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Isopropanol has been widely used as solvents and synthetic chemical intermediates in many field, but is
very harmful volatile organic compound to human health. Therefore, monitoring of isopropanol is ur-
gently needed. Here we report a facile hydrothermal method to SnO, nanorings, which can be used as
gas sensing materials for isopropanol detection. Measurement results show that the SnO, nanorings have
rapid response, and good repeatability, highly gas sensitivity to isopropanol, and achieving the detection
of isopropanol with a low concentration of 1 ppm. Moreover, we also explained the formation mecha-
nism of the SnO; nanorings, suggesting that bubbles-template-assisted growth mechanism dominates
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Sn}éz the formation of the SnO, nanorings. The synthesis approach to SnO, nanorings and the achievement of
Nanorings detection to isopropanol with a low concentration are of fundamental importance to synthesis of sensing
Isopropanol materials and environmental sciences.
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1. Introduction

Isopropanol is one of the most commonly volatile organic
compounds (VOC), has been widely used as solvents and synthetic
chemical intermediates in pesticides, printing, pharmaceutical,
electronics, household chemical and many other fields [1,2]. How-
ever, isopropanol is very harmful to human health [3,4]. The iso-
propanol vapor with the concentration below 400 parts per million
(ppm) results in irritation of the eyes, nose, mouth, and throat; and
that with a higher concentration inhibits the central nervous sys-
tem, or cause dizziness, severe vomiting, excessive sweating,
vomiting, swelling and internal bleeding [5]. Therefore, effective
monitoring of isopropanol is necessary for strengthening environ-
mental regulations and treatments.

Semiconductor metal oxides gas sensors are the effective tools
for detecting and monitoring various harmful gases and vapors, and
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have attracted great attention due to good performances, low cost,
compact size and simple measuring electronics [6—8]. Generally,
the performance of the semiconductor gas sensor is mainly
dependent on the sensing materials [9]. It is well known that,
among various sensing materials, tin oxide (SnO,) is considered to
be one of the most popular sensing materials because of its large
excitation energy, excellent electronic and photonic properties
[10,11]. Up to date, many efforts have been devoted to obtain high
performance sensing material by tailoring the morphologies and
structures of nanoscaled SnO, materials [12,13]. Furthermore, SnO,
nanomaterials with various morphologies have been synthesized,
such as nanowires [14], nanotubes [15], nanobelts [16] and mi-
crospheres [17,18]. But there are few reports on SnO, nanoring
structure as gas sensor. In contrast, nanorings have porous struc-
ture, higher special surface area and slight agglomeration, being
favorable to the adsorption and diffusion of target gas molecules,
thus introducing better gas-sensing performance [19]. In consid-
eration of the advantageous of SnO, nanorings to the gas-sensing
performance, we here present a facile hydrothermal method to
SnO; nanorings. As the sensing materials, the SnO, nanorings
exhibit high response and short response and recovery times
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towards isopropanol. Therefore, our synthesis approach to the SnO;
nanorings gives a clue to the fabrication of the SnO, sensing ma-
terials with unique nanostructure and excellent sensing perfor-
mance. To the best of our knowledge, there are only a few reports
mentioned about the sensing properties of SnO, sensing materials
to isopropanol, and the corresponding sensitivities are also not
high [20]. Herein, the as-fabricated SnO; nanorings display high
gas sensitivity to the isopropanol, achieving the detection of iso-
propanol with a low concentration of 1 ppm, thus being of
fundamental importance to environmental sciences and human
health.

2. Experimental
2.1. Synthesis of the SnO, nanorings

All reagents are commercially available from Sinopharm
Chemical Reagent Co., Ltd. (China) with analytical grade and
without further purification.

For the synthesis of SnO; nanorings, 0.3 g of SnCl4-H,0and 0.9 g
of urea are firstly dissolved into 40 mL of deionized water with
vigorously stirring for 30 min. The transparent solution is obtained,
and then transferred into a 50 mL Teflon-lined stainless
autoclave, sealed and heated at 150 °C for 300 min, finally cooled to
room temperature naturally. The resultant precipitate is then
centrifuged, washed, and dried at 60 °C. Finally, the SnO, powder is
obtained after annealing the precursor at 500 °C for 2 h in air
atmosphere.

2.2. Characterization

The morphologies of the as-prepared products are characterized
by field-emission scanning electron microscopy (FE-SEM, FEI
Sirion-200), high resolution transmission electron microscopy
(HRTEM, JEOL JEM-2011). The crystal structure of the as-prepared
samples is determined by X-ray diffraction (XRD, Philips X'pert
PRO) with Cu K radiation. Energy dispersive spectroscopy (EDS) is
measured by Oxford INCA X-Max 50.

