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Abstract 

Zinc hydroxostannate ZnSn(OH)6, containing 5 mol.% Cu, was obtained 
from hydrochloric acid solutions of tin(IV), zinc and copper by adding so-
dium hydroxide to pH = 8–9. The thermolysis process of the obtained sam-

ple and the phase composition of the decomposition products were studied 
using thermal analysis, X-ray diffraction, and scanning electron microsco-

py. It was shown that the main stages of dehydration are completed at a 
temperature of about 350 °C and, as a result of thermolysis, an X-ray 
amorphous product is formed, from which a solid solution of copper in zinc 

stannate is obtained at an annealing temperature above 650 °C. At an an-
nealing temperature of 800 °C, a mixture of nanocrystalline tin dioxide 
SnO2 with a cassiterite structure and copper-doped zinc orthostannate 

Zn2SnO4 with a spinel structure is formed. The room temperature sensors 
based on ZnSnO3 and carbon nanofibers as a conductive additive showed 

high response to NO2 (–6.1% to 2 ppm NO2). 
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Key findings 
● When precipitating tin (IV), zinc and copper hydroxides from hydrochloric acid solutions, zinc-copper hydroxostan-

nate with the structure ZnSn(OH)6 is obtained in the form of well-faceted cubic crystals. 

● Optimization of the composition of the metal oxide semiconductor leads to an improvement in gas-sensitive characteristics. 

● The resulting functional materials based on the products of thermolysis of the precursor Zn0.95Cu0.05Sn(OH)6 are 

promising for use as heterogeneous additives in the creation of gas-sensitive sensor elements for NO2 detection. 

© 2024, the Authors. This article is published in open access under the terms and conditions of  

     the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). 
 

1. Introduction 

Multicomponent metal oxide materials based on the Zn-

Sn-O system have numerous functional properties, and, 

therefore, researchers are interested in them. For exam-

ple, zinc stannate has recently been used as an anode ma-

terial for sodium-ion and lithium-ion batteries [1–6]. In 

addition, a number of papers [7–9] noted the possibility of 

using stannates as materials for supercapacitors and elec-

trodes in solar cells. Due to its chemical reactivity, excel-

lent electronic properties and perovskite structure, 

ZnSnO3 is widely used as a gas sensors for various sub-

stances of inorganic and organic nature [9–19]. Zinc stan-

nates also find numerous applications in electronics, ca-

talysis, and photocatalysis [20–27]. It is noteworthy that 

stannates obtained by thermal decomposition have a rela-

tively high specific surface area (10-100 m2/g) and can be 

used as functional additives for the production of compo-

site solid electrolytes [28].  

In the Zn-Sn-O system, the existence of two compounds 

is known: zinc metastannate ZnSnO3 and zinc orthostan-

nate Zn2SnO4. Zinc metastannate has an orthorhombic 

crystal lattice and has a crystalline structure resembling 

perovskite, while zinc orthostannate is characterized by a 

cubic lattice with a spinel structure. In order to obtain 

these compounds, various methods are used: low-

temperature ion exchange, sol-gel technology, and co-

precipitation followed by heat treatment. These include 

the sol-gel method, which is the most common due to its 

ease of control, low temperature, and high efficiency in 

obtaining various homogeneous nanostructures. 
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For practical applications, the co-deposition method is 

usually used, as it is more accessible and easier to imple-

ment. It was previously demonstrated that MSn(OH)6 hy-

droxostannates and MSnO3 and M2SnO4 oxostannates 

(where M = Mg, Ca, Sr, and Ba) can be obtained by ther-

mal decomposition [9, 27–30]. In a number of works [5, 9, 

13, 20, 21], it is shown that composites based on them, 

such as ZnSnO3/ZnO, ZnSnO3/SnO2, ZnSnO3/Fe2O3, and 

ZnSnO3/CuO, are used to enhance the gas-sensitive charac-

teristics of stannates due to heterojunctions formed in 

such systems. Particularly, the addition of such cations 

induced the change in the concentration of charge carrier 

concentration.   

