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Significant efforts have been made to design and fabricate
nanotube-based composites since the pioneering report on
carbon nanotube (CNT)-polymer composites by Ajayan
etal! These composites are expected to have useful
electrical and optical properties, thermal conductivity, and
superior mechanical strength compared to unprocessed
polymers.*! Polyaniline (PANT), a typical electroconductive
polymer, is a promising candidate for the fabrication of
nanotube-based composites due to its stability and redox
properties. Significant progress has been achieved with
respect to the processing and property improvements of
PANI-CNT composites.! For real-device applications, the
two important factors—functionality and processability—
should be considered. These parameters primarily depend
on the efficiency of interactions between the nanotubes and
polymer chains within a composite material. To enhance these
interactions, the PANI-CNT composites are typically fabri-
cated by in situ polymerization.

Boron nitride nanotubes (BNNTs), which are structurally
similar to CNTs, have been predicted to behave like wide-
band-gap semiconductors independent of radius, chirality,
and the number of tubular shells.” Interestingly, the electrical
polarization induced by broken symmetry along the BNNT
axis has been predicted in a theoretical study; this is quite
distinct from the case of CNTs.”! Moreover, BNNTs have
superb mechanical properties, thermal conductivity, and
resistance to oxidation at high temperatures."'! These
factors may promote effective BNNT usage in nanocompo-
sites. However, to the best of our knowledge, no BNNT-
polymer composites have been reported to date. Studies of
BNNTs-polymer composites are absent because it is
extremely difficult to obtain a highly pure BNNT phase
with a yield high enough to fabricate and test a composite
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material, although many methods have been probed to
synthesize BNNTs. 121!

In the study presented herein, large quantities of highly
pure BNNTs were synthesized by chemical vapor deposition
with boron and metal oxide as the reactants.'"!¥! PANI-
BNNTs composites were fabricated by simple solution mixing
to give self-organized composite films. Detailed comparative
characterization of the composite samples and initial materi-
als constituting them was then carried out. The morphology of
the composites was analyzed by using scanning and trans-
mission electron microscopy (SEM, TEM), which both
revealed uniform coverage of a BNNT surface with PANI.
Additional characterization was performed by using Raman
spectroscopy, UV/Vis absorption, and X-ray diffraction
(XRD). All results indicated strong interactions between
PANI and BNNTs within the composites.

BNNTs and a nonconducting soluble emeraldine-based
form of PANI (EB) were mixed and sonicated in N,N-
dimethylformamide to form a solution. The solution was then
left at room temperature for over 12 h during which a self-
organized composite film formed at the bottom of the
reaction vessel. It is worth noting that when the same process
was carried out with a solution of CNT and EB, no film was
deposited. This result indicates that BNNTSs display stronger
interactions with EB than CNTs. A BNNT-EB film was
removed from the reaction vessel and mounted on a silicon
wafer for further characterization and testing.

Figure 1 depicts typical SEM images of a composite film.
Figure 1a shows the BNNTs embedded in an EB matrix;
some BNNTs are out of the matrix because the film broke
during its mounting on a silicon wafer. During the long
irradiation times, the film shrank and broke, thus allowing the
BNNTs to become clearly visible (Figure 1b). The morphol-
ogy of BNNTSs within the composites is similar to that of pure
BNNTs, as revealed by SEM. However, notable differences
were observed by TEM. Figure 2 a shows a low magnification
TEM image of a composite. Although the BNNTs are
covered by EB, they still retain a perfect crystalline structure,
as revealed by a high-resolution TEM image (Figure 2b).
Typically, BNNTs are not wetted by most materials (see
Supporting Information). In contrast, in the present experi-
ments all BNNTs were well covered by EB, although some
BNNTs protruded from the matrix during SEM observations.
This coverage indicates strong interactions between BNNTSs
and EB. The origin of these interactions may be analogous to
that found in a solution of BNNT/poly(m-phenylenevinylene-
c0-2,5-dioctoxy-p-phenylenevinylene):') the PANI ring units
may come sufficiently close to a hexagonal BNNT surface to
lead to efficient - interactions.l! The interactions between
BNNT and PANTI are stronger than between CNT and PANI
due to electrical polarization in BNNTs induced by broken
symmetry.”

Raman spectroscopy was used to gain insight into the
origin of the strong interactions between EB and BNNTs. As
shown in Figure 3, two dominant peaks at 1350 and 1579 cm ™
are present in the Raman spectrum of pure EB. Only one
peak at 1365 cm ™' is visible in the spectrum of BNNTs. It is
surprising that the marked peak shifts are observed in the
Raman spectrum of the composite. The BNNT-related peak
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Figure 1. SEM images of an EB-BNNT composite a) before and
b) after a long period (10-15 s) of electron-beam irradiation inside the
scanning electron microscope.

Figure 2. a) Low magnification TEM image and b) high-resolution TEM
image of an EB-BNNT composite.

shifts to 1352 cm™', while the EB-related peak at 1579 cm™
shifts to 1589 cm ™' (the peak at 1350 cm ™' cannot be identified
in the spectrum because it is too weak and overlaps with the
BNNT-related peak). Raman peak shifts have not been
observed during studies of CNT-PANI composites. It is well
known that the Raman spectra of CNTs consist of a G band
(in-plane stretching, E,, mode) and a D band induced by the
disordering or an amorphous C residue. For single-walled
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Figure 3. Raman spectra of BNNTs, EB, and an EB-BNNT composite
film.

