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The detection of volatile organic compounds (VOCs) is in high demand in various
fields, such as environmental pollution monitoring, early disease screening, and food
freshness assessment [1-3]. A variety of methods, including spectroscopic analysis [4], mass
spectrometry [5], chromatographic analysis [6], electrochemical gas sensors [7], infrared
gas sensors [8,9], and semiconductor gas sensors [10-12], have been extensively used for
VOC detection. This is especially the case for semiconductor sensors thanks to their high
sensitivity, fast response time, and cost-effectiveness [13-15].

Under the unremitting efforts of researchers, the research of semiconductor gas sensors
has made a major breakthrough. There have been advanced research results with high sen-
sitivity [16-19], a low minimum detection limit [20-23], room temperature sensing [24-27],
and other advanced properties. Li et al. prepared s-Nb,Os @ SnO, composite, and its
response to 500 ppb acetone at 250 °C was 37 [28]. Xiao et al. prepared TiO, NCs-implanted
LaFeO3 nanomaterials, and its response to 100 ppm formaldehyde was 221.8 [29]. Hu et al.
prepared Au-functionalized MoO3 nanoribbons, which realized the detection of formalde-
hyde at room temperature [30]. Compared with toluene, ethanol, methanol, and acetone,
the sensitivity to formaldehyde is one to two orders of magnitude higher. Li et al. realized
the identification of VOC gas at room temperature by using an ultraviolet light regulation
method [31].

However, there are still problems to be solved from the perspective of large-scale
commercial applications. Firstly, the low temperature response speed of the sensor needs
to be improved. Sensors can detect the target gas at room temperature, thus reducing
the explosion risk and power consumption. However, their response to the target gas is
relatively slow, and the response curve cannot completely recover to the response baseline
or is slow after the response. Secondly, the selectivity of semiconductor sensors has not
been fundamentally improved. The sensitivity difference between target gas and non-target
gas is increased by adjusting the material structure. Thirdly, the practical application ability
of the sensor needs further verification. Most research papers only focus on the laboratory
stage, and the related gas sensing performance research needs to be carried out with the
help of high-purity air and high-precision instruments.

In view of the above difficulties, this Special Issue presents a comprehensive and
detailed exploration of the latest achievements in VOC detection based on chemical sen-
sors. Modifying sensitive materials is a practical approach to enhance the gas-sensing
performance of semiconductor metal oxide sensors. Li et al. synthesized nickel-doped
ZnO-sensitive materials with core—shell structures, doped at ratios of 0.5%, 1%, and 2%,
which achieved the rapid detection of toluene [32]. Based on a doping ratio of 1%, the
sensors exhibited a response of up to 210 for 100 ppm toluene, with a detection limit
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as low as 0.5 ppm. Research indicates a significant enhancement in sensor performance
through the combined action of a narrower bandgap, higher specific surface area, and ion
catalysis. San et al. designed a series of three-dimensional rGO-functionalized flower-
shaped In, O3 structures, enabling the low-temperature and rapid detection of acetone. The
working temperature of 150 °C and a fast response time of 3 s can be attributed to the
introduction of an appropriate amount of graphene [33]. Scholars have tried to achieve
breakthroughs in detection methods, data analysis, and sensor system design, aiming to
further enhance the capability of detecting VOCs in real-world application scenarios. In
terms of detection methods, Wang et al. synthesized Pt/TizC,Tx-CNT and employed cata-
luminescence technology to achieve the non-invasive and rapid detection of the lung cancer
biomarker toluene at lower operating temperatures [34]. Regarding the construction of
physical systems, Shen et al. developed a wireless luminescent sensor system with excellent
luminescent characteristics, featuring high visible light intensity and a high signal-to-noise
ratio [35]. Zhang et al. completed a comprehensive review of the detection of triethylamine
using chemical sensors [36]. This paper commences with the fundamental characteristics
of sensors and typical sensing mechanisms, providing a comprehensive summary of the
latest advancements in enhancing the sensing performance of triethylamine sensors from
various perspectives. It serves as a detailed entry point for readers interested in exploring
VOC detection.

I would like to express my heartfelt thanks to all the authors, reviewers, and editors of
this Special Issue, who have enriched its content and contributed to advancing the field of
combustible volatile organic compound detection.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Among various approaches to improve the sensing performance of metal oxide, the metal-
doped method is perceived as effective, and has received great attention and is widely investigated.
However, it is still a challenge to construct heterogeneous metal-doped metal oxide with an excellent
sensing performance. In the present study, porous Pb-doped ZnO nanobelts were prepared by a sim-
ply partial cation exchange method, followed by in situ thermal oxidation. Detailed characterization
confirmed that Pb was uniformly distributed on porous nanobelts. Additionally, it occupied the Zn
situation, not forming its oxides. The gas-sensing measurements revealed that 0.61 at% Pb-doped
ZnO porous nanobelts exhibited a selectively enhanced response with long-term stability toward
n-butanol among the investigated VOCs. The relative response to 50 ppm of n-butanol was up to 47.7
at the working temperature of 300 °C. Additionally, the response time was short (about 5 s). These
results were mainly ascribed to the porous nanostructure, two-dimensional belt-like morphology,
enriched oxygen vacancies and the specific synergistic effect from the Pb dopant. Finally, a possible
sensing mechanism of porous Pb-doped ZnO nanobelts is proposed and discussed.

Keywords: zinc oxide; lead doping; partial cation exchange reaction; n-butanol; gas sensing

1. Introduction

Due to the outstanding merits of low cost, easy fabrication, high-sensing performance
and compatibility with modern electronic devices, resistive-type metal oxide semiconductor
(MOS) gas sensors have been widely applied to detect VOCs in various fields, such as
human health, environment monitoring, food processing and industrial manufacture.
Compared with p-type oxide semiconductors, n-type oxide semiconductors have received
more attention since the discovery of oxide semiconductor-based gas sensors in the 1960s,
because of their special sensing mechanism and highly relative response [1-4]. Among the
n-type MOSs, ZnO as a typical one has been widely applied and investigated in gas sensors
because of its high electron mobility, non-toxicity, good stability and simple synthesis
route [5]. However, the property of pure ZnO was not satisfied, resulting in the need to
improve the intrinsic performance through many ingenious methods, depending on the
practical situation of application for further eliminating false-positive or interfering signals
and simplifying the design of electronic nose system.

Numerous diverse systematic researches showed that the key sensing parameters of
resistive-type MOS gas sensors could be enhanced by the composite with other MOSs,
resulting in a controlled chemical affinity toward a specific gas, modified acid-base prop-
erties and the tuned catalytic activity [6]. The technology of doping ions in MOSs was
also widely applied in the practical field of improving performance, which was responsi-
ble for forming oxygen vacancies and changing electronic structures of metal oxides [7].
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Oxygen vacancies were one of the intrinsic defects existing in the actual semiconductor
samples and provided an effect similar to n-type dopants. Importantly, they increased
negatively charged oxygen ions on the surface by their surrounding electron-deficient
region. Meanwhile, the doping method primarily affected the shift of the Fermi level and
the positions of the energy band, which could remarkably ameliorate the performance
of MOSs by altering the energy band [8]. Recently, lead (Pb) doping was used in many
application areas of semiconductors, due to its larger ionic radius and specific catalytic
activity, which causes the relaxing of tensile strain and an improvement to the sensitization
performance [9]. Furthermore, the desirable attributes brought by the doping of Pb ions in-
cluded a good working stability at a high temperature (due to the high atomic number and
stability of Pb), a high resistivity to decrease the baseline current of the sensors (favorable
for enhancing the response) and an abundant availability in nature [10]. In addition, the
desirable morphologies and structures of sensing materials were also the key points in the
improvement of the sensing performance. Among them, the low-dimensional nanomaterial
and porous structure were generally applied to practical gas-sensing, because the increased
specific surface area always meant a larger resistance variation of sensing materials and
more efficient reactions at the surface [11,12].

Herein, Pb-doped ZnO porous nanobelts, owning to their great crystal form and
uniformly two-dimensional porous nanostructures, were successfully synthesized via a
simply partial cation exchange method with in situ thermal oxidation. Different amounts of
Pb-doped ZnO were carefully prepared and, subsequently, the ZnO porous nanobelts with
optimal amounts of Pb were systematically explored in relation to their gas-sensing perfor-
mance to n-butanol. The synthetic strategy presented here could be generally extended to
design other semiconductor metal oxide gas sensors with outstanding performances.

2. Experimental Section
2.1. Chemical Reagents

Analytical grade ethanol, ethylene glycol (EG), NoHy-H,O (mass fraction of NoHy,
85%), polyvinylpyrrolidone (PVP, K30), Se powders, ZnCl, and Pb(NO3), were purchased
from Shanghai Chemical Reagent Co., Ltd. (Shanghai, China) without further purification.
Milli-Q water with a resistivity of 18.25 MQ) cm was used in the preparation of aqueous
solutions.

2.2. Preparation of Pb-Doped ZnO Porous Nanobelts

The whole preparation process is demonstrated in Scheme 1. ZnSe-0.5N,H, precursor
nanobelts were firstly synthesized as subsequent templates via a convenient hydrothermal
method that was reported in our previous reports [13,14]. In a typical synthetic process,
a brown homogeneous solution is formed by the dissolution of 0.4 mmol Se powder into
20 mL of aqueous NyH4-H,O. Then, the ZnCl, aqueous solution, which was prepared
using 0.2 mmol of ZnCl, and 20 mL of deionized water, was added, drop by drop, to the
above brown homogeneous solution under vigorous magnetic stirring. After stirring for
about 1 h, the obtained solution was transferred into a 50 mL Teflon-lined stainless steel
autoclave and put into an oven at 180 °C. After 12 h, the autoclave was cooled down to
room temperature naturally. Finally, the precursor of ZnSe-0.5N;H4 nanobelts was obtained
by washing them several times with distilled water. Then, the achieved precursor nanobelts
were all dispersed into a 20 mL EG solution containing 0.1 g of poly(vinylpyrrolidone)
(PVP, K30). Afterwards, a 5 mL EG solution with a certain amount of Pb(NO3), was added,
drop by drop, into the homogenous solution. After continuously stirring for 2 h, a dark
color uniform solution was formed. Subsequently, the solution was transferred into a 50 mL
Teflon-lined stainless steel autoclave and was placed into an oven at 70 °C for 12 h. Finally,
the dark green Pb-doped precursor nanobelts were achieved after washing and centrifuging
with ethanol and distilled water several times to remove the excess impurities. Through
manipulating the added amount of Pb(NOj3), (0.001 mmol, 0.002 mmol, 0.004 mmol and
0.006 mmol), the actual doped ratios of 0.44 at%, 0.61 at%, 1.39 at% and 2.01 at% were
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achieved and identified by XPS. In the following, the as-prepared samples were thermally
oxidized in air. Referring to the thermogravimetric analysis of our previous report [15], the
samples were firstly heated at a low heating rate of 2 °C/min to 350 °C and maintained for
30 min to totally remove the hydrazine ligand. The temperature was continuously increased
to 500 °C at the heating rate of 1 °C/min, for a better crystal structure and morphology in
the oxidation process of the doped nanobelts and kept for 30 min. Then, the cooling process
was also slow at the rate of 2 °C/min to 100 °C to maintain the characteristic structure of
the samples. Finally, after naturally cooling down to room temperature, porous Pb-doped
ZnO porous nanobelts were achieved.

Pb

partial cation- calcination
exchange reaction n air

/ 5
T,
p

ZnSe 0.5N,H, Pb-exchanged Pb-doped ZnO
nanobelt precursor nanobelt porous nanobelt

Scheme 1. Synthetic process of porous Pb-doped ZnO nanobelts.

2.3. Fabrication and Measurements of Gas-Sensing Devices

An assembly technique combined with in situ calcination was employed to fabricate the
gas-sensing devices with a stable and uniform sensing film of Pb-doped ZnO porous nanobelts.
As shown in Figure Sla, the square alumina ceramic slices (3 mm x 3 mm x 0.25 mm, length
x width x thickness) with a pair of Au electrodes with a 0.3 mm gap on the front side
and an Ru-based thick film resistor on the back side were set as the test substrates. The
effective area of the sensing film was about 0.42 mm?. Firstly, a homogeneous solution
was formed by dispersing a small amount of the as-prepared Pb-exchanged precursor
nanobelts in moderate ethanol and dropped on the front side of the alumina ceramic
slice to form a thin film. After this was repeated several times, the front side with the
Au electrodes was covered with a dense and uniform Pb-exchanged precursor nanobelt
film. Then, they were in situ transformed on the surface of the alumina ceramic slices into
a uniform Pb-doped porous ZnO nanobelt sensing film following the above-mentioned
thermal oxidation approach.

The sensing measurement of the Pb-doped ZnO porous nanobelts was performed in a
homemade gas sensor testing system, as shown in Figure S1b, including a Keithley 6487
picoammeter/voltage sourcemeter, connecting with two Au electrodes to act as both the
current reader and voltage source; a heating voltage modulator was employed to offer the
working temperature of the sensor by applying a specific voltage on the Ru-based thick
film resistor. All gas-sensing measurements were performed in dry air and the certain
concentration gas to be tested was injected by a minitype syringe. The relative response
of the fabricated gas sensors was defined as S = R,/Rg, where R, is the resistance of the
sensing film in dry air and Ry is the resistance in dry air containing the detected gases.
Furthermore, the response time (tyes) and recovery time (tyec) were defined as the times
required to reach 90% of the final equilibrium value, respectively.

2.4. Characterization

X-ray photoelectron spectroscopy (XPS) analyses of the samples was conducted on a
Thermo Scientific ESCALAB Xi+ X-ray Photoelectron Spectrometer microprobe (Thermo
ESCALAB 250Xi, Waltham, MA, USA). The energy scale was internally calibrated by
referencing the binding energy (Eb) of the C 1s peak at 284.60 eV for contaminated carbon.
The microstructure and morphology of the as-prepared samples were characterized by
transmission electron microscopy (TEM, Tecnai TF-20, 200 kV) and field-emission scanning
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electron microscopy (FESEM, Quanta 200 FEG, FEI Company, Hillsboro, OR, USA). The
crystal components and structures were determined with an X-ray power diffractometer
(smart Lab 9KW) using Cu Ka radiation (radiation A = 1.5418 A).

3. Results and Discussion
3.1. Preparation and Characterization of the Pb-Doped ZnO Porous Nanobelts

The morphologies of all the achieved nanobelts were first investigated by SEM, as
shown in Figure 1. The as-prepared precursors of ZnSe-0.5N,Hj in Figure 1a can be iden-
tified as homogeneous nanobelts with a relatively large length-width ratio and smooth
surface. After being exchanged with 0.61 at% Pb?* cations, their morphologies, displayed
in Figure 1b, are still maintained without any protrusions or other obviously heterogeneous
areas. After calcination in air, they are all transformed into a belt-like porous nanostructure,
which can be seen in Figure 1c,d, respectively. This morphological evolution is caused
by the removal of the N,Hy ligand and the oxidation of the Se element following subse-
quent sublimation at a high temperature. For Pb?*-exchanged precursor nanobelts, the
corresponding formed product was a porous Pb-doped ZnO nanobelt. Furthermore, the
precursor exchanged with other amounts of Pb?* cations and their corresponding annealed
products were also investigated and a similar phenomenon was also observed, as shown in
Figure S2.

Figure 1. SEM images of ZnSe-0.5N,Hy precursor nanobelts before (a) and after (c) thermal oxidation,
and 0.61 at% Pb-exchanged ZnSe-0.5N,H, nanobelts before (b) and after (d) thermal oxidation.

