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Nowadays, developing a simple, efficient, and low-cost route for synthesizing three-dimensional (3D) micro/
nanostructures has become the research focus of nanomaterials. In this work, 3D SnO, microstructures
assembled by nanosheets were prepared by hydrothermal synthesis combined with subsequent heat treatment.
The morphology and crystal structure of the SnO, were characterized by X-ray diffraction, field emission
scanning electron microscope, transmission electron microscope and N, adsorption-desorption isotherms. The
as-prepared tin oxide samples show 3D hierarchical structures assembled with two-dimensional nanosheets.
After sintering at 500 °C, the sample has better crystallinity of SnO, with a larger specific surface area of
62.5m?/g than that (24.1 m?/g) of commercial SnO, materials. The 3D SnO, microstructures have been studied
for ethanol gas sensing, showing good response-recovery performance, high sensitivity and excellent long-
term stability and repeatability even after 4 months. The results demonstrate that 3D SnO, microstructures are
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promising for application as a gas sensor material.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Gas sensors have attracted much attention by its application in air
quality monitor and control, toxic or flammable gases detection, and
medical diagnosis [1,2]. Great efforts have been made to improve the
properties of gas sensors, including the sensitivity, selectivity, stability,
and response-recovery speed (4S) [3], through many ways like tuning
the size and morphology of working materials, preparing novel
composite materials [4-8], and loading noble metal elements [7-11].
Special attention has been paid to the design of three-dimensional
(3D) complex micro/nanostructures or hierarchical structures for
optimum detection. Metal oxides with a 3D porous structure usually
exhibit enhanced sensing performances in comparison with the similar
bulk materials, due to the large active surface area and enhanced gas
diffusion in sensing materials [12-15].

Many oxide semiconductors, such as ZnO [16,17], SnO, [18-21],
WO0s3 [22], Fe;05 [23], and CuO [24], have been widely studied due
to their good potential for gas sensor. Among the above semi-
conductors, SnO, has received particular interest for gas sensing
because of its better sensing ability to a variety of gases and improved
performance [25] including high sensitivity and stability, which is
usually better than other metal oxides. Due to the influence of size
and morphology on the material properties, SnO, with various nano-
structures have been synthesized including nanoparticles [26,27],
nanowires [28,29], nanorods [1,30], nanowhiskers [31], nanotubes
[32], nanobelts [33,34], nanosheets [35,36], nanoflowers [37,38], and
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hollow spheres [2]. Although the low dimensional materials such as
0D nanoparticles and 1D nanorods usually have a higher surface area
than the 3D microstructures, they suffer from poor stability due to
sintering when used for resistive gas sensor working at elevated
operating temperatures. In contrast, the 3D microstructures with a
robust architecture could provide enhanced stability, because the
sensing layer could well preserve the 3D structure against long-term
working. In addition, it is well known that the sensing mechanism of
SnO, is surface-controlled [5], the 3D microstructures also provide
large inner voids, facile transport pathways or channels and high
accessibility of materials surface to gas molecules, which are more
conducive to the diffusion of target gas in the sensing layers [16,18].

In this paper, we mainly concentrate on synthesizing 3D SnO,
microstructures through an environment friendly hydrothermal
method and their sensor application. The 3D SnO, microstructures are
assembled with 2D nanosheet blocks, which form large space among
the nanosheets. Furthermore, the nanosheets also have a porous feature
that could further increase the active surface area of the materials and
provides facile pathways for the target gas. These features significantly
enhance the sensor performances of the 3D SnO, microstructures.

