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Abstract: Developing the triethylamine sensor with excellent sensitivity and selectivity is important
for detecting the triethylamine concentration change in the environment. In this work, flower-like
CeO,-5n0, composites with different contents of CeO, were successfully synthesized by the one-step
hydrothermal reaction. Some characterization methods were used to research the morphology and
structure of the samples. Gas-sensing performance of the CeO,-5nO, gas sensor was also studied
and the results show that the flower-like CeO;-SnO, composite showed an enhanced gas-sensing
property to triethylamine compared to that of pure SnO;. The response value of the 5 wt.% CeO,
content composite based sensor to 200 ppm triethylamine under the optimum working temperature
(310 °C) is approximately 3.8 times higher than pure SnO;. In addition, CeO,-SnO, composite is
also significantly more selective for triethylamine than pure SnO, and has better linearity over a
wide range of triethylamine concentrations. The improved gas-sensing mechanism of the composites
toward triethylamine was also carefully discussed.
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1. Introduction

Triethylamine (TEA) is a colorless, transparent oily liquid with strong ammonia odor and was
widely used as an organic solvent, raw material, polymerization inhibitor, preservative, catalyst and
synthetic dye [1,2]. However, TEA is also a flammable, explosive and toxic volatile organic gas that can
harm human health, such as eye and skin irritation, dyspnea, headache, nausea and even death [3-6].
Therefore, it is very important to develop a method for detecting and monitoring the concentration of
TEA. Up to now, gas/liquid/solid chromatography, gel chromatography, ion mobility spectrometry,
electrochemical analysis and colorimetry and other methods have been explored to monitor TEA
gas. However, these methods require expensive equipment and complex detection processes, which
hamper their widespread use in real life [6—12]. Thus, it is very necessary to develop a device that is
simple to manufacture and easy to detect TEA.

Metal oxide semiconductor (MOS) based gas sensors have been widely investigated in recent years
because of their advantages such as simple detection, simple preparation, low cost, high sensitivity and
good real-time performance [13-15]. SnO; is a wide band gap n-type MOS material with a band gap
width of 3.62 eV at room temperature. It is widely used in various fields such as photocatalysts [16,17],
solar cells [18,19], lithium-ion batteries [20,21] and gas sensors [22-24]. As a gas sensor, SnO; is
one of the most widely considered gas sensitive materials due to its better gas sensitivity to various
organic and toxic gases. However, we also know that the traditional SnO, based gas sensors has some
obvious problems of low gas response, high optimum working temperature, poor selectivity and
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stability [25-27]. Hence, researchers use another MOS doped SnO, to improve its gas sensitivity. For
example, Zhai et al. [28] prepared Au-loaded ZnO/SnO; heterostructure, this sensor not only reduces
the optimum operating temperature of SnO, but also has a higher response to TEA than pure SnO;.
Yang et al. [24] synthesized porous SnO;/Zn,SnO, composites and their response to 100 ppm of TEA
was about 2-3 times higher than that of pure SnO;. Yan et al. [29] reported a kind of porous CeO,-SnO,
nanosheets, which exhibited excellent gas sensing properties toward ethanol compared with the pure
SnO;. These works have confirmed that another MOSs doped SnO; can indeed improve gas sensing
properties. As a rare earth element, Ce not only has the highest abundance of elements but also has
some special characteristics such as high oxygen storage capacity, rich oxygen vacancies and low redox
potential [29-31], these characteristics make it an ideal candidate for gas sensing materials [32,33],
such as Motaung et al. [34] synthesizing CeO,-SnO; nanoparticles with a dramatic improvement
in sensitive and selective to Hp, Dan et al. [35] prepared novel Ce-In,O3; porous nanospheres for
enhancing methanol gas-sensing performance. Xu et al. [12] reported that a cataluminescence gas
sensor based on LaF3;-CeO; has better sensitivity and selectivity for TEA. However, as far as we know,
there are few reports about the materials of CeO;,-5nO; used to detect TEA.

Herein, we synthesized the flower-like CeO,-SnO, composites via a facile hydrothermal method.
The gas sensing performance of the flower-like CeO,-SnO; composites based sensors were tested. The
experimental results indicate that the TEA gas sensing performance of the CeO,-SnO, composites
based sensors are significantly improved by the modification of a small amount of CeO, compared
with pure SnO,, especially in terms of sensitivity and selectivity. The improvement of gas sensing
properties of the composite materials is mainly due to the formation of n-n heterojunction between
CeO; and SnO;.

