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In this work, uniform Zn,Sn0O,4 nanoparticles were synthesized with a simple co-precipitation method
followed by hydrothermal post-treatment process. For comparison, pure ZnO and SnO, samples were
obtained with the same method. These products were characterized by X-ray diffraction (XRD), field-
emission scanning electron microscopy (FESEM), and N, absorption-desorption analysis. The ethanol-
sensing properties of as-prepared Zn,SnO4 nanostructure sensor was systematically investigated and
compared with the pure ZnO and SnO, sensors. The results revealed that the Zn,SnO4-based sensor
exhibited a low operating temperature, high response, good repeatability, and long-term stability toward

© 2015 Published by Elsevier B.V.

1. Introduction

With the increasing air pollution and the increased awareness
of the influence of air quality to people’s health, researchers have
paid much attention to the air quality monitor and control, toxic or
flammable gases detection, and medical diagnosis [1,2]. Gas sen-
sor is a widely used material in the field of gas detection. Ethanol,
a kind of volatile organic compounds, has been widely used in
the chemical, biomedical, food industries, etc., especially in wine
quality monitoring and analyzer. Because of its easy volatility and
inflammability, the development of sensors with high selectiv-
ity, sensitivity and stability to detect ethanol gas in time is very
important. To date, numerous semiconductor oxides, such as ZnO,
Sn0,, WO3 and Co304 [3-6], or their composites, such as ZnO-CuO,
Sn0,-PbO0, Sn0;,-Fe; 03, Zn0-Sn0,, and C-SnO, [7-10], have been
studied for ethanol detection. Moreover, great efforts have made to
improve the properties of these gas sensors, including the sensitiv-
ity, stability, selectivity, and response-recovery speed, by means of
preparing novel structure materials, or loading some noble metals
to prepare composites [11-14].

Zn,Sn0y4, an n-type transparent ternary semiconductor with a
band gap of 3.6 eV, has high electrical conductivity, high electron
mobility, and attractive optical properties. Because of its excellent
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properties, it has been utilized in various areas, such as used as a
photocatalyst for degradation of some organic pollutants in aque-
ous solution [15], anode material for Li-ion batteries, sensors for
combustible gases [16-18], especially in the application of gas sen-
sorto detect ethanol gas in the recent years. Zn,;SnO4 with cubicand
quasi-cubic morphologies had been synthesized by Jiang et al. [19]
via a low temperature hydrothermal method and used as sensors
to detect alcohol gas. Studies showed that the sensitivity (Ra/Rg)
of Zn,Sn04 cuboctahedra reached 94.3 at alcohol concentration
of 600 ppm under the optimum working temperature (325 °C) of
Zn,;Sn04 samples. Zn,Sn0O4 nanowires were prepared by Tharsika
et al. [20], and the response of the Zn,Sn0O4 nanowires sensor to
50 ppm ethanol was about 21.6 at the optimum operating temper-
ature of 500°C. Chen et al. [21] had reported that Zn,Sn04 with
flowerlike superstructures assembled with nanorods was highly
sensitive to ethanol at 128 °C (Ra/Rg =18, 50 ppm) after calcination.
However, the results are not very satisfactory for the high operat-
ing temperature, or a low response to ethanol gas at relative low
temperature.

Zn,Sn04 can be obtained by different routes such as hydro-
thermal method, traditional solid-state reaction, chemical vapor
deposition, co-precipitation method [22-25], and so on. In this
paper, Zn,Sn0,4 nanoparticles were synthesized by a simple co-
precipitation method with a hydrothermal post-treatment, and
their gas-sensing properties toward ethanol gas and other gases
were discussed in detail. For comparison, pure ZnO and SnO, syn-
thesized with the same method were also used as sensors to detect
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ethanol gas. The results indicated that the Zn,SnO4-based sensor
presented an excellent gas-sensing property toward ethanol gas at
low operating temperature.

