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ty and Ins
A B S T R A C T

Acephate pesticide contamination in agricultural production has caused serious human health problems.
Metal oxide semiconductor (MOS) gas sensor can be used as a portable and promising alternative tool for
efficiently detection of acephate. In this study, hierarchical assembled SnO2 nanosphere, SnO2 hollow
nanosphere and SnO2 nanoflower were synthesized respectively as high efficiency sensing materials to
build rapid and selective acephate pesticide residues sensors. The morphologies of different SnO2 3D
nanostructures were characterized by various material characterization technology. The sensitive
performance test results of the 3D SnO2 nanomaterials towards acephate show that hollow nanosphere
SnO2 based sensor displayed preferable sensitivity, selectivity, and rapid response (9 s) properties toward
acephate at the optimal working temperature (300 �C). This SnO2 hollow nanosphere based gas sensor
represents a useful tool for simple and highly effective monitoring of acephate pesticide residues in food
and environment. According to the characterization results, particularly Brunauer-Emmett-Teller (BET)
and Ultraviolet-Visible Spectroscopy (UV–vis), the obvious and fast response can be attributed to the
mesoporous hollow nanosphere structure and appropriate band gap of SnO2 hollow nanosphere.
© 2020 Chinese Chemical Society and Institute ofMateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Acephate, as a substitute for methamidophos, has been one of
the effective insecticides to control pests on grains, fruits and
vegetables for its low toxicity and high efficiency [1,2]. However,
acephate preparation used in agricultural production were found
to be poorly stable and bioactivation metabolized to methamido-
phos with extremely high selective mammalian toxicity [3].
Accordingly, the production and use of acephate has been banned
in some countries and regions for its potential toxicity. Therefore,
the rapid and effective detection of acephate is of great significance
to supervise and standardize the use of pesticides and ensure food
safety. At present, a variety of analytical techniques have been
titute of Materia Medica, Chinese
applied to detect acephate insecticides, such as colorimetry,
fluorescence analysis, High-performance Liquid Chromatography
(HPLC) [23_TD$DIFF]and enzyme inhibition [4–8]. These conventional acephate
detection methods show excellent accuracy and low detection
limit. However, these methods are only applicable in laboratory
analysis owing to the precondition of relatively complicated
pretreatments, time-consuming operation, expensive equipment [24_TD$DIFF]
and experienced staff. Herein, it [25_TD$DIFF]is still indispensable to develop a
portable and effective detecting equipment for the on-site
determination of acephate.

Gas sensors based on metal oxide semiconductors (MOS)
provide fast response, good stability, low cost [26_TD$DIFF]and low power
consumption detection methods [9]. Synthesis of nanomaterials
with controllable morphology is currently a hot field of gas sensor
research [10,11]. Among them, tin dioxide (SnO2) nanomaterials
with controllable morphology have attracted extensive research
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.



[(Fig._2)TD$FIG]

H. Cai et al. Chinese Chemical Letters 32 (2021) 1502–1506
on account of their favorable physical and chemical properties
[12,13]. So far, SnO2 materials of various shapes have been
successfully synthesized, such as nanoparticles, nanorods, nano-
belts, nanowires, nanosheets, hierarchical nanostructures [27_TD$DIFF]and
hollow sphere [14–24]. Among these, 3D SnO2 nanomaterials such
as hierarchical nanostructures and hollow sphere possess porous
structures, which attracts more studies for sensor application
[25,26]. Huang [28_TD$DIFF]et al. [27] reported a simple method for rapid
detection of pesticide residues based on SnO2 semiconductor gas
sensor, which used the rectangular temperature model to detect
and distinguish acephate, trichlorfon and their mixtures. However,
researches on SnO2 based gas sensor for pesticide residue
detection are very rare.

In this study, variant hierarchical assembled SnO2 nanosphere,
SnO2 hollow nanosphere and SnO2 nanoflower were synthesized
successfully via simple hydrothermal technique and subsequent
calcination [28], and made into gas sensors for sensitively and
selectively detection of acephate pesticide residues. The SnO2

hollow nanospheres were synthesized successfully after a classical
Ostwald ripening process in the absence of any template [29].
Then, SnO2 nanosphere and SnO2 nanoflower were successfully
synthesized by changing tin source, hydrothermal reaction
conditions, and adding surfactant. By comparing the acephate
gas sensing performance among the three SnO2 3D nanostructures,
it is found that the SnO2 hollow nanosphere not only got the
highest response value, but also exhibited excellent selectivity and
stability, as while as faster response speeds than that of the other
two materials (SnO2 nanosphere [20_TD$DIFF]and SnO2 nanoflower) [30]. In
addition, the sensing reaction process was also discussed in this
study to help explain the effect of hollow nanosphere structure of
high sensing performance.

