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B
oron can be incorporated into carbon
nanotubes (CNTs) to control their che-
mical and physical properties.1�4 Pre-

vious work by Carroll et al.5 showed that
there are variations in the local density of
states along the length of B-containing arc-
discharge multiwalled carbon nanotubes
(B-MWCNTsarc), indicating that changes
could occur in the chemical composi-
tion along the length of the nanotubes.
Satishkumar et al.6 found that the amount
of B in B-MWCNTsarc can vary from nano-
tube to nanotube, from about two to four
atomic percent. Such variations in B con-
centration from nanotube to nanotube, or
even across a single nanotube, are likely to
lead to local changes in the chemical and
physical properties. Broad beam methods
or bulk methods can provide only average

information about the composition of a

material, but fail to provide local information.

In order to understand howB is incorporated

into nanotubes and to be able to control the

properties of nanotubes, it is vital to map

compositional and chemical changes across

single nanotubes at the nanometer scale.
Scanning transmission electron micro-

scopes (STEMs) equipped with spectro-
meters that allow electron energy loss
spectroscopy (EELS) can combine high-
spatial-resolution imagingandchemical anal-
ysis. EELS ionization edges resulting from
the beam exciting core electrons within the
sample can be used to identify the elements
present in a nanotube. The fine structure of
the edge can provide information about the
bonding environment of the atom. By ob-
taining a spectrum image, i.e., obtaining a
spectrum at each illumination point while
scanning the beam across a sample, ele-
mental maps of a material can be produced
that supply information about the chemical
state of the elements at each point.
In this paper, we investigate themorphol-

ogy and local chemical composition of

B-MWCNTs produced using aerosol-assisted
chemical vapor deposition techniques. Our
studies reveal that there are three types of
B-MWCNTs, each exhibiting a different mor-
phology and a distinct chemical composi-
tion. The difference in morphology is most
likely due to the fact that the B is not
distributed uniformly across the sample
and that only two of the three types
of MWCNTs actually contain B. Since one
of the main motivations behind the inclu-
sion of heteroatoms is to alter the electr-
onic properties of the nanotubes, in situ
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ABSTRACT

The “doping” of carbon nanotubes with heteroatoms is an established method of controlling their

properties. However, variations in heteroatom concentration in multiwalled carbon nanotubes

(MWCNTs) tend to produce nanotubes with different morphologies, and hence varying properties,

within the same sample. Electron energy loss spectroscopy in conjunction with imaging using a

scanning transmission electron microscope (STEM) is a powerful tool to precisely map the spatial

variation and bonding state of heteroatoms, e.g., B, N, P, Si, or combinations of these, present in

carbon nanotubes exhibiting different structures. TEM analysis revealed that B incorporation during

MWCNT growth (B-MWCNTs) results in nanotube morphologies that can be divided into three

different types. These include core�shell structures possessing a B-rich core of cones and a C outer

layer, B-containing cone structures, and MWCNTs with an irregular inner channel. In situ studies

were carried out using Nanofactory holder experiments in order to investigate the properties of

individual B-MWCNTs and to show that the three types of nanotubes undergo different current-

induced breakdown. The inhomogeneity in composition, structure, and properties of B-MWCNTs

could result from the variation in chemical composition and temperature within the furnace, and

this work highlights the importance of developing synthesis techniques that can control the

inclusion of heteroatoms into nanotubes.
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experiments were carried out in order to observe the
behavior of the three types of MWCNTs when current
was passed through them, and as anticipated, the
mechanism of current-induced breakdown was
found to be different for each of the morphologies
observed.

RESULTS AND DISCUSSION

Imaging of the B-MWCNT sample was carried out
using a transmission electron microscope (TEM). Three
different nanotubemorphologies were observed with-
in a B-MWCNT batch sample. An example of the first
morphology (which will be referred to as type 1) is
shown in Figure 1a. The nanotube exhibits awell-defined
cone structure surrounded by a more disordered outer
layer, as depicted schematically in Figure 1d. A nanotube
with the second morphology (type 2) is shown in
Figure 1b. Type 2 nanotubes have a well-defined cone
structure, similar to type 1 nanotubes, but without the
thick disordered outer layer (see Figure 1e), and, as we
will see later, show a different chemical composition.
The third morphology (type 3) does not exhibit a cone
structure, and the inner channel of the type 3 nano-
tubes is irregular and varies in width along their length.