2. Results and Discussion

2.1. Sample Characterization

Figure 1 displays XRD patterns of the pure SnO, (SC-0), 3, 5 and 7 wt.% CeO, decorated SnO,
(SC-3, SC-5, SC-7) samples. It can be seen from Figure 1 that the XRD peaks are sharp and coincide
with those of the tetragonal rutile of SnO, in the space group P42 /mnm with lattice constants of a =b
=4.738 A and ¢ = 3.187 A (JCPDS file No. 41—1445). Apart from, all samples showing the same crystal
planes of (110), (101), (200), (211), (220), (310), (301) and (321), respectively. However, no reflections
characteristic of CeO; was observed even at the maximum CeO, content of 7 wt.%, which may be
mainly due to less CeO; loading. Nevertheless, one can also see from the figure that all the diffraction
peak becomes sharper as the content of Ce increases. According to Debye-Scherrer principle as shown
in Equation (1), where K (K = 0.89) is the Scherrer constant, D is the crystallite size, A (A = 0.15406 nm)
is the X-ray wavelength, B is the half-height width of the diffraction peak of the measured sample, 0 is
the diffraction angle. The calculated average particle sizes of SC-0, SC-3, SC-5 and SC-7 were 11.2350,
14.0154, 14.4425, 14.633, respectively. The combined diffraction peaks became sharper, indicating that
CeO, was indeed loaded onto SnO;, since the n-n heterojunction is formed between CeO, and SnO,
and the average particle size of the composite becomes larger as the CeO, dopant increases.
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Figure 1. XRD patterns of the samples.

The morphology and structure of pure SnO; (Figure 2a,b) and SC-5 nanoflowers (Figure 2c,d)
were observed by SEM and the presence of Ce dopant in the SC-5 nanoflowers (Figure 2e-g) was
detected by EDS as illustrated in Figure 2. In Figure 2a,b, the SnO; sheets are gathered together to look
like a spider web and have no flower-like structure. While, in Figure 2c,d, one can be clearly seen that
SC-5 has a flower-like structure with an average diameter of about 1 um and many nanoparticles are
relatively evenly dispersed on the surface of the flower-like structure. By EDS detection as shown
in Figure 2e—g, it was proved that only three elements of Sn, O and Ce were found in the composite,
which proved that the sample had a relatively high purity.

Figure 2. Field-emission scanning electron microscopy (FESEM) images of pure SnO; (a,b) and SC-5
nanocomposite (¢,d) and the EDS images (e-h) of the SC-5 sample.
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It is well known that the presence of a heterojunction affects the band gap width of a material.
Hence, in order to further illustrate the formation of n-n heterojunctions, we investigated the band gap
energies of the synthesized SnO, and SC-5 by UV-vis absorption spectra. As can be seen in Figure 3,
the absorption peak of the red SC-5 sample moved significantly upward compared to the pure SnO,
curve. The relationship diagram between (whv)? and photon energy ho (illustration in the upper right
corner of Figure 3) is obtained according to the formula (ahv)? = A (hv — E,), where o is the absorption
index, h is the Planck constant, v is the light frequency, E is the semiconductor bandgap width, A is a
constant associated with the material. It can be seen from the illustration that the band gap energy
values of pure SnO, and SC-5 are 3.64 eV and 3.56 eV, respectively. The data show that the doping of
CeO; narrows the band gap energy of the composite, which further proves that an n-n heterojunction
is formed between composite nanomaterials.
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Figure 3. UV-vis absorption spectra of the synthesized SC-0 and SC-5 samples. The upper right corner
inset is the relationship lines of (xhv)? and ho.

2.2. Gas Sensing Performance

In order to study the gas sensing property of the as-synthesized samples to TEA, a series of
examinations on the pure SnO, and CeO,-SnO, composites were performed. Because the working
temperature has great impact on the response of the gas sensor, the response of four sensors to 200
ppm TEA at different temperatures was first studied, as shown in Figure 4. One can see from Figure 4
that the four curves show similar variation tendency, which is first increase and then decrease as the
working temperature increases. And the response of all the sensors reached their top value at the
working temperature of 310 °C. This may be due to the amount of chemisorbed oxygen ions on the
surface of the sensor has reached a sufficient amount to react with TEA and the effective reaction
on the surface of MOS causes an eminent change in resistance [36]. Moreover, the response of the
sensors based on SC-0, SC-3, SC-5 and SC-7 are 65.77, 218.12, 252.21, 156.38, respectively. It can
also be clearly seen from the Figure 4 that all composite sensors have higher response to TEA than
pure SnO, and the sensor based on SC-5 show higher response value than the response of the other
two composite sensors. The TEA gas-sensitive properties of the SC-5 composite prepared in this
work and the materials reported in other literatures [4,28,37—41] are shown in Table 1. Although the
sensitivity of the CeO,-SnO; sensor is higher than that of the reported results, the optimum operating
temperature has not been improved very well. Therefore, we still need to do more in-depth research
on reducing the working temperature, such as introducing photoexcitation equipment [42] or using
p-type semiconductor doping modification [43].
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Figure 4. The response of the synthesized samples to 200 ppm TEA at different operating temperatures.

Table 1. TEA sensing performance comparison between this study and other reported results.

TEA
Materials Concentration Temperature(°C) Response(Ra/Rg) Ref.

