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ABSTRACT

Single-walled carbon nanotubes coated with crystalline tin oxide by a simple chemical-solution route are reported. The room-temperature
chemical treatment results in a nominally complete and uniform coating over the entire outer surface of singular nanotubes, nanotube bundles,
and also fullerene-like nanoparticles. The samples have been characterized by high-resolution transmission electron microscopy, energy-
dispersive X-ray spectrometry, and X-ray diffraction. The coating is composed of interconnected SnO, nanoparticles of sizes between 1-6 nm.
Typically, the coatings have a total thickness on the order of the constituent nanoparticle size.

The atomically well-defined 1D structure of single-walled extremes in the preparation of Spased sensors appear
carbon nanotubes (SWCNTSs) provides a new model systemto be successful: thick films with controlled nanocrystalline
for basic scientific studies and pathways to nanoscale sizes and thin films with monolayers of nanocrystalline
devicest The physical properties of SWCNTs can be Sn(Q.!° Recently, Comini et al. reported Sp@anobelts

dramatically influenced by surface modification with selected (width ~200 nm) that are sensitive to CO, NO, and eth&hol.

organic, inorganic, and biological specfe8 Such function- Here we report a simple and efficient room-temperature
alization can lead to a significant enhancement of properties chemical route using Snghs a precursor to coat SWCNTSs

that are relevant to technological applications. Recently, it fy|ly with a thin, nominally uniform layer of Sn© This work
has been demonstrated that SWCNTs and SWCNTSs func-is motivated by potential applications of the combined

tionalized with ultrathin coatings represent a new type of g\wcNT/SnQ system.
chemical sensor capable of detecting small concentrations
of molecules under ambient condition!° For decoration

by inorganic species, SWCNTs have been coated with
various metal nanopatrticles such as Au, Ti, Ni, Pd, Al, Fe,
Pb, and Pt by electron-beam evaporation or electroless meta
depositior?>1! Single amine-functionalized CdSe nanopar-
ticles were coupled to SWCNTs via amide bond formatfon.
Recently, Fu et al. reported coating SWCNTs with a thin
SiO;, layer using 3-aminopropyltriethoxyysilane as coupling
layersts

Commercially available SWCNTSs of Tubes@Rice are used
in this work. These SWCNTSs are produced by a laser ablation
method using nickel as a catalyst. The nanotubes are high
puality and quite pure, although some fullerene-like nano-
particles (FNPs) still exist in the purchased material as a
byproduct. SWCNTSs are formed either as isolated units or
as nanotubes arranged in bundles; no attempt was made to
separate the different configurations. SWCNTs were first
treated with nitric acid (40%) inside a glass flask at 220
: . : . for 1 h to clean the nanotubes’ surfaces. The treated
SnQxis an n-type semiconductor with a wide energy gap. SWCNTSs were then rinsed with distilled,&. One gram of

It plays a key role in applications such as conductive ° . :
; : . tin(Il) chloride (anhydrous, Alfa, 99%) was put into 40 mL
electrodes, transparent coatings, heterojunction solar cells, 7 ~ o
P g ) f distilled H;O inside a glass flask , and then 0.7 mL of

and chemical sensors. The deposition techniques used foP ) ,
SnO-based films include chemical vapor deposition,—sol HC (3(;3?/\\//\83?dc.1edHWeghen |mrlr1e_rsed1_1r? mg ?f t_he acid-
gel, paste/slurry deposition, sputtering, and evaporafisn. ~ U€ate S In the above solution. This solution was

Chemical routes for deposition involve using metal salts Senicated for 35 min and then stirred for 4560 min at
as precursors. Sndilms can be prepared by the gas-phase room temperature. The treated nanotube sample was then

reaction of SnGlwith H.O or by the gas-phase reaction rinsed with distilled HO. Both the template SWCNTs and
of SnCl with O,.17 SNCl-5H,0 has been used to prepare SWCNTSs coated with SnOsolutions are treated through
SnQ, particle films with particles of size 2433 nm via a filtering. The samples were finally characterized using X-ray

pyrolysis method® From a technological viewpoint, two diffraction (XRD) with Cu Ka radiation and high-resolution
transmission electron microscopy (HRTEM) using a JEOL

* Corresponding author: E-mail: azettl@physics.berkeley.edu. JEM-2010 and Philips CM200 FEG equipped with an

10.1021/nl034142d CCC: $25.00  © 2003 American Chemical Society
Published on Web 04/02/2003



0 t-Sn02

Intensity (arb. units)

30 40 50 B0 70
2 0 (degrees)

Figure 1. XRD spectrum of the product (upper curve) is identified
as tetragonal SnQO Hexagonal C, cubic Ni, and other small

diffraction peaks (labeled by arrows) come from the template
SWCNTs. The XRD spectrum of the SWCNTs before coating
(lower curve) shows the same template diffraction peaks.

