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ABSTRACT: Self-assembly of one-dimensional nanoscale building blocks into functional 2-D or 3-D
complex superstructures has stimulated a great deal of interest. We report the synthesis and
characterization of nanopolyhedrons assembled from ultrathin SnO, nanowires based on the sodium
dodecyl sulfate (SDS)-assisted hydrothermal process. As-synthesized SnO, nanopolyhedrons have
uniform diameters around 300 nm and are self-assembled by numerous ultrathin SnO, nanowires
with diameters of 5—10 nm. The growth mechanism was also studied by investigating the samples
synthesized at different reaction time. Thin films of the assembled SnO, nanopolyhedrons were
configured as high performance sensors to detect methanol, ethanol, and acetone, which exhibited 1
ppm sensitivity, very fast response and recovery times (several seconds for different gases with
concentrations of 1—200 ppm) to all the target gases and highly selective detection to acetone.
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B INTRODUCTION

Assembly of functional nanoscale building blocks into appro-
priate superstructures is an important prerequisite for electronic
and optoelectronic applications.' * Nanotubes, nanowires,
nanorods, and nanobelts represent a very unique class of one-
dimensional (1-D) nanoscale building blocks.>~® Once such 1-D
nanoscale building blocks can be ordered and rationally as-
sembled into appropriate two- or three-dimensional architec-
tures, they will offer fundamental scientific opportunities for
investigating the influence of size and dimensionality with
respect to their collective optical, magnetic, and electronic
properties and would provide possibilities to probe brand-new
properties and applications resulting from the spatial orientation
and arrangement of the nanocrystals.®'* Many efforts have been
focused on the integration of nanorods/nanowires as building
blocks into 2-D or 3-D complex superstructures.' "> However,
it remains a significant challenge to develop facile, solution-
based, and shape-controlled self-assembly routes for the forma-
tion of complex architectures from 1-D nanocrystals.

As an important n-type wide-band gap (E, = 3.6 €V) semi-
conductor, SnO, is one of the most intensively studied materials
and has attracted great interest because of its interesting physical
properties and important applications in gas sensors, lithium
recharégeable batteries, photocatalyst, and dye-sensitized solar
cells."®~** Although there have been considerable efforts toward
the synthesis of 1-D SnO, nanomaterials, the shape-specific
synthesis and assembly of 1-D SnO, nanomaterials into complex
functional architectures are still desired for future applications.

In this paper, we report the facile synthesis of faceted SnO,
polyhedrons self-assembled from small diameters SnO,
nanowires based on the SDS-assisted hydrothermal process.
The formation mechanism was investigated in detail. The
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as-synthesized SnO, nanopolyhedrons were configured as high
performance chemical sensors with sensing ability toward 1
ppm level to methanol, ethanol, and acetone. Besides, the sensors
have features of very fast response and recovery times (several
seconds for different gases with concentrations of 1—200 ppm),
and highly selective detection to acetone.

B EXPERIMENTAL METHODS

Assembled SnO, nanopolyhedrons were synthesized via a simple hydro-
thermal process. In a typical process, 2 mmol SDS were dissolved in 15 mL
distilled water under magnetic stirring to form a transparent solution. Then
0.05 mmol Zn(Ac), was added into this solution and the solution was stirred
for 2 h. After dissolving 0.5 mmol Na,SnO;, the solution was transferred to a
Teflon-lined autoclave with 23 mL capacity. The autoclave was put into an
oven, which was already heated to 180 °C and kept at that temperature for
20 h. After cooled to room temperature, the obtained white powders were
washed with distilled water and absolute ethanol for several times.

The product was characterized using X-ray diffraction (XRD, RINT
2200HF), scanning electron microscopy (SEM, JEOL JSM-6700F) and
field-emission transmission electron microscopy (TEM, JEOL, JEM-
3000F) equipped with an energy-dispersive X-ray spectrometer (EDS).
The UV—vis diffuse reflectance spectrum was measured at room
temperature with a UV—vis spectrometer (UV-2500, Shimadzu) and
was converted to absorbance spectrum by the Kubelka—Munk method.

B RESULTS AND DISCUSSION

X-ray powder diffraction (XRD) was used to characterize the
composition and structure of the product and the corresponding
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Figure 1. XRD pattern of the as-synthesized SnO, product.

Figure 2. SEM images of as-synthesized product, indicating the forma-
tion of SnO, nanopolyhedrons assembled by nanowires.