2. Experimental
2.1. Synthesis of 3D SnO, microstructures

Stannous chloride dehydrate (SnCl;2H,0), sodium hydroxide
(NaOH), hexadecyltrimethylammonium bromide (CTAB), and eth-

anol, were all of analytical grades and were used as received from
Sinopharm, China, without further purification. Commercially available
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SnO, particles were also obtained from this company for the gas sensing
test for comparison. SnO, microstructures were prepared via a hydro-
thermal process. In a typical synthesis, 046 g of SnCl,2H,O was
introduced into 20 mL deionized water under stirring. Then 20 mL of
aqueous solution containing 0.33 g NaOH and 0.74 g CTAB were added
and the mixture was stirred for another 40 min. Afterwards, the
mixture was transferred into a Teflon-lined stainless steel autoclave
of 50 mL capacity. The autoclave was sealed and kept in an electrical
oven at a constant temperature of 120 °C for 12, 24 and 48 h,
respectively. After reaction, the autoclave was water-cooled rapidly.
The yellow precipitate was collected by centrifugation and washed
several times with ethanol and deionized water successively. Finally,
the samples were dried at 80 °C and further annealed in a muffle
furnace at 500 °C for 2 h for further characterizations and device
fabrication.

2.2. Sample characterizations

Phase and structure identification was measured with power X-ray
diffraction (XRD) using a Bruker diffractrometer (D8-Advance) with
Cu Ko radiation of 1.5418 A. The morphologies of the prepared SnO,
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Fig. 1. XRD patterns of (a) as-prepared 24 h SnO, microstructures and (b) heat-treated
products.

Fig. 2. SEM images of SnO, nanosheets with different reaction time: (a, b), (¢, d) and (e, f) represent samples prepared at different reaction time of 12, 24, 48 h, respectively.
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Fig. 3. TEM images of (a) 3D SnO, microstructure, and (b, ¢) SnO, nanosheets.

microstructures were observed with a scanning electron microscope
(SEM, Quanta FEG 250, 30 kV) and transmission electron microscope
(TEM, JEM-1011, 100 kV), respectively. The Brunauer-Emmett-Teller
(BET) specific surface area was measured with a N, adsorption-
desorption analyzer (3 W-BK, Beijing).

2.3. Sensor fabrication and measurements

The gas sensors were fabricated as described in the literature [3].
Briefly, a small amount of SnO, sample was ground in an agate mortar
with several drops of deionized water. The slurry was slightly coated
onto an alumina tube to form a thin film. The alumina tube has a
diameter of 1 mm and length of 4 mm with a pair of Au electrodes and
four Pt wires on both ends. A Ni-Cr alloy coil through the tube worked
as a heater to control the operating temperature by tuning the heating
voltage. Gas sensing tests were performed by a WS-60A gas sensing
measurement system (HanWei Electronics, China) at a relative
humidity (RH) of 25%. WS-60A is a static system using atmospheric
air as the reference and dilute gas. Target gas with calculated amount
is introduced into the test chamber by a syringe. Two electric fans
installed in the chamber are used to make test gas homogeneous.
After test, the chamber was removed for sensor recovery. The sensor
response is defined as the ratio S = R,/R,, where R, and R, are the
resistance of the sensor in air and in target gas, respectively.

3. Results and discussion

The XRD patterns of the as-prepared and annealed SnO, micro-
structures with reaction time of 24 h are shown in Fig. 1. The XRD pattern
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Fig. 4. Nitrogen adsorption-desorption isotherm and pore size distribution curve (inset) of
the 24 h nanostructures.

of the as-prepared sample shows a mixture phase containing both
SnO (JCPDS No. 77-2296) and SnO, (JCPDS No. 41-1445) of poor
crystallization as the diffraction peaks are rather weak and broad.
After annealing at 500 °C for 2 h, the sample is of higher crystallinity,
as observed in Fig. 1(b) and all the diffraction peaks can be well
indexed to the tetragonal rutile structure of SnO,. It also indicates
the SnO has completely transformed into SnO, due to oxidation
after the annealing process. The crystallite size of the 3D SnO,
materials is calculated to be 20.5 nm with the Scherrer equation
based on (110) peak.
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Fig. 5. Response-recovery curve (a) and response of 3D SnO, microstructures at 300 °C to
different concentration of ethanol (b).
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Fig. 6. The dynamic response-recovery curve to 50 ppm ethanol of 3D microstructures and
commercial SnO,.