The walls are more disordered than the cone structures,
but not asmuchas the type1outer layer. Anexampleof a
type 3 nanotube is shown in Figure 1c with a schematic
representation in Figure 1f.
EELS maps were obtained from each of the three

morphologies in order to investigate their local chem-
istry. Figure 2 shows a high-angle annular dark field
(HAADF) image and elemental map of a type 1
B-MWCNT. The B signal is associated with the cone-
structured core of the nanotube, while the disordered
outer layer consists of carbon only. A previous study of
B-MWCNTs by Hsu et al.7 found B frequently at the end
of the nanotubes. The B-MWCNTs studied by Hsu et al.
were prepared by arc-discharge methods, i.e., at very
high plasma temperatures, compared with chemical
vapor deposition techniques operated at 800�1000 �C,
which are used to produce the B-MWCNTs studied here.
The nanotube tips examined by Hsu et al. showed cones,
and that result is consistent with the findings here that
show B is associated with the cone structures.
A typical EELS B K-edge obtained from the core of a

type 1 nanotube is shown in Figure 3a. A K-edge is an
excitation of a 1s core electron, and the fine structure
within the edge results mainly from excitations to the

Figure 1. Threedifferent types of B-MWCNT. (a�c) Brightfield TEM images and (d�f) schematic representations of (a), (b), and
(c), respectively.
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2p unoccupied states. If the 2p electrons are sp2, or π
bonded, a feature known as a π* peak appears close to
the edge onset in the EELS spectrum. The spectrum in
Figure 3a does not exhibit a strong π* feature and is
similar to the spectrum from amorphous B.8 B atoms
situated substitutionally within flat graphene would
be expected to produce a π* feature,9 and hence
we conclude that the B within the cones is not
bonded in this way. Figure 3b is a B spectrum
obtained from the interface of the core and disor-
dered outer region. In this case, there is a reprodu-
cible π* peak (at 192 eV), indicating that some π
bonding is present.
A HAADF image of a type 2 nanotube is shown in

Figure 4a, alongwith amap of the B K-edge EELS signal
(Figure 4b). The 2D spectrum image shows two differ-
ent B K-edges. The first (Figure 3c) has noπ* peak and is
similar in shape to the typical type 1 spectrum. The
second (Figure 3d) has a sharp π* peak, at 193.5 eV,
which is shifted in energy compared to the π* peak
from the interface of the type 1 nanotube. The spec-
trum in Figure 3d also has a strong feature at 202.5 eV,
and the fine structure of the spectrum is similar to that
of B2O3, which has a π* peak at 194.5 eV and a strong
feature at 202.5 eV.8 This match cannot be achieved
with any other simple B compound, such as hexagonal
BN. A map of the B π* peak (Figure 4c) shows that the
feature is mainly found toward the surface of the
nanotube, and a corresponding oxygen map shows
O is also present (the B π* map is repeated in Figure 4d
with the O map inserted on top). No O signal was
detected in the type 1 nanotube. It is likely that the
type 2 nanotube contains boron oxide, and the slight

decrease in energy of the π* peak compared with the
boron oxide reference suggests that the bonding
environment deviates from the typical B2O3. The boron
oxides may form during the synthesis process as the
nanotubes are grown on a SiO2 substrate, which would
provide a source of O. Alternatively, the lack of an outer
C shell maymean that the B oxidizes on exposure to air
after synthesis. EELS mapping of type 3 nanotubes
generally did not show a B EELS signal, and so the
type 3 nanotubes contained less than the detectable
limit of B.
The diameter distribution for B-MWCNTs has been

