Sodium alginate assisted construction of ZnSnO; microspheres enhanced HCHO
sensing performance under UV illumination at room temperature
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The ZnSnO; microspheres were fabricated with water-soluble biopolymer sodium alginate (SA) as a crystal growth modifier under
hydrothermal conditions. The gas-sensing properties of ZnSnO;@SA were tested under the illumination of UV light at room temperature.
The results showed that the ZnSnO3;@SA sensor exhibited better HCHO gas response than pristine ZnSnO; sensor, which was ascribed to
the introduction of SA that changed the size distribution of the microspheres. Test results of HCHO gas with different concentrations
indicated that the ZnSnO;@SA sensor had a good linearity. This approach would provide a potential route for the HCHO sensor to work
at room temperature. In addition, the sensing mechanism was also discussed.

1. Introduction: The metal oxide semiconductors are considered
the most promising sensing materials, which plays a crucial role
in monitoring harmful and toxic gases due to their simple fabrica-
tion, high gas-sensing properties and low cost [1-3]. ZnSnOs,
as a ternary metal oxide semiconductor, has attracted considerable
attention to their application in gas sensors, moisture detectors
and lithium-ion batteries [4—6]. Zeng et al. [4] successfully prepared
hierarchical ZnSnO3; nanocages using the simple surfactant-assisted
hydrothermal processes and discussed improvement on the sensing
of ethanol and HCHO; Fan et al. [7] obtained hollow ZnSnO;
microspheres through cetyltrimethylammonium bromide assisted
hydrothermal method, which showed good butane sensing
performance. However, these sensors typically require high operat-
ing temperature above 200°C, which limits their application [4, §].
Recently, UV irradiation has been used to reduce the operating
temperature of metal oxide semiconductors sensors [9-11]. In
addition, the gas sensing characteristics are greatly dependent on
nanomaterials morphology and structures. Among the existing
approaches for fabricating nanomaterials, hydrothermal synthesis
is probably most attractive because of its low cost, facile procedure,
mild reaction conditions and high yield for scale production.
Many nanomaterials have been successfully fabricated in
solution conditions via a simple hydrothermal process, such as
hierarchically porous ZnO [12], SnO, nanorods [13] and ZnSnO3
nanocages [4]. Sodium alginate (SA) is a naturally available carbo-
hydrate polymer, and it is considered as a ‘green’ chemical agent
because it is biodegradable and non-toxic, so it has been used
as a structure-directing agent for the synthesis of metal oxide nano-
particles [14-16]. In this Letter, ZnSnO; microspheres with
different SA concentration synthesised via hydrothermal method,
and the properties of ZnSnO;@SA film towards HCHO were
observed under UV illumination at room temperature. It is worth
mentioning that we used SA to change the size distribution of the
ZnSnOj3; microspheres for the first time, and ZnSnO; can be used
as a promising candidate in the room temperature gas sensor
applications.

2. Experimental: The ZnSnO;@SA microspheres were obtained
by one-step hydrothermal method as follows: first, 0.01 mol
sodium stannate was dissolved in 10 ml deionised water at the
magnetic stirring condition, then 10 ml of SA aqueous solution
was added; 0.01 mol zinc acetate was dissolved in 2 ml deionised
water, to which 5 ml ammonia aqueous solution was added.
Then, the above-mentioned two solutions were mixed under
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continuous stirring, put into a 50 ml Teflon-lined autoclave and
heated to 160°C for 12 h. After being cooled down naturally,
the precipitates were collected by centrifugation, washed with
deionised water and ethanol in turn, and air-dried at room tempera-
ture. Finally, the as-obtained samples were heated at 500°C (heating
rate of 4°C/min) for 3 h. The products with different concentration
SA are denoted as ZnSnO3, ZnSnO3@2 g/l SA, ZnSnO;@4 g/l SA,
ZnSnO3;@6 g/1 SA, respectively.