To illuminate the microstructure of the as-prepared Pb?*-exchanged precursor nanobelts
before and after calcination in air, the characterization of their TEMs was performed. Similar
to the ZnSe-0.5N,H, precursor nanobelts, the Pb?*-exchanged precursor nanobelts are also
not stable and easily decomposed under the high-power electron beam. This phenomenon
can be seen from TEM images shown in Figure S3a,b. Notably, after the exchange with
Pb?* cations, the achieved nanobelts are uniformly distributed with the Pb element in
addition to Zn and Se elements, which can be seen from the elemental mapping shown
in Figure S3c—f. From the typical TEM image of a single nanobelt shown in Figure 2a, the
as-prepared porous Pb-doped ZnO nanobelts are constructed by numerous interconnected
nanocrystal grains with spontaneously generated micropores and nanopores. Evidently,
this special nanostructure is favorable for the diffusion of gas molecules, resulting in an
enhanced gas-sensing performance. Further crystal information of the Pb-doped ZnO
porous nanobelt was confirmed by the high-resolution TEM image in Figure 2b, in which
the lattice fringes can clearly be observed with a lattice spacing of 0.247 nm and 0.281 nm,
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corresponding to the (101) and (100) planes of hexagonal zinc oxide, respectively, with no
other crystalline phases. The compositional elemental mapping patterns of Zn, Pb and O in
the high-angle annular dark field (HAADF) image of the Pb-doped ZnO porous nanobelt in
Figure 2c are displayed in Figure 2df, revealing that they are uniformly distributed along
the nanobelt. From the EDX spectrum of the obtained Pb-doped ZnO porous nanobelts
shown in Figure 54, weak Pb peaks are observed in addition to the strong peaks of Zn and
O. The Cu peak most likely originates from the Cu grid.

Figure 2. (a) TEM image of a single Pb-doped ZnO porous nanobelt, (b) its HRTEM image corre-
sponds to the marked area, (c) its HAADF image and the corresponding elemental mapping patterns
of (d) Zn, (e) Pb and (f) O.

Afterwards, their crystal structures were examined by XRD measurements and all
intensities of the peaks were normalized. As shown in Figure 3a, clearly all emerged
diffraction peaks of the above-mentioned samples are completely indexed to a hexagonal
wurtzite ZnO phase (JCPDS#36-1451) without observing any diffraction peaks related to
the Pb compound or other crystalline phases [16]. Additionally, the (100) diffraction peak
of ZnO located at the high-resolution XRD patterns shifted with the addition of Pb, as
presented in Figure 3b. By increasing the doped amount of Pb, the position of the (100)
diffraction peaks shifted to lower angles. This phenomenon confirms that the Pb element,
identified as Pb?* by the following XPS analysis, was indeed incorporated into the ZnO
lattice and occupied the hexagonal Zn%* cation site [17]. Further lattice refinement of
the XRD data displayed in Table S1 revealed the detailed change of their crystal lattices.
Calculated by Bragg’s law (nA = 2dsin®), the interplanar distance (d) values belonging to
(100) peaks increase with the raising of Pb concentration, and the lattice parameters (a,
c) are similarly expanded. This result is mainly caused by the larger ionic radii of Pb%*
(0.119 nm) compared with Zn?* (0.074 nm) [18,19]. It implies the successful substitution of
Pb ions for Zn ions, which is consistent with the previous reports [20,21].
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Figure 3. (a) XRD patterns of the as-prepared pure ZnO and 0.44 at%, 0.61 at%, 1.39 at% and 2.01 at%
Pb-doped ZnO, and (b) their corresponding high-resolution XRD patterns at the main diffraction
peak of (100).

The composition and chemical states of the as-prepared Pb?*-exchanged precursor
nanobelts before and after calcination in air were further investigated by XPS measure-
ments. As the survey spectra shows in Figure 4a, the evident peaks are marked with
their corresponding energy level [22]. It identifies the presence of Zn, Se and N elements
before calcination and the absence of Se and N elements after calcination, regardless of
whether the ZnSe-0.5N,;Hj precursor nanobelts were exchanged with Pb or not. This result
is ascribed to the total oxidation of the selenide and the entire removal of the hydrazine
ligand. However, it is difficult to find the distinct peak of Pb, which is due to the relatively
low concentration of Pb%* cation in samples III and IV. Therefore, the high-resolution XPS
spectra of Pb 4f in 0.61 at% Pb-doped ZnO porous nanobelts is illustrated in Figure 4b. The
two peaks at about 138.71 eV and 143.45 eV, of which the peak area ratio was approximately
4:3, were observed and assigned as Pb 4f;,, and Pb 4fs5,, orbitals, respectively [23]. It
exactly matches the previous report, concerning other possible valence states, such as PbO,
and Pb3Oy [24-26]. Meanwhile, the peak located here at about 139.56 eV is recognized as
Zn 3s, presenting a high intensity because of the large atomic ratio between the Zn and Pb
elements [27]. As shown in Figure 4c, the high-resolution Zn 2p XPS spectra of 0.61 at% Pb-
doped ZnO porous nanobelts revealed that two distinct peaks at 1044.12 eV and 1021.1 eV
were attributed to Zn 2p; /» and Zn 2p; ,, respectively [28]. Compared with the pure ZnO
porous nanobelts displayed in Figure S5, the two characteristic peaks were clearly shifted
0.3 eV to high bond locations after doping with Pb due to the special electronegativity and
effective charge movement between the two ions. This illustrates that the band structure
of ZnO was affected by the introduction of the dopant of Pb [29]. Figure 4d displays the
high-resolution O 1s XPS spectra of 0.61 at% Pb-doped ZnO porous nanobelts. Here, its
peak can be deconvoluted into four types of peaks: the peak of lattice O of ZnO (Ogz,) at
around 530.2 eV, the peak situated at 530.37 eV represents the lattice O of PbO (Opy,), the
peak located at around 530.66 eV attributed to the oxygen vacancy (Oya), and the peak
at a binding energy of 531.68 eV assigned to the adsorbed oxygen (O,q4) [30]. The similar
analysis procedure of deconvolution and fitting was also applied to the high-resolution
O 1s XPS spectra of pure ZnO porous nanobelts in Figure 4e. The ratios of the different
kinds of oxygen species previously stated, and their position of binding energy, are listed
in Table S2. It should be noted that the corresponding characteristic peaks also have some
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same directional shifts to a lower binding energy after calcination, due to the different
chemical environments of O in different samples. It is well known that the original lattice
oxygen in sensing materials is stable and has no influence on the gas sensing properties,
and a higher content of O,4 can enhance the sensing performance [31,32]. Even though the
ratio of Pb to Zn was only 0.61 at% in reality, the increased proportion of Oy, and O,4 was
much greater than that. Then, the 0.61 at% Pb-doped ZnO porous nanobelts that obtained
a larger ratio of O,q, partially caused by the increased active centers generated from the
higher concentration of Oy,, should possess an enhanced sensing performance.
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Figure 4. (a) The survey XPS spectra of the ZnSe-0.5N,Hy precursor nanobelts before (I) and after (II)
thermal oxidation, and precursor nanobelts partially exchanged with 0.61 at% of Pb?* cations before
(IIT) and after (IV) thermal oxidation. The high resolution of XPS spectra in (b) Pb 4f, (c) Zn 2p and
(d) O 1s for 0.61 at% Pb-doped ZnO porous nanobelts. (e) High-resolution XPS spectrum of O 1s for
pure ZnO.

3.2. The Sensing Performance of Pb-Doped ZnO Porous Nanobelts

To study the applicable gas-sensing properties of the as-synthesized samples with
the dopant of Pb, as well as the effect of oxygen vacancy during the sensing process, the
gas-sensing devices based on the porous ZnO nanobelts with different doped amounts
of Pb were carefully fabricated following the above-described experimental details and
their gas-sensing properties were also provided in a detailed assessment. Figure 56 exhibits
the real-time response curves of porous ZnO nanobelts doped with different amounts
of Pb toward 50 ppm of n-butanol at different working temperature. Usually, a higher
working temperature is beneficial for the reaction of VOCs to the adsorbed oxygen species
on the surface of sensing materials, as well as the desorption of them from the surface
of the sensors. By increasing the working temperature, the response and recovery times
both evidently decreased for the sensor fabricated with porous ZnO nanobelts doped
with different amounts of Pb. This could be explained by the fact the that high working
temperature accelerated the transport of electrons among the composite and between the
sensing material and the tested gas, thus resulting in the shortened response and recovery
times [33]. Figure 5a shows the relative response of porous ZnO nanobelts doped with
different amounts of Pb toward 50 ppm of n-butanol at different working temperatures. For
all samples, the response to the equal concentration of n-butanol was regularly influenced,
according to the change in the working temperature. For the samples doped with Pb, the
response values of all the samples increased first with the increase in the temperature and
reached the maximum at 300 °C. By continuously increasing the working temperature, the
response value decreases. This phenomenon was very common in the field of resistance-
type gas sensors and could be reasonably interpreted as follows [34]. At a low temperature,
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the gas molecules did not have enough energy to overcome the energy barrier to react with
the oxygen species adsorbed on the materials surface, and the diffusion process was slow.
Correspondingly, increasing the working temperature could provide extra energy to boost
the reaction between the tested gas molecules and the adsorbed oxygen species. However,
more was not always better. Overmuch energy from further increasing the working
temperature made the gas molecules so active that they would escape from the surface of
the sensing materials before the sensing process; neither were the sensing materials in a
stable condition for the reaction. Meanwhile, the sensing response would also be affected
by the ion doping as well as the working temperature [35]. With the increased dopants of
Pb, more oxygen vacancies were formed, suggesting that more VOC molecules can be easily
absorbed and activated on the surface of porous nanobelts. Hence, the sensing performance
was enhanced. The 0.61% Pd-doped ZnO exhibited the best response at the working
temperature of 300 °C. When its doped amount was large, the excess Pb ions occupied the
active sites on the surface of the sensing materials, which is disadvantageous for the gas
adsorption and causes the degradation of the gas sensing response. The optimal working
temperature was at 300 °C for the Pb-doped ZnO nanobelts, which is lower than 400 °C of
the optimal value for pure ZnO porous nanobelts. Hence, the 0.61% doped amount and the
operating temperature of 300 °C were selected as the optimal test conditions, where the
highest response of 47.7 was obtained toward 50 ppm of n-butanol. Figure 5b illustrates
the real-time response curves to 50 ppm n-butanol. The corresponding resistance response
curve is shown in Figure S7a. Evidently, the response time is short (about 5 s) due to their
porous structures, which is favorable for the diffusion of gas molecules. The recovery time
of 108 s was relatively long compared with the response time, due to the special sensing
mechanism of the chemical reaction between adsorbed oxygen species and C-H bonds at
surfaces of most MOS materials [36]. The more alkyl groups (-CH,-), a VOC molecule
owned, the more gaseous products were produced during the sensing process at the surface
of the sensing materials. Therefore, the time for their desorption should be longer [37].

(a)50 —=—0 at% (b)60 i —— 0.61at%
——0.44 at%) "5 L
404 ——0.61 at%

—v—1.39 at%
+—2.01 at%)

' '
200 250 300 350 400 450 0 50 100 150 200 250 300 350 400
Temperature (°C) Time (sec)

Figure 5. (a) The relative response of porous ZnO nanobelts doped with different amounts of Pb
toward 50 ppm of n-butanol at different working temperatures. (b) The real-time response curve of
0.61 at% Pb-doped ZnO porous nanobelts toward 50 ppm of n-butanol at 300 °C.

Furthermore, the 0.61 at% Pb-doped ZnO and ZnO porous nanobelts were investigated
in a wide concentration range of n-butanol, ranging from 1 ppm to 50 ppm at the optimal
working temperature of 300 °C, and their real-time response curves are presented in
Figure 6a, and its resistance curve is shown in Figure S7b. The results show a fast response
of the sensors and a stable value of response in the saturation region, which has a regular
relationship with the concentration of n-butanol. The relative response increased with
increasing the concentration of n-butanol. A good reversibility could also be demonstrated
from the fact that the resistance of the sensors was able to recover to the baseline value.
Moreover, 0.61 at% Pb-doped ZnO porous nanobelts demonstrated a distinctly improved
response at every point of concentration compared with pure ZnO nanobelts, which was
over 4-fold at 50 ppm. The above results are linearly fitted in Figure 6b. It can be seen

11



Chemosensors 2022, 10, 96

that the gas sensors fabricated with 0.61 at% Pb-doped ZnO porous nanobelts displayed
a higher relative response with a wide detection range than that of pure ZnO porous
nanobelts. Furthermore, as seen in Table S3 [38-51], compared with previously reported
n-butanol sensors based on various semiconductor nanomaterials, the fabricated sensor
showed a relatively better sensing performance.
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Figure 6. (a) The real-time response curves of pure ZnO porous nanobelts and 0.61 at% Pb-doped
ZnO porous nanobelts toward different concentrations of n-butanol at 300 °C, and (b) their linear
fitting curves between the relative responses and concentrations of n-butanol.

To investigate the relative selectivity of the sensor fabricated with 0.61 at% Pb-doped
ZnO porous nanobelts, nine kinds of typical VOCs (m-xylene, ethanol, formaldehyde,
n-butanol, acetone, benzene, isopropanol, methanol and diethyl ether) were explored at the
same concentration of 50 ppm. As shown in Figure 7a, the results reveal that the 0.61 at%
Pb-doped ZnO porous nanobelts exhibited a high response of 47.7 to n-butanol, a noticeable
response of 34.3 to isopropanol, but significantly reduced responses toward other tested
VOCs. Compared with pristine ZnO porous nanobelts, 0.61 at% Pb-doped ZnO porous
nanobelts showed better response values toward all the investigated gases. Especially for
n-butanol, methanol and isopropanol, they are more than four, two and three times of
those of the pristine ZnO porous nanobelts, respectively. This suggests that the sensing
performance of ZnO porous nanobelts is greatly improved by the doping of Pb. This result
manifested the high sensing selectivity of the 0.61 at% Pb-doped ZnO porous nanobelts
toward n-butanol, which could be ascribed to the particular active interfaces from the
doped Pb ions at the surfaces, and also the synergistic effect between the molecular polarity
of n-butanol and the polar surface provided by Pb. [41,52]. As shown in Figure 7b, the
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long-term stability of the 0.61 at% Pb-doped ZnO porous nanobelts to 50 ppm n-butanol
was examined during 100 days at 300 °C. For each measurement per 10 days, the relative
response can be well-maintained without noticeable changes. The average of the relative
response was 47.53 with a comparatively small variance of 0.324, which demonstrated a
distinguished repeatability. This excellent stability is probably attributed to the fact that
the sensing film is uniform, following the above in situ calcination process, and difficult to
fall off from the alumina ceramic slice electrode. Additionally, the morphology of porous
nanobelts, the key to obtain the excellent performance, was fundamentally preserved
under the practical long-term use, due to the relative low working temperature of 300 °C,
compared with the calcination temperature of 500 °C. Therefore, the n-butanol sensor based
on the as-synthesized 0.61 at% Pb-doped ZnO porous nanobelts could be considered as a
remarkable candidate for the actual application.
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Figure 7. (a) The relative responses of pure ZnO porous nanobelts and 0.61 at% Pb-doped ZnO
porous nanobelts toward 50 ppm of different VOCs at 300 °C, (b) the stability of 0.61 at% Pb-doped
ZnO porous nanobelts to 50 ppm n-butanol during 100 days with variance.