The main evolving process of synthesizing SnO2 nanomaterials
are shown in Fig. 1. As Fig. 1 shown, the sphere-like SnO2

nanomaterial was synthesized by taken SnCl4�5H2O as the
precursor without any surfactant in the reaction system. In the
specific synthesis process, the complex Sn[(OH)6]2� first rapidly
decomposed to form large number of SnO2 nuclei, and then these
nuclei spontaneously aggregate to form nanoparticles. As the
continuation of the hydrothermal reaction, tiny SnO2 crystals
gradually grow to form a unique SnO2 nanosphere [31]. SnO2

hollow nanosphere was controlled synthesis by taking potassium
Stannate as tin source based on theOstwald-ripening reaction [29].
The SnO2 nanoflower was prepared by choosing SnCl2�2H2O as
reactant and Na3C6H5O7 as surfactant. In the presence of
[(Fig._1)TD$FIG]

Fig.1. Schematic diagramof the control synthesis of SnO2 nanosphere, SnO2 hollow
nanosphere [20_TD$DIFF]and SnO2 nanoflower via a simple template-free process.
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Na3C6H5O7, the rapid precipitation of Sn(OH)2 was inhibited,
resulting in anisotropic growth of SnO2 crystals in [101] direction
and the formation of SnO2 single nanosheet. However, the surface
energy of a single nanosheet is quite high and needs to be reduced
by reducing the exposed area [32,33]. Herein, the SnO2 nanoflower
was synthesized successfully through the self-assemble of single
nanosheet.

As shown in Fig. 2, SEM and TEM observations were taken to
illustrate the microstructures of SnO2 nanosphere, SnO2 hollow
nanosphere and SnO2 nanoflower firstly. [29_TD$DIFF]Figs. 2a–c show the SEM
and TEM images of SnO2 nanospheres. Obviously, SnO2 nano-
spheres have a clearmorphology andmicrostructure, with a size of
about 250�400 nm. [29_TD$DIFF]Figs. 2d–f show the morphological structure
images of SnO2 hollow nanosphere. The particle diameter SnO2

hollow nanosphere is about 350�450 nm, and the shell thickness
is about 30�50 nm. SnO2 nanoflower structure consists of 20 nm
thick nanosheets were also clearly observed in [29_TD$DIFF]Figs. 2g–i. The
HRTEM images of the as-synthesized three SnO2 nanomaterials are
also displayed in the inset images of [29_TD$DIFF]Figs. 2c, f and i. The lattice
spacings of SnO2 nanosphere, SnO2 hollow nanosphere and SnO2

nanoflower nanomaterials were estimated to be 0.335 nm,
0.336 nm and 0.335 nm,[30_TD$DIFF] respectively, and all corresponding to
[101] reflections of rutile SnO2 [34].

The crystal structures of the as synthesized SnO2 nanosphere,
SnO2 hollow nanosphere and SnO2 nanoflower nanomaterials
were studied by XRD analysis. Typical diffraction patterns were
illustrated in Fig. 3a. All diffraction peaks of the three materials
correspond well to the JCPDS No. 41-1445 card, which confirm the
tetragonal rutile phase of the synthesized SnO2 nanosphere, SnO2

hollow nanosphere and SnO2 nanoflower. No extra characteristic
peaks were found, showing that the excellent purity of the SnO2

nanomaterials [35–37]. What worth motioning is that the [101]
crystal surface diffraction peak of SnO2 nanoflower is relative
stronger than that of the standard card. This is mainly due to the
adsorption of Sn(OH)2� growth on the surface [101], which may
conducive to the anisotropic growth of SnO2 crystals along the
direction [101].

