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Abstract

The stannic oxide (SnO,) was modified using Quasi-Molecular imprinting
method. The morphology and structure of the modified SnO, were characte-
rized by X-ray diffraction (XRD), and transmission electron microscopy
(SEM). The gas-sensing performance of the modified and unmodified SnO,
sensors was compared, and the mechanism of MIP technique in improving
the gas-sensing performance of SnO, was discussed. The selective test results
showed that the improved SnO, gas sensor exhibited good gas sensitivity to
formaldehyde. The SnO, gas sensor with good formaldehyde gas selectivity
achieved precise measurement of continuous formaldehyde concentration.
The response value to 100 ppm formaldehyde was 100°C at 230°C. The syn-
thesis of SnO, was discussed, and the mechanism of improving gas-sensing
performance after modification was analyzed.
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1. Introduction

Nowadays, people pay more and more attention to volatile organic gases (VOCs)
in various environments, the application of gas sensors is becoming increasingly
important [1] [2] [3] [4]. For this reason, human beings have designed various
gas sensors to detect various volatile flammable or toxic gases from different ac-
tual detection needs [5] [6]. Formaldehyde, which is colorless, odorless, and vo-
latile, is one of the harmful gases that often appears in human daily activities,

such as the home decoration industry. Long-term exposure to formaldehyde
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leakage may lead to some diseases. Therefore, developing a gas sensor with ex-
cellent formaldehyde gas sensitivity has significant practical significance [7] [8].
The stannic oxide (SnO,) has received widespread attention as a stable wide-
band-gap n-type semiconductor in many applications [9]. Molecular imprinting
technology provides great potential for identifying applications in various sensor
applications [10] [11] [12] [13]. Molecular imprinting has specificity, as the
molecularly imprinted polymer effectively and selectively binds to specific tem-
plate molecules or their analogs. This provides a mechanism with significant
target recognition and selectivity for the design of ultra-sensitive gas sensors
[14] [15]. In order to detect formaldehyde, we designed a highly sensitive
SnO,-based formaldehyde gas sensor based on a quasi-molecular imprinting

mechanism.

2. Experiment

2.1. Preparation of Sn0; Water-Based Nanomaterials

Add 1.61 g of Tin Tetrachloride (SnCl,) and 1.4 g of HMTA (C;H,N,) to 40 ml
of deionized water solvent, fully stir for 2 hours to fully mix the solution, then
transfer it to 90 ml of polytetrafluoroethylene, put it into a metal autoclave, and
conduct high-temperature hydrothermal heating at 120°C for 12 hours. After
the time, cool naturally and collect the sediment. Use deionized water and abso-
lute ethanol to cross centrifuge and wash in a centrifuge at the speed of 4000 r/s
for 3 times, then continue to collect the centrifuged products and dry them at
60°C for 8 hours, and finally collect the products again and anneal them at
350°C for 4 hours. After cooling to room temperature, collect powdered nano

SnO, materials. Mark this group of samples as A.

2.2. Preparation of SnO; Formaldehyde-Based Nanomaterials

Add 1.61 g of Tin Tetrachloride (SnCl,) and 1.4 g of HMTA (C,H,N,) to 30 ml
of deionized water solvent and 10 ml of formaldehyde mixed solution, fully stir
for 2 hours to fully mix the solution. Other steps are the same as 2.1. After cool-
ing to room temperature, collect powdered nano SnO, materials. Mark this

group of samples as B.

2.3. Preparation of Gas Sensors with Quasi-Molecular Imprinting
Method

A total of four groups of control experiments were established, which were
named AW, AF, BW and BF. The first letter A of the four sample labels represents
pure water mixing at the mixing stage, namely, water-based samples; The first
letter B represents the addition and mixing of formaldehyde liquid in the hy-
drothermal mixing stage of nanomaterials; The second letter W represents the
use of pure water in the coating aging stage; The second letter F represents the
use of formaldehyde liquid in the coating aging stage. Therefore, sample A is

coated with water and aged at 120°C for 24 hours to obtain the gas sensor AW;
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Sample A is coated with formaldehyde and aged at 120°C for 24 hours to obtain
the gas sensor AF; The gas sensor BW is obtained by aging the sample B with
water at 120°C for 24 hours; Group B samples were coated with formaldehyde
and aged at 120°C for 24 hours to obtain gas sensor BF. The three groups of AF,
BW and BF can all be referred to as nano gas sensor materials improved by ex-

cimer imprinting technology.

3. Results and Discussion

3.1. Morphology and Structural Characteristics

X-ray diffraction (XRD) as shown in Figure 1, all distinguishable peaks match
well with the tetragonal rutile structure of SnO, and are consistent with the
JCPDS file 41-1445, indicating that the samples have good purity. There are no
characteristic peaks of other impurities in any of the samples in Figure 1. The
diffraction peaks of the samples are broad and low, indicating that their crystal
grain size is small.