3.3. Sensing Mechanism

The main principle of the sensing mechanism of MOS sensors is a phenomenon related
to the process of chemical adsorption and desorption of gas molecules and the reaction
between the gas molecules at the surfaces of sensing materials, which could be recorded
and analyzed by measuring the change of the electrical resistance at the external circuit
of the test system [53]. The gas sensor based on our as-synthesized 0.61 at% Pb-doped
ZnO porous nanobelts should also abide by this principle, as shown by the sketch in
Figure 8. When the sensor was exposed to the air atmosphere, the free oxygen molecules
(Oy) in air were adsorbed on the sensing material and then successively converted into
oxygen ions (O, ) by the capture of electrons from the sensing material. After the initial
physical absorption, the oxygen ions continually ionized to the states of O~ and O?~ with
the working temperature increasing, which established the electron depletion layer at
the surface of the sensing materials [54]. Additionally, the energy barriers formed at the
contact area among the nanobelts also enlarged the value of the resistance. Therefore, the
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movement of the carriers in the sensor were greatly hindered, resulting in a relatively large
resistivity. In addition, the resistivity of 0.61 at% Pb-doped ZnO porous nanobelts was
much greater than that of the pristine ZnO porous nanobelts, due to the increased lattice
defects and impurity ions caused by doped Pb, and was maintained regardless of the raising
of the working temperature, as displayed in Figure S8. The electrical conductivity (o) was
defined as o = nue, where n was the concentration of the carries, i was the carrier mobility
and e was the electron charge. The concentration of electrons was increased following
the increment of oxygen vacancies by Pb doping, but, inversely, the resistance increased
when the tendency of the decreasing carrier mobility was faster than that of increasing the
electronic concentration. For the reason of the increased effective mass (m*) near the Fermi
level, the ionic impurity scattering, especially the partly incorporated Pb in the lattice and
the microstructural complexity, the carrier mobility was dramatically decreased with the
doping of Pb [19,21]. In short, the lattice scattering played a vital role here. Furthermore,
the grain boundary, the principal factor of the lattice scattering, was enriched due to the
high porosity and small grain sizes, which resulted in an enhanced influence of lattice
scattering. Thus, the resistance increased even if the concentration of the electrons increased.
The increased resistivity caused by the previously stated reasons lowered the baseline,
ultimately, and enhanced the response of the as-prepared gas sensor [55].
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Figure 8. Possible sensing mechanism of porous Pb-doped ZnO nanobelts toward n-butanol.

When the testing chamber contained a certain amount of n-butanol by injection, the
chemisorbed oxygen ions and their derivatives on the surface of the sensing materials
would react with the gas molecules of the n-butanol, and then caused the backdonation
of the trapped electrons to the depletion layers, resulting in the decrease in the sensor
resistance due to the reduction in the range of depletion region and the height of the
barriers between the nanobelts [56,57]. Meanwhile, the H,O on the surface of the sensing
film, one of the byproducts in the reaction described above, would further decrease the
resistivity of the sensor [58]. Regarding the enhanced gas-sensing property of 0.61 at%
Pb-doped ZnO porous nanobelts, it is worth noting that the gas-sensing process of pristine
ZnO porous nanobelts was short of the sufficient adsorbed oxygen molecules and oxygen
vacancies generated from the dopant of Pb. However, the effective sensitized region was
diminished by the accumulation of the dopant, which contributed to the necessity to
maintain a certain amount of the doped Pb.

4. Conclusions

In summary, porous Pb-doped ZnO nanobelts were successfully fabricated via a
simply partial cation exchange method, followed by in situ thermal oxidation. The doped
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Pb were uniformly distributed on the ZnO nanobelts and their doped amounts can be
tuned in the process of the cation exchange reaction. The high porosity and uniformity
of the doped Pb with enriched oxygen vacancies can result in an excellent gas-sensing
performance with a long-term stability to n-butanol. At the optimal working temperature
of 300 °C, the response time of 0.61 at% Pb-doped ZnO nanobelts toward 50 ppm n-butanol
was as short as 5 s. Additionally, its relative response was up to 47.7, which was four times
higher than that of pristine ZnO porous nanobelts. This work provides a novel approach to
synthesize other uniform metal-doped ZnO porous nanobelts and is also believed to be
further extended to prepare other doped metal oxide semiconductor nanostructures.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemosensors10030096/s1, Figure S1: (a) Structure of the as-
fabricated sensing device, (b) Schematic setup of gas-sensing measurement; Figure S2: SEM images
of 0.44 at% (a), 1.39 at% (b) and 2.01 at% (c) Pb>*-exchanged ZnSe precursor nanobelts, and 0.44 at%
(d), 1.39 at% (e) and 2.01 at% (f) Pb-doped ZnO porous nanobelts; Figure S3: (a) TEM image of
single Pb-doped precursor nanobelt, (b) its high magnified TEM, (c) its HAADF image and the
corresponding elemental mapping patterns of (d) Zn, (e) Pb and (f) Se; Figure S4: EDX spectrum
of the obtained Pb-doped ZnO porous nanobelts; Figure S5: High-resolution Zn 2p XPS spectra of
pure ZnO porous nanobelts and 0.61 at% Pb-doped ZnO porous nanobelts; Figure S6: The real-time
response curves of porous ZnO nanobelts doped with (a) 0 at%, (b) 0.44 at%, (c) 0.61 at%, (d) 1.39 at%
and (e) 2.01 at% of Pb toward 50 ppm of n-butanol at different working temperature; Figure S7:
(a) The real-time resistance response curve of 0.61 at% Pb-doped ZnO porous nanobelts toward
50 ppm of n-butanol at 300 °C, (b)The real-time resistance curve of pure ZnO porous nanobelts and
0.61 at% Pb-doped ZnO porous nanobelts toward different concentrations of n-butanol at 300 °C;
Figure S8: The relationship between resistance and temperature of the sensing film fabricated with
pure ZnO porous nanobelts and 0.61 at% Pb-doped ZnO porous nanobelts; Table S1: Structural
parameters of as-synthesized samples analyzed at (100) from XRD data; Table S2: Fitting results of
O 1s XPS spectrum of pure ZnO porous nanobelts and 0.61 at% Pb-doped ZnO porous nanobelts;
Table S3: Relative response of various metal oxide nanostructures toward n-butanol, A reported in
the literatures and the present work.
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Abstract: Cataluminescence-based sensors do not require external light sources and complex circuitry,
which enables them to avoid light scattering with high sensitivity, selectivity, and widely linear range.
In this study, a wireless sensor system based on hierarchical CuO microspheres assembled from
nano-sheets was constructed for Volatile Organic Compound (VOC) online detection. Through sensor
characteristics and data process analysis, the results showed that the luminous sensor system has
good luminous characteristics, including the intensity of visible light, high signal /noise (S/N) values,
and very short response and recovery times. Different VOC concentration values can be detected on
multiple wavelength channels and different Cataluminescence signal spectra separations can process
multiple sets of Cataluminescence data combinations concurrently. This study also briefly studied the
mechanism action of the Cataluminescence sensor, which can specifically be used for VOC detecting.

Keywords: Cataluminescence; internet of things; wireless sensor system; gas dynamic monitoring

1. Introduction

As the types of decorative materials in the human living environment increase, the
pollutants in the air in trace amounts are gradually changing. The colorless irritating gas is
difficult for ordinary people to detect and may be inhaled for a long time, which destroys
the body’s hematopoietic function and appears to have central nervous system anesthetic
effects, with severe cases even inducing lung cancer, leukemia, and other diseases. The
United States Environmental Agency defines Volatile Organic Compounds (VOCs) as
carbon-containing compounds other than carbon dioxide, carbonic acid, carbonates, metal
carbides, and carbonaceous compounds that are involved in photocatalytic reactions in
the atmosphere, including TVOC (Total Volatile Organic Compounds), aldehydes and
benzene, toluene, xylene, etc. [1]. At present, although domestic and foreign researchers
have established corresponding limit standards for aldehydes and benzene-based organic
compounds, VOC substances detection with high sensitivity, low-cost, low-energy, fast,
and reliable sensing methods has received continuous attention. The colorimetric method
can only determine the total amount of organic volatile gases; gas chromatography has
high separation efficiency, but the limitation of the boiling point of derivatives leads to
low determination results; liquid chromatography is difficult for comparing the large
number of interferences in VOC with the completely separated components; and the liquid
chromatography-mass spectrometry instrument has a complex structure and high cost,
making it difficult to use widely. Thus, it is important to study the VOC detection method
with low cost, long life, and strong portability.
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In the environment of an oxygen atom, the gas molecules can be used for heteroge-
neous catalytic oxidation on the surface of a solid catalyst. Therefore, catalytic light-emitting
sensors have become one of the most effective methods for gas detection. Catalumines-
cence refers to the reaction of substances on the surface of catalytic materials to produce
luminescence. Catalytic light-emitting sensors have received widespread attention due to
their visible sensitivity, specific selectivity, and rapid response [2-6]. Cataluminescence
sensors consume only oxygen and sample molecules in the air during the luminescence
process, while the fixed solid catalyst is nearly not consumed. Therefore, the gas sensor
using nanomaterial as a sensitive material overcomes the shortcomings of traditional sen-
sor reagent consumption and shedding and is expected to develop into a new class of
practical chemiluminescent gas sensors [7-9]. In the past few years, people have devel-
oped CTL sensors with excellent performance, excellent selectivity, and fast response and
recovery [10-13]. Zhang Runkun and coworkers developed a gas sensor system for the
detection of luminescence (CTL) emissions of hexafluoride groups by using a Zn-doped
SnO, composite. The results show that the linear detection range of the sensor system is
lower than the standard detection concentration and the pattern recognition method can be
used to detect the identifiability of the sensor [14]. Based on the Cataluminescence (CTL)
emission of MgO/In,O3 composite (with a mass ratio of 1:2), Liu developed a gas sensor
for the determination of dimethyl ether and isopropanol. The sensor has high sensitivity
and selectivity to analyte at 245 °C [15].

High sensitivity, good selectivity, and fast response contribute to the interest in Catalu-
minescence and also provide significant challenges to achieving significant enhancements
in Cataluminescence-based sensor systems. However, in the process of routine analysis and
application of chemiluminescence sensors, there are still some deficiencies found. These are
mainly due to the short life of the sensor and the signal drift caused by the consumption
of luminescent reactants, which limits the application of the chemiluminescence sensor
in practical analysis [16]. For this reason, it is urgent to manufacture a chemiluminescent
sensor with high sensitivity and stability, a simple preparation process, and a long service
life. The continuous development of nanotechnology has provided new opportunities for
the research of chemiluminescence sensors [17]. Some gases can produce strong chemilumi-
nescence on the surface of specific nano-materials, so nano-materials can be used to design
different types of Cataluminescence sensors for sensitive materials [18]. Moreover, with the
development of wireless communication technologies, a lot of sensor systems have been de-
veloped for use in remote monitoring and control applications consisting of environmental,
wildlife monitoring, road tunnel monitoring, building structural health monitoring, and
gas leakage and detection. Wireless communications have many advantages, including
remote monitoring, low cost, fast response, self-organizing, and flexible layout, while
reports of their application in analytical smart CTL sensors that detect and identify multiple
hazardous vapors in real time are rare. As mentioned above, a wireless CTL sensor system
is needed for harmful gas monitoring which has a wireless communication technology
function. For the determination of benzene and toluene gas, Wang Jian and his colleagues
have raised a sensitive CTL sensor. However, while the method is successful to steam
detection, it also has short board in remote control and the transfer of data [19].

Some nano-oxides and metal or noble-doped nanomaterials have better chemilumines-
cence signals and can be used to construct Cataluminescence sensing materials. However,
most of them require noble metal or metal doping which is costly and complicated to
synthesize. CuO is a p-type metal oxide with good characteristics like no toxicity, avail-
ability, and a smaller band gap (1.3-2.4 eV). The combination of CuO and other metal
oxides will produce unique p-n hybrid materials which show the quality of high-efficiency
photocatalytic materials [20]. In this study, nano-oxide CuO with low cost and abundant
sources was selected as the catalytic material, the preparation method was simple, and the
cost was low.

Specifically, the technical contributions of this paper are the following: In this study,
the Cataluminescence sensor system was used as a practical tool for detecting harmful
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gases. A theory of dynamic and static characteristics of gas sensors was introduced and
a wireless sensor system based on hierarchical CuO microspheres assembled from nano-
sheets was constructed in Section 2. The third section introduces the theoretical derivation
of the system and discusses the experimental results and analysis in detail. Finally, Section 4
summarizes the whole paper.

2. Experiments and Methods
2.1. Experiment Reagents

In this study, we used a reagent of a high-purity (98.5%), analytical-grade sample, and
did not further purify it for experimental use.

2.2. Preparation of the Sensor Material

A simple chemical solution method was used to prepare hierarchical CuO micro-
spheres assembled from nano-sheets, that is, 2.4 mmol of Cu(CH3COO),-H,O was com-
pletely dissolved in 60 mL of deionized aqueous solution. Then 4 mL of ammonia (25-28%)
was added to the above mixture and stirred slowly until a clear solution was formed. The
solution was sealed in a conical flask with a cover and heated at 82 °C for 150 min. Then it
was naturally cooled to room temperature to obtain a synthetic black powder which was
washed several times with anhydrous alcohol and deionized water before finally being
dried in the oven for more than 12 h [21]. We prepared hierarchical CuO microspheres
assembled from nano-sheets by this simple chemical solution method.

2.3. Preparation of Test Gas

The method for preparing a certain concentration of the gas sample was as follows: a
micro-sampler drew a certain amount of the sample solution to be tested (analytically pure
liquid reagent) into a fixed volume flask and sealed the flask with a rubber stopper. The
relationship between the mass of the reagent added to the flask and the volume of the flask
after the liquid sample was completely volatilized. The sample to be tested was converted
into the corresponding gas density (ppm) at normal temperature and pressure and the gas
concentration was calculated as follows:

224V, x d
where 24.5 is the molar volume of the gas (L/mol), V, represents the volume (L) of the lig-
uid injected into the flask, Vyrepresents the volume of the flask (m3), d represents the density
of the liquid (mg/uL); M represents the molecular weight of the liquid substance [22].

2.4. Experiment Instruments

The product was characterized by an X-ray diffractometer (XRD), field emission scan-
ning electron microscope (FESEM, quanta200feg), and transmission electron microscope
(TEM, JEOL JEM-2100). Micromeritics ASAP 2020 M + C Brunauer-Emmet-Teller (BET)
equipment was used to test the specific surface area of the sample (4.84 m?/g) and N, gas
was used as the carrier gas.

The system diagram of the wireless luminous sensor is shown in Figure 1. Dispersed
material was placed on a CTL catalyst with an inner diameter of approximately 10 mm.
The dispersed material was a thickness of 0.5 mm. The air pump could control the gas flow
and quickly disperse the test gas. The sensor is equipped with an optical filter and the
working temperature can be adapted by adjusting the temperature controller. Catalysis
occurred on the surface of the catalytic material as it flowed through the CTL catalyst part.
The wireless ultra-weak chemiluminescence sensor system collected the luminous intensity
of the photomultiplier tube (PMT) and we chose to use the optical filter in the range of
400-650 nm to test the wavelength.
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Figure 1. Diagram of the online wireless Cataluminescence sensor system.

The wireless harmful gas online detection system is an interactive system integrating
Internet of Things sensor technology. It operates based on a data acquisition module, a
data transmission module, and a remote monitoring platform. The data acquisition module
consisted of phase modulation, analog modulation, amplitude modulation, and frequency
modulation, where the cloud service platform was divided into wireless transmission
module data collection and telecommunication module. A general schematic diagram of

wireless CTL harmful gas online-detection system is shown in Figure 2.