(ppm)
SnO, 200 350 5.9 [4]
Au@ZnO/SnO, 200 300 160 [28]
Au@5n0O,/ «-Fe,O3 200 300 63 [37]
ZnFe;Oy/x-FepO3 200 305 65 [38]
CoMoOy4 200 600 110 [39]
CeO, 100 Room temperature  4.67 [40]
Ce-doped In; 03 200 130 61.9 [41]
SC-5 200 310 252.2 this work

Sensitivity, selectivity and stability are also three important properties for evaluating sensor
quality. Figure 5a exhibits the response of the four gas sensors to different TEA concentrations in
the range of 20-2000 ppm at 310 °C. Obviously, the response of the four gas sensors increases with
the increase of TEA concentration. It can also be seen that the response is almost linearly related to
TEA concentration and the slope of the curve increase rapidly as TEA concentration increases in the
concentration range of 20-200 ppm (inset of Figure 5a). Above 200 ppm, the responses increase slowly
as the gas concentration increases, indicating that the adsorption of TEA by the sensor gradually
becomes saturated. In addition, the SC-5 sensor exhibits higher response than that based on SC-0, SC-3
and SC-5 at different TEA concentrations. Figure 5b shows the dynamic response-recovery curves of
the SC-0 and SC-5 sensors to TEA in the concentration range of 20-2000 ppm at 310 °C. As can be seen
from Figure 5b that as the TEA concentration increases from 20 to 2000 ppm, the response amplitude
of the two sensors gradually increases. The SC-5 composite sensor has a much higher response to
the same TEA concentration than the pure SnO, sensor, indicating improved gas sensitivity of the
composite. Moreover, after several times of gas injection, the output voltage of the sensor in air can still
return to the original value, which means that the sensor has better repeatability. Figure 5c displays
the results of selective testing of the SC-0 and SC-5 sensors for five different 200 ppm reducing gases,
including formaldehyde, methanol, acetone, methane and triethylamine. As can be seen in Figure 5c,
the flower-like SC-5 sensor has a significantly higher response to all detected reducing gases than
the response of the SC-0 sensor, further demonstrating that the SC-5 sensor has better sensitivity to
reducing gases. Moreover, The SC-5 sensor responds to 200 ppm of triethylamine up to 252.2, which is
10.9, 32, 40.6 and 117.2 times higher than formaldehyde, methanol, acetone and methane, respectively,
which means that the SC-5 sensor has good selectivity for triethylamine. From the perspective of the
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practical application of the sensor, long-term stability is also an important factor in evaluating the
property of the sensor. Figure 5d displays the durable response of the SC-5 sensor to 200 ppm TEA
after storing for 30 days. As shown by the curve, the response remains almost constant and remains
at around 250. It can be concluded that the SC-5 sensor had better stability and can be a promising
candidate for TEA sensor.
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Figure 5. (a) Response of the sensors to different TEA concentrations at 310 °C (the inset shows the
response curve in the range of 20-200 ppm), (b) dynamic response-recover curves of the sensors to
different TEA concentrations at 310 °C, (c) responses of the SC-0 and SC-5 sensors to five gases of 200
ppm, (d) long-term stability measurements of the SC-5 sensor to 200 ppm TEA at 310 °C.

2.3. Gas Sensing Mechanism

As is known, the gas sensing mechanism of n-type MOS is based on the resistance change of the
sensor by the adsorption and desorption reaction of oxygen molecules on the material surface with the
gas to be detected [39]. When the undoped SnO, sensor is exposed to the air, as shown in Figure 6a,
the oxygen molecule (O;) are physically adsorbed on the surface of SnO, material and then convert
from physisorption to chemisorption. Chemisorption oxygen molecules capture electrons from the
SnO; conduction band to form oxygen anions O*~ (O™, 07, 02—), which leads to the formation of
electron depletion layer (EDL) on the surface of sensing material, the conduction channel in flower-like
SnO; is narrowed, the carrier concentration and conductivity are lowered and the resistance rises (Ra).
When TEA vapor is injected, the oxygen anion O~ formed on the surface of the SnO, material reacts
with the TEA and releases the trapped electrons back into the conduction band of the SnO; sensing
material. Consequence, the EDL becomes narrow, the conduction channel becomes wider and the
conductivity of the sensor is enhanced, thus reducing the resistance of the sensor (Rg).



Nanomaterials 2018, 8, 1025 7 of 11

(a) Sn0, Electron depletion laver

'-I
Et,N-CH=CH, +H,0
conduction -
band o
Oa-

O

(b) SnO Extended, depletion layer Receded dEplEﬁD%]I;{H
nuty o,
CeO % -
s - t,N-CH=CH,+H,0
In air osdn TEA Tapod;ﬂ_\h/ O
o= Oa-

Figure 6. TEA sensing mechanisms diagram of (a) pure SnO; and (b) CeO,/SnO, nanostructure.