2. Experimental procedures
2.1. Materials

Zinc acetate dihydrate (Zn(CH3COO),-2H,0), ammonia (NH;3-
H,O0, 25%), tin tetrachloride (SnCl4-5H,0), hexadecyltrimethylam-
monium bromide (CTAB), and ethanol (99.7%) of analytical grade
were all used as received from Guo Yao Co., China.

2.2. Synthesis

In a typical synthesis procedures, 5mmol CTAB was dis-
solved into a mixed solution of 25mL of 0.1 M zinc acetate and
25mL of 0.1 M tin tetrachloride with vigorous magnetic stirring
at room temperature, then the ammonia aqueous solution (25%
NH3-H,0:H,0=2:11, volume ratio) was dropped into the above
mixed solution at a rate of 0.5 mL/min with continued magnetic
stirring until the pH of the mixed solution reached 7.0-8.0. The
obtained white slurry was then transferred into a 100 mL Teflon
stainless steel autoclave and the sealed autoclave was maintained
at 120°C for 24 h in an oven. Afterward the autoclave was cooled
naturally to room temperature. The obtained slurry was filtrated,
washed with water and absolute ethanol for several times, and
dried at 80°C for 12 h to obtain the white product. Subsequently,
the white product was calcined in air at 500°C for 3 h to get the
final Zn,SnO4 product. The SnO, and ZnO samples were obtained
by changing the material to 0.1 M SnCly solution and 0.1 M zinc
acetate solution, respectively, when other conditions were kept the
same.

2.3. Sensor fabrication and measurements

The gas sensors were fabricated as described in our previous
study [26]. Briefly, a small amount of as-obtained product was first
ground with distilled water to form homogeneous slurry, then the
slurry was coated onto a ceramic tube (4 mm in length and 1 mm in
diameter) with a pair of gold electrodes and four platinum wires on
both ends to form a thin film structure. A Ni-Cr alloy coil crossing
the tube was used as a heater to control the operating tempera-
ture by tuning the heating current. The gas sensors were first aged
at 300 °C for several hours before the gas-sensing properties were
measured. The gas-sensing properties were tested in a chamber and
target gas was first diluted with air and then was introduced into
the test chamber by a microsyringe. The sensor response is defined
as S=Ra/Rg, where Ra and Rg are the resistances of the ZnO sensor
in air and in tested gas, respectively.

2.4. Characterizations

The obtained samples were characterized by powder X-ray
diffraction (XRD) (DX-2000 X-ray diffractometer instrument with
Cu K, radiation, A =0.15418 nm). The microstructures of samples
were observed by a field-emission-scanning electron microscope
(FE-SEM, LEO1530VP). N, adsorption-desorption isotherms were
analyzed by an ASAP 2020 instrument at 77 K. Chemical Gas Sensor-
8 (CGS-8) intelligent gas sensing analysis system (Ailite Technology
Co., Ltd., Beijing, China) was used to do the gas-sensing tests at a
relative humidity (RH) of 25%.

3. Results and discussion

XRD was used to investigate the phase structure of as-
synthesized calcined samples. According to the XRD patterns in
Fig. 1a, the diffraction peaks of ZnO product could be indexed
as the hexagonal wurtzite structure of ZnO, which were in good
agreement with the standard JCPDS Card of ZnO (No. 36-1451).
Moreover, the XRD diffraction peaks were rather broad indicating
the nanocrystalline nature of the ZnO product. The diffraction peaks
of SnO, sample were well in agreement with those of standard
patterns of tetragonal cassiterite structure of SnO, (JPCDS file No.
21-1250) and the peaks were broad and weak, revealing a small
crystal size of this sample. The diffraction peaks of the calcined
Zn,Sn04 sample in Fig. 1a were more broad and weak, and well
indexed to cubic spinel-structured Zn,Sn0O,4 (JCPDS Card No. 74-
2184). Additionally, no other impurity peaks were observed in the
XRD patterns of the calcined Zn,SnO4 product, implying the inex-
istence of other impurities. Fig. 1b shows the XRD patterns of the
as-synthesized Zn,Sn0,4 products before and after calcination. As
can be seen, all the diffraction peaks of Zn,SnO4 products before
and after calcination were coincident which indicated the Zn,SnOg4
product was obtained in the solution process. The peak intensity
of 26 =34.3° was strengthened after calcination process which was
possibly due to better crystallinity of the calcined Zn,SnO4 sample.
The Scherrer formula (D=kA/B cos ) is used to estimate the aver-
age grain size of calcined Zn,Sn0,4 sample, where D is the average
grain size, k is the Scherrer constant (0.89), A stands for the wave-
length of X-ray, B is the peak width at half-maximum intensity, and
0is the diffraction angle. The calculated average grain size from this
equation for the calcined Zn,Sn0O4 sample was 14 nm.

