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Because of their low dimensionality and high surface area-tovolume ratio, nanotubes possess highly unusual physical properties.
Often these properties can be dramatically influenced by the surface
addition of selected atomic or molecular species. Such functionalization can lead to a significant enhancement of properties relevant
to technological applications. Recently, it has been demonstrated
that carbon nanotubes, and carbon nanotubes functionalized with
ultrathin foreign species coatings, represent a new type of chemical
sensor capable of detecting small concentrations of molecules under
ambient conditions.1
In contrast to carbon nanotubes, boron nitride (BN) nanotubes
have a uniform electronic band gap independent of the diameter
and chirality of the tube, and in their native state are essentially
electrical insulating.2 The intrinsic electronic properties of BN
nanotubes might be advantageously exploited for various applications, including sensors. For example, the insulating BN nanotube
could serve as an electrically insulating and inert, high surface area
nanoscale scaffold or template onto which sensor materials are
attached. Alternatively, foreign chemical species attached to the
BN nanotube, either directly or via an intermediate active coating
layer, could electronically dope the nanotube and thus directly
influence its electrical conductance. Despite this obvious potential,
to our knowledge no successful methods have been reported for
coating and thus functionalizing BN nanotubes.
For this work we selected the semiconductor stannic oxide (SnO2)
to coat BN nanotubes, motivated by the fact that stannic oxidebased films have been widely used as conductive electrodes,
transparent coatings, heterojunction solar cells, and chemical
sensors. The deposition techniques used for SnO2-based films
include chemical vapor deposition, sol-gel, precipitation, laser
pyrolysis, sputtering, and evaporation.3 Recently, the production
of SnO2 nanobelts (width ≈ 200 nm) sensitive to CO and NO has
been reported.4
Here we demonstrate a novel, simple, and efficient room
temperature chemical route to fully coat BN nanotubes with a thin,
nominally uniform layer of SnO2. High-resolution transmission
electron microscopy (HRTEM) examination of the coating reveals
interconnected SnO2 nanoparticles of a size between 1and 5 nm.
Typically, the coatings have a total thickness on the order of the
constituent nanoparticle size.
Bare (i.e., unfunctionalized) BN nanotubes were first synthesized
through a carbon nanotube substitution reaction followed by an
oxidation treatment.5 The outdside diameter of the BN nanotubes
is usually less than 8 nm. The nanotubes are formed either as
isolated units or as tubes arranged in aligned bundles; no attempt
was made to separate the different configurations. Into 50 mL of
distilled H2O was placed 1.2 g of tin (II) chloride (anhydrous, Alfa,
99%), followed by 0.8 mL of HCl (38%). After the addition of 15
mg of BN nanotubes, this solution was sonicated for 5 min and
then stirred for 1 h at room temperature. The formation of SnO2 is
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Figure 1. XRD spectrum of the product, which is identified as a mixture
of tetragonal SnO2, hexagonal BN (h-BN) and rhombohedral (r-BN).

Figure 2. (A) Typical low-resolution TEM image of fully coated BN
nanotubes. (B) Typical EDS spectrum of SnO2-coated BN nanotubes. The
atomic ratio of O and Sn is near 2.

represented as 2SnCl2 + 2H2O + O2 f 2SnO2 + 4HCl. The treated
nanotube sample was then rinsed with distilled H2O.
Products were characterized using the X-ray diffraction (XRD)
of Cu KR radiation and HRTEM using a Philips CM200 FEG
equipped with an energy-dispersive X-ray spectrometer (EDS).
Figure 1 shows results from an XRD measurement of the product.
The diffraction peaks identify the sample as a mixture of tetragonal
SnO2 (a ) 4.755, c ) 3.199), hexagonal BN (h-BN), and
rhombohedral BN (r-BN). The BN peaks are direct signatures of
the BN nanotubes. BN nanotubes prepared by the carbon nanotube
substitution reaction are typically composed of h-BN (two-layered
repeated units) and r-BN (three-layered repeating units), in roughly
equal volume fraction.5 The main peak of tetragonal SnO2 (110)
in Figure 1 almost overlaps with the main peaks of h-BN (002)
and r-BN (003). The broad SnO2 peaks indicate that the particle
size is very fine. The small peak indicated by an arrow can be
identified as orthorhombic SnO (112), demonstrating that a small
amount of SnO also exists in the product.
For TEM analysis the material was first ultrasonically dispersed
in ethanol and dropped onto a holey carbon-coated grid. Figure 2a
is a typical low-resolution TEM image of the coated BN nanotubes.
The BN nanotubes appear either as individuals or in bundles, and
we observe that all nanotubes in the product have been fully coated
with thin and uniform layers. The thickness of coating is usually
less than 5 nm. Fullerene-like nanoparticles (FNPs) in the sample
(a byproduct of the BN nanotube synthesis) have also been fully
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Figure 3. (A) HRTEM image of a BN nanotube bundle fully coated with
SnO2. (Inset) Corresponding FFT diffraction pattern. The three polycrystalline rings correspond to crystal faces of (110), (101), and (200) of
tetragonal SnO2. (B) HRTEM image of an individual double-walled BN
nanotube fully coated with SnO2. (C) HRTEM image of a SnO2-coated
BN fullerene-like nanoparticle.