The gas sensitivity of the CeO;,-SnO, sensor be improved may be mainly due to two factors.
Firstly, when CeO, nanoparticles are supported on SnO; sheets, the electrons with a low work function
flow from SnO, to CeO, with a higher work function due to different work functions of SnO; and
Ce0O;. Thus, an n-n heterojunction is formed between the junctions of SnO, and CeO,, which further
provides the surface of the SnO, sheets more active sites, so that the electron depletion layer of the
composite undergoes a relatively large change depending on the atmosphere of the gas as shown in
Figure 6b, thereby improving the gas sensitivity of SnO,. When the composite sensor exposed to the air,
more oxygen molecules will capture electrons from the conduction band of composite nanomaterials,
which reduces the carrier concentration and the thickness of the EDL is further increased compared
with the pure SnO; sensor, so the resistance of the CeO,-5nO, sensor is greatly increased. When
the composite sensor is exposed to TEA gas, more oxygen anions O“~ react with TEA and electrons
are released back into the conduction band of the composite nanomaterials, concentration of free
electrons in the conduction band increases and the electron depletion layer becomes thinner than
the pure SnO;, resulting in a significant drop in sensor resistance. Thereby, the gas sensitivity of the
sensor was improved. On the other hand, the electronic properties of CeO, are also used to explain
the sensitization mechanism [44]. Since CeO; is a strong acceptor of electrons, it induces an electron
depletion layer at the interface with the host semiconductor SnO;. By reacting with TEA, CeO; is
induced to release electrons back into the semiconductor conduction band. Especially on the surface of
CeO,, the redox cycle of Ce** /Ce3* can be realized quickly and repeatedly under certain conditions,
which makes oxygen vacancies easy to produce and diffuse [31,33]. Therefore, the doping of CeO; can
make the gas sensing material extract more oxygen more quickly, thereby enhancing the gas sensing
performance. CeO,-5nO, sensor has high selectivity for TEA in reducing gases such as methanol,
formaldehyde, acetone and methane, which may be attributed to the electron-donating effect [4,45].
However, so far, there is no clear explanation for the sensitization mechanism, further research is
still needed.

3. Materials and Methods

3.1. Sample Preparation

All of the chemical reagents was analytical grade (All of the chemical reagents was provided by
Aladdin, Shanghai, China) and used without further purification in experiments, including Stannous
chloride dihydrate (SnCl,-2H,0), Trisodium citrate dihydrate (Na3CsHs07-2H,0), Sodium hydroxide
(NaOH), Cerium (III) nitrate hexahydrate (Ce(NOs3)3-6H,0O) and absolute ethanol. Deionizer water
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was used throughout the experiments. In a typical process of synthesize CeO,-SnO, composites, 3.6 g
SnCl,-2H,0 and 11.76 g NazCeHsO7-2H,O were dissolved into 40 mL of distilled water with stirring.
Subsequently, 0.182 g (3 wt.%) Ce(NO3)3-6H,O added into the above mixture with ultrasonic treatment
for 20 min. Then 40 mL of NaOH solution was dropped into the above mixture under continuous
magnetic stirring. Following, the above homogenous solution was transferred to a 100 mL of stainless
autoclave lined with a Teflon vessel and heated to 180 °C for 12 h. The reaction system was then
cooled naturally to room temperature after reaction. This pale yellow precipitate was collected by
centrifugation and washed several times with distilled water and ethyl alcohol absolute and then
dried at 60 °C for 12 h. Through varying the amount of Ce(NOj3)3-6H,0O in the synthesis process,
the CeO,-5nO, composites with 0 wt.%, 3 wt.%, 5 wt.% and 7 wt.% CeO, decorated SnO, were
prepared and denoted as SC-0, SC-3, SC-5, SC-7, respectively.

3.2. Characterizations

The phase and purity of the unloaded SnO, and CeO,-doped SnO, samples was investigated by
powder X-ray diffraction (XRD, Bruker-AXS D8, Bruker, Madison, WI, USA) with Cu K« radiation
at 40 kV and 150 mA in a scanning range of 20-80° (20) and in the continuous mode with step
size of 0.02° (26) by scanning speed of 10°/min. The morphology and nanostructure were studied
by field-emission scanning electron microscopy (FESEM, Quanta™ FEG 250) (FEI, Eindhoven,
The Netherlands). Chemical composition analysis was tested by energy dispersive spectroscopy
(EDS, INCA ENERGY 250) (FEI, Eindhoven, The Netherlands) integrated into the FESEM system.

3.3. Gas Sensor Fabrication and Analysis

The sensor is prepared similarly to the method we reported previously [46,47]. In brief, the sample
was mixed with distilled water to form a uniform paste and coated onto a ceramic substrate
(13.4 mm x 7 mm) with an Ag-Pd electrode to obtain a resistive sensor. The structure was shown in
Figure 7. In order to improve the stability and repeatability of the sensor, the gas sensitivity test was
performed after aging for 12 h at 60 °C. The gas sensitivity test was conducted on the intelligent gas
sensing analysis system of CGS-4TPS (Beijing Elite Tech Co., Ltd., Beijing, China) under laboratory
conditions (30 RH%, 30 °C). The sensitivity of the sensor was defined as S = R, /Ry, where Ra and Rg
represent the resistance of the sensor in air and target gas, respectively.

