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Owing to their high surface area, stable structure and easy fabrication, composite nanomaterials with en-
capsulation structures have attracted considerable research interest as sensing materials to detect volatile
organic compounds. Herein, a hydrothermal route is designed to prepare foam shaped &-MoO;@SnS,
nanosheets that exhibit excellent sensing performance for triethylamine (TEA). The developed sensor,
based on «-MoO3;@SnS, nanosheets, displays a high response of 114.9 for 100 ppm TEA at a low working
temperature of 175°C with sensitivity higher than many other reported sensors. In addition, the device
shows a wide concentration detection range (from 500 ppb to 500 ppm), good stability after exposure
to air for 80 days, and excellent selectivity. The superior sensing characteristics of the developed sensor
are attributed to the high crystallinity of «-MoO3/SnS,, excessive and accessible active sites provided by
the good permeability of porous SnS; shells, and the excellent conductivity of the encapsulation hetero-
junction structure. Thus, the foam shaped «-MoO3;@SnS; nanosheets presented herein have promising

practical applications in TEA gas sensing devices.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In addition to the maturity and commercial promotion of 5 G
technology, the internet of things (IoT), artificial intelligence and
wearable electronics are bound to cause significant development in
the industry-university research cooperation. Among them, smart
sensors are widely used in IoT, wearable devices and artificial in-
telligence fields owing to their excellent performance in the real-
time acquisition, feedback and analysis of large amounts of data
[1,2]. Thus, sensor technology has broad market demand and ap-
plication prospects. In particular, research on gas sensors has at-
tracted research interest because of the gradual increase in hu-
man environmental awareness and the demand for a better envi-
ronment [3]. Gas sensors can directly detect dangerous situations
caused by toxic and harmful components in the air [4]. Therefore,
the design and fabrication of gas sensors with good sensitivity, fast
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response, a low detection limit, excellent selectivity and effective
cost are also highly desirable [5].

Among the several types of available gas sensors, such as oxide
semiconductor [6], catalytic combustion [7], thermal conductivity
cell [8], electrochemical [9] and solid electrolyte [10], metal ox-
ide semiconductor (MOS) gas sensors have been extensively stud-
ied owing to their controllability, high sensitivity and good stability
[11,12]. According to literature, MOS-based sensors play an impor-
tant role in monitoring toxic and harmful gases, such as triethy-
lamine (TEA) [13], toluene [14], acetone [15,16], CO [17,18], H, [19],
H,S [20], NH3 [21], NOx [22], ethanol [23-26] and formaldehyde
[27]. Of the various available metal oxide semiconductors, such as
MoO; [28-30], ZnO [31], SnO, [32], W03 [33], Fe,03 [34], Co304
[35,36] and In,03 [37-39], M0O3 has unique advantages as a tra-
ditional sensing material in gas monitoring owing to its special
electrical characteristics, excellent high stability, high reactivity and
surface effect [40]. For example, chemical sensing performance can
be significantly enhanced from 7 to 33 via the introduction of 2D-
MoOj3 nanosheets compared with sensors using bulk MoOs [41]. In
2019, Zhu et al. fabricated hollow MoO3; microcages that exhibited
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larger ethanol gas response than that of solid polyhedrons [42].
In their study, porous ultrathin ®-MoO3; nanosheets with oxygen
vacancies were obtained via the solvothermal approach and their
sensor demonstrated the fastest response to trimethylamine (TMA)
at 133°C (the response of the sensor was 198 ppm to 50 ppm
TMA) [43]. Very recently, «-MoO3/BiVO4 composites with a hetero-
junction were synthesized via the hydrothermal method and the
results showed that the response of the «-MoO3/BiVO4 composite
to 20 ppm TEA was 1.86 times and 15 times higher than those of
«-MoO3 and BiVOy, respectively, at 125 °C [44].