coated. Chemical analysis using EDS indicates the presence of Sn,
O, B, and N in the coated nanotubes and nanotube bundles (Figure
2b). The B and N signals originate from the supporting BN
nanotubes. For the majority of the coated nanotubes and coated
nanotube bundles, the atomic ratio of O to Sn is near 2. For a small
number of tubes the coatings indicated O to Sn ratios between 1
and 2.
Figure 3 shows HRTEM images of coated BN nanotube bundles,
coated individual BN nanotubes, and coated fullerene-like BN
nanoparticles. Figure 3a shows a BN nanotube bundle fully coated
with SnO2. The coating is uniform, with an average thickness of
about 3 nm. The coating layer is composed of nanocrystalline
particles with sizes less than 5 nm. Fast Fourier transform (FFT)
analysis of selected regions of the coating reveals details of the
local SnO2 structure. The inset to Figure 3a is the corresponding
FFT diffraction pattern, which can be indexed to tetragonal SnO2.
The three polycrystalline rings correspond to crystal faces of (110),
(101), and (200) of tetragonal SnO2. Figure 3b is a HRTEM image
of an individual double-walled BN nanotube fully coated with SnO2.
The coating is again uniform and thin, with average thickness of 3
nm. Here the coating layer is composed of nanocrystalline particles
the sizes of which are less than 4 nm. Figure 3c is a HRTEM image
of a fully coated fullerene-like BN nanoparticle. The SnO2 coating
layer follows the shape of the supporting nanoparticle template.
Despite the simplicity of our preparation method, it is apparent that,
independent of the precise morphology of the BN nanoparticles,
surprisingly consistent and uniform nanometer-scale SnO2 coverage
is obtained.

It is useful to briefly contrast our coating method with other
stannic oxide film preparation techniques. Aboaf et al. have
deposited SnO2 films by gas reaction of SnCl4 with H2O at 380600 C°.6 Nagano prepared single-crystalline SnO2 films by gasphase reaction of SnCl4 with O2 at 900-1300 C°.7 Maudes et al.,
synthesized fine SnO2 particle film by pyrolysis of SnCl4‚5H2O
and found particles of sizes 24-33 nm.8 All these results contrast
with the present experiments, where SnCl2 reacted with H2O is used
to synthesize uniform ultrafine (<5 nm) SnO2 nanoparticle coatings
under ambient conditions.
From a technological prespective, two extremes in the preparation
of SnO2-based sensors appear to be successful: thick films with
nanocrystals of controlled size, and thin films with monolayers of
nanocrystalline SnO2.9 A SnO2 thin film composed of nanocrystalline particles has shown high gas sensitivity and improved gas
selectivity in comparison to sensors consisting of micrometer-sized
grains.10 We anticipate that the SnO2 thin coating with ultrafine
SnO2 nanoparticles produced in the present work will exhibit
interesting physical properties relevant to technological applications.
We also note our coating method is not restricted only to BN
nanotubes and nanoparticles. We have used the identical method
to fully coat both single- and multiwalled carbon nanotubes and
carbon fullerene nanoparticles with SnO2, and we believe that this
method can be generally used to coat other structures with SnO2.
In addition, it may be possible to coat nanotubes with other
substances by selecting different chlorides for this reaction.
In summary, a simple and efficient chemical reaction route was
developed to synthesize SnO2 coatings at room temperature. The
resulting SnO2 coatings on BN nanotubes and FNPs are thin and
uniform, with uninterrupted coverage.
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