XPS was employed to analyze the chemical states of the SnO2

nanosphere, SnO2 hollow nanosphere, and SnO2 nanoflower. The
Fig. 2. SEM, TEM and HRTEM of SnO2 nanomaterials in different morphologies: (a-
c) SnO2 nanosphere, (d-f) SnO2 hollow nanosphere and (g-i) SnO2 nanoflower.
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Fig. 3. (a) XRD patterns of as-synthesized SnO2 nanosphere, SnO2 hollow
nanosphere and SnO2 nanoflower. (b) Survey, (c) Sn 3d, (d) O 1s high resolution
XPS spectrum of as-synthesized SnO2 nanomaterials.
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Fig. 4. Typical sensing responses of the SnO2 nanosphere, SnO2 hollow nanosphere [20_TD$DIFF]
and SnO2 nanoflower based sensors: (a) The temperature-dependent sensitivity of
various sensors versus the operating temperature from 200 �C to 400 �C towards
20 ppm acephate. (b) Dynamic acephate (1-100 ppm) sensing transients. (c)
Response/recovery times of the preparative sensors. (d) Selectivity of gas sensor
towards acephate at 300 �C. (e) Five periods of response curve and f representative
long-term stability curve of SnO2 based sensor to 20 ppm acephate at 300 �C.
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complete spectra are shown in Fig. 3b. The peaks completely in
accordance to Sn and O are exactly the only peaks observed in the
as-prepared SnO2 nanosphere, hollow nanosphere and nanoflower
materials, indicating the excellent monodispersity of the three
samples. Sn 3d in high-resolution XPS spectra (Fig. 3c) shows that
the typical characteristics of Sn4+ in tetragonal SnO2. It is clearly
shown in Fig. 3d that the lower binding energy of corresponds to
the absorbed oxygens (O�: 531.2 eV) of SnO2, whereas the other
binding energy corresponds to the lattice oxygen (O2-: 530.3 eV)
chemical states of oxygen in the three SnO2 nanomaterials,
respectively [38,39]. Obviously, there are no significant differences
in the valence states of tin and oxygen in the materials with
different morphologies.

The results of nitrogen adsorption-desorption isotherms test
(Fig. S1 in Supporting information) and Barrett-Joyner-Halenda
(BJH) analysis (Table S1 in Supporting information) clearly show
the surface adsorptionproperty of the above sensing nanomaterial.
The Brunauer-Emmett-Teller (BET) tests of the SnO2 nanosphere,
SnO2 hollow nanosphere, and SnO2 nanoflower all have a
hysteresis loop (Fig. S1), which is consistent with typical type-IV
[40], showing the mesoporous structure of as-synthesized 3D
nanomaterials [41]. SnO2 with hollow nanosphere structure
possess the largest surface area (28.3m2/g STP), while, SnO2

nanosphere (14.8m2/g STP) and SnO2 nanoflower (19.6m2/g STP)
show lower surface area, respectively.

Based on the synthesized SnO2 nanomaterials with different
morphologies, we further prepared SnO2 nanosphere, SnO2 hollow
nanosphere, and SnO2 nanoflower based gas sensors, for the
systematic analysis of the gas sensitivity of SnO2 nanostructures in
the rapid detection of acephate. The operating temperature tests [31_TD$DIFF]
(200–400 �C) of sensors based on SnO2 nanosphere, SnO2 hollow
nanosphere, and SnO2 nanoflower were proceed in 20 ppm
acephate. As Fig. 4a shown, all gas sensors display the crest value
at an operating temperature of 300 �C. The acephate response
value increases before theworking temperature reach up to 300 �C,
and dramatic decreases as operating temperature continue to rise.
Furthermore, it can be clearly seen from Fig. 3a that the SnO2

hollow nanosphere has the highest sensitivity (Rair/Rgas = 11.87),
followed by the SnO2 nanoflower (Rair/Rgas = 9.23), and the SnO2

nanosphere (Rair/Rgas = 3.95) shows the lowest gas sensing
response. This mainly on account of hollow structure has larger
specific surface area than solid spherical structure, which is more
conducive to the redox reaction of the gas, so that it has a higher
1504
sensitivity [42]. Gas sensor based on nanoflower structure shows
better sensitivity than that of nanospheres mainly due to its
interlaced thin nanostructures on the surface of nanoflower
increase the reaction between acephate molecules and materials
to a certain extent. However, as shown in [32_TD$DIFF]Figs. 4b, c and e, it is
possible that the interlaced thin nanostructures on the surface of
the nanoflower caused its unstable gas response.

Dynamic response of SnO2 nanosphere, SnO2 hollow nano-
sphere, and SnO2 nanoflower towards different concentrations
of acephate (1�100 ppm) were then investigated at 300 �C. As
Fig. 4b clearly illustrates, the response value of the obtained
SnO2 nanosphere, SnO2 hollow nanosphere, and nanoflower
based sensors all increased with the injection quantity of
acephate increasing from 1 ppm to 100 ppm, and decreased with
the concentration decreasing, which indicates that the gas
sensors have distinguished reversibility and repeatability. What
worth mentioning is that the SnO2 hollow nanosphere based gas
sensor also shows good linearity with the acephate concentra-
tion. Fig. 4c displays the response/recovery behavior of sensors
toward 20 ppm acephate. SnO2 hollow nanosphere shows
relative fast response speed (9 s) upon exposure to acephate
in those of SnO2 nanosphere (15 s) and nanoflower (19 s).
According to the results of BET tests, SnO2 nanospheres hollow
structures with more surface area, which exposes larger
effective response area for sensor testing than the other
materials. Meanwhile, the mesoporous structures in the
materials also contribute to the smooth diffusion of target
molecules in SnO2 hollow nanospheres [43]. Therefore, SnO2