The effect of reaction time on the morphology and size of the SnO,
microstructures was investigated by varying the reaction time as 12,
24 and 48 h. Fig. 2 shows the SnO, morphologies grown under different
reaction time that all exhibit 3D hierarchical microstructures composed
of 2D SnO, nanoplates. Based on this, we proposed a growth mechanism
of the 3D SnO, microstructures. At the initial stage of the reaction, fine
Sn0, clusters were generated and nucleated together. The primary
small crystallites aggregated in the form of nanosheets in order to
lower the surface energy [39,40], which finally self-assembled into 3D
microstructures. With the increase of reaction time, the sheets grew
larger, as shown in Fig. 2(a, b) and (c, d). However, if the reaction
time is further extended to 48 h, the morphology of the nanosheets
shows no obvious change.

The 3D SnO, microstructures were further characterized with TEM.
Fig. 3 displays typical TEM images of SnO, microstructures grown
with 24 h. From Fig. 3(a, b), it is observed that the 3D structure is
assembled by many nanoplates with a size of hundreds of nanometers.
Fig. 3(c) shows a representative individual SnO, nanoplate, revealing
that there exist many pores in the SnO, nanoplate. The formation of
these pores might be caused by the sintering and crystallization of
SnO; in the calcination process at elevated temperature [41]. As can
be seen in the XRD pattern, the product after calcination has much
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Fig. 7. The response of commercial SnO, materials and 3D microstructures to different
concentrations of ethanol.

Table 1
Comparisons of response towards ethanol of gas sensors assembled with various SnO,
nanostructures.

SnO, Nanowire [4] Nanoflower [39] Nanotube [42] Thin film [43] Our

sensor work

Ethanol 100 100 100 200 100
(ppm)

Response <2 7 <8 4.8 10

higher crystallinity. Clearly, such porous feature could further increase
the 3D microstructure surface area, which is advantageous for the
surface sensing applications [26].

The BET specific surface area of the 3D SnO, microstructures was
measured by N, adsorption-desorption isotherms. Fig. 4 shows the
nitrogen adsorption-desorption isotherm and pore size distribution
curve of the sample shown in Fig. 3. The hysteresis loop locates at the
range of 0.8-0.98 in the isotherm. The pore size distribution curve
reveals that the SnO, has a porous structure and the pore size is in the
range of 2-50 nm. The BET specific surface area is determined to be
62.5m%/g.

Inspired by their unique 3D microstructure, we examined the gas
sensing properties by fabricating gas sensors using the 3D SnO, powders
as working medium. The gas sensing experiments were carried out at
an operating temperature of 300 °C. Fig. 5(a) shows the dynamic
response-recovery curve of nanosheet sensor to ethanol of different
concentrations. It is obvious that the response amplitude increases
with ethanol concentration increasing. The sensor shows high response
to ethanol even at a low concentration of 5 ppm. The sensor responses to
various ethanol concentrations were plotted in Fig. 5(b). With the
increase of ethanol concentration, more target gas molecules participate
in the surface sensing reaction resulting in the enhancement of sensor
response. In Fig. 5(b), it shows that the sensor is capable to discriminate
different ethanol concentrations in the range of 5-200 ppm.

In order to prove the effect of the 3D microstructure on sensor
properties, we also measured the gas sensing property of commercial
SnO, particles for comparison. Fig. 6 shows the dynamic response—
recovery curves of the two sensors to 50 ppm ethanol. It is clear that
the response amplitude of the 3D SnO, is much higher, while the
commercial SnO, powders only show very small response. Fig. 7
compares the response values of the commercial SnO, powders with
3D SnO, microstructures to ethanol of different concentrations. Both
sensors exhibit increasing response with the growth of ethanol con-
centration. However, the response of 3D SnO, nanostructures is nearly
twice higher than that of commercial SnO, materials. Moreover, com-
pared with the sensors based on other SnO, nanostructures reported
in literature [4,39,42,43], our 3D SnO, microstructure manifests
superior performances to 100 ppm ethanol in terms of higher response,
as summarized in Table 1.