previously determined by Koós et al.1 They found a
broad distribution with peaks at 30 and 90 nm. The
smaller diameter B-MWCNTs tend to tangle, making it
difficult to get accurate statistics of the relative amount
of each type of nanotube. By grouping 114 nanotubes
according to type we found that the majority of the
nanotubes (∼87%) are type 3, and only a couple of
percent are type 2. Most of the nanotubes with large
diameters are type 3. The nanotubes with small dia-
meters are a mixture of all three types, and the small-
diameter type 3 nanotubes can be coiled with boron
oxide nanoparticles on, or near, the surface.
The properties of materials are governed by their

atomic structure. Therefore, the different morpholo-
gies and chemical composition of the three types of
B-MWCNT are likely to result in different properties. By
understanding under exactly what conditions each of
the structures form, it may be possible to gain greater
control of the morphologies produced and, therefore,
the properties of the ensemble of the nanotubes, i.e.,
the bulk sample.

Figure 2. (a) HAADF imageof a type 1 nanotube. (b) Elementalmapof the areamarked in (a)with C shown in red andB in cyan
(the combination of red and cyan produce white), revealing a core�shell structure whereby B was found only in the central
core of the type 1 B-MWCNT. The pixel size for (b) is 0.57 nm � 0.57 nm.
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Modification of electrical properties is one of the
motivations for incorporating B into nanotubes.4 It is

therefore important to know how the different types
of nanotube behavewhen current is passed to gauge
the potential of the structures for electrical applica-
tions. Electrical transport measurements were car-
ried out in situ in the TEM on all three types of
nanotube in which the bias, and corresponding
current, across the nanotube was increased until it
broke down.
Figure 5 shows a type 1 nanotube before currentwas

applied (a), during current flow (b), and after the
nanotube broke down (c). At the beginning of the
experiment the nanotube has the expected core�shell
structure, and as current is passed, the two regions
become more defined and begin to separate with
small voids forming. One such void is indicated by an
arrow in Figure 5b. As shown earlier, the core and shell
of the coaxial nanotube have different chemical com-
positions, and it is likely that they will have different
thermal expansion properties. Expansion of the core
and shell at different rates as a result of Joule heating

Figure 3. (a) Typical B K-edge from the core of a type 1
nanotube. (b) B K-edge from the interface between the core
and the outer layer in a type 1 nanotube. (c) B K-edge from
the center of a type 2 nanotube. (d) B K-edge from the edge
of a type 2 nanotube.

Figure 4. (a) HAADFimageofatype2nanotube. (b) Belementalmap(yellow). (c)Mapof theBπ*peak(green). (d)Mapof theBπ*peak
(green) withOelementalmap inserted (red). Thepixel size for theBmaps is 0.44nm� 0.58nmand for theOmap is 0.51nm� 0.51nm.

Figure 5. Type 1 B-MWCNT (a) before current flow, (b) during current flow, and (c) after breakdown.
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caused by the current would explain the delamination
of the two regions.10 As the current continues to flow,
the outer shell begins to disappear. The nanotube
then breaks, leaving cones exposed. Previously we
showed that the electronic behavior of this type of
nanotube changes from metallic to semiconducting
as the outer shell is removed.10 For the nanotube
shown in Figure 5, the breakdown current was 187
μA, which corresponds to a maximum current den-
sity of 4.9 � 106 A cm�2. From the I�V curve, the
value of resistivity for this nanotube was found to be
3.4� 10�5 Ωm. This value is higher than the value of
resistivity perpendicular to the c-axis for graphite
(9.8 � 10�6 Ωm11), but smaller than the resistivity
parallel to the c-axis (4.1 � 10�5 Ωm11). This is in
keeping with the combination of cones and the
disordered outer layers. The cones are formed from
defect-containing graphitic planes that are neither
parallel nor perpendicular to the c-axis. The outer
layers are defective, and the so the resistivity would
be expected to be higher than that for the value of
graphite perpendicular to the c-axis.
Figure 6a�c show the effect of current on a type 2

nanotube. In this case there is no outer shell and no
separation takes place. As the current flows, the cone
structure becomes more defined and the nanotube
breaks in a similar way to the type 1 nanotube, leaving
cones exposed. For this nanotube, the breakdown
current was 253 μA, corresponding to a maximum
current density of 5.8 � 106 A cm�2. The resistivity of
this nanotube, measured from I�V curves, was found
to be 7.8 � 10�5 Ωm, which is higher than both the
value for the type 1 nanotube (Figure 5) and measure-
ments conducted parallel to the c-axis in graphite. The

higher resistivity could be due to the defects necessary
to form the cone and the presence of the boron oxide
as well as the lack of an outer carbon layer. Figure 6d
shows the effect of current on a type 3 nanotube that
has no cones; it becomes thinner until it eventually
breaks.