TEA, a volatile organic compound (VOC), is extensively used in
catalysts, preservatives, curing agents, synthetic dyes and indus-
trial raw materials [45,46]. However, the toxic, volatile, flammable
and explosive nature of TEA is disadvantageous in its practical ap-
plications [47]. Once an industrial leakage occurs, it is extremely
easy to cause serious injuries or destruction to the public environ-
ment and human body [48]. Therefore, developing a TEA gas sen-
sor with fast response, wide detection limitation, good selectivity,
low working temperature and long-term stability is important and
urgent for industrial and agricultural production activities. Thus far,
TEA sensors based on MOSs, such as ZnO [49], SnO, [50], Fe,03
[51,52], V505 [53], In;03 [54] and ZnCo,04 [55], have been widely
investigated. Although it has been found that molybdenum oxide
(MoO3) also has TEA sensing properties, the potential benefits of
MoOs3 to TEA gas warrant further exploration [56]. SnS, is a multi-
functional narrow bandgap (2.2 eV) n-type semiconductor that has
been widely used in various fields, such as photoelectric, photo-
electrochemical and lithium-ion batteries (LIBs) [57-59]. Very re-
cently, SnS, nanomaterials have attracted substantial research at-
tention because they are good candidates for the synthesis of gas
sensing nanocomposites with other MOSs [60]. For example, Gu
et al. reported that a SnO,/SnS, heterojunction based chemiresis-
tive gas sensor exhibited excellent sensitivity and selectivity to dif-
ferent concentrations of NO,, from 1 ppm to 8 ppm, at 80°C [61].
Yan et al. reported that SnS,/rGO nanohybrids show ultrasensitive
room temperature ppb-level NO, gas sensing performance [62],
and Yan et al. demonstrated that Schottky-contacted n-type SnS;
gas sensors reveal excellent device sensitivities, as high as 13,000%
for 9 ppm and 97% for 1 ppb NO, [63]. To the best of our knowl-
edge, the development of a novel TEA sensing MoO;@SnS, mate-
rial with excellent sensing performance at low operating tempera-
ture is still a major challenge, despite the considerable progress in
composite of SnS, and other metal oxides.

Herein, MoO3@SnS, composites with encapsulation structures
were obtained via a two-step hydrothermal method wherein the
thickness of the SnS, shells was manipulated by controlling
the second hydrothermal reaction time. Accordingly, the sensing
performances of different MoO;@SnS, composites were carefully
studied. Furthermore, gas sensing measurements revealed that
Mo0O3;@SnS, composites with encapsulation structures display ex-
cellent gas sensing performance as compared to individual MoOs3
and SnS,.

The «-MoO3 nanosheets were successfully synthesized by the
following processes, which have reported in detail in our previ-
ous works [64]. First, 1 g (NH4);Mo0,4, 300 mg NH4F, 100 mg
NaOH, and 3 g CgH;,06 were dissolved in 50 mL distilled water,
followed by vigorous stirring for 30 min. Subsequently, the ob-
tained solution was transferred into a 60 mL Teflon-lined auto-
clave and heated at 120°C for 12 h. Next, the obtained suspen-
sion was washed several times with absolute ethanol and deion-
ized water, to remove redundant ions, and centrifuged at 6900 rpm
for 30 min. Then, the product was calcined at 400°C for 2 h
to obtain the final gray precursor. Then we synthesized foam
shaped MoO3;@SnS, nanosheets through a second hydrothermal re-
action. In this process, 360 mg of the obtained gray precursor,
175.3 mg SnCl4-5H,0, 6 mL CH3COOH and excess CH3CSNH, were
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Fig. 1. (a) Schematic illustration of the synthesis processes for MoO;@SnS,
nanocomposites and an as-fabricated gas sensor. (b-d) Field-emission scanning
electron microscopy (FE-SEM) images of «-MoO3 nanosheets and (e-g) FE-SEM im-
ages of the MS6 composite at increasing magnification.

first dissolved into 40 mL ethanol, followed by vigorous stirring for
30 min. The resulting solution was then transferred into a 60 mL
Teflon-lined autoclave and heated at 160 °C for 2, 6 and 10 h.
Then, the obtained suspension was washed several times with ab-
solute ethanol and deionized water, respectively. After drying at
60°C overnight in a vacuum chamber, the MoO3;@SnS, composites
were obtained. For convenience, we named the three composites
MS2, MS6 and MS10 according to their second step hydrothermal
reaction times of 2, 6 and 10 h, respectively.