Cloud service platform

— e
——— — —— — Wireless —_—— p——
Y, J communication | N\
Data acquisition and Data transmi ssion — Remote monitoring l
\ processing module platform
\ —— ——— — ———— — — —

Wireless
module

ol
2
2
H
g
3
2
]
5
£
2
2
]

Time-frequency feature
gen eration

Wireless transmission
module

B —

Figure 2. General schematic diagram of the wireless CTL harmful gas online detection system.
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2.5. Theory of Sensor Characteristics and Data Process

Alayer of catalytic material was coated onto the ceramic heating core and its thickness
was controlled to be about 0.4 mm. After being naturally dried, it was placed in a quartz
tube with a gas inlet and an outlet at the wall (¢ = 14 mm). When an experimental device
was connecting, the temperature of the heating core was controlled through a voltage
regulator and the temperature of the catalyst on the heating core was measured by a
thermocouple. The gas flow meter was used to adjust the air flow rate through the tube
made of quartz. The gas to be tested was carried by pure air and flowed through the quartz
tube and a catalytic oxidation reaction occurred on the catalyst to release the photons. The
photons passed through the filter below and were amplified by a photomultiplier tube and
detected by the luminescence system [23].

In this study, the calculation process of relative Cataluminescence intensity was
as follows:

S = Smax X N (2)

where Spyax was the peak response of Cataluminescence, N was the background average
value of the measurements. The detection limit of the sensor was calculated as follows:

LOD =30/k 3)

where ¢ was the blank standard deviation and k was the slope of the working curve. The
static characteristic Equation (4) was used to describe and express the relationship between
the output of the detection system and input of which

y(x) =ap+mx+axx +...+axi+ ...+ apxy, 4)

where x was the input quantity; y(x) was the output; and ag, a1, ap, ..., a;, ... ,a, was a
constant coefficient term. For the linear time invariant CTL detection system, the constant
coefficient linear differential equation characterizing its dynamic characteristics was:
dmy(t a1y (e day(t
an df’g ) + a1 dt”*l( ) +...+m d(t ) + aOY(t)

m m—1
= bmddt# + bmfld dtntii(t) ot bl% + bOX(t)

®)

when initial ¢ = 0, the initial conditions that output y(t) = 0 and input X(t) = 0, and the
initial values of their derivatives to time were all zero, then the transfer Function (6) of CTL
measurement system was:

H(s) Y(s)  bus"+ by_18"™ 1 ... 4+ bis+ by ©
X(s) aps" +a,_18"" 1+ ... +ays+ag

Expression of amplitude and the phase frequency characteristic:

Afw) = [H(jw)] = - 2 @)
i@ + Be(s))
p(w) = farctanioz 8)
1- w%)

2.6. Characterization of Sensor Material

Figure 3a shows the product’s X-ray diffraction (XRD) pattern. All the sharp diffraction
peaks of the product can be labeled as the monoclinic CuO (JCPDS No.: 48-1548). SEM
(Scanning Electron Microscopy, Figure 3b) and TEM (Transmission Electron Microscopy,
Figure 3c) images showed that the structures of the hierarchical CuO microspheres were
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and compared to pure Cu nano-materials. For CuO, the use of reflectance spectra in UV
showed an extension of the absorption edge to the visible region, which can be attributed
to the Cu®* dopants.
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Figure 3. (a) X-ray diffractometer pattern, (b) SEM, and (c) TEM images of the hierarchical CuO
microspheres assembled from nano-sheets.

The Cu2p XPS spectrum of CuO microspheres assembled with nano-sheets is shown
in Figure 4. Figure 4 shows the Cu2p XPS spectrum of CuO microspheres assembled with
nano-sheets. For the Cu2p spectrum, the peaks corresponded to the 2p3/2 and 2p1/2
transitions of copper at 932.3 and 952.2 eV, respectively. Meanwhile, satellites on the higher
binding energy sides were also visible (indicated by *). These values were comparable to
the values reported for the Cu2p levels (Cu?*) species in CuO [24,25]. In this study, the
hierarchical CuO microspheres were synthesized and the strength of CTL effects on VOCs
was investigated.

Cu2p 3/
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Figure 4. The Cu2p XPS spectrum of CuO microspheres assembled with nano-sheets.

3. Luminescence Detection Analysis
3.1. Optimization of Air Flow Rate

The experimental temperature was adjusted to 220 °C and 200 ppm acetone vapor was
injected at a wavelength of 425 nm. The relationship between the flow rate of the carrier
gas and the acetone luminescence intensity was measured. As shown in Figure 5, when the
flow rate of the carrier gas was between 50 and 310 mL/min, the CTL intensity increased
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with the increase in the carrier gas flow rate. When the flow rate of the carrier gas was
greater than 310 mL/min, the CTL intensity decreased with the increase in the carrier gas
flow rate. This indicated that at lower flow rates, the diffusion rate of oxygen molecules
may be lower than that of acetone, thus the luminescence intensity increased with the flow
rate. The condition of the constant reaction rate was that the flow rate of the carrier gas
was more than 310 mL/min. The flow rate was too large and the acetone molecules were
not sufficiently reacted on the sensitive material to be lost, so the luminescence intensity
decreased as the flow rate increased at a higher flow rate. Therefore, this study determined
310 mL/min to be the optimum carrier gas flow rate.
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Figure 5. Selection of the optimal carrier gas flow rate (temperature: 220 °C, wavelength: 425 nm,
concentration: 200 ppm).

3.2. Optimal Wavelength and Temperature Selection

The catalytic emission wavelength of acetone on the surface of the test CuO material
was first tested by using an optical filter from 400 to 630 nm (400, 420, 480, 530, 560, 590, 630).
Figure 6 shows the change in the Cataluminescence intensity of acetone at different wave-
lengths with a temperature of 220 °C and a flow rate of 310 mL/min. Since the incandescent
lamp from the ceramic heater emits longer wavelength radiation, the noise signal (S/N)
will increase. Thus, the S/N ratio was used to display the actual illumination intensity. The
calculation method of the signal-to-noise ratio is 10 1g (Ps/Py), where Ps and Py represent
the effective power of the signal and noise, respectively, and can also be converted into
the ratio relationship of voltage amplitude: 10 1g (Vs?/Vn?), where Vg and Vy represent
the effective value of the signal and noise voltage, respectively. As shown in Figure 6,
acetone has a maximum emission wavelength of 590 nm and a maximum signal-to-noise
ratio (S/N). As a consequence, the best test wavelength of the CuO luminescence sensor is
590 nm. At the same time, it can be seen from Figure 6 that the Cataluminescence signal is
the strongest at 590 nm and the curve shows its characteristic spectral shape. This may be
due to the energy difference of the high energy state luminescent intermediates produced
in the Cataluminescence reaction. This difference varies from substance to material and
was therefore of great importance for substance identification and selective detection.

This study used filters to separate each group of test CTL signal spectra. Different CTL
signal spectra separations can process multiple sets of CTL data combinations concurrently
(Figure 7). The CTL signal spectra change in the channels with the center wavelengths of
w1, w2, w3, and w4, and will not interact with each other. During our experiment, center
wavelengths were selected from 400 to 630 nm (400, 420, 480, 530, 560, 590, 630). If the
sensing wavelengths are sufficiently separated, wavelength separation can be used in the
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frequency domain or gating in the time domain to discern the evolution of each catalytic
luminescence feature in the central channel wavelength. For example, in the vicinity of the
central wavelengths w1, w2, w3 and w4, these four groups of wavelengths are independent
and do not interfere with each other, so different relative catalytic luminescence values
can be detected on the different channels. Different relative acetone concentration values
can be detected on multiple wavelength channels. Based on the principle of anti-collision
technology in spectral separation, multiple pieces of CTL spectral information can be
processed at one time. The filters are independent and will not interfere with each other, so
different relative CTL values can be detected in multiple channels.
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Figure 6. The luminescence intensity of acetone changed with different wavelengths (temperature:
220 °C, flow rate: 310 mL/min, concentration: 500 ppm).
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Figure 7. Different CTL signal spectra separated by multiple wavelength channels.
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The impact of operating temperature on luminescence sensor systems has remained
a serious issue. In this research, the influence of reaction temperature on luminescence
intensity was studied. Figure 8 shown that, as the test temperature increased, the lumines-
cence intensity of acetone also increased. This was due to the fact that at high temperatures,
O atoms were doped into the layered CuO microsphere composite assembled from nano-
sheets and the conversion of acetone was higher. However, due to the increase in noise,
the signal-to-noise ratio decreases significantly at about 220 °C. Given to these results, we
chose 220 °C as the test temperature for further study.
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Figure 8. The luminescence intensity of acetone changed with different temperatures (wavelength:
590 nm, flow rate: 310 mL/min, concentration: 200 ppm).

3.3. Linearity Characteristics

In conclusion, under the best experimental conditions, this study investigated the
relationship between the concentration platform of acetone and luminescence intensity.
The results showed that there was a good linear relationship with luminescence intensity in
the range of 15.0~2200.0 ppm, the correlation coefficient was r = 0.9991, and the detection
limit was 1.65 ppm (Figure 9). Referring to the detection limit of 1.65 ppm, the sensitivity of
the sensor can meet the detection requirements of acetone. The relative standard deviation
of the six-time luminescence intensity measured in parallel for 100 ppm acetone gas was
1.9%. The detection performance of the method was comparable to that reported in the
literature [26] and has a wider linear range. In addition, the detection method did not
require pre-processing and the response speed was fast.

3.4. Linearity Characteristics

For the same catalyst, when the reactants are different, the catalytic effect it exhibits
may vary widely. In order to verify the selectivity of nano-catalysts for the catalytic
oxidation of acetone, this study investigated the responses of ethanol, dimethyl ether,
n-butanol, propanol, and other gases that may interfere with the detection of acetone by
this sensor. Under the optimal detection conditions of 590 nm, 210 °C, and 310 mL/min,
different concentrations of ethanol, dimethyl ether, n-butanol, and propanol vapor were
loaded into the reaction chamber through the air. The output signal represented the
production of a response signal index, as the heating rod itself had the cataluminescence
response for the test gas, which contained the output signal of the heating rod polished with
catalytic material and the output signal of the clean heating rod. The output signal, which
produced a response signal with specific combinations of catalytic materials at different
concentrations of ethanol (a) and acetone (b) vapors, is shown in Figure 10.
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Figure 9. The calibration curve for acetone (temperature: 210 °C, flow rate: 310 mL/min, wavelength:
590 nm).
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Figure 10. CTL response profiles of ethanol with (a) acetone and (b) diethyl ether and (c) signal
values (flow rate: 310 mL/min, temperature: 220 °C, wavelength: 590 nm).

It can be concluded that the first-order CTL phenomenon due to the different alcohol
molecules is derived from the catalytic oxidation of gas molecules to produce a first-
order product. The generation of secondary CTL may result from the catalytic oxidation
of the primary product to the secondary product. The remaining sample molecules are
catalytically oxidized. Due to the different molecular structures of the different alcohols, the
products produced by the stepwise CTL reaction are different. The adsorption performance,
reactivity, and reaction rates of these products on the catalytic materials are different.
Therefore, the luminescence intensity produced by the CTL reactions at different levels
was also different, resulting in different I;/I, values of different alcohol vapors on the same
catalytic material combination. Since the luminous efficiency, reaction rate, and conversion
rate of the same alcohol molecule on different catalytic materials are different, the I;/I,
values of the same alcohol vapors in different catalytic material combinations are also
different. Therefore, based on the I;/I, eigenvalues, it is possible to identify alcohol vapors
with similar properties [27]. It is worth noting that the various alcohol vapors were in
the range of experimentally selected concentrations (50 to 1000 ppm) and the I/l values
remained unchanged, which is very advantageous for practical applications of the CTL
sensor. The interference of ethyl ether and ethanol on acetone was 7.5% and 4.2%; other
gases do not interfere with the determination.

3.5. Selectivity, Repeatability and Stability of Sensor System

Since bad selectivity may lead to false positive results, selectivity is an important
performance index for chemical sensors. Some common organic solvents and indoor
air pollutants may interfere with the experimental results. Under optimized operating
conditions, acetone was tested by introducing 1200 ppm of each compound at the same
concentration into the sensor. As shown in Figure 11, there are emissions of ethanol
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and acetone. The luminous intensity of ether is only 7.5% of that of acetone, and that of
ethanol is about 4.2% of that of acetone. This indicated that the sensor had good selectivity
for acetone. The selectivity of the sensor can be determined by measuring the response
generated by the interference gas of a specific concentration, that is, the sensor response
generated by the target gas of a specific concentration. Cross-sensitivity reflects whether
the measurement results are accurate, so the sensitivity and selectivity of the ideal sensor
should be as high as possible. Clearly, the CuO-based luminescence sensor had better
selectivity for acetone.
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Figure 11. The luminescence responses of different gases (flow rate: 310 mL/min, temperature:
220 °C, wavelength: 590 nm, concentration: 1200 ppm).

For verification of the reproducibility and stability of this luminescence system, the
study was conducted by performing six replicate measurements during 100 s. Response-
recovery time: Response time refers to the time it takes for the gas sensor signal to rise from
0 to 90% of the equilibrium signal value; recovery time refers to the time it takes for the
sensor’s ventilation balance to return to 10% of the signal. In our study, response-recovery
time was ‘Response time’+’ recovery time’. As shown in Figure 12a, the sensor displayed
a fast response speed and recovery speed of within 4 s and within 20 s, respectively. The
relative standard deviation (RSD, 1 = 6) of the six replicates was 4.1%, which indicated that
the sensor had good reproducibility. To study the sensor’s stability, the luminous intensity
of 900 ppm acetone can be measured every 24 h under optimized conditions. As shown
in Figure 12b, when the sensor worked continuously for 168 h, there was no change in
luminous intensity. The RSD of the repeated measurements of the seven experiments was
3.7%. Because the sensor shows good response and recovery speeds and long-term stability,
the sensor can monitor acetone quickly and continuously for a long time.

3.6. Mechanism Discussion

According to the molecular information obtained by the wireless catalytic lumines-
cence sensor, a possible mechanism is proposed. The catalytic reaction which described
the transformation of an organic compound on the CuO surface included two processes:
(1) There were a large number of active centers on CuO surface which can adsorb ace-
tone. (2) The surface of CuO can catalyze and oxidize the adsorbed acetone. (3) The high
luminescence is due to the formation of active intermediates [16,28].
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Figure 12. (a) Typical results obtained from six replicate determinations of acetone within 100 s.
(b) The change trend of the luminescence intensity of acetone within one week (168 h). Flow rate:
310 mL/min, working temperature: 220 °C, wavelength: 590 nm, concentration: 900 ppm.

When acetone vapor passed through the CuO surface and was adsorbed, it might be
oxidized by O, to active intermediates (CH3CO* or CO,*) under the catalysis of CuO. The
catalytically oxidized of acetone on CuO surface for luminescence production may be as
follows [29,30]:

CH3COCH; + 0, — CH3CO* )
CH;CO* — CH3CH,COOH + ho (10)
or
CH;3COCHj3 + O — COp* 11)
COy* — CO, + hv (12)

The active intermediates of CH3CO* or CO,* were unstable and released energy (hv)
in the form of luminescence. The results made acetone have a high CTL signal.

3.7. Sample Analysis

For the sake of testing the feasibility of the sensor for determining acetone in a mixed
gas, the composition of the air was simulated (20 times), and three test samples containing
a known concentration of acetone were measured in a linear range to evaluate the practical
application of the CTL sensor. Sample 1 was a mixture of 500 ppm acetone and methanol
with the same concentration, Samples 2 were prepared by adding 500 ppm acetone to
500 ppm diethyl ether, and Samples 3 were prepared by adding 500 ppm acetone to
500 ppm ethanol, respectively. The three samples were analyzed by CTL sensor and the
concentration of acetone was calculated by a linear regression equation based on CTL
intensity (Table 1). Acetone in the three artificial samples was well-quantified and the
recovery was satisfactory [31]. The results indicate that the sensor was used for routine
monitoring of the effects of acetone in the air and control the quality of the acetone,
methanol, and diethyl ether mixture.
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Table 1. Determination Result of Acetone in Artificial Samples.

