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ABSTRACT

Using SnSO,, p-glucose, urea and water, hierarchical shell-core SnO, microspheres were successfully
synthesized via a simple hydrothermal method. The characterization results showed that the sizes of as-
prepared SnO, microspheres were 0.6-1 jum, with shell thicknesses of 40—60 nm. The shell and large
core of the SnO, microspheres were all comprised of the same basic rice-like nanoparticles with
diameters of 16—25 nm and lengths of 16—45 nm. Further investigaton showed that the glucose and urea
served as structural guiding agents, and urea facilitated the formation of the hierarchical structure. The
as-prepared SnO, nanomaterials were used to fabricate a gas sensor with an electrode blade used for the
gas sensitivity tests. The hierarchical shell-core SnO, microspheres exhibited high sensitivity and
selectivity toward ethanol, with a responsivity of 63.8 for 50 ppm ethanol at 250 °C, while the response
and recovery time were 7 s and 28 s, respectively. Moreover, the responsivity of the materials showed
good linearity at ethanol concentrations from 500 ppb to 10 ppm. The simple synthetic method,
environmentally-friendly raw materials, and excellent gas sensitivity demonstrate that the as-prepared
SnO, nanomaterial has great potential applications for the sensing of ethanol gas.

© 2019 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.

Published by Elsevier B.V. All rights reserved.

The detection of ethanol is important to the food products and
beverage industries [1]. Tin dioxide (SnO-) is a typical semicon-
ductor material with remarkable physical and chemical properties
[2,3]. Meanwhile, materials with hierarchical structures and core-
shell structures may lead to higher sensing performance due to
particular geometrical structures [4,5] and higher specific surface
areas [6]. Glucose and urea are widely used in synthesizing of
nanostructured materials via hydrothermal method. For instance,
He et al. [7] synthesized core-shell TiO, walnuts by adding glucose,
urea, HCl and other additives; Huang et al. [8] synthesized flower-
like In,03 microrods by adding only glucose and urea as additives.
However, to our knowledge, there have been little reports on
synthesis of tin dioxide nanomaterials using both of urea and
glucose via one-step hydrothermal method, so it is still a great
challenge to synthesize the expected SnO, nanomaterials with
distinct morphologies. In this work, glucose and urea were both
utilized as structural guiding agents to synthesize hierarchical
shell-core SnO, microspheres through a one-step hydrothermal
method with subsequent calcination and the combined effect of
them had been studied.
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For the synthesis of hierarchical shell-core SnO, micro-
spheres, 3 mmol SnSO, was dissolved in 30 mL water. Then,
6 mmol p-glucose and 6 mmol urea (molar ratio of 3:3) were
successively added to the above solution under stirring to form a
mixed solution that was vigorously stirred for 1 h. The resultant
mixture was transferred into a 100 mL autoclave and then
reacted at 180°C for 24 h. Upon reaction completion, a brown
dark precipitates was collected by centrifugal washing several
times with water and ethanol and then drying for over 6 h, and
finally annealing in air at 500°C for 2h. Experiments with
various molar ratios of p-glucose and urea were also conducted
under the same conditions. X-ray diffraction (XRD), field
emission scanning electron microscope (FESEM), X-Ray photo-
electron spectroscopy (XPS), transmisssion electron microscopy
(TEM) and N, adsorption-desorption analyses were applied to
study structures and micromorphologies of the as-synthesized
samples. Sensors were prepared by dropping the as-prepared
paste on an interphalangeal electrode plate, followed by thermal
treatment to form a stable gas-sensitive film. A CGS-1TP
instrument (Beijing Elite Tech. Co., Ltd., China) was used to
evaluate the abilities of the sensors.

To study effects of the glucose and urea, a series of experiments
with different amounts of b-glucose and urea were conducted. The
samples synthesized without urea exhibited severely aggregated
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Fig.1. (a-h) FESEM images of various materials synthesized with different molar ratios of b-glucose and urea after calcinations: (a) 3:0,(b) 3:1,(c) 5:3,(d, e) 3:3, (f) 3:5,(g) 1:3

and (h) 0:3.

spherical particles with a size range of 200-500 nm (Fig. 1a).
When the amount of urea slightly increased, the morphology of as-
synthesized SnO, particles remained nearly unchanged (Fig. 1b)
compared with the sample without urea. When the ratio of glucose
to urea was increased to 5:3, the as-synthesized samples still
retained their spherical structures, but their sizes ranged from
200-800 nm (Fig. 1c). However, when the molar ratio of urea and
p-glucose increased to 3:3, the size of the as-synthesized SnO,
microspheres (Figs. 1d and e) obviously became larger (1 pm) with
coarsened surfaces, and the broken outer may be the shell of the
shell-core structure (Fig. 1d). However, when the urea ratio further
increased to 3:5, irregular and large particles with rough surfaces,

as well as some smaller spheres coexisted in the synthesized
sample (Fig. 1f).