The as-prepared sensing material was mixed with ethanol and
continuously grounded to form a slurry. Then, the slurry was
pasted onto a ceramic tube with a brush to form a thin and uni-
form sensing material coating. Four Pt wires and a pair of Au elec-
trodes were pre-installed on the ceramic tube to facilitate the col-
lection of electrical signals. A Ni-Cr coil pierced through the ce-
ramic tube was used as a heater. Next, the Pt wires and the Ni-Cr
heater were soldered on the pedestal of the gas sensor. The re-
sponse (Rs) of the sensor was calculated by Rs = Ra/Rg, where R,
and Rg are the resistances in fresh air and target gas environment,
respectively. The response and recovery times were defined as the
time taken by the sensor to reach 90% of the total resistance vari-
ation [65].

Fig. 1a provides a schematic of the overall process of material
synthesis and device preparation. Herein, we first prepared the «-
MoO3 precursor via the hydrothermal method and then annealed
at 400 °C. Thereafter, dark MoOs@SnS, composites with encapsula-
tion structures were obtained by the second hydrothermal reaction
route. Finally, pure «-MoO3; and MoO3;@SnS, sensors were fabri-
cated using brush-coating technology. FE-SEM was used to exam-
ine the microstructure and morphology of as-prepared samples. As
Figs. 1b and c show, several MoO3; nanosheets were successfully
synthesized with irregular sheet-like profiles. To scrutinize the
morphology of the MoOs; nanosheets, high-magnification FE-SEM
was employed. The average thickness of an «-MoO3; nanosheet was
~200 nm and its surface are rather smooth (Fig. 1d). Interestingly,
MS6 exhibits markedly different morphology, though the overall
profile indicates nanosheet structure (Figs. 1e and f). Additionally,
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Fig. 2. (a) XRD pattern of pure «-MoO3; precursor and MS6 nanocomposites. XPS
spectra of MS6 indicated (b) Mo 3d, (c) O 1s, (d) Sn 3d and (e) S 2p. (f) TEM and
(g) HR-TEM images of MS6 composite.

the thickness of the nanosheets increases from 200 nm to 400 nm,
which is attributed to the encapsulation of SnS, to the positive and
negative facets of ®-MoOs; nanosheets. In addition, the thickness
of SnS, layer was determined by the second hydrothermal reac-
tion time. According to a rough estimation, the average thickness
of a SnS, single face is about 100 nm. Tremendous changes also
occurred in the morphology of the MoO3;@SnS, composite, from
its original smooth surface to a foam-shape (Fig. 1g), which con-
siderably increases the specific surface ratio. This can increase gas
absorption capacity and create more active centers, which are ben-
eficial to sensing performance.

XRD patterns of MoO3 precursor and MS6 composite were mea-
sured because of the distinguished difference sensing performance
(Fig. 2a). In this work, MoOs is the reference material, MS6 ex-
hibits the best sensing performance among MoOs3, MS2, MS6 and
MS10. For pure MoOs3; nanosheets, diffraction peaks were located
at 260 = 12.8°, 23.3°, 27.3°, 33.7° and 38.9° that can be ascribed to
the (200), (101), (210), (111) and (600) planes. These results agree
well with standard diffraction patterns of orthorhombic a-MoO3
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(JCPDS No. 89-7112). Furthermore, peaks corresponding to c-MoOs3
and SnS, were detected in the XRD patterns of the MS6 compos-
ite as the ®-MoO3 nanosheets are coated by ultrathin SnS, sheets.
Five small peaks are observed at 260 = 15.0°, 29.2°, 36.4°, 48.0°
and 50.0°, corresponding to the (002), (101), (103), (105) and (110)
planes, respectively, in the hexagonal phase of SnS, (JCPDS card
no. 89-2357). No diffraction peaks from impurities were detected.
Furthermore, it was found that the intensity of the diffraction
peaks of ¢-MoOj is stronger than those of SnS, due to the higher
crystallinity of «-MoOs. These results confirm that MoO;@SnS,
nanocomposites with high crystallinity were successfully synthe-
sized.