The reaction for formation of Zn,Sn0O4 can be summarized as
follows:

NH3H;0 — NH4* + OH- (1)
Zn?* 4+ Sn*t + 60H~ — ZnSn(OH)g| (2)
Zn** +40H™ — Zn(OH)4%~ (3)
Zn(OH)4%~ +ZnSn(OH)g — Zn,Sn04| +4H,0 + 20H- (4)

Fig. 2 depicts the SEM images of calcined ZnO, SnO,, and
Zn,Sn0,4 samples. As can be seen in Fig. 2a, the ZnO nanoparti-
cles were spherical with some agglomeration and the average size
of ZnO nanoparticles was about 20 nm, which was agreed with
the XRD results. The calcined SnO, product in Fig. 2b showed an
irregular morphology. Some particles were small nanospheres and
some were large aggregates piled up with irregular SnO, nanopar-
ticles. The calcined Zn,Sn0O4 sample in Fig. 2c showed the similar
shape with the ZnO product, which were irregular spheres less than
20 nm, a little smaller than the size of ZnO nanoparticles.

The N, adsorption-desorption isotherms and pore size distribu-
tion curve of the calcined Zn,;Sn0O,4 sample are shown in Fig. 3. It can
be seen in Fig. 3a, the isotherm of the Zn,Sn0,4 sample exhibited
a type IV isotherm with a distinct H, hysteresis loop in the range
of 0.4-0.8 P/Py, which is typical of mesoporous materials accord-
ing to the IUPAC classification. The hysteresis loop indicated the
slit-shaped pores of Zn,Sn0O4 sample and the BET specific surface
area was up to 111.2m?/g. The pore size distribution, which was
calculated from the desorption branch of N, isotherm, is shown
in Fig. 3b. A narrow peak of pore size distribution was centered
at 3 nm, further confirming the mesoporous nature of this sample.
The BET specific surface areas were calculated to be 48 m?/g for
ZnO and 11.1 m2/g for SnO, samples, respectively, which was much
lower than that of Zn,Sn0O4 and was consisted with SEM analysis.
The results implied that the Zn,Sn04 product would exhibit more
excellent activity in gas-sensing property.
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Fig. 1. The XRD of the obtained calcined pure ZnO, SnO, and Zn,SnO4 samples (a); the uncalcined Zn,SnO4 and calcined Zn,Sn0O4 samples (b).

A sensor based on the calcined Zn,Sn0O4 sample was fabricated.
For comparison, the gas-sensing properties of the synthesized pure
ZnO and SnO, samples were also studied. The relationship between
the response and the operating temperature of these sensors was
first investigated. As shown in Fig. 4, the responses of these sensors
exposed to 50 ppm ethanol gas as a function of the operating tem-
perature were displayed. If the operating temperature was too low,
the chemical reaction was low, leading to a low response. With the
increment of operating temperature, the response of Zn,Sn0O4 sen-
sor first greatly increased in the range of 120-180°C and reached
the maximal value at 180°C. After that, the response gradually
decreased in the range of 180-300°C. If the operating tempera-
ture was too high, the activity of ethanol gas molecules was high,