Interestingly, the SEM image shows that the sample synthe-
sized with only urea contained plate structures (Fig. 1h), with
thicknesses of about 1 wm, and lengths ranging from 2—15 pm.
This phenomenon indicates that urea promoted the formation of
two-dimensional materials. When the ratio of glucose increased
slightly, spherical structures, sheets and irregular nanoparticles
appeared in the same samples shown in Fig. 1g.

In Figs. S1a-f (Supporting information), the XRD patterns all
agreed with JCPDS card No. 41-1445 without any noticeable
impurity peaks, illustrating the as-synthesized samples were all
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Fig. 2. (a, b) FESEM images of the hierarchical shell-core SnO, microspheres (3:3) with calcination. (¢, d) TEM images of the same sample. (e, f) XPS spectrum of the same

sample.
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pure SnO,. The D, values (calculated by the Scherrer equation,
D, = KA[(pcos®), where D, is grain size (nm), K is 0.89, A is 0.154 nm
and g is the diffraction peak half height width of the 110 peaks
(rad)) [9] listed in Table S1 (Supporting information) indicate that
the crystal sizes tended to increase as more urea was added, while
they decreased when the amount of glucose increased. The spectra
of samples synthesized with only urea in Fig. S1g (Supporting
information) indicated the presence of impurities.

Fig. 2a reveals that the as-synthesized SnO, samples (3:3) had
spherical structures with rough surfaces and a uniform size
distribution of about 0.6—1 pm. Fig. 2b shows the enlarged FESEM
image of SnO, spherical nanostructures, and it can clearly be seen
that the SnO, spheres were all composed of the same basic rice-like
nanoparticles. Figs. 2c and d are the TEM images of corresponding
samples above. A thin shell and large dark core can be observed, and
the thickness of the shell was estimated to be 40—60 nm. The sizes of
the basic rice-like nanoparticles were estimated to 16—25nm in
diameter and 16—45 nm in length. Fig. 2e is the survey XPS spectra,
the component elements of the sample are Sn and O, without other
peaks ofimpurities. Fig. 2fis XPS spectrum for Sn 3d levels, two peaks
locatedat~487and ~495.5 eV could be corresponding with Sn 3ds,,
and Sn 3ds), respectively.

Fig. S2 (Supporting information) displays that the pore size
distribution of the hierarchical shell-core SnO, microspheres
(molar ratio of glucose and urea was 3:3) ranged from 6—70 nm
with an average pore size of 20.28 nm. Additionally, the calculated
BET surface area was 28.35 m?/g.

By analyzing the above characterization results, a feasible explana-
tion for the various morphologies was proposed and is shown in Fig. 3.
First, Sn®* was produced after SnSO, dissolved in water. Meanwhile,
p-glucose polymerized into oligosaccharides [10] and further dehy-
drated to form carbon nuclei at 180 °C. Afterward, Sn** adsorbed onto
carbonaceous microspheres due to the presence of many hydrophilic
functional groups (—OH, —C=0, etc.) on the surface [11]. Later, the
Sn?* hydrolyzed into Sn(OH ), on the carbonaceous spheres and then
served as nucleation sites for SnO, crystallites [9]. Without urea or
when the relative content of urea (the proportion of ureain the total
molar amount of urea and p-glucose) was small (<38 %), small SnO
crystallites oxidized into SnO; crystallites before merged into one
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Fig. 3. Schematic diagram of the growing orientation for several types of materials.
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large SnO crystallite because of the dispersion of carbon spheres and
the low hydrolysis rate of Sn?*. Then these SnO, crystallites
gradually assembled into microspheres with small sizes. For the
formation of hierarchical shell-core SnO, microspheres, when equal
amounts of urea and glucose were used, the urea released
OH™ [12,13] which accelerated the growth of SnO crystallites. This
allowed multiple SnO crystallites to grow into one large SnO
nanoparticle which was further oxidized into basic rice-like SnO,
nanopartilces. Then, these primary rice-like SnO, nanopartilces
begun to self-assemble via aggregation to form large and more
consistent microspheres via Ostwald ripening [14]. The shell-core
structure was also formed at this time to reduce the surface energy.
When only urea was used, an increasing amount of Sn®>* was
converted onto Sn(OH),, which then slowly developed into plates
via ripening [15]. However, When the relative content of urea was
high (> 60 %), the growth of SnO crystallites noticeably accelerated,
which resulting in an inhomogenous morphology due to the
competing effects from the urea and glucose. Finally, the subse-
quent calcining process removed the residual organic matter,
forming the micropores.