XRD pattern was depicted in Figure 1. All the reflections in the
pattern could well be assigned to a pure tetragonal phase of SnO,
with lattice parameters comparable to the standard values
(JCPDS, No. 41—1445). No peaks arising from other crystallized
impurities, such as ZnO, ZnSnOj, etc., could be detected,
indicating that only SnO, grains with good crystallinity and
purity were obtained at these conditions. The broadening of the
XRD peaks indicates that the products may be with small sizes,
which was confirmed as below.

The morphology of the product was studied by using scanning
electron microscopy (SEM). Figure 2a shows a low-magnification
SEM image of the product. Polyhedron-like nanostructures
with uniform sizes were clearly obtained on a large scale. A

Figure 3. (a) Low-magnification TEM image and SAED pattern of the
synthesized SnO, nanopolyhedrons. (b) TEM image of individual faceted
SnO, nanopolyhedron. (c) High-magnification TEM image showing the
ultrathin SnO, nanowires broken from the nanopolyhedron. (d) Lattice-
resolved HRTEM image taken from the tips of several nanowires.

high-magnification SEM image in Figure 2b shows that typical
SnO, nanopolyhedron has a diameter of about 300 nm. Contrary
to the previously reported nanoparticles-assembled nanopolyhe-
drons or single-crystalline nanopolyhedrons,** >’ the present
SnO, nanopolyhedrons are assembled by numerous ultrathin
SnO, nanowires.

The detailed microstructures of the as-synthesized SnO,
nanopolyhedrons were investigated by transmission electron
microscopy (TEM). Figure 3a shows a low-magnification TEM
image, where several SnO, nanopolyhedrons can be clearly seen.
They have uniform diameters of around 300 nm, in accordance
to the SEM results. Selected-area electron diffraction (SAED)
pattern depicted in Figure 3a inset reveals the polycrystalline
nature of the nanopolyhedrons. The TEM image of a typical
SnO, nanopolyhedron was shown in Figure 3b. The faceted
polyhedron structure can be easily observed from the image. To
get clear information about the construction units of the SnO,
nanopolyhedron, a higher-magnification image taken from the
product after ultrasonication was demonstrated in Figure 3c. It
confirms that the SnO, nanopolyhedron is assembled by numer-
ous ultrathin SnO, nanowires with diameter of 5—10 nm with
sharp tips, which agrees well with the broaden XRD patterns.
Energy dispersive X-ray spectrometer (EDX) was used to
investigate the composition of the nanowires, which confirms
the formation of pure SnO, product (Supporting Information,
Figure S1). A high-resolution TEM (HRTEM) image of several
SnO, nanowires was shown in Figure 3d. The clearly resolved
lattice fringes parallel to the length of the nanowires are
calculated to be around 0.34 nm, corresponding to the (110)
planes of tetragonal rutile SnO,.

To investigate the detailed formation mechanism of SnO,
nanopolyhedrons, time-dependent experiments were conducted
with all the other conditions keeping constant. Figure 4ais a SEM
image of the product after reacting for 5 h. A large quantity of
SnO, nanocubes with uniform diameters of about 50 nm formed
at this stage. When the reaction time was prolonged to 10 h, the
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Figure 4. SEM images of the SnO, product synthesized at different
reaction time: (a) 4, (b) 10, (c) 15, and (d) 24 h.

product was found to be flower-like SnO, nanostructures as
indicated in Figure 4b. Typical flower-like nanostructures have
diameters of ~100 nm. From the size of the nanostructures, it is
reasonable to deduce that the SnO, nanoflowers are evolved
from SnO, nanocubes. With the increase of reaction time, the
SnO, nanoflowers continue growing as indicated in Figure 4c.
After growth for 24 h, SnO, nanopolyhedrons finally formed as
shown in Figure 4d.

On the basis of the time-dependent experiments, we deduced
the possible growth mechanism as shown in Scheme 1. In the
initial stage, the concentration of both Sn*" and Zn*" are
relatively high and the presence of high concentration Zn>*
resulted in the formation of SnO, nanocubes. To confirm the
effect of Zn>", we did control experiments without the use of
Zn(Ac), and the product was found to be small SnO, nano-
wires instead of nanocubes (Supporting Information, Figure
$2). As the reaction went on, the concentration of Zn>"
decreased dramatically and SnO, nanoflowers consist of wire-
like units began to evolve from the newly formed SnO,
nanocubes under hydrothermal condition. Continuous growth
of SnO, nanowires resulted into the final SnO, nanopolyhe-
drons. During the reaction, the surfactant SDS plays an
important role for the growth. To confirm the speculation,
we did control experiments by substituting SDS with other
surfactants, for example, PVA, CTAB, PVDP, etc., and kept other
conditions constant. Without SDS, no nanopolyhedrons were
obtained and the products were either SnO, nanoparticles,
nanowires, or hierarchical nanowires.