The present work is devoted to the study of decomposi-

tion products of the precursor zinc-copper hexahydrox-

ostannate (with a molar copper content of 5%) and the 

possibility of their use as heterogeneous oxide additives to 

create gas sensors for NO2 detection at room temperature. 

2. Materials and Methods  

In the work, the following starting reagents were used: 

ZnCl2 (zinc chloride, purity not less than 98%), 

Na2SnO3∙3H2O (sodium stannate trihydrate, purity not less 

than 97%), CuCl2∙2H2O (copper chloride dihydrate, purity 

not less than 98%), HCl (hydrochloric acid of high purity), 

and NaOH (sodium hydroxide, purity of at least 99%). 

Solutions of HCl and NaOH were prepared in double dis-

tilled water obtained using a laboratory BE-2 purification 

system. All chemicals were used in the form in which they 

were obtained, without additional purification.  

Zinc hydroxostannate ZnSn(OH)6 with a content of 

5 mol.% copper(II) was synthesized by hydrolytic co-

deposition by dissolving ZnCl2 and CuCl2∙2H2O in hydro-

chloric acid solution and adding Na2SnO3∙3H2O according to 

the following procedure. Initially, 5.57 g ZnCl2 and 0.365 g 

CuCl2∙2H2O were dissolved in 50 ml of a 2M hydrochloric 

acid solution. Next, 11.47 g Na2SnO3∙3H2O was added to the 

resulting solution, which corresponds to the atomic ratio 

Zn:Cu:Sn = 0.95:0.05:1. Then a 1M NaOH solution was 

gradually added, maintaining the acidity of the medium 

within a pH range of 8–9. The pH values were monitored 

using an HI 2221 laboratory pH meter. For complete quanti-

tative co-precipitation of zinc, tin(IV) and copper(II) the 

mixture was continuously stirred for 24 h. The resulting 

light blue precipitate was filtered from the mother liquor, 

washed with distilled water until a negative qualitative re-

action was achieved to the presence of Cl– ions in the solu-

tion, and dried in a drying cabinet at 110 °C for 4 h. 

The microstructure and phase composition of the sam-

ples were determined by X-ray diffraction (XRD). X-ray 

diffraction patterns were recorded at room temperature 

using a Bruker D8 Advance diffractometer with Cu Kα ra-

diation in the 2θ range from 10 to 70°. The phases formed 

in the system were identified using the Crystallographica 

Search-Match, Version 2.1 program and the PDF4 database. 

The average crystallite size was estimated from diffraction 

line broadening in X-ray diffraction patterns using the Scher-

er formula: 

𝑑 =  
𝑘λ

β cos θ
 , (1) 

where d is the average crystallite size (Å), λ is the X-ray 

wavelength (1.54051 Å), β is the full width at half maxi-

mum of the diffraction peak (rad.), θ is the diffraction 

angle (°), and k = 0.9. 

Thermal analysis (TA) of the dried powders was per-

formed on a NETZSCH Jupiter 449С STA synchronous 

thermal analyzer coupled to QMS 403C Aëolos (TG-QMS) 

mass spectrometer in an argon flow at temperatures in the 

range of 20–800 °С at a heating rate of  10 С∙min–1. The 

microstructure of the samples was studied by field emis-

sion scanning electron microscopy (SEM) on a Hitachi 

SU8000 electron microscope. The images were taken in 

the secondary electron recording mode at an accelerating 

voltage of 2–30 kV and a working distance of 8–10 mm. 

The samples were analyzed by energy dispersive X-ray 

spectroscopy using an Oxford Instruments X-max energy 

dispersive spectrometer. The specific surface area was 

calculated from the analysis of low-temperature nitrogen 

adsorption isotherms at 77 K using the Brunauer-Emmett-

Teller (BET) method on a Quantachrome Nova 1000e stat-

ic instrument. The analysis of the chemical composition of 

mother liquor to determine the concentration of zinc, tin 

and copper was carried out using the method of inductive-

ly coupled plasma atomic emission spectrometry on a spe-

cialized setup (Agilent 7500A Inductively Coupled Plasma 

Mass Spectrometer). 