resulting in the adsorbed gas molecules escaped from the surface of
sensor easily before reactions taking place so as to a poor response
as well. In addition, it could be clearly observed that the response
of Zn,Sn04 sensor was superior to that of ZnO and SnO, sensors.
The Zn,Sn04 sensor was highly sensitive to ethanol gas at the tem-
perature of 180°C, which was lower than that of ZnO (200°C) and
Sn0, (240°C) sensors. Furthermore, the response of Zn,Sn0O4 sen-
sor to 50 ppm ethanol gas reached 26.5 at 180°C that was much
larger than that of ZnO (18.6, 200°C) and Sn0O, (15.3, 240°C) sen-
sors. Therefore, the temperature of 180°C was chosen for our
further study on the gas-sensing properties of the as-prepared
Zn,;Sn04 sample. The optimum operating temperature was much
lower and the response was higher than those reported Zn,Sn0Oy4
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Fig. 2. The SEM images of the calcined ZnO (a), SnO; (b), and Zn,Sn04 products.

sensors [19,20] and other binary metal oxide based ethanol sensors
[27-29].

Fig. 5 shows the gas-sensing properties of the Zn,SnO4, ZnO
and SnO,-based sensors toward different concentrations of ethanol
gas at the optimal operating temperature. It displayed that the
responses of ZnO, SnO, and Zn,Sn0O4 sensors increased with the
increasing of ethanol concentration from 5 ppm to 200 ppm, and
the response of Zn,Sn04 sensor was much better than that of ZnO
and SnO, sensors. Among them, the responses of Zn,Sn04 sen-
sor to ethanol gas between 5 and 100 ppm increased the most
quickly. To 100 ppm ethanol gas, the response of Zn,SnO4 sen-
sor was up to 46.5 while the response values were only 22.5 and
21.6 for ZnO and SnO, sensors, respectively. With the ethanol
concentration further increasing, the response of Zn,SnO,4 sen-
sor became increased slowly. The result implied that the Zn,SnO4
sample was promising to detect low concentration of ethanol
gas.

Fig. 6a shows the dynamic response-recovery curves of the
Zn,Sn04 sensor to ethanol gas from 5 ppm to 100 ppm at 180°C.
It was obvious that with the increment of ethanol gas concen-
tration, the response increased. Not only to the high ethanol gas
concentration, but also to a low concentration of 5 ppm ethanol gas,
the Zn,Sn0O4 sensor gave a considerable response. The gas-sensing
property of the same Zn,SnO,4 sensor was repeatedly examined
20 days later, as shown in Fig. 6a, the response of the sensor was
nearly weaken when it was exposed to 5-100 ppm ethanol gas at
180 °C after 20 days, which implied the stability and reproducibility

performances of the Zn,SnO,4 sensor. The repeatability and long-
time stability of the Zn,Sn0O,4 sensor were further investigated by
applying the sensor to successive gas-sensing test in five cycles to
5 ppm ethanol gas at 180°C over a period of 20 days. As shown in
Fig. 6b, the Zn,Sn04-based sensor was exposed to ethanol gas and
air dynamically. It could be observed that the response and recov-
ery characteristics were repeatable when the gas control switch
was set between on and off, revealing an excellent repeatability
and long-term stability of the sensor. Furthermore, in our experi-
ment, the Zn,Sn04-based sensor also had good responses to other
testing gases as shown in Fig. 6c¢. It can be found that the Zn,Sn04
sensor exhibited a considerable response to 50 ppm of CH3COCH3
(15),CgHg (12.7),C0O(14),and CH,4 (13.1) gas at 180°C, respectively,
which was superior to the results reported in the literatures [30,31].
It indicated that the Zn,;Sn0O4 nanoparticles were highly promising
for applications of gas sensors.