2.3. Fabrication of the gas sensor and the gas sensing measurement
system

The structure of the gas sensor is schematically shown in
Fig. 1a. A pair of gold electrodes is firstly fabricated onto a ceramic
tube by thick film technology. And then two pairs of gold wires are
connected to them. A piece of nichrome wire with the resistance
of 30 Q is placed in the interior of the ceramic tube as heating
wire. To fabricate a gas sensor, the as-prepared samples of the
SnO, nanorings or commercial SnO; powders are directly
coated on the surface of the ceramic tube and dried in infrared
drying oven, and then sintered in muffle furnace at 350 °C for 2 h
in air.

Typically, as shown in Fig. 1b, a gas sensing measurement is
performed in a closed test chamber with a volume of about
1000 mL equipped with appropriate an inlet and an outlet for gas
flow. A Keithley 6487 Source/Measure Unit (SMU) is used to mea-
sure the film thickness. The as-deposited films are applied for the
measurement of gas sensing properties. The gas sensing properties
are evaluated at various operation temperatures from 100 to 400 °C
by measuring the changes of resistance of the sensor in air. The
target gas is prepared by drawing out the headspace vapor into a
microsyringe at room temperature. And the low concentrations of
samples are prepared by diluting the vapors in a vessel before
injecting them into the test chamber. The response of the sensor is
defined as:
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Fig. 1. The schematic diagram of the gas sensor (a) and the experimental setup (b).

Response = Igl_la x 100% (1)
a

Here, I; and Ig are the electric currents of the sensor in air and target
gas, respectively.

3. Results and discussion

Fig. 2 presents the XRD pattern of the obtained products,
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Fig. 2. The XRD pattern of the SnO, nanorings.
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Fig. 3. (a) Low and (b) high magnification SEM images of the SnO, nanorings, (c) TEM image of the SnO, nanorings, (d) the lattice-resolved HRTEM image inserted with corre-

sponding SAED pattern of the SnO2 nanorings.

revealing that all of the diffraction peaks can be indexed to
tetragonal SnO, (PCPDF No. 88—0287). That is to say, the as-
obtained products are tetragonal SnO,, which is the most stable
and most common phase. The results of morphology character-
ization show that the SnO, powders are loose structures (Fig 3a),
consists of a large amount of self-assembled nanoparticles (Fig 3b).
TEM images manifest that the nanoparticles self-assemble into
ring-like structures with about 60—100 nm in the diameter (Fig. 3¢
and d). The SAED pattern of the nanoparticle (inset of Fig. 3d)
presents series of concentric rings with different diameters, cor-
responding to the nature lattice planes of tetragonal SnO,. HRTEM
image shows the fringe spacing are 0.338 nm, which match well
with the (110) lattice space of the tetragonal SnO,. Meanwhile, the
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HRTEM image also indicates that, in different nanoparticles, the
lattice fringes are oriented attached, forming a continuous crystal
lattice.

For the formation mechanism of the SnO, nanorings, we suggest
a bubbles-template-assisted growth mechanism. The formation
process of the SnO; nanoring can be intuitively and schematically
displayed as Fig. 4. During the hydrothermal treatment, urea is
firstly decomposed to form large amount of hydroxyl ions and CO,
bubbles. At the moment, the SnO; nanoparticles (or sub-nm seeds)
with smaller size are formed, dispersing in the whole solution
(Fig. 4a). The CO, bubbles can be considered as a template (Fig. 4b),
resulting in the adsorption of SnO, seeds on the surface of the CO;
bubbles, and then growing along the surface of the CO, bubbles.
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Fig. 4. The schematical formation process of the SnO, nanorings.
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Fig. 5. Responses of the SnO, nanorings to 100 ppm of isopropanol at different
operating temperatures at different operating temperatures.

However, the CO, bubbles are not stable, easily escape and burst
resulting from the fluctuation of the solution, leading to the SnO,
nanoparticles to assemble into incomplete spheres or rings, as
shown Fig. 4c. In addition, it should be noted that the SnO, nano-
particles assemble on the surface of the CO, bubbles according to
the oriented attachment mechanism, bring about the continuous
crystal lattice between interfacing nanoparticles, as confirmed by
the HRTEM image (Fig. 3c). The continuous crystal lattice is benefit
for electron transport during the whole nanorings.