The sensors for NO2 detection at room temperature 

based on ZnSnO3 were prepared using the drop casting 

technique. The additive (carbon nanofibers (CNFs)) was 

used to increase the conductivity of active layer of sensor 

(conductivity of stannate layer was relatively low). The 

suspension of ZnSnO3/CNFs in ethanol was deposited on 

the textolite substrate (10×10 mm) with copper electrodes 

(8×8 mm was the area of active layer). The dispersion of 

powder was achieved by sonication (22 kHz, UZV-3/200 

RELTEC ultrasonic bath, Yekaterinburg, Russia). The drop-

lets were deposited on the substrate heated to 80 °C and 

formed the active layer, covering the copper electrodes. 

The measurements of the sensor response to nitrogen di-

oxide was carried out using dynamic flow setup.  Synthetic 

air (79 vol.% N2, 21 vol.% O2) and analyte (NO2 diluted in 

synthetic air) were fed into the setup, and the change in the 

resistance was registered at 25±1 °C and the relative humidi-

ty 2.5±1%. The resistance of active layer was measured with 

a two-point technique (Keithley 2401 Source Meter). The 

sensor response was calculated using the following equation: 

ΔR/R0 = ((R − R0)/R0)∙100%, (2) 

where R and R0 are the sensor resistances in the mixture 

of analyte + synthetic air and pure synthetic air, respec-

tively (Ω). 

https://doi.org/10.15826/chimtech.2024.11.4.05
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3. Results and Discussion 

According to the XRD data, only those reflections related 

to the phase of zinc hexahydroxostannate ZnSn(OH)6 are 

recorded on the diffractogram (2 = 19.75; 22.85; 32.57; 

36.54; 38.40; 40.16; 46.71; 52.61; 52.65; 58.10; 62.00; 

68.21) with the structure of bismirnovite (spatial sym-

metry group Pn3m), similar to the structure of schoenfly-

site with a cubic unit cell. The diffractogram of the sample 

is shown in Figure 1, curve 1. The value of the lattice pa-

rameter, determined using the Rietveld method with Pow-

der Cell 2.4 software, was a = 0.77643±0.00082 nm, in a 

good agreement with literature data [9, 31–33] 

(a = 0.78 nm, PDF4, card no. 73-2384). At the same time, 

no individual phases containing copper were detected. It is 

possible that copper is contained in the form of solid solu-

tions since there is a slight broadening and shift of the 

peaks in the diffraction pattern. Thus, the formation of a 

precursor can be represented by the following scheme: 

0.95 ZnCl2 + 0.05 CuCl2∙2H2O + Na2SnO3∙3H2O → 

Zn0.95Cu0.05Sn(OH)6 + 2 NaCl + 2 H2O. 
(3) 

The data of the inductively coupled plasma atomic 

emission spectrometry method on the residual content of 

zinc (less than 0.1 μg/mL), tin (less than 0.2 μg/mL) and 

copper (less than 0.1 μg/mL) in the mother liquor indicate 

their complete precipitation in the stoichiometric ratio 

Zn:Cu:Sn = 0.95:0.05:1 according to the proposed scheme. 

 

 
Figure 1 Diffractograms of the freshly deposited sample (1) and 

thermolysis products obtained at temperatures 300...500 (2), 650 

(3) and 800 (4) (Cu Kα radiation). 

According to electron microscopy data (Figure 2a), 

freshly deposited samples Zn0.95Cu0.05Sn(OH)6 

(S = 31 m2/g) are cubic particles with a size of no more 

than 250 nm. The results of chemical microanalysis con-

ducted by energy dispersion spectroscopy show that the 

atomic ratio Zn:Cu:Sn:O lies within 

(9.50.9):(0.50.05):(101):(643), that is, close to the 

stoichiometric ratio for Zn0.95Cu0.05Sn(OH)6. 