The above materials were dissolved in deionised water
(20 mg/ml) and ultrasonicated for 30 min. The films were prepared
using spray-deposited method on the interdigital electrodes as
Fig. la, then they were heated at 400°C for 2 h. The test process
of ZnSnO;@SA sensors exposed to HCHO was illustrated in
Fig. 1b. Mass flow controller (D08-2E, Sevenstar, Beijing) was
used to dilute the HCHO (Wetry, Shanghai, 20 ppm in N;)
with clean air and deliver these gases to the sensor chamber,
meanwhile the total gas flow rate was kept constant at 500 ml/
min when the HCHO concentration was different from 1 to
20 ppm. The characteristics of the prepared devices were measured
using Keithley 2010 Multimeter and recorded by a PC. Along with
this, all the measurement results were illuminated by UV light
(peak wavelength 365 nm) at room temperature in the dry air.
It is worth mentioning that no response was observed for all
these samples in presence of HCHO without UV illumination.

3. Results and discussion: The scanning electron microscope
(SEM, JEOL, 6460) was used to observe the morphologies of
samples, and X-ray diffraction (XRD, Ultima IV) was employed
to characterise the crystalline phases of all synthesised samples.

As observed in Fig. 2, the ZnSnO;@SA materials showed micro-
spheres in different sizes. The sizes of ZnSnO; and ZnSnO;@6 g/1
SA microspheres have broad distributions, most varied from 0.2 to
2.2 um, with average diameters of 1.16 and 1.32 um, respectively.
Meanwhile, for ZnSnO;@2 g/l SA and ZnSnOz@4 g/l SA micro-
spheres, the size of most particles centralised distributed from
0.6 to 1 um, and the average size of particles is a little smaller
than that of ZnSnO3 microspheres, 1.09 and 0.94 pm, respectively.
From the above results, it is presumable that the presence of
SA could alter the assembly pattern of ZnSnO5 nanoparticle.

The XRD patterns of the ZnSn(OH)e precursors are depicted in
Fig. 3. As shown, all the sharp diffraction peaks can be indexed
to the standard diffraction pattern of ZnSn(OH)s (PDF#73-2384).
No diffraction peaks from any other phases can be detected,
which indicates that the obtained precursors are pure ZnSn(OH)g.
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Fig. 1 Schematic diagram of the device and test process
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Fig. 2 SEM images of the samples with the size distribution shown in the
inset

a ZnSnO;

b ZnSnO;@2 g/l SA

¢ ZnSnO;@4 g/l SA

d ZnSnO;@6 g/l SA

The dynamic response curves of the coated electrodes exposed
to different concentrations of HCHO gas are shown in Fig. 4a.
The response of the sensors is defined as the ratio of R,/R,,
where R, is the resistance of the gas sensor balanced in ambient
air and R, is the resistance in test gas (both with UV illumination).
In the test cycle of each concentration, the HCHO response time is
150 s, then the dry air is introduced. With the SA amount being
increased, the response increased correspondingly. It is obvious
that all the ZnSnO;@SA sensors exhibited higher sensitivity than
ZnSnOj; sensor, and among them the best one is ZnSnO;@4 g/1
SA sensor, which is nearly two-fold larger response obtained than
the pristine one. Meanwhile, the curve of responses against
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Fig. 4 Test results with the ZnSnO;@SA sensors

a Real-time response to different concentrations HCHO under UV
illumination at room temperature

b Response linear fittings

concentrations of HCHO gas was plotted in Fig. 45. An excellent
linearity of response to HCHO, which can be observed by the re-
gression coefficient, shows all the sensors are >0.97. This is espe-
cially shown in the ZnSnO;@4 g/l SA sensor at 0.99998,
indicating that the ZnSnO3@SA sensor may be used as quantitative
detection of HCHO vapour.

For comparison, some other works about ZnSnOs-based HCHO
gas detection in recent years are summarised in Table 1. The sample
prepared in this study can detect HCHO sensing performance at
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Table 1 Summary of the HCHO sensors based on ZnSnO;

