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Abstract. Nowadays, the development of approaches to increase the sensitivity and reduce 

the operating temperature of gas sensors based on metal oxides is the important task. In this 
paper, these problems are solved by forming zinc stannate nanostructures during hydrothermal 
treatment of zinc oxide nanowires. The microstructure and chemical composition of the 
synthesized nanostructures were studied by SEM, EDS and XPS. Sensor responses to isopropyl 
alcohol vapors (1000 ppm) at 120 °C, 180 °C and 250 °C were measured. It was found that the 
sensor response values of zinc stannate nanostructures significantly exceed the responses of zinc 
oxide. Moreover, zinc stannate demonstrates the response of 6.3 at 120 °C. Thus, the developed 
structures can be used to create sensors of reducing gases with low operating temperatures.

Keywords: nanostructures, sensitivity, hydrothermal treatment

Funding: strategic academic leadership program ‘Priority 2030′ (Agreement 075-02-2021-
1316 30.09.2021), “Development program of ETU “LETI” within the framework of the program 
of strategic academic leadership” Priority-2030 075-15-2021-1318 on 29 September 2021.

Citation: Punegova K.N., Nalimova S.S., Arkhipenko V.A., Ryabko A.A., Kondratev V.M., 
Shomakhov Z.V., Guketlov A.M., Zinc stannate nanostructures for low-temperature gas 
sensors with improved response and performance, St. Petersburg State Polytechnical University 
Journal. Physics and Mathematics. 16 (1.2) 2023 229–235. DOI: https://doi.org/10.18721/
JPM.161.235

This is an open access article under the CC BY-NC 4.0 license (https://creativecommons.
org/licenses/by-nc/4.0/)

© Punegova K.N., Nalimova S.S., Arkhipenko V.A., Ryabko A.A., Kondratev V.M., Shomakhov Z.V., Guketlov A.M., 2023. 

Published by Peter the Great St. Petersburg Polytechnic University.



St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2023. Vol. 16. No. 1.2

230

Материалы конференции
УДК 621.382
DOI: https://doi.org/10.18721/JPM.161.235

Наноструктуры станната цинка для низкотемпературных газовых 
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Аннотация. В настоящее время важной задачей является разработка подходов к 
повышению чувствительности и снижению рабочей температуры газовых датчиков на 
основе оксидов металлов. В данной работе эти проблемы решаются путем формирования 
наноструктур станната цинка при гидротермальной обработке оксида цинка. Было 
обнаружено, что значения отклика сенсора наноструктур станната цинка значительно 
превышают отклики оксида цинка. Таким образом, разработанные конструкции 
могут быть использованы для создания датчиков восстанавливающих газов с низкими 
рабочими температурами.
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Introduction
Metal oxide semiconductors are of great interest for chemoresistive gas sensors due to their 

high sensitivity, ease of manufacture and low cost [1–4]. The approaches for increasing the gas 
sensitivity of adsorption semiconductor sensors have been developing. The formation of nano-
structured materials with a large surface-to-volume ratio, such as hollow nanostructures [5] and 
one-dimensional nanostructures [6], is among the most promising ones. Hierarchical flower-like 
ZnO have been demonstrated enhanced ethanol gas-sensing properties [7]. Selective ppb-level 
ozone gas sensor was developed based on hierarchical branch-like In2O3 nanostructures [8]. 
Another approach is the use of multicomponent or composite materials. For example, uniform 
CuO nanoflakes modified with rGO nanosheets showed ultrahigh response towards NO2 at room 
temperature [9]. Mesoporous CdS/PbS/SnO2 composites showed high-selective response towards 
H2. Enhanced properties were explained by a great number of active sites to gas adsorption and 
diffusion in surface redox reaction. Numerous heterojunctions of the CdS/PbS/SnO2 composites 
may serve as highly conductive channels to accelerate carrier transfer, thus further leading to an 
improved performance of the sensors [10]. 

© Пунегова К.Н., Налимова С.С., Архипенко В.А., Рябко А.А., Кондратьев В.М., Шомахов З.В., Гукетлов А.М., 2023. 
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In recent years, triple oxides attract a lot of attention as a new type of sensor materials, since 
they have a stable and excellent sensing response when detecting various gases [11]. However, 
the sensitivity of many ternary metal oxides is too low for commercial application due to the 
small area of interaction with gas and, consequently, poor electron exchange [12]. Among tin-
based ternary metal oxides, ZnSnO3 is a typical multifunctional n-type semiconductor oxide with 
a perovskite structure. Due to its chemical activity and excellent electronic properties, ZnSnO3 
is widely used as gas sensing materials [13–15]. A range of ZnSnO3 nanostructures in the form 
of nanoparticles [16], hollow spheres [17], cubic nanostructures [18], nanofibers [19] with large 
surface-to-volume ratio have been hollow spheres synthesized.

The aim of the work is the development of zinc stannate nanostructures with excellent and fast 
sensor response at lower working temperatures. Hydrothermal treatment of preliminary prepared 
zinc oxide nanowires was chosen to change their composition and to form zinc stannate nano-
structures. The microstructure and element composition were studied. The sensor response was 
analyzed towards isopropyl alcohol vapors. 

