-B center
to the lower carbon level gives luminescence with energy 3.0-3.4 eV
(Figures 5g-i, energy level of 1-B center is slightly higher than that
of 3-B center), which is higher than with other luminescent centers

4| J. Name., 2012, 00, 1-3

(BO, and carbene structure).'™'® This suggests that the main
luminescence components at around 386 nm (3.2 eV) and 410 nm
(3.0 eV) (Figure Se) are mainly due to emissions from 1- and 3-B
centers, respectively. Besides, the C doping of the pure hBN domain
may have led to carbene structure at the zigzag edge, which have
emission with energy (Figure 4h, around 2.9 eV) lower than that
from 1,3-B center.”'®! These almost certainly will have been
present at tube edges but may also have formed at the dislocations
and defects in the tube walls (see Figure 3). The existence of BO,
(x=1,2) species would also create strong luminescent centers in the
tubes. BO,  and BO™ are both closed-shell species. BO,™ has a single

emission line (Figure 5i, from first excited state ‘I, to a linear

ground state 'z;, around 2.5-3 eV), whereas BO™ exhibits three

well-resolved, equally-spaced lines.'*'® The absence of this equally-
spaced luminescence in our CL spectra suggests that the emission
contribution from BO™ was minimal. Nevertheless, at this stage, it is
difficult to differentiate between emissions from zigzag carbene and
BO, species as they have similar energies.

4. Conclusion

In summary, we have prepared core shell BCNO@C fibers
(diameter of ~100-300 nm and length up to hundreds of micrometers)
using a simple heating reaction. Studies show that the carbon fiber
(core) grew from the carbon seed (plate), which was catalyzed by Ni
particles. In this process, the majority of carbon fibers grew
additively from their tip although some appeared to have built up
from their root. BCNO layers were grown around the carbon cores to
form long core-shell structures. Burning the C core from the
structures led to the formation of B0443C0423N042700407 tubes with
homogenous element distribution. The tubes showed intense
luminescence centered at around 390 nm (from 290-700 nm), which
could be identified as emerging from 1,3-B centers, carbene-like
zigzag structures and BO, species in the host lattice. Since the
electronic structure and luminescence of the tubes are highly
dependent on the chemical doping, this growth method has the
potential to allow tuning the band structure of BCN and BCNO tubes
by changing their composition.
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Synopsis

Homogenous BCNO shell has been grown on C fibers, giving feasible way to achieve BCNO ma-
terials with tunable electronic structures.