High-resolution XPS measurements were performed to fur-
ther analyze the chemical components and valence states of the
MoO3;@SnS, composites. The peaks of Mo 3d, O 1s, Sn 3d, and S
2p can be clearly identified in the XPS spectrum of MoO;@SnS,
(Figs. 2b-e). This indicates that the final product only contains Mo,
0, Sn and S. In Fig. 2b, peaks at 235.8 and 232.7 eV belong to the
doublet Mo 3d;, and Mo 3ds,, respectively, which is attributed
to the Mo®* of a-MoOs phase [66]. Fig. 2¢c displays the O 1s XPS
spectrum. Two peaks at 530.6 and 531.5 eV indicate two indepen-
dent types of O species in MoO3@SnS,. According to literature, the
peak at 530.6 eV could be ascribed to surface lattice oxygen in
MoO3;@SnS, nanocomposites and the peak at 531.5 eV could be
surface absorbed oxygen species, such as O~, O, and 0%-, that
are in oxygen deficient regions within the matrix of MoO3;@SnS,.
As shown in Fig. 2d, there are two sharp peaks in the XPS spec-
trum of Sn 3d, at 495.69 and 487.27 eV, which are the peaks of
Sn 3d3p, and Sn 3ds,, respectively [67]. In Fig. 2e, the S 2p spec-
tra was assigned to the binding energy of S 2p;;, (163.65 eV)
and S 2p;;, (162.25 eV), which contributed to the S2- in the
SHSz.

Figs. 2f and g display TEM and HR-TEM images of the MS6
nanocomposite. It can be clearly seen that the SnS, phase is con-
nected to the surface of the w-MoO3 phase. The 0.329 nm fringe
spacing corresponds to the (111) plane of SnS, and the 0.382 nm
fringe spacing fits well with the (110) plane of o-MoO3;. We fur-
ther verified the constituent elements and corresponding ratio
of MoO3@SnS, nanocomposites via energy dispersive X-ray (EDS)
analysis (Fig. S1 in Supporting information). The EDS results reveal
that the MS6 composites are composed of Mo, O, S and Sn, and the
weight ratio meets the chemical formula of MoO;@SnS,. On the
other hand, the elements are uniformly distributed on the surface
of MoO5;@SnS,, which was identified by EDS mapping in Fig. S1.
This means that «-MoO3; nanosheets have been successfully coated
with the SnS, ultrathin sheets.

The schematic internal circuit of the homemade sensor was
displayed (Fig. S2 in Supporting information). In order to investi-
gate the thermal stability of MoO;@SnS, composites, the TG curve
of MS6 was measured, as shown in Fig. 3a. Clearly, the weight
of the sample begins to decrease after 250°C, which can be at-
tributed to the loss of absorbed water and the decomposition of
residual reagents, such as NH4F. Thereafter, a significant decrease
can be observed in weight between 350°C and 430°C, which
should be related to the oxidation behavior of SnS, to SnO, in the
MoO3;@SnS, composite. In the next stage (430-740°C), no obvious
changes are observed in the TG curve, indicating formation of ther-
mally stable composite. In contrast, there is another sudden weight
loss after 740 °C, which is ascribed to the melt and sublimation be-
havior of M00Os. Thus, it is demonstrated that the MS6 composite
can effectively work below 350 °C.

The operating temperature is an important factor for a gas sen-
sor. Fig. 3b shows the relationship between the sensitivity and the
temperature of the device. The sensing properties of pure «-MoO;
precursor and MoO;@SnS, composites were tested for 100 ppm
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Fig. 3. (a) TG curve of the MS6 composite and (b) sensing performance of pure
«-MoO3 precursor, MS2, MS6 and MS10 samples for 100 ppm TEA gas at differ-
ent operating temperatures. (c¢) Dynamic response curves of MoO3;, MS2, MS6 and
MS10 sensors for TEA, from 0.5 ppm to 500 ppm, at 175°C. (d) response versus gas
concentrations for MoOs3, MS2, MS6 and MS10 sensors. (e) Repeatability test (five
periods) of MoO3;, MS2, MS6 and MS10 sensors for 100 ppm of TEA at 175°C. (f)
Fitting curve between concentration and response used to obtain LoD.