We suppose that the enhanced sensor response of SnO, should be
ascribed to the unique 3D porous microstructure [44]. To prove this
hypothesis, the structure of commercial SnO, materials is also observed
by SEM. Fig. 8(a, b) displays the SEM images of commercial SnO,
particles with different magnifications. Compared with the SEM images
of 3D porous microstructure in Fig. 2, the commercial SnO, materials
contain many particles of different size. Thus it is speculated that the
sensor film made from the commercial SnO, particles should be denser
than that from the 3D porous SnO, microstructures. Moreover, the
single nanoplates with holes could also increase the surface area and
accelerate the diffusion of gas within sensing film. According to our N,
adsorption-desorption analysis, the commercial SnO, has a specific
surface area of only 24.1 m?/g, which is much smaller than that
(62.5 m?/g) of 3D SnO, microstructures. It is reasonable that the large
specific surface area of the 3D SnO, leads to the enhanced sensing
performance.
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Fig. 8. SEM (a, b) with different magnifications of commercial SnO, particles.

The repeatability and long-term stability of the 3D SnO- sensor were
investigated by measuring ethanol of 150 ppm with six cycles at
operating temperature of 300 °C. As shown in Fig. 9, the sensor exhibits
very fast response and recovery even after 4 months and has very
excellent repeatability and stability. Such good feature of the 3D SnO,
microstructures is very useful for fabricating gas sensor with long life
from the point view of practical applications. Moreover, the selectivity
of the 3D SnO, was also investigated by detecting different gases. As
shown in Fig. 10, all the gas responses were tested at 300 °C with the
same concentration of 50 ppm. It reveals that the 3D SnO, sensor
manifests the highest response of 5.1 to ethanol, which is much higher
than that to methanol (3.0) and acetone (2.1).

Sn0, is a typical n-type semiconductor and it is also known as a
surface-controlled type of sensor material. Generally, oxygen molecules
in air are adsorbed on the surface of SnO,. They capture electrons from
the conduction band of metal oxides in the form of oxygen species
like 05, 0~ and O~2. An electron depletion layer is thus formed on
the surface of Sn0, [45,46] as shown in Fig. 11(a), which leads to the
increase of resistance. When this process reaches to a balance, the
sensor resistance is stable. Once reducing gas such as ethanol is
introduced into the test chamber, it will be oxidized by the oxygen
species (07, 0~ and O~2) immediately and then the electrons will be
released back to the conduction band and decrease the electron
depletion layer as shown in Fig. 11(b), which will decline the resistance
of the sensor. When the ethanol gas is removed, oxygen molecules
will be re-absorbed on the surface of SnO, to refresh the gas sensor
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Fig. 9. Response-recovery curve of the 3D SnO, sensor to 150 ppm ethanol at 300 °C after
4 months.

[35]. In addition, it is expected that combining the 3D metal oxide
microstructures with noble metal nanoparticles could further improve
the sensor performance. Detailed work is underway in our lab.

4. Conclusions

In this work, we have synthesized 3D SnO, microstructures com-
posed of 2D porous nanosheets by hydrothermal synthesis combined
with subsequent heat treatment. The 3D structures together with the
porous nanosheets endow the SnO, materials with large surface area
and easy gas diffusion, which is very beneficial for gas sensing
applications. Ethanol gas sensing tests demonstrate that the 3D SnO,
microstructures show superior performance with respect to fast
response, high repeatability, and long-term stability. The good sensing
features indicate the present 3D SnO, microstructures are promising
for gas sensors.
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