The UV—vis absorption spectrum of the SnO, nanopolyhe-
drons was measured and the result was depicted in Figure 5b. For
a comparison, the absorption spectrum of bulk SnO, was also
measured and the data were shown in Figure Sa. From the
spectra, it can be seen that strong absorption of the SnO, samples
appeared in the ultraviolet region near the visible-light region.
The energy gap of the samples, estimated from the plots of
(0thv)? vs hv, was calculated to be around 4.0 eV, which is a bit
blue-shifted compared with the bulk material. The blue shift is
obviously due to the ultrafine size of the SnO, nanopolyhedrons.

Intensity (a.u.)
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Figure 5. UV—vis diffuse reflectance spectra of (a) bulk SnO, powders
and (b) the synthesized SnO, nanopolyhedrons.

SnO, nanostructures have been widely studied as chemical
sensors for various toxic or pollution gases/chemicals, such as
0,, NO,, CO, H,, methanol, ethanol, acetone, etc.?* > The
sensing performance is greatly influenced by the size, structure
and morphology of the SnO, nanostructures since the sensing
behavior is a prominently surface-dependent phenomenon. We
also investigated the chemical sensing properties of the SnO,
nanopolyhedrons here.

To fabricate a SnO, nanopolyhedrons based gas sensor, the as-
grown SnO, nanopolyhedrons were mixed and ground with an
adhesive in an agate mortar to form a gas sensing paste. The paste
was coated onto an alumina tube on which a pair of Au electrodes
was previously printed. After dried in air for several minutes, the
alumina with coated nanopolyhedrons was annealed at 400 °C
for 2 h to improve the mechanical strength. After being welded
onto the pedestal, the gas sensors were aged for 72 h by applying
SV on the heating wire. To research the influence of operating
temperature and to get an optimum operating temperature, we
tested the responses of SnO, gas sensors to 20 ppm acetone as a
function of operating temperature and the result was shown in
Figure 6a. From the curve, it was seen that the sensing response
first increased with temperature, up to 370 °C, and then
decreased. The maximum sensitivity reaches 17.5 at 370 °C.
Thus the optimized 370 °C was chosen for further gas sensing
tests of the SnO, nanopolyhedron. Figure 6b shows the repre-
sentative dynamic gas response of the SnO, gas sensor to acetone
with concentrations ranging from 1 ppm to 200 ppm when the
sensor worked at 370 °C. Seven cycles were successively
recorded, corresponding to seven different acetone concentra-
tions of 1, 10, 20, 40, 100, 150, and 200 ppm, respectively. From
the curves, it can be seen that the conductance of the sensor
undergoes a drastic rise upon the injection of acetone and drops
to its initial state after the sensor was exposed to air. The
sensitivity of the sensor to 1 ppm acetone is around 4 and to
200 ppm acetone is around 48, respectively. It indicates that the
sensing detection limit is rather good for the SnO, nanopolyhe-
drons. The gas sensing response and recovery times are impor-
tant parameters to evaluate the performance of a gas sensor.
Figure 6¢ and 6d are the sensing curves of the SnO, nanopoly-
hedrons sensor to acetone with concentrations of 1 ppm and 200
ppm, respectively. Measured from the curves, it was found that
the sensing response and recovery times were 7s and 2.6s for 1
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Scheme 1. Schematic Illustration of the Possible Growth Process
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Figure 6. (a) Sensor sensitivity vs. operating temperature of the synthesized SnO, polyhedrons. (b) Dynamic response-recovery curves of the gas
sensors built on the synthesized SnO, polyhedrons to acetone with varied concentrations. (c,d) Dynamic response-recovery curves of the gas sensors to

1 ppm and 200 ppm acetone, respectively.

ppm acetone, 9.7s and 5.8s for 200 ppm acetone, respectively,
indicating fast sensing ability of the SnO, nanopolyhedrons
Sensor.