energy-dispersive X-ray spectrometer (EDS). For TEM
analysis, the material was ultrasonically dispersed in 2-pro-
panol and dropped onto a holey-carbon-coated copper grid.
Figure 1 shows XRD patterns of the specimen (upper
curve) and template SWCNTs (lower curve). The XRD
spectrum taken from the uncoated SWCNTSs indicates that
the maximal peak is composed of a sharp peak superimposed
onto a weak broad peak. Both peaks come from hexagonal
carbon (002) (JCPDS 26-1079). Any signature XRD peaks
of hexagonal graphite do not come from pure SWCRfTs.
Checking with TEM, we find that the sharp peak comes from 0 1000 2000 3000 4000
graphite particles from the laser ablation target. The broad Energy (eV)
peak comes from some FNPs, onions, and a small amount_ . )
of multiwalled CNTs. Two cubic nickelcENi) peaks (111) ~ Figure 2. (A) Low-resolution TEM image of fully coated

. . SWCNTSs. (B) High-resolution TEM image of a SWCNT bundle
and (200) (JCPDS 04-0850), which originate from the fully coated with Sn@ The inset is the corresponding FFT

remnant Ni catalyst, are observed. Some unclear small peaksiifraction pattern. The three polycrystalline rings correspond to
are also observed. The maximal diffraction peaks of the crystal faces of (110), (101), and (200) of tetragonal Sn@Q)

specimen (upper curve) are consistent with the known Typical EDS spectrum of Snoated SWCNTSs. The atomic ratio
tetragonal Sn@ (t-SnQ) lattice constants given in the ©f O 0 Snis near 2.
literature asa = 4.755 A andc = 3.199 A (JCPDS 41-  nanoparticles being small. The average size of nanoparticles
1445). The main peak of tetragonal SL0) almost calculated by the Scherrer equation is about 4 nm, which is
overlaps with the main peaks bfC(002). Comparing both  consistent with the TEM results. Measurements of lattice
spectra, it is easy to find that the broad peak is mainly fringe spacing of nanoparticles show contributions mainly
contributed from Sn@ The Ni peak and other unclear peaks from (110) and (101) planes 65nQ.. Fast Fourier transform
come from the impurities of used SWCNTs. No obvious (FFT) analysis of selected regions of the coating reveals
peaks corresponding to SnCBn, or other tin oxides are details of the local Sngstructure. The inset to Figure 2b is
observed in the powder pattern. the corresponding FFT diffraction pattern, which can be
Figure 2a shows a typical low-resolution TEM image of indexed to tetragonal SnOThe two clear polycrystalline
the specimen. The SWCNTSs usually appear as bundles withrings correspond to crystal faces of (110) and (10B)®fiG;,
some appearing as individuals. We observe that almost allwhich is in accordance with the above measurement results
nanotubes or nanotubes bundles in the sample have been fullpf lattice fringe spacing. Chemical analysis using EDS
coated with thin and uniform layers. The thickness of the indicates the presence of Sn, O, and C in the coated
coating is usually less than 5 nm. FNPs in the sample haveSWCNTs, nanotube bundles, and FNPs. The C signal
also been fully and uniformly coated. Figure 2b shows a originates from the supporting SWCNTSs. For the majority
high-resolution TEM image of a fully coated SWCNT. The of the coated nanotubes and coated nanotube bundles, the
coating is rather uniform, with an average thickness of about atomic ratio of O to Sn is close to 2 (Figure 2c). The atomic
4 nm. The coating layer is composed of Sm@noparticles  ratio of O to Sn was calculated by the standard procedure
with sizes of less than 6 nm. The broad peaks of SilO  of ES Vision software. Commercially available Sngowder
the XRD spectrum (Figure 1) are consistent with the (Alfa) was used for calibration. The small Si peak in Figure

Snlat
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Figure 3. (A) High-resolution TEM image of an individual
SWCNT fully coated with Sn@ (B) High-resolution TEM image
of three small SWCNT bundles fully coated with Sn@C) High-
resolution TEM image of two FNPs fully coated with SpO

2c may come from contamination of the glass flask reacting
with nitric acid during the pretreatment of SWCNTSs. The
Si peak might also come from the quartz-tube laser-ablation
chamber. The Cu signal comes from the copper grid. For a
small number of nanotubes, the coatings indicated O to Sn
ratios between 1 and 2.

Figure 3a is a high-resolution TEM image of an individual
SWCNT fully coated with Sn@ The coating of the
individual SWCNT is uniform and thin, with an average
thickness of 3 nm. Here, the coating layer is composed of

We now briefly discuss possible applications of these
compound materials. It is believed that sensor sensitivity can
be improved by increasing the specific surface area of the
active materials. One direct way to increase the specific
surface area is to decrease the size of the particles of the
active material. A Sngthin film composed of nanoparticles
with mean sizes between 3 and 15 nm has shown high gas
sensitivity and improved gas selectivity in comparison to
sensors consisting of micrometer-sized gréfin.the present
work, we have observed the formation of thin, uniform, and
uninterrupted coverage Sa@anoparticles on single-walled
carbon nanotubes. Sa@nd SWCNTSs are both well known
as active components in molecular detection and transudation
systems, suggesting nanoscale sensor applications for these
functionalized SWCNTSs. The possible formation of-Sh
bonds on the interface of ultra-fine nanoparticles of SnO
and nanotubes might change the localized electron system.
We anticipate that the Sn@hin coating with ultra-fine Sn®
nanoparticles produced in the present work might also exhibit
other interesting physical properties relevant to potential
applications.
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