ST

comb-like
electrodes

Sensing film

Ceramic substrate

Figure 7. Structure diagram of gas sensor.
4. Conclusions

In summary, the flower-like CeO,-doped SnO; nanostructures were successfully synthesized by
a facile one-step hydrothermal synthesis reaction using NazCqHs0O7-2H,O as stabilizer, SnCl,-2H,0O
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and Ce(NOs);3-6H,O as precursors. Various characterizations indicate that flower-like SnO; is a
rutile structure with high crystallinity and CeO; well modified the surface of the flower-like SnO;.
The response of 5 wt.% CeO,-SnO; sensor to 200 ppm TEA at the optimal working temperature
of 310 °C is 252.2, which is about 3.8 times higher than that of undoped one. Moreover, SC-5
sensor displayed better selectivity for triethylamine. The improved gas-sensing performances of
the composite were explained possibly due to the formation of n-n heterojunctions between CeO, and
SN0, 4nq the presence of Ce** /Ce3* species in SnO, facilitates the interaction of electrons. Therefore,
the CeO;-doped SnO; sensors can be an ideal candidate for the detection of triethylamine gas.

Author Contributions: D.X. conceived and designed the experiments; J.C. performed the experiments; Y.W. and
Z.Z. provided the concept of this research and managed the writing process as the corresponding authors.

Funding: This work was funded by the National Natural Science Foundation of China (U1704255), Program for
Science & Technology Innovation Talents in Universities of Henan Province (199HASTIT042), the Fundamental
Research Funds for the Universities of Henan Province (NSFRF170201, NSFRF1606, NSFRF1614), the Research
Foundation for Youth Scholars of Higher Education of Henan Province (2017GGJS053) and Program for Innovative
Research Team of Henan Polytechnic University (T2018-2).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Xu, H.Y; Ju, D.X;; Li, WR,; Zhang, J.; Wang, ].Q.; Cao, B.Q. Superior triethylamine sensing properties based
on TiO;, /SnO; n-n heterojunction nanosheets directly grown on ceramic tubes. Sens. Actuators B Chem. 2016,
228, 634-642. [CrossRef]

2. Wu, Y,; Zhou, W,; Dong, W.; Zhao, J.; Qiao, X.Q.; Hou, D.F; Li, D.S;; Zhang, Q.; Feng, PY.
Temperature-Controlled Synthesis of Porous CuO Particles with Different Morphologies for Highly Sensitive
Detection of Triethylamine. Cryst. Growth Des. 2017, 17, 2158-2165. [CrossRef]

3.  Ju, D.;Xu, H; Xu, Q; Gong, H; Qiu, Z.; Guo, J.; Zhang, ].; Cao, B. High triethylamine-sensing properties of
NiO/SnO; hollow sphere P-N heterojunction sensors. Sens. Actuators B Chem. 2015, 215, 39—44. [CrossRef]

4. Liu, B,; Zhang, L.; Zhao, H.; Chen, Y.; Yang, H. Synthesis and sensing properties of spherical flowerlike
architectures assembled with SnO, submicron rods. Sens. Actuators B Chem. 2012, 173, 643-651. [CrossRef]

5. Cai, T.; Chen, L; Ren, Q.; Cai, S.; Zhang, J. The biodegradation pathway of triethylamine and its
biodegradation by immobilized arthrobacter protophormiae cells. J. Hazard. Mater. 2011, 186, 59-66.
[CrossRef] [PubMed]

6. Ju, D,;Xu H,; Qiu, Z,; Zhang, Z.; Xu, Q.; Zhang, J.; Wang, J.; Cao, B. Near Room Temperature, Fast-Response,
and Highly Sensitive Triethylamine Sensor Assembled with Au-Loaded ZnO/SnO, Core-Shell Nanorods
on Flat Alumina Substrates, A.C.S. Appl. Mater. Interfaces 2015, 7, 19163-19171. [CrossRef] [PubMed]

7. Filippo, E.; Manno, D.; Buccolieri, A.; Serra, A. Green synthesis of sucralose-capped silver nanoparticles for
fast colorimetric triethylamine detection. Sens. Actuators B Chem. 2013, 178, 1-9. [CrossRef]

8. Moore, WM.; Edwards, R.J.; Bavda, L.T. An improved capillary gas chromatography method for
triethylamine. Application to sarafloxacin hydrochloride and GnRH residual solvents testing. Anal. Lett.
1999, 32, 2603-2612. [CrossRef]

9. Haskin, J.F; Warren, G.W.; Priestley, L.J.; Yarborough, V.A. Gas Chromatography. Determination of
Constituents in Study of Azeotropes. Anal. Chem. 1958, 30, 217-219. [CrossRef]

10. Liu, C.H.J,; Lu, W.C. Optical amine sensor based on metallophthalocyanine. J. Chin. Inst. Eng. 2007, 38,
483-488. [CrossRef]

11. Li, Y., Wang, H.C.; Cao, X.H.; Yuan, M.Y,; Yang, M.]. A composite of polyelectrolyte-Grafted multi-walled
carbon nanotubes and in situ polymerized polyaniline for the detection of low concentration triethylamine
vapor. Nanotechnology 2008, 19, 15503-15507. [CrossRef] [PubMed]