The sensing characteristics of the SnO, nanopolyhedrons
sensor to methanol and ethanol were also studied. Figure 7
shows the dynamic gas response of the SnO, gas sensor to
methanol and ethanol with different concentrations, respectively.
Seven cycles were recorded, according to the gas concentration
of 1, 10, 20, 40, 100, 150, and 200 ppm, respectively. Similar to
the sensing characteristics of the sensor to acetone, the con-
ductance of the sensor undergoes a drastic rise upon the injection
of gases and drops to its initial state after the sensor was exposed
to air. The lowest detection limit of the sensor was down to 1
ppm methanol with a sensitivity of 1.8 and 1 ppm ethanol with a
sensitivity of 2.6, respectively.

We also investigated the gas sensing properties of different
SnO, materials, including the current nanowires assembled SnO,
nanopolyhedrons, SnO, nanowires, and commercial powders to
depict the enhanced gas sensing performance of the nanowire
assembled SnO, nanopolyhedrons. As examples, Figure 8 shows
the relationship between sensor response and gas concentrations
of acetone and ethanol, respectively. From the curves, it is
obviously that sensors based on nanowires assembled SnO,
nanopolyhedrons exhibit much higher response to both gases
than SnO, nanowires and bulk material. For example, the
response values of the nanowire assembled SnO, nanopolyhe-
drons, SnO, nanowires, and commercial powders are 50.2, 25.6,
and 18.8, respectively, when the acetone concentration is fixed at
100 ppm. Similar trend was also observed for the detection of
ethanol.
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Figure 7. Dynamic response-recovery curves of the gas sensors built on
the synthesized SnO, polyhedrons to (a) methanol, and (b) ethanol,
with varied concentrations ranging from 1 ppm to 200 ppm.

It is well-known that the gas sensing mechanism of metal oxide
semiconductor is an adsorption-oxidation-desorption process
leading to the change of the conductance of the sensor. To explain
the excellent gas sensing performance of the as-synthesized SnO,
nanopolyhedrons, the following factor should be considered.
According to the model of the grain size effect in n-type
semiconducting metal oxide gas sensors,”* when D < 2 L (L is
the thickness of the depletion layer), the gas sensors perform
better. As shown in Figure 3¢, the SnO, nanowires within
nanopolyhedrons have diameters of around 3—5 nm, which is
smaller than 2L of SnO, (L = 3 nm, thickness of the depletion
layer) and contributes most to the gas sensing response.

To get clear information about the sensing selectivity of the
SnO, nanopolyhedrons sensor, we compared the sensing ability
among methanol, ethanol, and acetone and the results are
demonstrated in Figure 9. From the data shown in Figure 9,
we can see that the sensitivity of the SnO, nanopolyhedrons
sensor showed superior sensitivity to acetone than methanol and
ethanol with concentrations ranging from 1 ppm to 200 ppm,
indicating very good selectivity to acetone among three chemi-
cals. As we know, SnO, usually shows better sensitivity to ethanol
than acetone. However, for the nanowires assembled SnO,
nanopolyhedrons here, they showed better sensitivity to acetone
than ethanol. Based on our experiments, we believed that under
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Figure 8. Relationship between sensor response and gas concentrations

of acetone and ethanol, respectively, built on the nanowire assembled
SnO, nanopolyhedrons, nanowires, and commercial powders.
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Figure 9. Response values of the gas sensors built on the synthesized
SnO, polyhedrons to different gases of 200 ppm. (The error limits is
around =+0.1.)

the current exgerimental conditions, SnO, products were doped
with trace Zn*", though we did not observed the signals of Zn
element by XRD and EDX. According to previous studies, the
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use of proper dopants could greatly change the selectivity of
SnO, nanostructures.>* ™" Thus, we deduced that the introduce
of Zn(Ac), into the reaction system is the main reason for the
selective detection of acetone. The speculation was confirmed
from the results shown in Figure 8, where no obvious selectivity
to acetone was observed for pure SnO, nanowires synthesized in
the absence of Zn(Ac),.

In conclusion, we successfully synthesized SnO, nanopolyhe-
drons assembled from ultrathin SnO, nanowires based on the
sodium dodecyl sulfate (SDS)-assisted hydrothermal process.
The growth process was studied and it was found that SDS plays
an important role for the assembly process. The as-obtained
SnO, nanopolyhedrons exhibited 1 ppm sensitivity to all the
chemicals, very fast response and recovery times (several seconds
for different gases with concentrations of 1—200 ppm), and
highly selective detection to acetone. Our results suggest that the
SnO, nanopolyhedrons are promising candidates for high per-
formance chemical sensors in terms of detection limit, sensitivity,
and selectivity.
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© Supporting Information. EDX spectrum of the as-ob-
tained SnO, nanowires, SEM images of the SnO, products
synthesized in the absence of Zn(Ac),. This information is
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