hollow nanospheres show [33_TD$DIFF]the highest response and shortest
response-recovery time to the target gases under the same
conditions of the three nanomaterials.
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Fig. 5. (a) UV–vis diffuse reflectance spectrum. (b) Kubelka-Munk function curve
plotted against photon versus the energy of absorbed light of SnO2 nanosphere, SnO2

hollow nanosphere and SnO2 nanoflower. (c) The reaction schematic diagram of the
gas sensor based on 3D SnO2 nanomaterials in air and acephate.
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Selectivity is the most important criterion for gas sensors in
real-time application. Hence, this work also investigated the
sensitivities of SnO2 nanosphere, SnO2 hollow nanosphere [20_TD$DIFF]and
SnO2 nanoflower based sensors, when explore to the common
various interfering gases, including acetone, ethanol, methanol,
formaldehyde [34_TD$DIFF]and ammonia under the same conditions (Fig. 4d).
Obviously, the above characteristic curves indicate that SnO2

hollow nanosphere based sensor has a good selectivity to acephate
of 20 ppm and less affected by other gases at 300 �C, which is
beneficial to the effective differentiation of acetylate.

In addition, repeatability and long-term stability tests were
conducted on the on-site test of acephate ([35_TD$DIFF]Figs. 4e and f). The good
repeatability was confirmed by exposure to 20 ppm of acephate for
five times under the same conditions. During the continuously
five-week of testing, the sensitivity of all sensors displays minor
changes towards 20 ppm acephate at 300 �C, showing an excellent
sensor stability of the SnO2 nanomaterials-based sensor. Results of
above tests indicate the good repeatability and stability of the as-
fabricated acephate sensor. These excellent gas sensitivity
characteristics are conducive to the application and promotion
of the as-prepared gas sensors.

The main reason for good sensing properties of SnO2 hollow
nanosphere is the stable crystal and mesoporous hollow structure.
The band gap of SnO2 nanomaterials with different morphologies
can be obtained by UV–vis diffuse reflectance spectra in the Fig. 5a
[44]. The band gap of SnO2 nanosphere and SnO2 nanoflower are
3.64 eV and 3.58 eV, respectively. As actually shown in Fig. 5b, SnO2

hollow nanosphere has the minimum bandgap energy of 3.54 eV,
which means that it is more liable for the electrons of SnO2 hollow
nanosphere to transition from its valence to the conduction band
[45–47]. Great quantity of carrier can be more easily transferred to
the conductive band of SnO2 hollow nanosphere, resulting in the
more significant change in the conductivity of the material
(Fig. 5c). Furthermore, as shown in Fig. 5c, hollow nanospheres
with huge specific surface area provide active sites on and inside
the surface, which can be used for oxygen adsorption, and acted as
sensitizers to modify and display their functions [48]. Therefore,
1505
the response of hollow nanosphere is higher than the SnO2

nanosphere and SnO2 nanoflower. Therefore, the SnO2 hollow
nanospheres sensor shows the best sensing performance for
acephate in different SnO2 hollow nanomaterials.

In summary, SnO2 nanosphere, SnO2 hollow nanosphere and
SnO2 nanoflower with characteristic structure were prepared
through one-step template free method, by controlling the acid
base of reaction and changing reaction temperature. Furthermore,
the effect of morphology on gas-sensing behavior were studied.
Experimental results show that MOS gas sensors based on SnO2

with different morphologies have the superiority of good
sensitivity, high stability, and rapid response recovery to acephate
at 300 �C. SnO2 hollow structure shows the highest sensitivity, by
comparation of the gas sensing behaviorwith the SnO2 nanosphere
and SnO2 nanoflower based sensors. This is mainly due to the large
surface area of the hollow structure, which can expose the rich
reaction points for target molecules, thereby helping to improve
the sensitivity. This SnO2 hollow nanosphere based gas sensor
provides a vital research direction for the development of a new,
simple, accurate [36_TD$DIFF]and rapid sensor for monitoring acephate
pesticide residue.
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