Other reports [32-34] had demonstrated that the gas-sensing
properties of a semiconductor metal oxide were also affected by
the testing humidity. The Zn,Sn04-based sensor was investigated
to detect 50 ppm ethanol gas under different relative humidities. As
showninFig. 7, the response of the sensor was obviously influenced
by the relative humidity and showed a large decrease from 26.5 to
13.6 with the increment of relative humidity from 25% to 70%. Gen-
erally, the higher the testing humidity was, the more immeasurable
chemisorption/physisorption of water molecules were absorbed
on the surface of sensor [32,33], which might interfere with the
sensing reactions by replacing the oxygen species preadsorbed on
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Fig. 3. The curves of nitrogen adsorption-desorption isotherms (a) and pore size distribution of calcined Zn,SnO4 nanoparticles (b).

the surface of Zn,Sn0O4. Moreover, the relative high specific surface
area of the obtained Zn,Sn0O,4 material also affected the chemisorp-
tion/physisorption of water molecules absorbed on the surface of
the sensor. These factors led to the activity of the sensing layer of
gas sensors decreased, and hence decreased the response to the
ethanol gas.

The dynamic response-recovery curves of the ZnO, SnO,, and
Zn,Sn04 sensors to 5 ppm ethanol gas are shown in Fig. 8. When
the ethanol gas was introduced, the response increased with time,
all the samples needed only several seconds to reach the maxi-
mum values of the respond. Besides, for the ZnO and SnO, sensors,
they also had a very short recovery time to return to its initial

value when the sensors were exposed to the atmospheric air; while
for the Zn,Sn0O4 sensor, more time was needed to recovery. That
may due to its small crystalline size and the large surface area.
Generally, small particle size will lead to the specific surface area
higher. Large surface area could lead more oxygen molecules
absorbed on the surface of the Zn,Sn0,4 particles in the air, and
more free electrons from the conduction band to form chemisorbed
oxygen species (0%2~, 0,2-, and O~) were captured. When the
Zn,Sn04 sensor was exposed to ethanol or other reductive gases,
the adsorbed oxygen species on the surface reacted with these
gas molecules, leading to a decrease in the resistance of an n-type
semiconductor. Therefore, the specific surface area of the Zn,Sn0y4
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Fig. 4. Response of the calcined ZnO, SnO,, and Zn,Sn04-based sensors to 50 ppm ethanol gas at different working temperatures.

particles played an important role in the contact and subsequent case, we believed that the high responses of the Zn,SnO,4 sen-
reaction of oxygen species with the tested gas. The surface area of sor to ethanol and other gases could be ascribed to the smaller
Zn,Sn04 sample was up to 111.2m?/g, which was much higher crystallize size and larger specific surface area of the sensing
than that of the Zn,SnO4 products in references [16,19]. In our materials.

Fig. 5. Response of the calcined ZnO, SnO,, and Zn,Sn04-based sensors versus ethanol gas concentrations from 5 to 200 ppm.
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Fig. 6. Response-recovery curves of the calcined Zn,SnO4 sensor to different concentrations of ethanol gas at 180°C (a); The repeatability and long-term stability of the
calcined Zn,Sn04 sensor to 5 ppm of ethanol gas (b); and the responses of the calcined Zn,Sn04 sensor to 50 ppm different testing gases (c).
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Fig. 7. Response of the calcined Zn,Sn04 sensor to 50 ppm of ethanol gas at different relative humidities.
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Fig. 8. Response-recovery curves of the calcined ZnO (200 °C), SnO; (240°C), and Zn,Sn0O4 (180°C) to 5 ppm ethanol gas, respectively.

4. Conclusions

In summary, uniform Zn,SnO4 nanoparticles (about 20 nm)
were facilely synthesized, which characterized a larger surface
area and narrow pore size distribution than pure ZnO and SnO,
powders obtained with the same method. Among ethanol gas-
sensing examinations of as-synthesized compounds, Zn,SnO4
showed lower operating temperature (180 °C) than ZnO, SnO, and
Zn,Sn04 reported elsewhere in conditions of 50 ppm ethanol gas.
At respective optimum operating temperature, the responses of
as-synthesized Zn,Sn0O4 to 100 ppm ethanol gases was approxi-
mately 2 fold increase as compared with as-synthesized ZnO, SnO,.
Besides, as-synthesized Zn,Sn0O4 showed an excellent repeatabil-
ity, and long-term stability to ethanol gas. All these excellent
gas-sensing properties make this material have a broad application
foreground in detection of ethanol gas.
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