CNTs, evidence of a radial breathing mode (RBM) can also
be observed, which is associated with a symmetric movement
of all C atoms in the radial direction. The D and G bands are
usually not changed in the Raman spectra of CNT-polymer
composites, whereas the RBM may shift to somewhat lower
frequencies. This fact is supposed to highlight that the
breathing mode of single-walled CNTs is largely affected by
the particular surrounding of an individual tube. It is clear
that a different mechanism should be assigned to explain the
large Raman shifts observed in our experiments. Raman
spectra are associated with the lattice vibrations. These
vibrations are affected by the atomic structure, chemical
bonds, and/or electronic structure through electron—phonon
coupling. For BNNTs, the shifts may be caused by the
prominent variations of the electronic structure rather than
the atomic structure. The BNNTSs are structurally stable, and
it is doubtful that EB, which only covers the BNNT surface,
may affect the entire atomic structure of the nanotube. For
EB, the shift may be caused by conformation-induced changes
in the electronic structure. Generally, given the fact that this
phenomenon has not been observed for the CNT composites,
we suggest that the peak shift may be related to the electrical
polarization solely peculiar to BNNTs.”! Nevertheless, strong
interactions between EB and BNNTs have been demon-
strated here by these Raman studies. These interactions may
facilitate the charge-transfer processes between the two
components. A detailed mechanism of the prominent
Raman shifts for the novel composites is still not clear and
is the subject of on-going research.

To reveal the influence of the interactions within the
composites on the electronic structures of the constituting EB
and BNNTs, we performed UV/Vis absorption measure-
ments. Figure 4 shows the UV/Vis absorption spectra of EB, a
composite film, and a BNNT film retracted from the
composite film by heating the sample at 700°C in air. For
EB, two broad peaks are visible with maximums at 332 nm
and 650 nm, which correspond to the m—m* transitions
centered at the benzenoid unit of EB and on the quinoid
exciton band, respectively.”"! The peak at 332 nm shifts to
338 nm and that at 650 nm shifts to 673 nm for the composite.
For BNNTs, the peak corresponding to a band-gap transition
shifts from 214 nm (pure BNNT film) to 210 nm (composite
film). This shift implies that BNNTs may have a dopant effect,
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Figure 4. UV/Vis absorption spectra of BNNTs, EB, and an EB-BNNT
composite film.

which was first mentioned for CNT-PANI composites.*"!
However, it is hard to expect a drastic improvement in the
conductivity of the present EB-BNNT composites as EB is a
nonconducting form of PANI and BNNT is a wide-band-gap
semiconductor. In CNT-PANI composites, CNTs can act as
conducting bridges, which leads to an increase in conductivity,
whereas the present BNNTSs cannot. Further investigations on
the dopant effect within the composites by using lumines-
cence experiments are underway.

The strong interactions in the EB-BNNT composites may
influence the conformation of EB.*! Consequently, the
ordered structures of a EB-BNNT composite were inves-
tigated by XRD, as shown in Figure 5. For BNNTs, the peaks
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Figure 5. XRD of BNNTs, EB, and an EB-BNNT composite powder.

at 20 =26°, 41°, 43°, and 54° correspond to the (002), (100),
(101), and (004) reflections, respectively. Pure EB displays
only a very broad peak centered at 19°. However, for the
composite, the EB-related peak becomes much sharper (the
full-width half maximum decreases from 10 to 3°). This peak
sharpening indicates that the structure of EB within a
composite becomes more ordered. The strong nanotube—
polymer interactions may lead to such ordering. The above-
mentioned EB Raman shifts may be another reflection of this
ordering.
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In summary, BNNTs-EB composites were fabricated by
using simple solution mixing. A composite film can be
obtained through self-organization, which is indicative of
the strong interactions between BNNT and PANI. Proof of
this interaction is given by Raman, UV/Vis absorption, and
XRD experiments. BNNT may exhibit a dopant effect to
PANI due to charge transfer. PANI becomes more ordered in
a composite with respect to its pure form. The present studies
reveal that mechanically tough BNNTs may find application
as an effective composite additive in EB in order to improve
the polymer processing and handling due to the strong
BNNT-polymer interactions. In addition, the optical proper-
ties of the newly fabricated EB-BNNT composites may be of
significant interest.

Experimental Section

An induction furnace was used to synthesize BNNTs. In a typical
experimental run, a mixture of MgO, FeO, and boron powder was
heated in a boron nitride crucible to 1400°C. Ammonia gas was then
introduced into the system to react with gaseous Mg and Fe and
gaseous B,0, was produced. After two hours, a white product was
collected from a BN tube attached to the reaction chamber. The
BNNT-PANI composites were fabricated by simple mixing and
sonication of BNNTs and EB in the N,N-dimethylformamide. A self-
organized composite film was recovered from the bottom of the
reaction vessel. An SEM (JEOL SM67F) was used to characterize the
products. The microstructure was investigated by using a JEOL-
3000F high-resolution field-emission TEM operated at 300 kV. A
Reinshaw 2000 Micro-Raman system with a 30 mW Ar* laser of
wavelength of 514 nm was used to study the lattice vibrations of the
fabricated composites. The UV/Vis absorption experiments were
performed by using a HITACHI U-4100 spectrometer. XRD patterns
of the samples were recorded on a RINT2200 X-ray diffractometer
with standard Cug, radiation.
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