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One-dimensional (1D) nanostructutdsave been a subject of
intensive research due to their intriguing properties and unique
applications. The simplest route to 1D nanostructures is probably
the one that involves the use of an anisotropic crystal structure to
induce the 1D growtR3 The power of this method is, however,
limited by the requirement that the target material must contain a
chainlike structure. Here we demonstrate that the scope of this
method could be extended to directly process a number of metal
oxides into nanowires despite their isotropic structures.

Our initial demonstration was focused on Sn@h a typical
synthesis, SnfD,-2H,0 was mixed with poly(vinylpyrrolidone)
(PVP) in ethylene glycol (EG), followed by refluxing at 19
for 3 h. Uniform nanowires with a mean diameter-060 nm and
lengths up to 3Qum were formed as a white precipitate, which
could be collected by centrifugation once the solution had cooled.
Figure 1A shows the SEM image of a typical sample. A closer
look by SEM and TEM (Figure S1) indicates that some of the wires
could aggregate into bundles and thus appeared thicker in a low-
magnification SEM or TEM image. Patterns recorded by X-ray
powder diffraction (Figure S2) suggested that the as-synthesized
nanowires were highly crystalline. When heated in air at 500 A
for 1 h, the nanowires could be transformed into crystalline SnO Figure 1. (A and B) SEM images of Snéhanowires before (A) and after
(Figure 522) wihout llering ther 1D morphology o zz:z:zzm.:% D arom Tos e e 2 e S5

Figure 1B shows an SEM image of the sample after calcination, pattern of the nanowires, which could be indexed to Si{Band F) SEM
indicating no morphological change. However, SEM (Figure 1C) images and SAED patterns of nanowires made eDn(E) and anatase
and TEM (Figure 1D) imaging at high magnification revealed that TiO; (F) prepared using a similar procedure.
each wire had been transformed from a dense structure with a
smooth surface (Figure S1) into a highly porous structure consisting \sn/OI \S/ HOCH,0H  HOCHOH Son /°°=HA°" I W
of interconnected nanocrystallites 665 nm in size. The SAED o SN s Hoone” ocon 7 oco” N
pattern (inset of Figure 1D) also confirmed that the nanocrystallites
were made of rutile-phase SpOThis approach could also be o 2 o o Mo
extended to other metal oxides. Figure 1E shows an SEM image 4»[ N ] — »{/ s TN \o/%/
of In,0O3; hanowires that were prepared by replacing S2H,0 ° 7 o "
with In(0;CgH15)(O'Pr),. In comparison with the Snhanowires
shown in Figure 1C, a similar porous structure was also observed
for the In,O3 nanowires. Figure 1F shows the SEM image of another
example where nanowires of anatase JW@re synthesized using  longer chains, which could further self-assemble into ordered
a similar procedure, with Ti(OBy)used as the starting material.  bundles (i.e., nanowires) through van der Waals interactions. X-ray

Figure 2 outlines a plausible mechanism responsible for the photoelectron spectroscopic (XPS) studies (Figure S4) indicated
formation of nanowires in an isotropic medium. The key step was that the tin remained as Sn(ll) in the precursor nanowires. Despite
the oligomerization of tin glycolates, a process that has been the insolubility associated with the final product, at least several
discussed in several publications for the same or similar metal dimeric and even tetrameric fragments have been identified in the
alkoxides*5a¢ In the initial stage of refluxing, the oxalate groups supernatant solution by mass spectroscopy (Figure S5). Solid NMR
of SnGO, were replaced gradually by ethylene glycol units through spectrum (Figure S6) taken from precursor nanowires also support

Figure 2. Schematic illustration of a proposed mechanism responsible for
the formation of 1D nanostructures.

the formation of SAO— covalent and Sn— OH coordination the polymeric structure shown in Figure 2. From TGA analysis
bonds. This hypothesis was supported by FT-IR studies (Figure (Figure S7), we observed a total ©86% weight loss around 325