Materials and Methods

Gas-sensitive layers of zinc oxide nanowires were synthesized on substrates with interdigitated 
gold electrodes by hydrothermal method described in details in [20–22]. The resulting layers were 
further processed to partially replace zinc atoms in the crystal structure of the nanowires with tin 
atoms and form a triple oxide. A substrate with zinc oxide nanowires were placed in an aque-
ous alcohol solution of potassium stannate trihydrate and urea. The synthesis was carried out in 
stainless steel autoclave with Teflon liner at 170 °C for 30 minutes. After that, the samples were 
washed with distilled water, dried in air and annealed at 500 °C for 15 minutes.

The microstructure was studied by scanning electron microscopy, elemental composition was 
analyzed by energy dispersive spectroscopy (Zeiss Supra25, Carl Zeiss, Germany). X-ray photo-
electron spectroscopy (K-Alpha, Thermo Scientific, USA) using a monochromatized Al Kα X-ray 
source (hν = 1486.6 eV) was used to acquire the chemical composition and bonding states.

The gas sensor responses of zinc oxide and zinc stannate towards isopropyl alcohol vapors 
(1000 ppm) were investigated at 120 °C, 180 °C, 250 °C. The current was recorded using a 
Keithley 6485 picoammeter. The bias voltage was 5 V. The sensor response was calculated using 
the following equation:

,air

gas

RS
R

=

where Rair and Rgas are the sample resistances in the air and when exposed to the detected gas 
(isopropyl alcohol).

Fig. 1. Scanning electron microscopy images of zinc stannate

a) b)
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Results and discussion

The surface morphology and elements of the samples were characterized by SEM and EDS. As 
shown in Fig. 1, a, b, initial size and shape of zinc oxide nanowires remain the same as a result 
of hydrothermal treatment and zinc stannate formation. The EDS elemental distribution maps of 
zinc stannate are presented in Fig. 2, a, b, c, which show the presence of Zn and O elements in 
nanowires and uniform distribution of Sn on substrate surface.

The chemical composition and valence of zinc stannate nanostructures were analyzed by XPS 
(Fig. 3). The high-resolution spectrum of Zn 2p was divided into two photoelectron peaks: Zn 
2p3/2 (located at 1022.5 eV) and Zn 2p1/2 (located at 1045.6 eV). The spin-orbit split is 23.1 eV, 
indicating the normal chemical state of Zn2+ in ZnSnO3 [23]. The high-resolution spectrum of Sn 
3d was divided into two photoelectron peaks: the peaks at 487.3 eV and 495.7 eV were attributed 
to Sn 3d5/2 and Sn 3d3/2, respectively. The split value of the bimodal spin orbit is about 8.4 eV, 
indicating the presence of Sn4+ cations [24]. The O 1s spectrum was divided into two fitting peaks 
corresponding to O2− species in the lattice (530.7 eV) and chemically adsorbed hydroxyl groups 
(532 eV) [25].

The sensor responses of the layer consisting of zinc oxide nanowires are 1.4, 1.9 and 2.5, while 
for the zinc stannate layer they are 6.3, 6.7 and 15.6 (at 120 °C, 180 °C and 250 °C, respectively). 
The study of the interaction of samples with isopropyl alcohol vapors showed that at all tempera-
tures the sensor responses of zinc stannate are much higher than the ones of zinc oxide (Fig. 4). 

Fig. 2. EDS elemental mapping images of Zn (a), O (b) and Sn (c)

a) b) c)

Fig. 3. X-ray photoelectron spectra of zinc stannate
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The changes in the sensor responses of zinc stannate sample during the exposure of isopropyl 
alcohol vapor are shown in Fig. 5. The exposure of isopropyl alcohol starts at 0 s and finished 
at 600 s. When isopropyl alcohol vapor is supplied, we can observe a decrease in resistance, and 
when air is supplied, an increase, which corresponds to the processes in the interaction of n-type 
semiconductors with reducing gases. It was found that an increase in temperature from 180 °C 
to 250 °C leads to a sharp increase in sensitivity. At the same time, the sensitivity values of the 
sample at measurement temperatures of 120 °C and 180 °C differ slightly. The response values 
of zinc stannate show that the developed sensor layers can be used at low operating temperatures 
less than 150 °C.

The improvement of the gas-sensitive properties of zinc stannate sample in comparison with 
ZnO can be explained as follows. The process of metal oxide interaction with the target gas is a 
complex process including both redox and acid-base catalytic reactions [26, 27]. Therefore, the 
improvement of the gas-sensitive properties is achieved by the development of materials contain-
ing adsorption centers with different redox and acid-base properties. When such sites are situated 
nearby a new effect of the nanosystem appears providing separate acceleration of the processes of 
adsorption and oxidation of gas molecules.

Fig. 4. Sensor responses of zinc oxide and zinc stannate layers
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Fig. 5. Time dependences of the sensor responses of zinc stannate sample 
to isopropyl alcohol vapors at different temperatures



St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2023. Vol. 16. No. 1.2

234

Conclusion

The improvement of the gas-sensitive properties of zinc oxide nanowires when treated in an 
aqueous alcohol solution of potassium stannate and urea is shown. The surface of resulting zinc 
stannate nanostructures contains sites of various types participated in the adsorption and oxida-
tion of isopropyl alcohol vapors. Zinc stannate at 120 °C exhibits a response of 6.3, which indi-
cates the prospects of the obtained layers for use in low-temperature gas sensors.
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