12. Xu, L.;Song, HJ.; Hu, ].; Lv, Y,; Xu, K.L. A cataluminescence gas sensor for triethylamine based on nanosized
LaF3-CeO,. Sens. Actuators B Chem. 2012, 169, 261-266. [CrossRef]

13. Sun, P; Cao, Y,; Liu, J.; Sun, Y.;; Ma, J.; Lu, G. Dispersive SnO, nanosheets: Hydrothermal synthesis and
gas-sensing properties. Sens. Actuators B Chem. 2011, 156, 779-783. [CrossRef]


http://dx.doi.org/10.1016/j.snb.2016.01.059
http://dx.doi.org/10.1021/acs.cgd.7b00102
http://dx.doi.org/10.1016/j.snb.2015.03.015
http://dx.doi.org/10.1016/j.snb.2012.07.084
http://dx.doi.org/10.1016/j.jhazmat.2010.10.007
http://www.ncbi.nlm.nih.gov/pubmed/21134717
http://dx.doi.org/10.1021/acsami.5b04904
http://www.ncbi.nlm.nih.gov/pubmed/26280916
http://dx.doi.org/10.1016/j.snb.2012.12.061
http://dx.doi.org/10.1080/00032719908542991
http://dx.doi.org/10.1021/ac60134a016
http://dx.doi.org/10.1016/j.jcice.2007.09.005
http://dx.doi.org/10.1088/0957-4484/19/01/015503
http://www.ncbi.nlm.nih.gov/pubmed/21730534
http://dx.doi.org/10.1016/j.snb.2012.04.079
http://dx.doi.org/10.1016/j.snb.2011.02.038

Nanomaterials 2018, 8, 1025 10 of 11

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Kim, SJJ.; Hwang, LS.; Choi, ] K.; Kang, Y.C.; Lee, ].H. Enhanced C,H5OH sensing characteristics of
nano-porous InyO3 hollow spheres prepared by sucrose-mediated hydrothermal reaction. Sens. Actuators
B Chem. 2011, 155, 512-518. [CrossRef]

Xu, S.; Wang, Z.L. One-dimensional ZnO nanostructures: Solution growth and functional properties.
Nano Res. 2011, 4, 1013-1098. [CrossRef]

Niu, M.; Huang, F;; Cui, L.; Huang, P; Yu, Y.; Wang, Y. Hydrothermal synthesis, structural characteristics,
and enhanced photocatalysis of SnO, /a-Fe,O3 semiconductor nanoheterostructures. ACS Nano 2010, 4,
681-688. [CrossRef] [PubMed]

Cheng, H.E,; Lin, C.Y.; Hsu, C.M. Fabrication of SnO,-TiO, core-shell nanopillararray films for enhanced
photocatalytic activity. Appl. Surf. Sci. 2017, 396, 393-399. [CrossRef]

Roose, B.; Johansen, C.M.; Dupraz, K.; Jaouen, T.; Aebi, P; Steiner, U.; Abate, A. A Ga-doped SnO,
mesoporous contact for UV stable highly efficient perovskite solar cells. J. Mater. Chem. A 2018, 6, 1850-1857.
[CrossRef]

Ashok, A.; Vijayaraghavan, S.N.; Unni, G.E.; Nair, S.V.; Shanmugam, M. On the Physics of Dispersive
Electron Transport Characteristics in SnO, Nanoparticle Based Dye Sensitized Solar Cells. Nanotechnology
2018, 29, 175401. [CrossRef]

Zhao, K.; Zhang, L.; Xia, R.; Dong, Y.; Xu, W.; Niu, C.; He, L.; Yan, M.; Qu, L.; Mai, L. SnO, quantum
dots@graphene oxide as a high-rate and long-life anode material for lithium-ion batteries. Small 2016, 12,
588-594. [CrossRef]

Shi, YH.; Ma, D.Q.; Wang, W.J.; Zhang, L.E; Xu, X.H. A supramolecular self-assembly hydrogel binder
enables enhanced cycling of SnO,-based anode for high-performance lithium-ion batteries. J. Mater. Sci.
2017, 52, 3545-3555. [CrossRef]

Narjinary, M.; Rana, P; Sen, A.; Pal, M. Enhanced and selective acetone sensing properties of SnO,-MWCNT
nanocomposites: Promising materials for diabetes sensor. Mater. Des. 2017, 115, 158-164. [CrossRef]

Cao, J.L.; Qin, C.; Wang, Y. Synthesis of g-C3N, nanosheets decorated flower-like tin oxide composites and
their improved ethanol gas sensing properties. J. Alloys Compd. 2017, 728, 1101-1109. [CrossRef]

Yang, X.L.; Yu, Q.; Zhang, S.E; Sun, P; Lu, H.Y;; Yan, X,; Liu, EM.; Zhou, X,; Liang, X.H.; Gao, Y.; et al. Highly
sensitive and selective triethylamine gas sensor based on porous SnO, /Zny;SnO,4 composites. Sens. Actuators
B Chem. 2018, 266, 213-220. [CrossRef]