Next, the as-synthesized SnO; nanorings are used as sensing
materials to detect the isopropanol via the gas sensitivity test,
which can not only estimate the sensing performance of the SnO,
nanorings, but also achieve the practical application for the sensi-
tive detection of isopropanol (high toxicity and long-term existing
in the environment). Prior to the gas sensitivity test, the operating
temperature that is very important for the sensing performance of
metal oxide gas sensors, must be determined. Therefore, we sys-
tematically investigated that the responses of the SnO, nanoring to
100 ppm of isopropanol at different operating temperatures (Fig. 5).
Obviously, the responses firstly increase and then present a turning
point at 250 °C with increasing operating temperature, indicating
the optimal operating temperature is 250 °C. According to Wol-
kenstein's model for semiconductors [21], the surface reactions of
the target gases are usually highly dependent on the activity of the
adsorbed oxygen species. Either molecular (0%~) or atomic (0O,
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Fig. 7. Comparison of the Sn0O, nanorings sensor and commercial SnO, powder sensor
to 100 ppm of isopropanol vapor.

0%") oxygen species are present on the surface at different tem-
perature. Generally, the molecular form works mostly below 150 °C,
while the atomic species play a dominant role at higher tempera-
ture [22]. The optimal operating temperature of 250 °C suggests
that the atomic species dominates the metal oxide gas sensor. Thus,
we determine that the gas sensitivity tests are carried out at 250 °C.

The sensitivity of the SnO, nanorings to isopropanol is shown in
Fig. 6a. With the increasing of the isopropanol gas concentration
from 1 to 500 ppm, the current increases, and rapidly drop as the
isopropanol gas is removed from the testing atmosphere. Fig. 6b
displays the plot of the current intensity as a function of the iso-
propanol of different concentration, revealing a linear range from 1
to 500 ppm. The least-squares fitting was y = 2.46 + 0.069-x with a
regression coefficient (R?) of 99.7%. The results reveal that the SnO;
nanorings have good response for isopropanol. Compared with the
commercial SnO, powders (Fig. 7), the response and recovery time
of SnO, nanorings to 100 ppm of isopropanol are 6.8 and 38.6 s,
respectively, which is better than that (about 21.5 and 58.3 s) of the
commercial SnO; powders. In addition, the response of commercial
SnO, powders is 2.76, but that of the SnO, nanorings is 7.27. Table 1
shows the parameters of reported isopropanol sensors based on
different metal oxide nanostructures. As we can see, the current
lowest detection concentration only reaches the level of 100 ppm.
However, the lowest detection concentration of the SnO, nanorings
reaches 1 ppm, which is much lower than other reports. Thus, the
SnO, nanorings possessed higher response and shorter response
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Fig. 6. (a) Real-time responses of the SnO, nanorings to isopropanol at 300 °C and (b) the corresponding plots of the response vs concentration.
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Table 1

Isopropanol sensors based on metal oxide nanostructures.
Sensing materials Lowest detection concentration Operating temperature Ref.
Sn0, nanorods 100 ppm 450 °C [20]
ZnO—CdO composites 100 ppm 248 °C [23]
TeO, nanowires 100 ppm 50 °C [24]
PbO-doped SnO, 500 ppm 250 °C [25]
SnO, nanorings 1 ppm 250°C Present work

and recovery times, displaying excellent gas sensitivity.

Moreover, the SnO; nanorings also exhibit rather good stability
and repeatability. Fig. 8 shows the response of the SnO, nanorings
to 100 ppm of isopropanol after 10 cycles of gas on and off at 250 °C,
manifesting that the maximum deviation is an acceptable range.
Based on the high sensitivity and good repeatability, the SnO;
nanoring might become a good sensing material for promising
industrial applications. For practical application, it is also necessary
that gas sensor devices possess high selectivity. Previous reports
indicate that SnO, nanostructure based sensors have responses to
many gases, including ethanol, benzene, toluene, etc. However, in
our case, the response of the SnO, nanorings to 100 ppm of iso-
propanol is much higher than that to 100 ppm of other gases, as
shown Fig. 9. This result speaks volumes for the excellent selectivity
of Sn0O; nanorings to isopropanol.
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Fig. 8. Stability of the SnO, nanorings to 100 ppm of isopropanol at 250 °C.
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Fig. 9. Comparison of the responses of the SnO, nanorings to 100 ppm of different
VOCs.

4. Conclusion

In conclusion, we have synthesized the SnO, nanorings assem-
bled by nanoparticles through a facile hydrothermal method. The
Sn0, nanorings used as gas sensing materials displays excellent the
high sensitivity, achieving the detection of isopropanol with a low
concentration of 1 ppm. Moreover, compared with commercial
SnO, powders, the SnO; nanorings have rapid response, good
repeatability and high sensitivity to isopropanol. Meanwhile, the
SnO; nanorings possess high selectivity to isopropanol. Therefore,
we suggest that the synthesis approach to SnO, nanorings and the
achievement of detection to isopropanol with a low concentration
are of fundamental importance to environmental sciences and
human health.
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