TEA gas over a wide range of temperatures, from room tempera-
ture to 275°C. All samples exhibit an inverted V-type curve with
the increase of temperature; however, the MS6 composite displays
the highest sensor response of 114.9 at 175°C. On the one hand,
the inverted V-type curve (i.e., the response of the sensor to TEA
increases first and then decreases with the increase of tempera-
ture) can be attributed to the sensor material being insufficiently
active at low temperature and the TEA molecules not having suffi-
cient energy to overcome the activation energy barrier and surface
adsorption of the oxygen reaction. With the increasing tempera-
ture, the material activity is enhanced, the TEA gains energy, and
the sensing performance is improved. In contrast, as the tempera-
ture continues to increase, the sensing material has difficulty ab-
sorbing the test gas, which results in desorption phenomenon on
the surface of the material and degradation of sensing performance
at high temperature. Therefore, 175°C is defined as the optimum
working temperature for the MoO3@SnS, sensor.

Fig. 3c depicts the dynamic response curves of the pure «-
Mo0O3, MS2, MS6 and MS10 sensors at 175°C for different con-
centrations of TEA vapor, ranging from 500 ppb to 500 ppm. The
results reveal that the response values of all MoO;@SnS, compos-
ite sensors climb significantly with increasing TEA concentration
while the pure «¢-MoOj3 sensor shows sluggish rising performance.
Among the samples, the MS6 composite sensor shows the high-
est response (Fig. 3d). The sensing response of the MS6 composite
is as high as 234.7 at 500 ppm TEA, which is 16.88 times that of
the pure «-MoOj3 sensor. Even when the concentration of TEA de-
creases to 0.5 ppm, the response of the MS6 sensor reaches 1.38.
This indicates that MS6 has good sensitivity and response to TEA at
a low temperature of 175 °C. For comparison, the specific response
values of ®-MoO3 and MS6 sensors to different concentrations are
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Fig. 4. (a,b) Response and recovery characteristics of the pure «-MoO;, MS2, MS6
and MS10 sensors for 100 ppm TEA at 175°C. (c) Bar chart of the long-term stability
of the MS6 sensor and (d) selectivity of the MoO; and MS6 sensors to different
gases at 175°C. The formation mechanism of the electron depletion layer at the n-n
heterojunction energy band structure (e) before contact of n-type MoO; and n-type
SnS, and (f) after contact of n-type MoOs; and n-type SnS,. (g) Schematics of the
gas sensing reaction mechanism of MoO3;@SnS, nanocomposite.

listed in Table S1 (Supporting information). From the Table S1, it
can be concluded that MS6 sensors have a much higher response
to TEA than pure «-MoO3 sensors; therefore, MS6 sensors have
great application prospects. Additionally, the sensing performance
comparison between our sensor and recent literature results are
summarized in Table S2 (Supporting information). It is worth not-
ing that the MS6 sensor exhibits the highest response in compar-
ison with those reported. In Fig. 3e, the repeatability of pure a-
MoO5, MS2, MS6 and MS10 composites is evaluated. These results
were collected when the pure «-Mo0O3, MS2, MS6, and MS10 sen-
sors were exposed to fresh air and TEA target gas (100 ppm) at
the optimal working temperature of 175°C. The results show that
both ®-Mo0O3; and MoO;@SnS, composites have excellent response
and recovery stability after five cycles. The limit of detection (LoD)
of TEA gas is studied by linear extrapolation of the response sen-
sitivity as a function of TEA concentration LoD (Fig. 3f). The calcu-
lating formula of the LoD is: LoD = 3 x (standard deviation/slope
of response versus concentration plot). An ultra-low TEA detection
concentration of 177.06 ppb was predicted for MS6.

Fig. 4a shows the dynamic response curves of all sensors for
100 ppm TEA at 175°C. Compared to the «w-MoOs sensor, the
response time (Tres) and recovery time (Trec) of MS2, MS6 and
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MS10 sensors are shortened (see the bar chart in Fig. 4b). Overall,
Mo0O3;@SnS, composite sensors exhibit fast recovery performance;
that is, MS2 is 23 s, MS6 is 21 s, and MS10 is 32 s. Addition-
ally, the MS6 sensor exhibits the shortest Tres of 51 s and the Tres
of the pure «-MoO3 sensor is 57 s, which is slower than that of
MS6. This is because the heterostructure interface formed between
MoO5; and SnS, can activate conducting electrons and accelerate
electron transfer behavior. Additionally, an optimal Mo/Sn weight
ratio is another beneficial reason for shorter response time.