Chen, W.; Zhou, Q.; Gao, T.; Su, X.; Wan, F. Pd-doped SnO;-based sensor detecting characteristic fault
hydrocarbon gases in transformer oil. J. Nanomater. 2013, 2013, 1-9. [CrossRef]

Kim, K.; Choi, K,; Jeong, H.; Kim, H.J.; Kim, H.P; Lee, J. Highly sensitive and selective trimethylamine
sensors using Ru-doped SnO; hollow spheres. Sens. Actuators B Chem. 2012, 166, 733-738. [CrossRef]
Wang, D.; Chu, X.; Gong, M. Gas-sensing properties of sensors based on single crystalline SnO, nanorods
prepared by a simple molten-salt method. Sens. Actuators B Chem. 2006, 117, 183-187. [CrossRef]

Zhai, T,; Xu, H.Y,; Li, W.R,; Yu, HQ.; Chen, Z.Q.; Wang, ].Q.; Cao, B.Q. Low-temperature in-situ growth
of SnO, nanosheets and its high triethylamine sensing response by constructing Au-loaded ZnO/SnO,
heterostructure. J. Alloys Compd. 2018, 737, 603—612. [CrossRef]

Yan, S.; Liang, X.; Song, H.; Ma, S.; Lu, Y. Synthesis of porous CeO,-SnO, nanosheets gas sensors with
enhanced sensitivity. Ceram. Int. 2018, 44, 358-363. [CrossRef]

Joy, N.A,; Nandasiri, M.I,; Rogers, PH.; Jiang, W.; Varga, T.; Kuchibhatla, S.V.T.; Thevuthasan, S.;
Carpenter, M.A. Selective plasmonic gas sensing: Hy, NO,, and CO spectral discrimination by a single
Au-CeO; nanocomposite film. Anal. Chem. 2012, 84, 5025-5034. [CrossRef]

Pourfayaz, F; Khodadadi, A.; Mortazavi, Y.; Mohajerzadeh, S.S. CeO, doped SnO, sensor selective to ethanol
in presence of CO, LPG and CHy. Sens. Actuators B Chem. 2005, 108, 172-176. [CrossRef]

Jiang, Z.; Guo, Z.; Sun, B,; Jia, Y.; Li, M.Q; Liu, ]. Highly sensitive and selective bu-tanone sensors based on
cerium-doped SnO; thin films. Sens. Actuators B Chem. 2010, 145, 667-673. [CrossRef]

Hamedani, N.E; Mahjoub, A.R.; Khodadadi, A.A.; Mortazavi, Y. CeO, doped ZnO flower-like nanostructure
sensor selective to ethanol in presence of CO and CHy. Sens. Actuators B Chem. 2012, 169, 67-73. [CrossRef]
Motaung, D.E.; Mhlongo, G.H.; Makgwane, P.R.; Dhonge, B.P.; Cummings, ER.; Swart, H.C.; Ray, S.S.
Ultra-High Sensitive and Selective Hy, Gas Sensor Manifested by Interface of n-n Heterostructure of
Ce0,-SnO, Nanoparticles. Sens. Actuators B Chem. 2018, 254, 984-995. [CrossRef]


http://dx.doi.org/10.1016/j.snb.2010.12.055
http://dx.doi.org/10.1007/s12274-011-0160-7
http://dx.doi.org/10.1021/nn901119a
http://www.ncbi.nlm.nih.gov/pubmed/20078069
http://dx.doi.org/10.1016/j.apsusc.2016.10.166
http://dx.doi.org/10.1039/C7TA07663K
http://dx.doi.org/10.1088/1361-6528/aaae45
http://dx.doi.org/10.1002/smll.201502183
http://dx.doi.org/10.1007/s10853-016-0623-z
http://dx.doi.org/10.1016/j.matdes.2016.11.042
http://dx.doi.org/10.1016/j.jallcom.2017.09.073
http://dx.doi.org/10.1016/j.snb.2018.03.044
http://dx.doi.org/10.1155/2013/127345
http://dx.doi.org/10.1016/j.snb.2012.03.049
http://dx.doi.org/10.1016/j.snb.2005.11.022
http://dx.doi.org/10.1016/j.jallcom.2017.12.016
http://dx.doi.org/10.1016/j.ceramint.2017.09.181
http://dx.doi.org/10.1021/ac3006846
http://dx.doi.org/10.1016/j.snb.2004.12.107
http://dx.doi.org/10.1016/j.snb.2010.01.014
http://dx.doi.org/10.1016/j.snb.2012.02.074
http://dx.doi.org/10.1016/j.snb.2017.07.093

Nanomaterials 2018, 8, 1025 11 of 11

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Han, D.; Song, P; Zhang, S.; Zhang, H.H.; Wang, Q.X. Enhanced methanol gas-sensing performance of
Ce-doped Iny;O3 porous nanospheres prepared by hydrothermal method. Sens. Actuators B Chem. 2015, 216,
488-496. [CrossRef]