According to the TA data presented in Figure 3, when 

Zn0.95Cu0.05Sn(OH)6 is heated, sequential processes are 

observed, accompanied by changes in mass, structure and 

phase composition, which is consistent with the results of 

XRD. When the sample is heated in the temperature range 

of 50–520° C, a mass loss of ~18.7% is observed, which is 

quantitatively consistent with the calculated value 

(18.87%) for the reaction: 

Zn0.95Cu0.05Sn(OH)6 → Zn0.95Cu0.05SnO3 + 3H2O. (4) 

 
Figure 2 SEM images of the as-deposited sample (a) and after 

calcination at 650 °C (b) and 800 °C (c). 

https://doi.org/10.15826/chimtech.2024.11.4.05
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The reaction is accompanied by an endothermic effect 

with a maximum at Tmax = 242 °C. 

Scanning electron microscopy data showed that the 

dehydration product is a pseudomorphosis that retains the 

shape of the initial particles and consists, apparently, of 

nanoparticles of an amorphous phase (Figure 2b). Upon 

further calcination at temperatures of 670–720 °C, an exo-

thermic effect is observed, which may be associated with 

the formation of a weakly crystallized phase of a solid so-

lution Zn0.95Cu0.05SnO3 (S = 77 m2/g) with a perovskite 

structure and a particle size of 20–25 nm (PDF4 file No. 

28-1486) (Figure 1, curve 3). At temperatures above 

720 °C, apparently, as for the metastable zinc metas-

tannate ZnSnO3, there is a transition to a more stable 

phase of a solid solution of the composition Zn1.9Cu0.1SnO4 

with a spinel structure according to the scheme: 

2 Zn0.95Cu0.05SnO3 → Zn1,9Cu0.1SnO4 + SnO2. (5) 

As a result, a mixture of the nanocrystalline phase 

SnO2 with a cassiterite structure with lattice parameters 

corresponding to pure SnO2 (PDF4 file No.71-652) and par-

ticles of the Zn2SnO4 phase alloyed with copper with a spi-

nel structure with a modified crystal lattice parameter 

(PDF4 file No. 74-2184) is formed (Figure 1, curve 4). The 

evaluation using the Scherrer equation shows that the 

nanocomposite consists of particles of zinc orthostannate 

with a size of less than 80 nm and tin dioxide with a size 

of 20–30 nm. According to the SEM data, the pseudomor-

phosis, which represents aggregates of nanoparticles, is 

preserved (Figure 2c). In this case, large cubic aggregates 

consist of weakly aggregated Zn1.9Cu0.1SnO4 nanoparticles 

surrounded by smaller tin dioxide particles. 

Nanocomposite powders based on Zn0.95Cu0.05SnO3 solid 

solution were tested as oxide heterogeneous additives to 

create gas-sensitive elements of nitrogen dioxide sensors, 

since the sample is a good semiconductor, and a change in 

the concentration of charge carriers in it caused by NO2 can 

provide improved sensor characteristics. 

 
Figure 3 Synchronous thermal analysis curves obtained during 
thermal decomposition of the initial sample: mass change (TG), 

thermal effects (DSC), and ion current of the m/z = 18 amu, cor-

responding to water molecules released from the sample. 

Figure 4 shows the reaction of sensors based on pure 

CNFs, a mixture of pure ZnSnO3 and CNFs, a solid solution 

of Zn0.95Cu0.05SnO3 and CNFs to NO2 at room temperature. 