From the perspective of industrial applications, a good sen-
sor should have long-term stability. Thus, the stability of MS6 to
100 ppm TEA was evaluated at 175°C over 80 days, as shown in
Fig. 4c. It is evident that the maximum deviation of the response
for the MS6 gas sensor to TEA is less than 10%, which exhibits good
stability after 80 days. Selectivity another important function of a
gas sensor. In order to study the selectivity of pure «-MoO3 and
MS6 composite sensors, the responses toward 100 ppm benzene,
acetone, acetic acid, methanol, ethanol, ammonia and TEA gases at
175 °C were investigated, as shown in Fig. 4d. Obviously, both pure
«-MoO3 and MS6 are sensitive to TEA compared to other gases,
which is very attractive for the detection of trace amounts of TEA.
Meanwhile, the measured response of the MS6 sensor to TEA is re-
markably larger than that of pure «-MoO3, demonstrating the gas
sensing performance of ¢-MoO3 has been effectively enhanced by
loading of SnS, ultrathin nanosheets.

MoO3 and SnS, are n-type semiconductors with bandgaps of
about 3.3 eV and 2.2 eV (Fig. 4e), respectively, that have been
intensively investigated as gas sensors [68]. As shown in Fig. 4f,
when MoOs5; and SnS, contact each other, the intrinsically excited
electrons (e~) flow from MoO3 to SnS, due to the higher Fermi
level (E;) of MoO3. As the number of e~ in the MoO3; conduction
band increases, the system reaches an equilibrium Fermi level (Ey).
Thus, energy-band bending and an additional electron depletion
layer (EDL) at the interface between MoO3 and SnS, are formed.
When the MS6 sensor is exposed to fresh air, the change in resis-
tance of the sensor is replaced by the absorption and desorption
process of oxygen molecules (O,) on the surface of the sensing
material; the absorbed O, is ionized by capturing conducting elec-
trons from MoO3@SnS, heterojunctions [69]. Then, reactive oxygen
ions (0,~, 02~ or O~) are produced (Fig. 4g). In this process, O,
acts as the electron acceptor, leading to the creation of an EDL and
the increase of sensor resistance. Once exposed to the TEA gas at-
mosphere at a suitable temperature, the TEA gas molecules will re-
act with the reactive oxygen ions on the surface, then, the released
electrons will go back into the conduction band (Eg). Consequently,
the EDL becomes narrower, and the sensor resistance decreases.
The reactive processes can be expressed by the following formu-
las:

0, (gas) — O (ads) (1)
0, (ads) + e~ —0,~ (ads) )
0, (ads) + e~ — 20~ (ads) (3)
0~ (ads) + e~ — 0% (ads) (4)

(C3Hs)3N (gas) + 210~ (ads) — N, + 6CO, + 9H,0 + 21e~ (5)

In summary, herein, MoO3@SnS, composites were successfully
prepared by a facile hydrothermal method. The sensing perfor-
mance, based on «-MoO3 nanosheets and MoOs;@SnS, sensors,
was carefully investigated with respect to TEA gas. The resultant
MS6 composite exhibits superior sensing performance compared
to pure -MoO3 nanosheets. The sensor based on MS6 nanosheets
displays a high response of 114.9 for 100 ppm TEA at a working
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temperature of 175°C; the sensitivity is much higher than those
reported for other sensors. In addition, the MS6 device shows a
wide concentration detection range, from 500 ppb to 500 ppm,
very good stability after 80 days exposed in air, and excellent se-
lectivity. The extraordinary performance is ascribed to a synergistic
coupling effect between high crystalline «-Mo0O3/SnS, heterojunc-
tions, encapsulation design, and accessible large pores on the sur-
face of SnS,. This study demonstrates a new avenue to effectively
construct gas sensing materials with encapsulation nanostructures
via a metal oxide and sulfide.
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