Sample No. Composition Spiked Values Acetone Measured Average .CTL Re.:covery
(ppm) Values (ppm) Intensity Time (s)

! Methanal (300 pom) 29 4811406 023 7% X Taceone

2 Dl Gilpem 4753 16911 269 0% T

: Ethanol (500 ppm) 552 486403 4108 4% X Ticaone

4. Conclusions

At this stage, some theoretical and applied studies of Cataluminescence are still not
mature enough and further research is still needed. For a sensor, the main indicators
to evaluate performance are sensitivity, selectivity, stability, and response speed. In this
study, a catalytic light-emitting sensor was constructed by using alkaline earth metal
oxide CuO nanomaterials with abundant sources, simple preparation, and no noble metal
doping as catalysts, and the rapid detection of acetone was realized. This method has
low energy consumption, simple device construction, low cost, fast response, no sample
pretreatment, and simple and easy operation, which improve the applicability of the
Cataluminescence detection method. At the same time, this study also broadened the scope
of Cataluminescence sensors application and has potential application value in the fields of
industrial testing, food safety, and agricultural production.
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Abstract: There are different methods to extract and brew coffee, therefore, coffee processing is
an important factor and should be studied in detail. Herein, coffee was brewed by means of a
new espresso professional coffee machine, using coffee powder or portioned coffee (capsule). Four
different kinds of coffees (Biologico, Dolce, Deciso, Guatemala) were investigated with and without
capsules and the goal was to classify the volatiloma of each one by Small Sensor System (S3). The
response of the semiconductor metal oxide sensors (MOX) of S3 where recorded, for all 288 replicates
and after normalization AR/RO was extracted as a feature. PCA analysis was used to compare and
differentiate the same kind of coffee sample with and without a capsule. It could be concluded that
the coffee capsules affect the quality, changing on the flavor profile of espresso coffee when extracted
Citation: Greco, G.; Carmona, EN.; different methods confirming the use of s3 device as a rapid and user-friendly tool in the food quality
Sberveglieri, G.; Genzardi, D.; control chain.
Sberveglieri, V. A New Kind of
Chemical Nanosensors for Keywords: gas sensors; coffee capsule; Volatilome; Small Sensor Systems
Discrimination of Espresso Coffee.

Chemosensors 2022, 10, 186.

https:/ /doi.org/10.3390/

chemosensors10050186 1. Introduction

Academic Editors: Fanli Meng, Coffee is one of the most consumed beverages in the world. Moreover, it is the second
Zhenyu Yuan and Dan Meng one after water and its consumption constantly increases [1]. Coffee brewing methods
can be changed depending on the geographic, cultural and social environment as well
as individual preferences [2]. Espresso coffee (EC) is the traditional Italian extraction
method that requires more control of many parameters, such as temperature, pressure,
grind size and knowledge. Bartender training is fundamental. He must adopt a series
Publisher’s Note: MDPIstaysneutral ~ Of measures in the extraction phase and perform checks and interventions of ordinary
with regard to jurisdictional claims in  management and periodic maintenance of the equipment. The quality of coffee is globally
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iations. coffee segments to overcome the aforementioned issues. The application of this new strategy

to extract EC is related to coffee capsules. The coffee capsule is a single-dose coffee product,

which is roasted, ground and perfectly portioned in a small aluminum or plastic container
BY

(generally in cylindrical form). Furthermore, coffee capsules exhibit an extended shelf life
of the product compared to the not portioned ones. This is possible owing to the capsule
packaging mainly using polypropylene. The coffee aroma is composed of over 800 volatile
substances that characterize the mixture and its intensity can be changed depending on
the extraction method [3]. The well-known and the most abundant classes of chemical
Attribution (CC BY) license (https:// compgunds are aldehydes, phenols, ketones., pyridines and furz.in's. These compounds can
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10/). temperature of processes. Coffee supply chain have a lot of steps, until reaching the final
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one of extraction. Coffee brewing is a solid-liquid extraction process and the extraction
kinetics is heavily influenced by the aforementioned parameters regarding the different
chemical compounds present in roasted coffee that will develop subsequently the volatile
fraction. The common consumer is careful to the most important coffee characteristics. One
of these is the coffee because it is considered to be one of the fundamental parameters in
order to categorize its overall quality [2]. The right processing of the raw material (green
coffee beans) is crucial to obtain a high-quality product. There are a lot of factors that could
influence coffee final properties. Specifically, the main ones that surely have an influence
on coffee extraction and its sensor profile are six [4]. These are: plant varieties, growing
region/conditions, processing methods (from coffee cherries to green coffee bean), roasting
levels, grinding size and brewing methods [5]. The conditions and the parameters of the
roasting process are so important in order to let the precursors developed in the desired way.
The green beans contain them, and their influence can change regarding the changeable
aforementioned conditions [6]. Although the aroma and flavors are characterized by the
origin of green coffee, the roasting process affects the production of volatile compounds
resulting in differences in the complexity of coffee aroma. In general, roasting ruptures
the cell structure of green coffee beans exposing it to heat that drives out the moisture and
releases the aromatic compounds that have been chemically bound in the beans [4].

Several classes of molecules are volatilized from the bean such as: carbon dioxide,
aldehydes, ketones, ethers, acetic acid, methanol, oils and glycerol. The volatilization of
different volatile compounds can change with regard to different temperatures, and as
pyrolysis continues, the volatile fraction of the product continues to develop until the
process ends [7]. Hence, the extraction process radically changes the aroma fingerprint.
Regarding to this, new types of chemical gas sensors have recently been studied in order
to classify food samples through their volatiloma, and, consequently, to have a better
knowledge of the volatile fraction.

The necessity of developing accurate analytical methods has prompted the present
study. The other techniques, such as Gas-Chromatography and Mass Spectrometry (GC-
MS), are useful but they need intense training, they are time consuming and generally have
higher costs. On the contrary, the use of an array of metal oxide (MOX) gas sensors allows
classification of different kinds of samples with high sensitivity, quick responses and low
costs. MOX sensors are conductometer sensors, so called thanks to their ability to transduce
a chemical signal in an electrical resistance signal [8]. Interactions happen between volatile
compounds and sensing material. MOX gas sensors are non-specific sensors; hence, they
can be suited for different classes of compounds with different sensibility.

Furthermore, this is the main reason that sensor arrays are used in most applications.
Overall, the aims of this work are:

e Discrimination of four different typologies of “Molinari” coffee capsules (Biologico,
Deciso, Dolce, Guatemala) using a new innovative technology based on semiconductor
metal oxide sensors (MOX).

e  To underline differences between coffee extracted with and without capsule packaging.

2. Materials and Methods
2.1. Sample Preparation

This study is based on the analysis of four types of coffee capsules: “Biologico”,
“Deciso”, “Dolce” and “Guatemala”. A professional machine “Spaziale S2” (LA SPAZIALE
S.p.A., Casalecchio di Reno, BO, Italia) was used for the coffee extraction. The coffee
extraction was performed in 18 L containers of “Rocca Galgana” (Citerna di Fornovo di
Taro, Parma, Italy) mineral water to overcome the inhomogeneities due to the water [1,7].

This study was carried out considering two approaches: (i) coffee was prepared by
entering the coffee capsule in the correspondent extraction tool; (ii) coffee was pulled
out from each capsule and extracted without capsule packaging. The quantity of coffee
extracted was 62.5 mL (espresso shot coffee [9]) and it was collected using a beaker. Then,
20 mL chromatographic vials were filled with 1.2 mL of coffee. 36 vials for each sample
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were made obtaining 144 vials (36 Biologico, 36 Deciso, 36 Dolce, 36 Guatemala) of coffee
extracted with capsule and 144 vials (36 biologico, 36 deciso, 36 dolce, 36 guatemala) of
coffee extracted without capsule (Table 1).

Table 1. Samples Analyzed.

Sample With Capsule Without Capsule
Biologico 36 36
Deciso 36 36
Dolce 36 36
Guatemala 36 36
Total 144 144

The vials containing the sample were sealed with an aluminum cap and a of poly-
tetrafluoroethylene (PTFE) and silicone septa. In order to heat samples and achieve the
equilibrium of the volatile compounds between the headspace [10] and the liquid phase
and to reduce variables, the vials were initially incubated at 30 °C for 10 min. Afterwards,
the extraction phase was performed, where the autosampler syringe is exposed in the
head-space of the vial for 1 min to allow the absorption of volatile compounds.

2.2. Small Sensor System (S3)
2.2.1. Analysis Conditions

The S3 device, acronym for Small Sensor Systems, is constructed by Nano Sensor
Systems S.r.l. (Reggio Emilia, Italy, www.nasys.it (accessed on 18 February 2022)) This
device has been already used with remarkable success in other previous studies in the field
of quality control and food technology [7]. S3 is connected to the autosampler HT2010H
(HTA s.r.l., Brescia, Italy) equipped with a carousel with 42 positions to accommodate the
vials for sampling. The system allows to collect and analyze the data acquired in the cloud
making S3 an IoT device for the management and control of signals [8]. S3 is composed of
three essential parts [7]:

1. The sensor steel chamber which contains the six MOX sensors. This allows the sensor
to be separated from the environment, except for an inlet and an outlet path for the
passage of volatile compounds. Other types of sensors are placed in order to control
several parameters during the analysis. These are the temperature, humidity, and
flow in the chamber.

2. The fluid dynamic circuit is composed of a pump (Knf, model: NMP05B), polyurethane
pipes, a solenoid valve and a metal cylinder, which contains activated carbon. The
activated carbon is used for filtering any type of odors present in the environment
that can alter the final response. The solenoid valve, positioned at the chamber inlet
to control the pump flow with a maximum of 250 scem.

3. The electronic board elaborates the sensor responses through the detection of electrical
resistance. In addition, it controls the operating temperature of sensors, which is an
important parameter for the detection of volatile compounds. Finally, the system
is able to send the data to the Web App dedicated to the S3 device through an
internet connection.

The sensor response is based on the change of its resistance over time caused by
interaction with different kinds of volatile compounds or surrounding environment. The
reactions between the oxygen species adsorbed on the surface of the sensor and the target
molecules lead to the variation in the concentration of charge carriers in the sensing material
affecting its electrical conductance [9].

2.2.2. S3 Data Processing

Processing of the S3 sensor signals was performed using MATLAB® R2019b software
(MathWorks, Natick, MA, USA) in order to extract the features of the sensor response.
Sensors’ responses in terms of resistance (() were normalized to the first value of the
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acquisition (R0). For all of the sensors, the difference between the first value and the
minimum value during the analysis time was calculated. Hence, the AR/R0 parameter
was calculated and has been use as a feature for all the sensors response to the 36 replicates
of each sample. The standard deviation of the AR/RO parameter was calculated for each
group of sample measurement prior to proceed with PCA analysis revealing a maximum
uncertainty of the 10%. Once the data matrix was calculated, principal component analysis
(PCA) was applied to the data in order to verify the variation of the VOCs in the different
samples [10].

This technique consists of clustering the sample variables through linear combinations
that describe the link between one sample to the others. This results in the main components
(PC), which are far fewer than the original variables. These new variables are structured
in such a way as to be orthogonal to each other (not correlated). Moreover, most of the
variability of the samples is present in the first main components. As a consequence PC1
shows the largest variation. Next, PC2, which represents the second largest variation. This
can continue until all the variables are explained. These conditions allow the detection
of any groupings [11]. They are also known as clusters that represent samples united by
characteristics. PCA is not a classification technique, but a technique that may provide the
distribution of the samples within the main components considered in the hyperplane.

3. Results and Discussion
3.1. Sensor Response Regarding the Discrimination of Molinari Coffee Capsules

The response curve of a sensor is represented in Figure 1, where on the x-axis is
indicated the time (s), while in the y-axis the normalized resistance is reported. The use
of normalized parameters allows us to obtain data without dimensions, hence they are
a-dimensional variables, where the variability is equal to 1 and the average is 0. The choice
to use normalized variables is advantageous in the analysis of samples that have different
units of measurement or size, which would prevent accurate analysis of samples.

Sensor response
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Figure 1. Schemes of the typical sensor response.

As can be seen in Figure 1, the signal starts from a resistance value of 1, which is
reduced. The studying of samples using the sensing system is based on two phases: the
first one is the analysis of the coffee volatiloma, where the volatile compounds come into
contact with the sensors. This interaction leads to a decrease in the electrical resistance of
sensing material. The second stage is called recovery where the base line is restored.

In this case, filtered ambient air is introduced to the chamber, the adsorbed gaseous
compounds are desorbed from the surface of sensors and their resistances are recovered
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to their steady stage values. The first phase lasted 1 min followed by the recovery to the
base-line resistance, which required 9 min. Hence the total analysis time is 10 min. Small
Sensor System (S3) analysis was able to discriminate the samples, and describe the volatile
fingerprint. Figure 2 illustrates a complete separation of the Biologico coffee capsule from
the other ones on the hyperplane. This means that it is the only one that doesn’t have
any match, while Dolce Deciso and Guatemala coffee capsules are on the same side. In
particular, Dolce and Deciso are mainly overlapped. Guatemala’s are well separated among
PC1 and PC2. Therefore, the sensors must have perceived some differences, although not
as much as in Biologico’s case.
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Figure 2. PCA Molinari coffee capsules.

3.2. Coffee with and without Capsule Packaging Comparison

The most important parameter about coffee is its aroma. It is the first factor which take
consumer attention and influence his appreciation and selection; hence, it is considered an
important quality trait. Espresso quality depends on several parameters which must be
gauged in order to obtain the proper ratio of desirable components for the most desirable
product [12].

In particular the ratio of water to coffee, time and grind size impact the brewing
process. In addition, Espresso Coffee is a product characterized by an intense viscosity
caused by high concentration of Total Dissolved Solids (TDS) [13].

The latter is usually a highly desired quality of the espresso brew because it gives
an appreciated fullness to the final product. Beyond that, TDS is a non-specific analysis
technique generally used to do a quantitative analysis regarding the extraction performance,
also called extraction yield. Moreover, the most common methods to assess aroma are
based on expensive equipment or human senses through sensory evaluation, which is
time-consuming and requires highly trained assessors to avoid subjectivity [14].

On the contrary, the S3 analysis could easily find volatiloma differences between coffee
extracted with and without capsule packaging. Figures 3-6 reports Principal Component
Analysis (PCA) performed to process the obtained data. It is possible to say overall that
PCA showed the EV never under 78%. This represents an optimum result since at least
78% of the total variability of the samples was enclosed between the hyperplane (enclosed
between the first two principal components).
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PC1 is always the component with a larger load, reaching the maximum value of
67% in the case of the Deciso samples. The six single sensors perfectly discriminated
the samples (one for each type) where with and without capsule packaging coffees were
compared. The six single sensors perfectly discriminated the samples (one for each type)
where with and without capsule packaging coffees were compared. As a matter of fact,
Ferini et al. [15] made some investigations about the differences of coffee product obtained
with different techniques. One of them was to check possible differences between espresso
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and coffee capsules through a human sensorial test. At this point the consumers, even if
coffee capsules are intellectually judged as similar to espresso coffee, noticed differences
when tasting the beverages.

This is probably due to the compression of the coffee capsule, which improves the
extraction of the volatile fraction. Thus, the coffee volatile fraction is far from simple,
considering the huge number of different chemical compounds that must be considered.
As a matter of fact, over a thousand different chemical entities have been detected in coffee
beans such as aldehydes, phenols, ketones, pyridines and furans. A significant number of
these compounds will be extracted during brewing. It’s a comparatively small subset of
chemicals that affect the aroma. Among all the variables, there are two main factors which
must be considered to investigate the effect of compounds’ aroma: the concentration of the
compound and the compound’s odor threshold, or the minimum concentration at which
it is possible to detect its smell [16]. The result of these two factors gives the compounds
‘odor activity value” (OAV) [17], responsible parameter of the overall aroma.