The sensor based only on solid solution of copper in 

ZnSnO3 possessed very small conductivity. The resistance 

of active layer of sensor was above hundreds of MΩ that 

exceeds the limit of measurement of the device (Keithley 

2401 Source Meter; the setup was described in [34] in de-

tail). Therefore, in order to decrease the resistance of 

stannate layer, the carbon nanofibers (CNFs) (cup stacked 

structure; synthesized using CVD process according to [35]) 

were added to ZnSnO3 with the formation of hydride coat-

ing, which was sensitive to NO2 at room temperature. The 

response ΔR/R0 of carbon nanofibers was around –3.9%, 

whereas the addition of ZnSnO3 led to the increase of the 

sensor response. The system based on 

34%Zn0.95Cu0.05SnO3/66%CNFs showed the same response 

at 2 ppm NO2, but the growth of ΔR/R0 was observed at 

higher concentration of nitrogen dioxide. Further increase 

in the fraction of stannate in the composite 

(50%Zn0.95Cu0.05SnO3/50%CNFs) made it possible to in-

crease the response at 2 ppm to –6.1%. Therefore, the addi-

tion of CNFs with conductivity higher compared to stannate 

makes it possible to obtain the gas sensor with higher sen-

sor response. It can be noted that some stannates were used 

in gas sensors, but the issues related to the resistance of 

their active layer were not considered [36, 37]. Moreover, 

the sensitivity of the sensor based on 

50%Zn0.95Cu0.05SnO3/50%CNFs increases compared to con-

ductive additive, i.e., CNFs. It is clearly seen from the shape 

of sensor curve that the response of the sensor depends on 

the NO2 concentration stronger. 

Considering the mechanism of nitrogen dioxide detec-

tion, it can be noted that the sensor resistance drops un-

der NO2 exposure. This gas is considered as electron-

acceptor gas, which increases the concentration of 

charge carriers (holes) in the sensing material facilitat-

ing the decrease in resistance (absorption of electrons 

from the surface of 50%Zn0.95Cu0.05SnO3/50%CNFs sens-

ing material). 

 
Figure 4 Sensor response of zinc stannate-based sensor to NO2 

(25±1 °C). 
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4. Limitations 

This work shows the possibility of using copper-doped tin 

stannate as an oxide heterogeneous additive in gas-

sensitive sensor elements. The main problems were relat-

ed to the conductivity of the sensing material, the re-

sistance of which was high enough to detect with RLC-

meter (exceeding the limit of detection). The addition of 

carbon additive (i.e. carbon nanofibers) with higher con-

ductivity compared to stannate made it possible to obtain 

the good signal from films and measure their sensing be-

havior to NO2 at room temperature. Future research will 

focus on deeply analysing the mechanism and effect of 

copper addition on the performance of zinc stannate-based 

sensing material. 

5. Conclusions 

This work demonstrates that the zinc hydroxystannate 

powder ZnSn(OH)6, containing 5 mol.% Cu and having 

cubic crystals no larger than 250 nm, can be obtained by 

precipitation from aqueous solutions containing ZnCl2, 

CuCl2, and Na2SnO3. During thermolysis of the initial sam-

ple, an X-ray amorphous zinc-copper stannate is formed in 

the temperature range of 300 to 500 °C, and at an anneal-

ing temperature of 650 °C a solid copper solution is 

formed in zinc stannate with a ZnSnO3 structure with par-

ticle sizes of 20–25 nm and a high specific surface area of 

77 m2/g. At an annealing temperature of 800 °C, a mixture 

of nanocrystalline tin dioxide SnO2 (20–30 nm) with a 

cassiterite structure and copper-doped zinc orthostannate 

Zn2SnO4 (less than 80 nm) with a spinel structure is 

formed. It was found that neither in the original sample 

nor in the products of its thermolysis were individual 

phases containing copper detected. It is likely that copper 

is in the form of solid solutions, as there is slight broaden-

ing and shift of the peaks observed in the diffractograms. 

As a result of the thermolysis study, optimal conditions for 

the formation of highly dispersed zinc stannate were 

found, and the obtained materials were subsequently used 

as gas sensors for room temperature detection of NO2. 
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