Fig. S3 (Supporting information) exhibits the results of gas-sensing
responses of sensors based on several materials with different glucose
and urea molar ratios to 50 ppm ethanol gas at various temperatures. All
seven sensors reached their maximum responses at 250 °C. The sensors
based on hierarchical shell-core SnO, microspheres (molar ratio of
glucose and urea was 3:3) showed significantly higher sensing
responses than materials with other molar ratio of glucose and urea,
possibly due to their more uniform particle sizes and higher specific
surface areas. So only sensors fabricated using the hierarchical shell-core
SnO, microspheres were discussed subsequently.

Fig. 4a shows the sensing ability of sensors based on
hierarchical shell-core SnO, nanostructures at various ethanol
concentrations (500 ppb-100 ppm) at 250 °C. The data shows that
responsivities increased as the ethanol concentration increased,
and increased nearly linearly at ethanol concentrations from
500 ppb-10 ppm. The responses measured ranged from 1.51 to
87.25 for 500 ppb-100 ppm ethanol, and the lower detecting limit
was 500 ppb ethanol. The sensor also displayed a rapid response
and recovery speed to ethanol from 500 ppb-100 ppm, with an
obvious signal at an ethanol gas concentration of 500 ppb (Fig. 4b).

Moreover, the typical response and recovery times of a sensor
fabricated using the hierarchical shell-core SnO, nanostructures to
50 ppm ethanol were 7 s and 28 s, respectively at the optimum working
temperature (Fig. S4a in Supporting information). The sensor also
exhibited good selectivity toward ethanol gas (Fig. S4b in Supporting
information), and its maximum response toward 50 ppm ethanol gas
(~63) was much larger than those of acetone (6.7), isopropanol (13.1),
formaldehyde (5.3), methanol (12.6) and pyridine (4.2).

A representative oxygen adsorption model (Fig. S5 in Support-
ing information) is used to explain the gas sensing mechanism
[16,17]. When the sensor based on hierarchical shell-core SnO,
nanostructures was at its operating temperature in air, atmo-
spheric oxygen [18] was adsorbed onto the surface of the sensing
materials. Trapped electrons from the conduction band of SnO,
were then ionized to 0?>~, 0~ and 0?~, generating a depletion layer
which increased the resistance of the sensor. However, when
ethanol gas was present in the air, ethanol molecules reacted with
adsorbed oxygen species via the reaction: (CH;CH,OH + 60~ =
2C0O5 + 3H,0 + 6e™). The electrons produced from this reaction
returned to the conduction band of SnO, which significantly
decreased the resistance of the sensor. The material exhibits higher
sensitivity to ethanol because it could attract the more electrons
from adsorbed oxygen than other gases [2,19].

In summary, hierarchical shell-core SnO, microspheres materi-
als were successfully synthesized using p-glucose and urea as
structural guiding agents via a facile hydrothermal reaction and
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Fig.4. (a) Response over the hierarchical shell-core SnO, microspheres toward ethanol gas with different concentrations (500 ppb-100 ppm) at 250 °C; (b) Dynamic response
curve of the sensor fabricated using the hierarchical shell-core SnO, microspheres to 500 ppb-100 ppm ethanol at 250 °C.

subsequent heat treatment. The influence of glucose and urea on
the formation of hierarchical SnO, microspheres was discussed.
The results revealed that glucose facilitated the development of
spherical structure, while urea was important for evolving the
hierarchical structure by increasing the crystal size. Gas sensing
measurements showed that a sensor based on hierarchical shell-
core SnO, microspheres displayed a high response toward ethanol
gas, with a lower ethanol detection limit of 500 ppb at 250 °C.
Meanwhile, the sensor displayed good selectivity to ethanol
against VOCs gases such as acetone and formaldehyde. This study
demonstrated that sensors based on hierarchical shell-core SnO,
microspheres have great potential for use in the selective detection
of ethanol gas.
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