Several chemicals are contributors and responsible about the evolution of the coffee
volatile fraction. The most significant chemicals which enrich the volatiloma coffee product
are the following:

Aldehyde compounds, which generally add a fruity green aroma

Furans, which contribute with caramel-like odors

Pyrazines, which have an earthy scent.

Guaiacol and related phenolic compounds offer smoky, spicy tones, and pyrroles.
Alkaloids, as caffeine or trigonelline. Caffeine content is highly variable in a range
between 0.64 mg/mL and 4.89 mg/mL [18] considering different parameters (pressure
and temperature) values.

e Chlorogenic acids (CGAs), the most important are 3-, 4- and 5-CQA [19].

Over the last 40 years, the term “electronic nose” (EN) has defined a device equipped
with an array of gas sensors capable of providing a response as a function of a stimulus
provided by volatile chemical compounds (VOCs). Numerous studies have started from
this idea, which have led to significant improvements and advantages, especially useful for
providing a device capable of monitoring situations and applications in real-time., especially
in the food and beverages industry [20], having regard to the gas sensors capabilities of
providing a response as a function of a stimulus provided by volatile chemical compounds.
Known as also the aroma sensor, mechanical nose, multi-sensor array, artificial nose, odor
sensing system, or electronic olfactometry, the initial goal of EN technology was to simulate
the mammalian nose to obtain a fast response regarding the characteristics of the analyte,
high sensitivity for odours and high discrimination between them [21]. As a matter of
fact, EN sensing is mainly used for the classification and characterization of the overall
aroma pattern of EC samples, so it is generally coupled with other analytical techniques
such as GC [22], which can qualitatively and quantitatively characterize EC odor-active
compounds [23].

4. Conclusions

This study is based on the analysis of 4 different types of coffee samples (Biologico,
Deciso, Dolce, Guatemala). The analyses were carried out by the Small Sensor System (S3)
device, where the sensors were able to identify the differences of the biologico capsule
from the other ones and to certify the differences between the samples with and without
capsule packaging.

The obtained results (PCA Figures 3-6) indicate that the coffee aroma profile is incred-
ibly influenced by the compression of the coffee pod, which improves the extraction of
the volatile fraction. Indeed, the results show how the coffee obtained using the capsules
has a different volatile fraction. Moreover, these ones would also provide standardized
organoleptic characteristics of each coffee without the need of trained operators. This can
be a huge advantage for household use but also for professional use allowing anyone easily
to prepare a high quality final product. Overall, two main advantages can be highlighted:
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the first one is that the coffee aroma intensity can be maintained over the time and avoid
the deterioration that would occur for the coffee without capsule. The second one is that
the volatile fraction of the final product of the capsule is higher than the one without the
capsule packaging.
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Abstract: Volatile organic compounds (VOC) harm human health seriously in the air. Therefore, it is
essential to recognize VOC gases qualitatively and quantitatively. The dynamic measurement method
can improve the selectivity of metal oxide semiconductor (MOS) gas sensors to VOC, but there is a
problem of the insufficient number of characteristic peaks. From the experimental point of view, the
primary judgment basis for the correct qualitative and quantitative recognition of VOC gases by the
dynamic measurement method is the characteristic peak of the dynamic response signal. However,
the traditional dynamic measurement method generally only has two characteristic peaks. In this
experiment, the voltage was changed at the time of the second characteristic peak by controlling
the constant dynamic response period. Taking ethyl alcohol as an example, the experimental results
show that the characteristic peak of the dynamic response signal does not increase when the voltage
is constant. However, a new characteristic peak will appear based on a continuously rising heating
voltage. The characteristic peaks of the dynamic response of n-propyl alcohol, isopropyl alcohol,
and n-butyl alcohol were also increased based on the rising heating voltage waveform. Based on the
K-Nearest-Neighbors algorithm, the qualitative and quantitative recognition rate of the four alcohol
homologue gases reached 100%.

Keywords: dynamic response signal; characteristic peaks; ZnO gas sensor; periodic cycle heating
waveform; alcohol homologue gases

1. Introduction

MOS gas sensors have been widely used in detecting VOCs gases. MOS gas sensors
have some advantages, such as small size [1,2], high sensitivity [3-6], and simple fabri-
cation [7]. At present, the detection method of VOCs gases by MOS gas sensor includes
static measurement method [8-11] and dynamic measurement method. The types and
concentrations of VOCs gases in the atmosphere are not single [12,13]. The heating voltage
and power are unchanged in the static measurement method with time. The response
signals are obtained at a specific heating temperature. The static response signals have
little information and cross-sensitivity. The same current response value can be obtained
with the different types and concentrations of VOC gases. So that it is difficult to recognize
complex gas components correctly [14-18] under the static measurement method. The
dynamic measurement method is to change the heating voltage and get the response signals
at different temperatures. Iwata et al. indicate the heater waveform can obtain enhanced
information on gas species [19]. The change in temperature is realized by changing the
shape and voltage of the input cyclic heating waveforms [20]. Therefore, the dynamic
measurement method not only needs to accurately measure the output dynamic response
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signal, but also needs to measure and record the cyclic heating waveforms. The dynamic
measurement method expands the characteristic information in the time dimension, and
the same sensor can be regarded as several different gas sensors at different temperatures,
which solves the cross-sensitivity problem in the static measurement method. Hossein-
Babaei et al. revealed that the dynamic response signal will present different characteristic
peaks because the sensitive material will react with different types and concentrations of
VOCs gases [21]. Bouricha et al. also detect methanol, toluene, acetone, isopropanol, and
ethanol using a dynamic measurement method, which shows different responses [22]. As
a result, different gases will have different output current curves under the same heating
temperature curve because of the different sensitive responses of different gases at different
temperatures, and the influence of the adsorption and desorption process, from which
we can distinguish the types of gases. The amplitude of the output current curve has a
concentration difference, so we can judge its concentration information by the amplitude.
The dynamic response signals for different types and concentrations of VOCs gases are
labeled as a sample. Through signal preprocessing and classification algorithms, the VOCs
can be quantitatively and qualitatively recognized efficiently, rapidly, and accurately. The
dynamic measurement method is significant to improve the selectivity of MOS gas sensor
to various VOCs gases.

Based on the dynamic measurement method to improve gas selectivity mainly from
two aspects. One is to optimize the late qualitative and quantitative recognition algorithm.
Gaggiotti et al. recognize aldehydes (1-hexanal, 1-nonanal, trans-2-nonenal) from the other
VOCs by the PCA [23]. Ji et al. adopt PCA weak separation with dynamic measurement to
recognize VOCs gases [24]. The identification for different VOCs gases only reached 82%
by GRNN [25]. Pan et al. proposed a lightweight network called multiscale convolutional
neural network with attention (MCNA). The MCNA identifies ambient gases through
signals of semiconductor gas sensor [26]. But the complexity of the algorithm is very high.
The other is to increase the characteristic peaks of the dynamic response signal. The position
and amplitude of characteristic peaks are the primary basis for qualitative and quantitative
recognition of VOCs gases [22,25]. At present, the dynamic measurement method increases
the number of characteristic peaks through a lot of exploratory experiments. The response
reveals time is long, and the periodic cycle heating waveform is randomly selected. So,
it is very challenging and accidental to optimize the characteristic peak of the dynamic
response signals base on the traditional dynamic measurement method.

The unsaturated phenomenon was solved by a dynamic interval temperature modula-
tion pattern in the paper [27]. The result revealed that the number of dynamic response
signal characteristic peaks is only two under the experiment. As a result, the dynamic
response signals of the four alcohol homologues are remarkably similar. The recognition
rate of qualitative and quantitative is only 97.62%. Therefore, it is necessary to optimize the
characteristic peak of dynamic response signals to improve the selectivity of which ZnO
gas sensor to the VOCs gases.

In this paper, the experiments are carried out based on improving the conventional
cyclic heating triangular wave to explore the optimization of characteristic peaks. Taking
ethanol as an example, the same period of the cyclic heating triangular is applied. Firstly,
the constant heating voltage is applied when the second characteristic peak of the response
signal appears. After that, the heating voltage is continuously increased when the second
characteristic peak appears. Then the experimental method was used to detect the other
three alcohol homologue gases. The characteristic peaks of the dynamic response signal
all are optimized. This paper provides an experimental idea and method to increase the
number of characteristic peaks of the dynamic response signal.

2. Experiment
2.1. Synthesis of ZnO Nanomaterials

The hydrothermal method is one of the mainstream synthesis methods for metal oxide
nanomaterial. Li et al. synthesized SnO, microspheres by hydrothermal method which had
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high sensitivity for formaldehyde [28]. The a-M0oO3;@5SnS, nanosheets by hydrothermal
method display a high response of 114.9 for 100 ppm TEA [29]. The nanomaterials are
closely related to the experiment condition. Chu et al. investigated heating duration and
the heating temperature on the gas-sensing properties of the sensors. It is found that the
sensor based on MoO3; nanomaterial (200 °C, 4 h) exhibits the best performance [30]. The
sensor-based on LaFeOs (800 °C, 2 h) can detect trimethylamine [31]. So, the experiment
needs to be accurately adjusted.

The synthesis of ZnO nanomaterials is shown in Figure 1. Zn(AC),, absolute ethyl
alcohol, urea, and other AR are purchased from Shanghai Aladdin Biochemical Technology
Company Limited. The distilled water is generated by the ultrapure water machine pro-
vided by the Hefei intelligent Institute of the Chinese Academy of Sciences. All drugs are
weighed by a precision analytical balance (ME155DU). The preparation of ZnO nanomate-
rials needs nine steps. Step A is to prepare solution. A total of 1.1 g Zn(AC), was dissolved
in 30 mL absolute ethyl alcohol and placed in a 60 mL beaker A. A total of 0.6 g urea was
dissolved in 30 mL distilled water and placed in a 60 mL beaker B. Step B is ultrasound.
Both standard solutions were ultrasonic for 15 min to clarify the solution. The purpose of
ultrasound is to allow sulfficient dissolution of Zn(AC), in absolute ethyl alcohol and urea
in distilled water. The ultrasonic cleaning machine (DT) from Hubei Dingtai Hengsheng
Technology Equipment Company Limited. Step C is stirring. The breaker B was placed at
room temperature, and the breaker A was poured into the breaker B. The mixed solution
was stirred for 2 h under the magnetic stirrers (C-MAG HS 7, made in IKA). Step D is
hydrothermal reaction. The 60 mL mixed solution is evenly placed in four 30 mL autoclaves
(ax-fO25, made in Hangzhou Tongniu Technology Company Limited). The hydrothermal
reaction was at 180 °C for 6 h. Step E is centrifugation. The purpose of centrifugation is
to alternately clean the precipitate with absolute ethyl alcohol and distilled water. The
speed of centrifuge (TGL-16B, made in Shanghai Anting Scientific Instrument Factory) is
set at 6000 r/min. Finally, the distilled water on the upper layer is poured out to obtain
white precipitation. Step F is drying. The white precipitation was placed in an oven at
80 °C (LDO, made in Shanghai Longyue Instrument Equipment Company Limited) for
6 h to form Zn(OH), white crystals. Step G is grinding. The obtained white crystals are
ground into a white powder in an agate mortar. Step H is calcination at a high temperature.
The white powder was calcined in a muffle furnace (OTF-12000X, made in Hefei Material
Crystal Material Technology Company Limited). The calcination temperature is 800 °C and
the calcination time is 3 h. Finally, the ZnO is placed in a transparent plastic tube.
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Figure 1. Synthesis of ZnO nanomaterials.

2.2. Characterization Details

Energy Dispersive Spectrometer (EDS) is an instrument used to analyze the element
type and content of the materials. (Al5%, Mg1%) co-doped ZnO by EDS can get the O, Zn,
Mg, and Al elements [32]. The X-axis of EDS represents the energy value, and the unit is keV.
The Y-axis represents the counts of x-rays emitted by different elements. X-Ray Diffraction
(XRD) can obtain the crystal peak of the nanomaterial. Shen et al. characterize CuO by
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XRD and all the sharp diffraction peaks of the product can be labeled as the monoclinic
CuO (JCPDS No.: 48-1548) [33]. The crystal can be compared with a standard PDF card to
determine the type of nanomaterial. The purity of the nanomaterial can be determined by
EDS and XRD characterization.

2.3. Experimental Measurement Process

The experimental apparatus diagram is shown in Figure 2. The experimental apparatus
is mainly composed of a programmable DC power supply, precision source measure unit,
computer, gas chamber, and gas cylinder. The programmable DC power supply is designed
to provide different cycle heating waveforms. The precision source measure unit is used to
collect dynamic response signals under different cycle heating waveforms. The computer is
used to display dynamic response signals. The reaction between ZnO nanomaterials and the
VOCs gas is carried out in the gas chamber. The gas cylinder is used to fill the gas chamber
with synthetic air. The synthetic air is passed into the air chamber to simulate the natural
atmospheric environment before passing into the VOCs gas. Then the programmable DC
power supply input the heating waveform. The precision source measure unit also shows a
periodic change when the VOCs gases through the syringe into the gas chamber. Finally,
the dynamic response signal (usually five cycles) is collected.

Programmable DC Gas Chamber
Power Supply —

Gas Cylinder

e Precision Source

Computer Measure Unit
Figure 2. The diagram of the experimental apparatus.

According to a previous study [27], the cycle heating triangular waveform of the
saturated dynamic response signal for dynamic measurement of alcohol homolog gases
has a period of 35 s and a symmetry of 57% (TW-1). Taking ethyl alcohol as an example,
the second characteristic peak appeared at about 22 s. After 22 s, the voltage continued
to fall, but no new characteristic peak appeared in the dynamic response signal. In this
experiment, the periodic heating cycle was maintained unchanged. Then, 100 ppm ethyl
alcohol was measured by applying constant heating voltage (TW-2) and increasing heating
voltage (TW-3). Figure 3 shows three different heating triangular waveforms. After that,
100 ppm n-propyl alcohol, isopropyl alcohol, and n-butyl alcohol were detected based on
the TW-3 waveform. The dynamic response signal curves of the three alcohol homolog
gases were obtained. Finally, the concentration gradients of the four alcohol homolog gases
were measured at 100-500 ppm under the TW-3 waveform.
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3. Experimental Results and Discussion
3.1. Characterization of the ZnO Nanomaterials

The XRD and EDS of ZnO nanomaterial prepared by the hydrothermal method is
shown in Figure 4.
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Figure 4. The characterizations of ZnO nanoparticles (a) XRD (b) EDS.

The XRD is in the 25° to 65° at a scanning rate of 5°/min. The six peaks appear at
31.77°,34.42°, 36.25°, 47.54°, 56.60°, and 62.86° which correspond to the (100), (002), (101),
(102), (110), and (105) crystal surfaces of the ZnO PDF standard card (36-1451). There are no
peaks of other crystals. This indicates that ZnO has a high purity. According to Figure 4b,
Zn and O are found in the ZnO nanomaterials without other elements. The purity of ZnO
nanomaterial synthesized by the hydrothermal method is high. The ZnO nanomaterial
with higher purity produces stable dynamic response signals to various VOCs gases, which
is suitable for dynamic measurement. Figure 5a shows the distribution of O elements and
Zn elements at three different positions under Figure 5b. Each position is about 78% Zn
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elements and 22% O elements. It can be seen from the table that the distribution of Zn
element and O element at different positions are relatively uniform.

20%
" l
0%

Position11 Position12 Position13

Zn w0

- «
LG
Eleckonimage

Figure 5. (a) The plots of Zn and O elements at different positions (b) three different positions of
electron image.