The microstructure of SnO, nano-materials before and after modification was
observed by SEM. Nano-SnO, prepared on different substrates can be observed
in (a)-(c) of Figure 2(a) is water-based sample A, (b) is sample AW of wa-
ter-based sample coated with water, (c) is sample AF of water-based sample
coated with formaldehyde, (d) is sample B of formaldehyde, (e) is sample BW of
formaldehyde based sample coated with water, and (f) is sample BF of formal-
dehyde based sample coated with formaldehyde; It can be seen that the mor-
phology and structure of all SnO, samples are basically similar, all of which are
small spherical particles, but there are some differences in the size of the spheri-
cal structure. From the size of the spherical structure, the order is AW = A > BW
= B > AF > BF, which shows that water coating has little effect on changing the
size of spherical particles, but it is very feasible to improve the existing SnO, na-
nomaterials through three kinds of excimer imprinting, By this means, the di-

ameter of spherical particles can be significantly reduced at the microscopic level.
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Figure 1. XRD patterns of different SnO,.
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Figure 2. SEM images of SnO,, (a) is A, (b) is AW, (c) is AF, (d) is B, (e) is BW, (f) is BF.

3.2. Gas-Sensing Property

Working temperature mainly affects the sensitivity of sensor and the time of gas
adsorption and desorption [16] [17]. Consequently, the SnO, sensor was ex-
posed to 10 ppm formaldehyde at 200°C - 250°C, and the best operating tem-
perature was 230°C. Figure 3(a) is the response of sensors made of Samples
AW, Figure 3(b) is the response of sensors made of Samples AF, Figure 3(c) is
the response of sensors made of Samples BW, Figure 3(d) is the response of
sensors made of Samples BF. It can be shown that the response values of the four
groups of sensors increase with the increase of temperature, reach the maximal
response at 230°C, and then decrease with the further increase of temperature.
The unmodified response value is 50, and the modified best response value is
100, which upgrades the response performance by 2 times compared with that
unmodified. The optimal working temperature of the sensor unmodified and
modified does not change.

In recent years, with the advancement of gas sensor research, sensor 3S cha-
racteristics (sensitivity, stability, selectivity) research has become one of the im-
portant fields [18]. The stability verification of modified and unmodified SnO,
sensors are shown in Figure 4. Figure 4(a) is the response of sensors to 10 ppm,
and Figure 4(b) is the response of sensors to 100 ppm. It can be shown that the
formaldehyde sensor retains basically the same response in the continuous test
of the same concentration, and the mean error between the response values of
the same concentration is less than 1.

Figure 5 shows the response of SnO, nanostructure sensor to a series of test
gases (formaldehyde, methanol, ethanol, acetone, acetic acid, benzene and xy-
lene) 10 ppm at the optimal working temperature of 230°C. It can be seen that
the unmodified SnO, gas sensor has the best selectivity to formaldehyde. After
Quasi-Molecular imprinting method modification, the selectivity and response
value of formaldehyde have been improved, especially the selectivity has been
greatly improved, which has a good reference value for improving the selectivity

of gas sensors.
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Figure 3. The response recovery curves of nano-SnO, sensors with different bases to 10 ppm for-

maldehyde at different operating temperatures (70°C - 200°C), (a) AW-based SnO, gas sensor, (b)
BW-based SnO, gas sensor, (c) AF-based SnO, gas sensor, (d) BF-based SnO, gas sensor.
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Figure 4. The stability verification of the SnO, modified and unmodified based sensor: (a) the re-
sponse to 10 ppm; (b) the response to 100 ppm.

3.3. Gas-Sensing Mechanism

In the formaldehyde environment, the resistance value is mainly determined by

the height of the barrier, as follows:
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Figure 5. The response of the 10 ppm various test gases (formaldehyde, methanol, ethanol,
acetone, acetic acid, benzene and dimethylbenzene) at 230°C.

R, =R, exp[w}

KT

Here R, is stable resistance in air, R, is stable resistance in acetic acid, gVi(#) is
the barrier height on the crystal surface, K'is Boltzmann constant, 7'is tempera-
ture. The response recovery curve of SnO, sensor in the air and formaldehyde
environment shows that there is an exponential relationship between Rg and Ra,
and a small barrier change will lead to a significant change in the resistance of
the sensor.

Formaldehyde clusters can interact with SnO, in solution during the synthesis
of nanomaterials, which optimizes the pore structure of SnO, and is conducive
to the adsorption of formaldehyde. The introduction of formaldehyde solution
further optimized the pore structure of nano-materials. The etching process of
formaldehyde clusters on nano-materials SnO, is similar to the molecular etch-
ing mechanism (defined as excimer cluster etching mechanism). Due to the in-
troduction of formaldehyde in the process of nano-materials and device manu-
facturing, the sensor of BF based on AF makes BF alternately exposed to for-
maldehyde gas and clean air in the test process, and the formaldehyde gas ab-

sorbs more and diffuses faster, finally improving the sensing ability.
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4. Conclusion

SnO, modified by Quasi-Molecular imprinting method gas sensor for formalde-
hyde. Modified SnO, showed good gas sensing performance to formaldehyde at
230°C. The response of the modified SnO, to 100 ppm formaldehyde at 230°C
can reach 100, which is two times higher than the unmodified. The selectivity of
modified SnO, to formaldehyde has also been greatly improved. The adsorb
oxygen ability of Quasi-Molecular imprinting modified SnO, was enhanced due
to the increase of the contact area with formaldehyde gas, which effectively im-
proved the gas sensing performance. Therefore, it is helpful to use Quasi-Molecular
imprinting method to improve gas sensing performance. This paper provides a
modification strategy to improve the gas sensing performance of nano-materials
with Quasi-Molecular imprinting method, which has certain reference value for

the development of high-performance gas sensors.
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