CONCLUSION

Uniform doping or controlled modification of
MWCNTs with heteroatoms is not a simple task. Our
findings revealed that heteroatom-containing MWCNT
samples consist of an ensemble of nanostructures. In
our particular case, we showed that an ensemble of
B-MWNTs contained at least three distinct types of
nanostructure, whereby the firstmorphology (type 1) is
a core�shell structure consisting of a B-rich cone-
structured core and a disordered carbon outer layer.
The EELS fine structure indicated that the B was not
incorporated substitutionally into the core of the type 1
nanotube, but that there was some π bonding at the
interface between the core and outer shell. The second
structure (type 2) is similar to type 1 but without the
disordered carbon shell, and boron oxide is found
toward the surface of the type 2 nanotubes instead.
In contrast to type 1 and type 2 nanotubes, the third
type of nanotube (type 3) exhibited an inner channel
of variable width, and neither possessed cones nor
was any B detected. Furthermore, using in situ current
experiments we showed that, as a result of these
structural and chemical variationswithin the ensemble,
the three different types of nanotubes follow different
current-induced breakdown mechanisms, suggest-
ing that variations in local chemistry within the ensem-
ble indeed results in local property variations. Our

Figure 6. Type 2 B-MWCNT (a) before current flow, (b) during current flow, and (c) after breakdown. (d) Type 3 nanotube
becoming thinner as the current flows.
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findings, therefore, highlight the importance of using
local characterization techniques for a better under-
standing of nanomaterials, such as doped CNTs,

and their suitability as either individual structures
or ensembles as components for future technological
applications.

MATERIALS AND METHODS
B-MWCNTs were synthesized using an aerosol-based CVD

system from a 9:1 mixture of toluene and 1 M triethylborane
solution in hexane at 1000 �C in the presence of 5 wt %
ferrocene and argon carrier gas.1 TEM imaging of the sample
was carried out on a JEOL 3000F. Two-dimensional spectrum
images were obtained using an aberration-corrected Nion
UltraSTEM 100 dedicated STEM equipped with a Gatan Enfina
spectrometer. Carbon materials suffer from beam damage, the
dominant mechanism of which is thought to be knock-on, for
which there is a threshold energy just above 80 keV.12 To reduce
the beam damage, the UltraSTEM was operated with a beam
energy of 60 keV. The energy resolution, measured (at a
dispersion of 0.5 eV/pixel) using the full width half-maximum
of the zero-loss peak, was 0.5 eV. Thick nanotubes (diameter
larger than about 50 nm) were found to produce too much
background to be able to distinguish core-loss edges, and so
interpretable data could only be obtained from relatively thin
(diameter below about 50 nm) nanotubes. The elemental maps
shown in Figures 2 and 4 were constructed using the counts
contained within the edge for each element. The B and B π*
maps in Figure 4 were reconstructed from data after reducing
the noise using a multivariate statistical analysis method de-
scribed by Lozano-Perez et al.13

In situ current measurements were carried out using a
Nanofactory TEM-STM holder in a JEOL 2010 operated at 200
kV. The B-MWCNTs were mounted on a Au support wire with a
second Au wire used for the probe. In order to calculate the
resistivity of the nanotubes, the current is assumed to go
through the whole cross-section of the nanotube, as there is
no hollow core. The length of the nanotube is measured from
low-magnification TEM images, but as the experimental setup is
viewed in projection and the point of contact between the
nanotube and support wire may be difficult to see, the length
may be longer than that measured. This means that the
resistivity may be overestimated.
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