3.2. Dynamic Response Signal of Ethyl Alcohol

Figure 6a shows the concentration gradient of the characteristic peak of the four alcohol
homologous gases at 100400 ppm under the TW-1. It can be seen that the response signal
current of different VOCs gases at different concentrations are generally different. As the
concentration of the measured gases increases, the output current also increases. However,
the characteristic peak current of 200 ppm ethyl alcohol and 250 ppm n-propyl alcohol are
the same, resulting in an error in recognizing the two gases from the characteristic peak
current. As the concentration of the measured gases increases, the current value of the
highest peak of the ethyl alcohol increases more slowly than that of the isopropyl alcohol,
which results in the coincidence of the current value of the highest peak of ethyl alcohol
and isopropyl alcohol at a later same concentration. Therefore, a characteristic peak current
of the dynamic response signal cannot be used as a basis for qualitative and quantitative
recognition of the alcohol homologue gases. Figure 6b is the current concentration gradient
diagram of the two characteristic peaks of the four alcohol homologs gases at 100400 ppm
under TW-1. It can be seen that the response signal current values of the tested VOCs gases
at different concentrations are generally different from the first peak and the secondary
peak. However, the response ratios of ethyl alcohol at 100400 ppm and n-propyl alcohol
at 150-350 ppm will overlap, which makes the recognition of these two gases appear to be
wrong. So, when the peak number of the dynamic response signal is 2, the qualitative and
quantitative recognition of the alcohol homologue gases will be wrong.
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Figure 6. (a) The concentration gradient diagram of peak gas concentrations of four alcohol homo-
logues under TW-1 (b) The first peak and secondary peak concentration gradients of four alcohol
homologues under TW-1.
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Under the TW-2, the dynamic response signal curve of 100 ppm ethyl alcohol was
obtained, as shown in Figure 7a. It can be seen that the number of characteristic peaks
of the ethyl alcohol did not increase when the heating voltage was kept constant at the
second characteristic peak. In the 20 s of the cycle, the second characteristic peak appears
in the dynamic response signal. At 20 s—28 s of the cycle, the current signal has a sharp
decline trend. After 28 s, the current signal begins to decline slowly. Under the TW-1, the
second characteristic peak of the ethyl alcohol appeared at the 22 s of the cycle. Under
the TW-2, the second characteristic peak of the ethyl alcohol appeared 2 s earlier. The
essential influencing factor of dynamic measurement is the temperature, and the change
of circulating heating voltage is the change of the temperature. The temperature will not
change much if the voltage is maintained at 4 V. At the same time, the type of oxygen ions
adsorbed on the ZnO nanomaterials surface remains unchanged, and no new chemical
or physical reactions occur between oxygen ions and hydroxyl groups of ethyl alcohol.
Therefore, the dynamic response signal of the 100 ppm ethyl alcohol under TW-2 does not
appear a new characteristic peak.

900 900
(a) 100 ppm Ethyl Alcohol] (D) 100 ppm Ethyl Alcohol
i 750 EL 750
b N
=
g 600+ O 600
=
S aso G 450
— —
2, 2,300 |
= 300- 5
o O 150
0 35 70 105 140 175 0 35 70 105 140 175
Time/s Time/s

Figure 7. The dynamic response signal curves of ethyl alcohol-based on (a) TW-2 and (b) TW-3.

The dynamic response signal curve of 100 ppm ethyl alcohol under TW-3 is shown in
Figure 7b. By comparing Figure 7a,b, it can be seen that the number of characteristic peaks
of dynamic response signals can indeed be increased by increasing the heating voltage
when the second characteristic peak appears. The second characteristic peak appears in the
17 s. The third characteristic peak appears at the 26 s. The second characteristic peak of
100 ppm ethyl alcohol under TW-1 appeared at the 22 s. The second characteristic peak
appeared at 20 s under TW-2. The second characteristic peak appeared at 17 s under TW-3,
and the third characteristic peak appeared at 26 s. In other words, with the increase of
heating voltage, the second characteristic peak will appear earlier. Under the TW-3, the
heating voltage reaches 4.25 V at 26 s, and the second characteristic peak of the TW-1 also
appears atabout 4 V. Under the TW-3, there is a characteristic peak when the heating voltage
is 4 V. It is possible that new oxygen ions appear on the surface of ZnO nanomaterials, and
a new physical or chemical reaction occurs with the hydroxyl group, which results in a new
characteristic peak.

3.3. Dynamic Response Signal of Other Alcohol Homologue Gases

Based on the TW-2, the 100 ppm n-propyl alcohol, isopropyl alcohol, and n-butyl
alcohol were detected. The dynamic response signal was shown in Figure 8. It can be seen
that it is similar to ethyl alcohol. There is no new characteristic peak appeared in the three
alcohol homologue gases under the TW-2. The number of characteristic peaks was two.
For 100 ppm ethyl alcohol, n-propyl alcohol, isopropyl alcohol, and n-butyl alcohol, the
improved cyclic heating triangle wave did not increase the number of characteristic peaks,
but the position of the characteristic peak was different. The second characteristic peak
of the n-propyl alcohol appeared at 28 s. The second characteristic peak of the isopropyl
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alcohol appeared at 25 s. The second characteristic peak of the n-butyl alcohol appeared
at 29 s. For 100 ppm n-propyl alcohol, the output current decreases slowly after 28 s of
the cycle. For 100 ppm isopropyl alcohol, its dynamic response signal curve is similar to
the ethyl alcohol. There is a sharp current decline trend in the 25-30 s, and the output
current shows a slow decline trend after the 30 s. For 100 ppm n-butyl alcohol, the dynamic
response curve is similar to the n-propyl alcohol. After the appearance of the second
characteristic peak, the output current always presents a trend of gentle decline. This may
be because the number of hydroxyl groups in n-propyl alcohol and n-butyl alcohol is the
same, so they have similar dynamic response signals when they react with the surface of
ZnO nanomaterials for oxygen adsorption.
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Figure 8. The dynamic response signal curves based on TW-2 (a) n-propyl alcohol (b) isopropyl
alcohol (c) n-butyl alcohol.

The 100 ppm n-propyl alcohol, isopropyl alcohol, and n-butyl alcohol were detected
based on the TW-3. As shown in Figure 9, when the second characteristic peak appears, the
three alcohol homologues all appear as the new characteristic peaks with the increase of
heating voltage. The second characteristic peak of the n-propyl alcohol appeared in the 23 s,
and the third characteristic peak appeared in the 30 s of the cycle. The second characteristic
peak of the isopropyl alcohol appeared in the 26 s of the cycle, and the third characteristic
peak appeared in the 30 s of the cycle. The number of characteristic peaks of n-butyl alcohol
reached 4. The second, third, and fourth characteristic peaks appeared in the 18 s, 25 s,
and 28 s respectively. Compared with the time of the second characteristic peak under the
TW-3, the time of the characteristic peak will advance with the increase of heating voltage.
This may be because the overall temperature will be higher with the increase of the heating
voltage. The reaction between oxygen ions adsorbed on the ZnO surface and hydroxyl
group will occur physical or chemical reaction at an earlier time. Thus, the characteristic
peaks appear.
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Figure 9. The dynamic response signal curves based on TW-3 (a) n-propyl alcohol (b) isopropyl
alcohol (c) n-butyl alcohol.

3.4. Dynamic Response Mechanism

There are hydroxyl groups in the alcohol homolog gas, located on H and O. The
electronegativity of O is higher than that of H, and the ability to attract electrons is very
strong. The electrons in the O-H bond are heavily biased toward O, which results in the
polarity of the O-H bond. It is easily broken to form O ions and H ions. Along the way,
other products will emerge. Literature shows that ethyl alcohol, part of it can react with
adsorbed oxygen to produce CO, and H,O directly. Most lose H ions as they are captured
by the adsorbent oxygen. Three intermediates CH3CH,O~, CH3CO~, and CH3COO™ are
also generated when CO, is generated. The reaction between alcohol homologue gases and
oxygen anions is completed in multiple steps. The hydroxyl groups have a slow equilibrium
and competitive effect on the surface of sensitive materials. The types of oxygen ions
adsorbed on the surface of sensitive materials will change with the temperature change,
and the reaction with hydroxyl groups will change. Under the TW-1, the temperature
continues to decrease, and the reaction between oxygen ions and hydroxyl groups may be
incomplete. When the heating voltage is kept constant at 4 V, the temperature will decrease
slowly. The continuous high temperature makes oxygen ions entirely react with hydroxyl
groups, which results in the significant increase of dynamic response current signals of
the four alcohol homologues gases. Under the TW-2, the reaction temperature of oxygen
ions and hydroxyl groups increases, but it is possible that the reaction temperature at this
time does not change the type of oxygen ions on the surface of ZnO nanomaterials, and
the electronic activity does not change. There is no new chemical reaction between oxygen
ions on the surface of ZnO nanomaterials and alcohol homologue gases. Therefore, the
characteristic peak is not optimized. The essence of the increase in the TW-3 waveform
heating voltage is the increase in temperature, which may be the emergence of new oxygen
ion states with the increase in temperature. There is a new transformation between oxygen
ions with the increase of electronic activity. The reaction between hydroxyl and oxygen
negative ions also accelerates, resulting in the emergence of the third characteristic peak.
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3.5. Qualitative and Quantitative Analysis of Alcohol Homologue Gases

Based on TW-3, nine different concentrations of four alcohol homologue gases are
dynamically detected, and the concentrations are 100 ppm, 150 ppm, 200 ppm, 250 ppm,
300 ppm, 350 ppm, 400 ppm, 450 ppm, and 500 ppm, respectively. Figure 10 shows the
relationship between the three characteristic peak output currents and concentrations of
four alcohol homologue gases under TW-3. In particular, n-butyl alcohol obtained the
second, third and fourth characteristic peaks. The characteristic peak current increases
with the increasing concentration. The characteristic peak currents of ethyl alcohol, n-
propyl alcohol, isopropyl alcohol, and n-butyl alcohol are almost parallel to each other
as the concentration increases. However, the three characteristic peak currents obtained
under the TW-3 do not have the cross-sensitivity problem of four alcohol homologue
gases. Compared with Figure 6, the increase in the number of characteristic peaks can
indeed increase the recognition rate of measured VOCs gases. The concentration gradient
curve is shown in Figure 11. It can be seen that the positions of characteristic peaks of
different gases are different. With the increase of gas concentration, the dynamic response
current value of each gas increases, but the positions of characteristic peaks do not change.
The location and number of characteristic peaks of the same gas are the same, but the
current of the characteristic peak increases with the increase of gas concentration. The three
characteristic peaks of ethyl alcohol occur at 10 s, 17 s, and 22 s of the cycle respectively;
The three characteristic peaks of N-Propyl alcohol appear in the 8 s, 23 s, and 30 s of the
cycle respectively; The three characteristic peaks of isopropyl alcohol appear at the 12 s,26 s
and 30 s of the cycle respectively; The four characteristic peaks of n-butyl alcohol appeared
at the 10's, 18 s, 25 s and 28 s of the cycle respectively. It may be that different chemical
constituents are involved in the reaction of the different gases. As a result, the measured
gases with oxygen atoms need different times to reach equilibrium and the characteristic
peaks appear at different times. Different concentrations of the same gas have the same
chemical composition and react with the oxygen atoms. The number of chemicals increases,
so the current signal increases as the concentration increases.

v

N
(=)
(=3

2000

wasesd paul
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Figure 10. The diagram between characteristic peak output currents vs ppm of four alcohol homo-
logue gases under TW-3.
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Figure 11. The 100-500 ppm concentration gradient curve under TW-3 of four alcohol homologues
gases. (a) ethyl alcohol (b) n-propyl alcohol (c) isopropyl alcohol (d) n-butyl alcohol.

K-nearest Neighbor (KNN) is a point corresponding to the feature space for each
sample of the same dimension. The output is the result labels. Feature points with similar
distances will be classified into the same result label. KNN needs to calculate the distance
from the test sample point to each other sample point. When the dimension increases,
the number of different sample points from a sample point will decrease within the unit
distance, which will cause us to look for a longer length to find the adjacent value. In this
experiment, each tag is a sample containing 350-dimension data. Too large of a dimension
is easy to cause dimension disaster. Therefore, Principal Component Analysis (PCA) is
used to reduce the dimension of the data set. The proportion curve of dimension reduction
information is shown in Figure 12. Its principle is to recombine many original indexes with
certain correlations into a new group of linear and mutually independent comprehensive
indexes. Dimensionality reduction needs to reduce information, but also ensure that
important information is not lost. In the experiment, nine concentration information of
4 sample gases were collected, with a total of 36 result labels. Each result label is a sample
containing 350-dimensional data. Each sample is repeatedly collected five times, a total
of 180 samples. It can be known from the proportion of the information curve after the
dimension reduction, the proportion of information in three-dimensional data is 99.7%.
After that, the three-dimensional data are recognized by the KNN algorithm, and the
accuracy of dynamic reorganization of four alcohol homologue gases by the ZnO Gas
sensor is 100%.
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4. Conclusions

In this paper, the characteristic peak of the dynamic response signal is increased by
optimizing the periodic cyclic heating triangular waveform. The results show that the
number of characteristic peaks can increase if increasing the heating voltage at the last
characteristic peaks of the dynamic response signal. There are two characteristic peaks of
ethyl alcohol in the TW-1 and TW-2 waveforms, and three characteristic peaks in the TW-3
waveform. Based on the TW-3 waveform, 100 ppm n-propyl alcohol, isopropyl alcohol,
and n-butyl alcohol were tested. The number of characteristic peaks of dynamic response
signals of the three alcohol homologue gases also is optimized. Under the TW-3 waveform,
the concentration gradients of the four alcohol homologue gases of 100 ppm, 150 ppm,
200 ppm, 250 ppm, 300 ppm, 350 ppm, 400 ppm, 450 ppm, and 500 ppm were tested
respectively. A total of 180 samples and 36 labels were obtained. After the dimensionality
reduction of the data through PCA, the KNN algorithm has a recognition rate of 100% for
the qualitative and quantitative analysis of four alcohol homologue gases.

Author Contributions: Conceptualization, FM.; methodology, H.J.; software, H.Z.; validation, EM.;
formal analysis, H.Z.; investigation, H.J.; resources, X.S.; data curation, X.S.; writing—original draft
preparation, X.S.; writing—review and editing, H.Z.; visualization, H.]J.; supervision, FEM.; project
administration, EM.; funding acquisition, EM. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (62071112,
61833006, 62033002, and 61973058), the Fundamental Research Funds for the Central Universities in
China (N2201008), the 111 Project (B16009), and Hebei Natural Science Foundation (F2020501040).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

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

References

1. Zhao, S, Shen, Y,; Yan, X.; Zhou, P; Yin, Y,; Lu, R.; Han, C.; Cui, B.; Wei, D. Complex-surfactant-assisted hydrothermal synthesis of
one-dimensional ZnO nanorods for high-performance ethanol gas sensor. Sens. Actuators B Chem. 2019, 286, 501-511. [CrossRef]

2. Zhao,S; Shen, Y.; Zhou, P.; Zhong, X.; Han, C.; Zhao, Q.; Wei, D. Design of Au@WO3 coreFshell structured nanospheres for
ppb-level NO, sensing. Sens. Actuators B Chem. 2019, 282, 917-926. [CrossRef]

3. Kumarage, G.; Comini, E. Low-Dimensional Nanostructures Based on Cobalt Oxide (Co304) in Chemical-Gas Sensing. Chemosen-
sors 2021, 9, 197. [CrossRef]

4. Acharyya, S.; Nag, S.; Kimbahune, S.; Ghose, A.; Pal, A.; Guha, PK. Selective Discrimination of VOCs Applying Gas Sensing
Kinetic Analysis over a Metal Oxide-Based Chemiresistive Gas Sensor. ACS Sens. 2021, 6, 2218-2224. [CrossRef] [PubMed]

5. Lin, T; Lv, X;; Hu, Z,; Xu, A.; Feng, C. Semiconductor Metal Oxides as Chemoresistive Sensors for Detecting Volatile Organic
Compounds. Sensors 2019, 19, 233. [CrossRef]

6.  Acharyya, S.; Jana, B.; Nag, S.; Saha, G.; Guha, PK. Single resistive sensor for selective detection of multiple VOCs employing
SnO, hollowspheres and machine learning algorithm: A proof of concept. Sens. Actuators B Chem. 2020, 321, 128484. [CrossRef]

7. Zhang,]; Yu, Y. Fang, P; Liu, L.; Yue, H.; Qu, J.; Han, A. Anodization of aluminum in a sealed container. Electrochen. Commun.