Material Morphology Conc., ppm Temp., °C Response
ZnSnO; nanocages 50 260 17 [17]
ZnSnO; nanocages 50 350 57.6 [4]
ZnSnO4 multishelled cubes 100 220 37.2 [18]
ZnSnOs/rGO microspheres 10 110 12 [19]
SnO,@SA microspheres 200 170 15 [14]
ZnSnO;@SA microspheres 20 room temperature 12.5 (this work)
S sensor has a relatively stable character and might be a good
10 ppm HCHO = ZnSnO, candidate for the practical detection.
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Fig. 5 Sensors based on ZnSnOj; and ZnSnOs;@4 g/l SA towards 10 ppm
HCHO at room temperature

a Seven repetitions of response curve

b Sensing stability of the samples for 15 days

room temperature, such a low operating temperature has not been
reported so far for ZnSnOs-based sensors. Moreover, compared
with those HCHO sensors of pristine ZnSnOs under high
operating temperatures, our prepared sensor exhibits approximative
sensing performances with UV illumination even at the room
temperature.

In addition, the cyclic response curve of the sensor based on
ZnSnOz;@4 g/1 SA exposed to 10 ppm HCHO for seven times is
displayed in Fig. 5a. It can be found that the response has declined
for the first few cycles, but then it gradually kept constant, which
remains nearly 80% of its maximum sensitivity, where we can
make a conscious effort to improve in the future. Not only the
repeatability is very essential to a gas sensor, but also the stability
is an important indicator in practice. The long-time stability of
the gas sensor was measured every day at room temperature as
shown in Fig. 5b. After 15 days measurement, despite of the first
5 days slightly decrease, the response of sensor based on
ZnSnOz;@4 g/l SA still maintained at a stable value, which was
always higher than the pristine ZnSnO;. These indicated the
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The sensing mechanism of the semiconductor gas sensor that is
widely accepted is the change of the depletion layer taken place
in the surface of the materials, which depends on the absorption
and desorption of gas molecules [1, 2, 8]. When the sensors
based on ZnSnOj3 were in the air, oxygen molecules were absorbed
on the surface of materials that would trap electrons and translate
into reactive oxygen ions (O~, O3), which formed a depletion
layer in the surface region of the ZnSnO; and thus increased the
resistance. Upon exposure to UV light, electron—hole pairs will
be generated in ZnSnOs;, meanwhile some photo-generated
electrons and holes may be recombined.

On the one hand, the remaining holes can reach the surface of
ZnSnO; which will react with oxygen ions, leading to the width
of the surface depletion layer being reduced and this causes the
resistance to be decreased. On the other hand, the remaining photo-
generated electrons can react with ambient oxygen molecules,
leading to photo-induced oxygen ions [20]. When the sensors are
exposed to HCHO gas, the chemical reactions between the photo-
induced oxygen ions and formaldehyde molecules may happen,
making the width of the surface depletion layer further reduced
with electrons released according to the following equation:

HCHO(gas) + O (ads) — H,O(gas) + CO,(gas) + e~ (1)
Also, the properties of metal semiconductor oxide gas sensor
are influenced by several factors, such as microstructure, porosity
and impurities [10, 14]. The response of the sensor can be increased
significantly by changing the microstructure like particle size.
As the particles size decreases, a higher specific surface area is
obtained, resulting in a large number of active sites, which
facilitates gas adsorption and consequently for a higher sensitivity
[21]. It has good consistency with our results shown in SEM. By
introducing the SA of 4 g/1, the size of most ZnSnO; microspheres
decreased obviously and concentrated from 0.8 to 1 pum, so the
ZnSnO;@4 g/l SA sample expressed a superior response to
HCHO. Although the smaller grain size is better for the sensitivity
of gas sensors, excessive reduction in grain size reduces structural
stability [22], which resulting in the stability of this HCHO
sensor needs to be improved in the future.

4. Conclusion: In summary, we reported a HCHO sensor based on
biopolymer-assisted synthesised ZnSnO3; microspheres, which were
prepared by a simple hydrothermal route. UV illumination made
this HCHO sensor response at room temperature into realisation.
The sensors coated with ZnSnO;@SA films towards 20 ppm
HCHO presented nearly more than twice of the sensors based on
ZnSnO; films, which may be ascribed to the introduction of SA
changed the size distribution of the materials. In addition, the
ZnSnO;@SA sensor exhibited a good linearity despite of its
unsatisfactory repeatability, and a relative stability also can be
observed in 15 days. We believe this research will promote the
development of HCHO gas sensors under room temperature with
further work.
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