S3), where we observed the disappearance-0€&0 vibrational °C under N, which is close to the calculated value of 37.5% by
bands (from oxalate group) and the appearance ¢f-Cihd C-OH considering the loss of two coordinated ethylene glycol and four

bands (from ethylene glycol unit). As refluxing was continued, the carbon atoms (in the form of ethylene) for each repeating unit. For
tin glycolates underwent several steps of intermediate reactions asthe linear chains, the repeating unit was found to have the following
described in the scheme and eventually led to the formation of dimensions (Figure S ~ 10 A, b ~ 3.6 A, andc ~ 15 A) by
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intrinsically small grain size and high surface-to-volume ratios
associated with the polycrystalline nanowifé%or the conventional,
film-type sensors based on Sp@articles, the surface-to-volume
ratio is relatively low as a result of large grain sizes200 nm).
Furthermore, only a thin layer of the film close to the surface can
be activated during gas detection due to the dense structure of a
compact film. In comparison, there exists a network of intercon-
nected pores in our films, where the Sn@nowires are randomly
oriented to generate a highly porous structure. This network of pores
enables both the analyte and the background gas to access all the
surfaces of Sn@ nanoparticles contained in the sensing unit.
Different from sensors made of individual nanobelts of single
crystalline Sn@, the small grains of Snn our nanowires allowed

the sensors to be operated in the most sensitive, grain-controlled
mode. When the grain size is reduced to a scale comparable to the
space-charge length (for SpGhis value is~6 nm), the sensitivity
could be exponentially enhancé&dhe operation of such sensors

at room temperature also helps to eliminate grain size changes that
might occur as a result of thermal-induced sintering.
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Figure 3. Changes in resistance for an SA@ased sensor when the
surrounding gas was switched between (A) air a1 ethanol vapor in
air as well as (B) air and 20 ppm CO (dashed line) or 500 ppngsklid
line).
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Prompted by their porous appearance, we suspected that these,afarences
semiconducting nanowires must be useful in fabricating sensors. o _ _ _ _ o _
As an n-type semiconductor, SpBas been extensively exploited @) ﬁ{aAgU‘" P\(Ag?gﬁ.géosau?éYéé\éV.U' Y.; Mayers, B.; Gates, B.; Kim, F.; Yan,
in applications related to gas sensing. Most of these studies have (2) M,MogXs (M = Li, Na; X = Se, Te): (a) Tarascon, J.; DiSalvo, F.; Chen,

Experimental procedures,

focused on polycrystalline films made of small Sn@rticlesS¢-f C.; Carrol, P.; Walsh, M.; Rupp, L1. Solid State Cheni985 58, 290.
Recent work indicated that 1D nanostructures (e.g., wires and belts)
of SnG could also be used to fabricate nanoscale sensors for various
gase$.As limited by the surface areas of these nanostructures, high
sensitivity and reversibility could only be achieved at an elevated
temperature or by exposure to UV light. Here it was found that the
SnQ, nanowires prepared using the present method exhibited both
high sensitivity and reversibility even under ambient conditions.
Figure 3 shows the changes in resistance at room temperature when
a thin-film sensor was exposed to several gaseous species at various
concentrations (e.g., air-saturated ethanol taken from the pure liquid,
20 ppm CO, and 500 ppmJH For ethanol vapor~6%, Vethano

Vair), We observed a total change of almost 8,000 times in resistance
between the on and off states (Figure 3A). For CO anRigure

3B), similar changes were also observed, albeit the magnitude was
reduced to~3 for H, and ~4 for CO due to the relatively low
concentrations of these gases. In addition, it was found that such
on and off responses could be repeated for more than 10 times
without observing major changes in the signal.

For SnQ-based sensors, the change in resistance is mainly caused
by the adsorption and desorption of gas molecules on the surface
of the sensing structure. Almost all previous studies involved the
use of elevated temperatures or UV light to improve the molecular
desorption kinetics and thus to help “clean” the surf&céFor
the sensors described here, we believe that the high sensitivity and
reversibility under ambient conditions can be attributed to the
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