Xiao, Y,; Yang, Q.; Wang, Z.; Zhang, R.; Gao, Y.; Sun, P; Sun, Y; Lu, G.Y. Improvement of NO, gas sensing
performance based on discoid tin oxide modified by reduced graphene oxide. Sens. Actuators B Chem. 2016,
227,419-426. [CrossRef]

Yu, HQ,; Li, WR,; Han, R.; Zhai, T.; Xu, H.Y.; Chen, Z.Q.; Wu, X.W.; Wang, ].Q.; Cao, B.Q. Enhanced
triethylamine sensing properties by fabricating Au@SnO,/x-Fe,O3 core-shell nanoneedles directly on
alumina tubes. Sens. Actuators B Chem. 2018, 262, 70-78.

Li, Y;; Luo, N.; Sun, G.; Zhang, B.; Ma, G.Z,; Jin, H.H.; Wang, Y.; Cao, J.L.; Zhang, Z.Y. Facile synthesis of
ZnFe;Oy4 / a-Fey O3, porous microrods with enhanced TEA-sensing performance. J. Alloys Compd. 2018, 737,
255-262. [CrossRef]

Liu, F; Yang, Z.; He, J.; You, R.; Wang, ].; Li, 5.Q.; Lu, H.Y; Liang, X.S.; Sun, P; Yan, X.; Chuai, X.H.; Lu, G.Y.
Ultrafast-response Stabilized Zirconia-Based Mixed Potential Type Triethylamine Sensor Utilizing CoMoOy
Sensing Electrode. Sens. Actuators B Chem. 2018, 272, 433-440. [CrossRef]

Zito, C.A.; Perfecto, T.M.; Volanti, D.P. Porous CeO, nanospheres for a room temperature triethylamine
sensor under high humidity conditions. New J. Chemn. 2018, 42, 15954-15961. [CrossRef]

Wang, J.; Yu, L.; Wang, H.; Ruan, S.; Lj, ].J.; Wu, E. Preparation and Triethylamine Sensing Properties of
Ce-Doped InyO3 Nanofibers. Acta Phys. Chim. Sin. 2010, 26, 3101-3105.

Liu, S.R.; Guan, M.Y;; Li, X.Z; Guo, Y. Light irradiation enhanced triethylamine gas sensing materials based
on ZnO/ZnFe,O4 composites. Sens. Actuators B Chem. 2016, 236, 350-357. [CrossRef]

Bai, S.; Liu, C.; Luo, R.; Chen, A. Metal organic frameworks-derived sensing material of SnO,/NiO
composites for detection of triethylamine. Appl. Surf. Sci. 2018, 437, 304-313. [CrossRef]

Franke, M.E.; Koplin, T.J.; Simon, U. Metal and metal oxide nanoparticles in chemiresistors: Does the
nanoscale matter? Small 2006, 2, 36-50. [CrossRef] [PubMed]

Xie, Y.; Du, J.; Zhao, R.; Wang, H.; Yao, H. Facile synthesis of hexagonal brick-shaped SnO, and its gas
sensing toward triethylamine. J. Environ. Chem. Eng. 2013, 1, 1380-1384. [CrossRef]

Gong, Y,; Wang, Y; Sun, G; Jia, T, Jia, L.; Zhang, F; Lin, L.; Zhang, B.; Cao, ]J.; Zhang, Z. Carbon nitride
decorated ball-flower like Co304 hybrid composite: Hydrothermal synthesis and ethanol gas sensing
application. Nanomaterials 2018, 8, 132. [CrossRef] [PubMed]

Cao, J.; Gong, Y.; Wang, Y.; Zhang, B.; Zhang, H.; Sun, G.; Hari, B.; Zhang, Z. Cocoon-like ZnO decorated
graphitic carbon nitride nanocomposite: Hydrothermal synthesis and ethanol gas sensing application.
Mater. Lett. 2017, 198, 76-80. [CrossRef]

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.snb.2015.04.083
http://dx.doi.org/10.1016/j.snb.2015.11.051
http://dx.doi.org/10.1016/j.jallcom.2017.12.068
http://dx.doi.org/10.1016/j.snb.2018.06.008
http://dx.doi.org/10.1039/C8NJ03300E
http://dx.doi.org/10.1016/j.snb.2016.05.130
http://dx.doi.org/10.1016/j.apsusc.2017.12.033
http://dx.doi.org/10.1002/smll.200500261
http://www.ncbi.nlm.nih.gov/pubmed/17193551
http://dx.doi.org/10.1016/j.jece.2013.08.021
http://dx.doi.org/10.3390/nano8030132
http://www.ncbi.nlm.nih.gov/pubmed/29495469
http://dx.doi.org/10.1016/j.matlet.2017.03.143
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Sample Characterization 
	Gas Sensing Performance 
	Gas Sensing Mechanism 

	Materials and Methods 
	Sample Preparation 
	Characterizations 
	Gas Sensor Fabrication and Analysis 

	Conclusions 
	References