2021, 129, 107086. [CrossRef]

53



Chemosensors 2022, 10, 226

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Subin David, S.P.; Veeralakshmi, S.; Sandhya, J.; Nehru, S.; Kalaiselvam, S. Room temperature operatable high sensitive toluene
gas sensor using chemiresistive Ag/BiO3 nanocomposite. Sens. Actuators B Chem. 2020, 320, 128410. [CrossRef]

Ghazi, M.; Janfaza, S.; Tahmooressi, H.; Tasnim, N.; Hoorfar, M. Selective detection of VOCs using microfluidic gas sensor with
embedded cylindrical microfeatures coated with graphene oxide. J. Hazard. Mater. 2022, 424, 127566. [CrossRef]

Zhu, L.; Zeng, W.; Ye, H.; Li, Y. Volatile organic compound sensing based on coral rock-like ZnO. Mater. Res. Bull. 2018,
100, 259-264. [CrossRef]

Liu, B,; Zhu, Q.; Pan, Y.; Huang, F; Tang, L.; Liu, C.; Cheng, Z.; Wang, P.; Ma, J.; Ding, M. Single-Atom Tailoring of Two-
Dimensional Atomic Crystals Enables Highly Efficient Detection and Pattern Recognition of Chemical Vapors. ACS Sens. 2022,
7,1533-1543. [CrossRef] [PubMed]

Jiménez-Garzaa, O.; Guob, L.; Byunc, H.; Carrierid, M.; Bartoluccid, G.; Barron-Vivancoe, B.; Baccarelli, A. Aberrant promoter
methylation in genes related to hematopoietic malignancy in workers exposed to a VOC mixture. Toxicol. Appl. Pharm. 2018,
339, 65-72. [CrossRef] [PubMed]

Kim, D.; Shin, W.; Hong, S.; Jeong, Y.; Jung, G.; Park, J.; Lee, J. Effects of Electrode Structure on H,S Sensing and Low-Frequency
Noise Characteristics in InpO3-Based Resistor-Type Gas Sensors. IEEE Sens. ]. 2022, 22, 6311-6320. [CrossRef]

Huang, J.; Wu, Y.;; Gu, C.; Zhai, M.; Sun, Y.; Liu, J. Fabrication and gas-sensing properties of hierarchically porous ZnO
ar-chitectures. Sens. Actuators B Chem. 2011, 155, 126-133. [CrossRef]

Zheng, K.; Yang, T.; Guo, Z. Porous Pb-Doped ZnO Nanobelts with Enriched Oxygen Vacancies: Preparation and Their
Chemoreceptive Sensing Performance. Chemosensors 2022, 10, 96. [CrossRef]

Hemmati, S.; Anaraki Firooz, A.; Khodadadi, A.; Mortazavi, Y. Nanostructured SnO,-ZnO sensors: Highly sensitive and selective
to ethanol. Sens. Actuators B Chem. 2011, 160, 1298-1303. [CrossRef]

Gu, C,; Shanshan, L.; Huang, J.; Shi, C.; Liu, ]. Preferential growth of long ZnO nanowires and its application in gas sensor. Sens.
Actuators B Chem. 2013, 177, 453-459. [CrossRef]

Bai, S.; Guo, J.; Shua, X,; Xiang, X.; Luo, R;; Li, D.; Chen, A.; Liu, C. Surface functionalization of Co3O4 hollow spheres with ZnO
nanoparticles for modulating sensing properties of formaldehyde. Sens. Actuators B Chem. 2017, 245, 359-368. [CrossRef]
Iwata, T.; Saeki, M.; Okura, Y.; Yoshikawa, T. Gas discrimination based on enhanced gas-species related information obtained by
a single gas sensor with novel temperature modulation. Sens. Actuators B Chem. 2022, 354, 131225. [CrossRef]

Meng, E; Ji, H.; Yuan, Z.; Chen, Y.; Zhang, H.; Qin, W.; Gao, H. Dynamic Measurement and Recognition Methods of SnO, Sensor
to VOCs Under Zigzag-Rectangular Wave Temperature Modulation. IEEE Sens. . 2021, 21, 10915-10922. [CrossRef]
Hossein-Babaei, F.; Amini, A. A breakthrough in gas diagnosis with a temperature-modulated generic metal oxide gas sensor.
Sens. Actuators B Chem. 2012, 166-167, 419—-425. [CrossRef]

Bouricha, B.; Sekrafi, T.; Labidi, A.; Dridi, C. VOCs Identification Method Based on One Single ZnTTP Sensor. IEEE Sens. ]. 2022,
22,671-677. [CrossRef]

Gaggiotti, S.; Hurotb, C.; Weerakkodyb, J.; Matheyb, R.; Buhotb, A.; Mascinia, M.; Houb, Y.; Compagnone, D. Development of an
optoelectronic nose based on surface plasmon resonance imaging with peptide and hairpin DNA for sensing volatile organic
compounds. Sens. Actuators B Chem. 2020, 303, 127188. [CrossRef]

Ji, H.; Qin, W.; Yuan, Z.; Meng, F. Qualitative and quantitative recognition method of drug-producing chemicals based on SnO,
gas sensor with dynamic measurement and PCA weak separation. Sens. Actuators B Chem. 2021, 348, 130698. [CrossRef]

Yuan, Z.; Han, E.; Meng, F.; Zuo, K. Detection and Identification of Volatile Organic Compounds Based on Temperature Modulated
7ZnO Sensors. IEEE Trans. Instrum. Meas. 2020, 69, 4533-4544. [CrossRef]

Pan, J.; Yang, A.; Wang, D.; Chu, J.; Lei, E; Wang, X.; Rong, M. Lightweight Neural Network for Gas Identification Based on
Semiconductor Sensor. IEEE Trans. Instrum. Meas. 2022, 71, 1-8. [CrossRef]

Meng, F; Shi, X,; Yuan, Z; Ji, H.; Qin, W.; Shen, Y.; Xing, Z. Detection of four alcohol homologue gases by ZnO gas sensor in
dynamic interval temperature modulation mode. Sens. Actuators B Chem. 2022, 350, 130867. [CrossRef]

Chu, X.; Zhu, X.; Dong, Y.; Zhang, W.; Bai, L. Formaldehyde Sensing Properties of SnO-Graphene Composites Prepared via
Hydrothermal Method. J. Mater. Sci. Technol. 2015, 31, 913-917. [CrossRef]

Dong, X.; Han, Q.; Kang, Y.; Li, H.; Huang, X.; Fang, Z.; Yuan, H.; Chi, Z.; Wu, G.; Xie, W. Rational construction and triethylamine
sensing performance of foam shaped a-MoO3;@SnS; nanosheets. Chin. Chem. Lett. 2022, 33, 567-572. [CrossRef]

Chu, X,; Liang, S.; Sun, W.; Zhang, W.; Chen, T.; Zhang, Q. Trimethylamine sensing properties of sensors based on MoO3
microrods. Sens. Actuators B Chem. 2010, 148, 399—403. [CrossRef]

Chu, X.; Zhou, S.; Zhang, W.; Shui, H. Trimethylamine sensing properties of nano-LaFeO3 prepared using solid-state reaction in
the presence of PEG400. Mater. Sci. Eng. 2009, 164, 65-69. [CrossRef]

Jaballah, S.; Alaskar, Y.; Alshunaifi, I.; Ghiloufi, I.; Neri, G.; Bouzidi, C.; Dahman, H.; El Mir, L. Effect of Al and Mg Doping on
Reducing Gases Detection of ZnO Nanoparticles. Chemosensors 2021, 9, 300. [CrossRef]

Shen, X.; Shi, G.; Zhang, Y.; Weng, S. Wireless Volatile Organic Compound Detection for Restricted Internet of Things Environ-
ments Based on Cataluminescence Sensors. Chemosensors 2022, 10, 179. [CrossRef]

54



-
®C| chemosensors

Review

Metal Oxide Semiconductor Sensors for Triethylamine
Detection: Sensing Performance and Improvements

Hua Zhang, Yinghao Guo and Fanli Meng *

Citation: Zhang, H.; Guo, Y.; Meng, F.
Metal Oxide Semiconductor Sensors
for Triethylamine Detection: Sensing
Performance and Improvements.
Chemosensors 2022, 10, 231.
https://doi.org/10.3390/
chemosensors10060231

Academic Editor: Boris Lakard

Received: 25 May 2022
Accepted: 15 June 2022
Published: 17 June 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 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 (https://
creativecommons.org/licenses /by /
4.0/).

College of Information Science and Engineering, Northeastern University, Shenyang 110819, China;
zhanghua@ise.neu.edu.cn (H.Z.); 2100745@stu.neu.edu.cn (Y.G.)
* Correspondence: mengfanli@ise.neu.edu.cn

Abstract: Triethylamine (TEA) is an organic compound that is commonly used in industries, but its
volatile, inflammable, corrosive, and toxic nature leads to explosions and tissue damage. A sensitive,
accurate, and in situ monitoring of TEA is of great significance to production safety and human
health. Metal oxide semiconductors (MOSs) are widely used as gas sensors for volatile organic
compounds due to their high bandgap and unique microstructure. This review aims to provide
insights into the further development of MOSs by generalizing existing MOSs for TEA detection
and measures to improve their sensing performance. This review starts by proposing the basic
gas-sensing characteristics of the sensor and two typical TEA sensing mechanisms. Then, recent
developments to improve the sensing performance of TEA sensors are summarized from different
aspects, such as the optimization of material morphology, the incorporation of other materials (metal
elements, conducting polymers, etc.), the development of new materials (graphene, TMDs, etc.), the
application of advanced fabrication devices, and the introduction of external stimulation. Finally,
this review concludes with prospects for using the aforementioned methods in the fabrication of
high-performance TEA gas sensors, as well as highlighting the significance and research challenges
in this emerging field.

Keywords: triethylamine; metal oxide semiconductor; sensing performance; morphology; new materials

1. Introduction

Emissions of noisome gases are ubiquitous in daily life and industrial production.
Outdoor fuel combustion and transportation and indoor emissions from building and
decorative materials, furniture, household appliances, cleaning agents, and the human
body itself all produce noxious fumes. Volatile organic compounds (VOCs) are a common
class of hazardous gases in the air that can have a huge negative impact on human health.
As a member of VOCs, triethylamine is a colorless oily substance that is slightly soluble in
water and easily dissolves in organic solvents such as ethanol; it is toxic and flammable
and has a strong ammonia odor [1-3].

In many chemical synthesis processes, TEA is considered a multifunctional and effi-
cient organocatalyst and solvent [4]. Because of its relative safety, commercial availability,
and low price, it is often used in industrial production as a synthetic dye and preservative,
and because of its excellent physical and chemical properties, it is also used in large quan-
tities in chemical experiments [5]. However, when the TEA concentration is too high, it
endangers our physical health by causing injuries such as skin burns and headaches as well
as pulmonary edema and poisoning by accidental swallowing; its vapor can also strongly
irritate the eyelids and mucous membranes [6,7]. It also has the risk of rapid burning and
explosion when exposed to open fire, high temperature, and strong oxidizing agents [8,9].
Both the European Commission and the American Conference of Governmental Industrial
Hygienists have recommended that the threshold concentration of TEA exposed to air be
1 ppm [10,11]. Therefore, TEA gas sensors with low detection limits that can detect quickly
need to be developed.
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The gas-detection methods developed so far include quartz crystal microbalance gas
sensor [12], visual colorimetric detection [13], headspace gas chromatography [14], elec-
trochemical sensors [15-17], and chemiresistive semiconductor gas sensors. The detection
methods mentioned above can all detect a certain concentration of TEA, but several of
them have a long detection time, high detection cost, and complicated detection operation.
Therefore, the chemiresistive semiconductor sensors, which can be fast, accurate, and highly
sensitive; have low detection limits; and can be manufactured in batches, have received
widespread attention from scientific researchers around the world. To date, semiconductor
gas sensors are mostly made of metal oxide semiconductors (MOSs), which have excel-
lent physicochemical properties such as wide bandgap, unique microstructure [18-20],
higher sensitivity to gases, and fast response time; most importantly, lower fabrication costs
make them circulate in the market in large quantities. The most commonly used n-type
semiconductor metal oxide materials are ZnO, SnO,, Fe;O3, and MoOj [21], and p-type
semiconductor metal materials are Co3Oy4, CuO, and NiO [22]. It is found that they all
respond to TEA gas, but all have the shortcomings of low detection limit, poor stability,
and high operating temperature to be solved. To improve the gas-sensing performance of
TEA sensors, experimenters have been studying the uninterrupted optimization of material
morphology and the compositions of different materials (MXenes, TMDs, and graphene
materials) in terms of all sorts of sensing characteristics.

In the body of this review, the working principle and gas-sensing characteristics of
gas sensors are introduced. More importantly, several known methods for improving
the sensing performance of TEA-sensing materials are described in turn in the following
sections, such as the optimization of the morphology and surface structures, combinations
with other materials like metal elements and conducting polymers, the development of
new materials, the application of advanced fabrication devices, and external stimulation.
The conclusion and outlook are summarized at the end.

2. Gas-Sensing Characteristics

It is usually necessary to use some specific indicators to evaluate the gas-detection
ability of a sensor. At present, the characteristic parameters commonly used to measure
gas-sensing performance include optimal working temperature, sensitivity, selectivity,
stability, repeatability, response and recovery time, and the lowest detection limits.

2.1. Optimal Working Temperature

The sensing characteristics of MOSs depend on the carrier concentration, which is
relevant to the working temperature. Only at the optimum operating temperature can
the sensitive materials fully stimulate the chemical activity to push the gas sensor to its
maximum response. Several response curves are shown in Figure 1 [23], which often show
an increase-maximum-—decrease trend. When the temperature is too low, TEA molecules
are inert and cannot overcome the activation energy barrier to react with the adsorbed
oxygen [24]; then, as the temperature increases, the whole reaction will accelerate. However,
at higher temperatures, the gas molecules get enough energy to rapidly escape from the
material surface without affecting the conductivity of the sensor, resulting in the decline
response [25].

At the present time, the optimal working temperature of most semiconductor sensors
is high, often in hundreds of degrees Celsius, which causes huge power consumption.
Developing a special gas sensor with a low operating temperature is also one of the current
challenges. According to research, metals have surface redox reaction or catalytic properties,
so noble doped or loaded can reduce the demand for energy input [26]. Additionally, the
construction of heterojunctions can regulate carrier transport, or layered or core-shell
gas-sensing materials will be more conducive to gas adsorption and desorption because of
the porous structure and large specific surface area [27-29]. The above three methods are
used to reduce the operating temperature of gas sensors.
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Figure 1. (a) The response curves of SnS, and SnS,/ZnS to 50 ppm TEA under various working
temperatures [23]; (b) The response curves of Fe;O3, Au/Fe;O3, and SnO;/Au/Fe;O3 to 100 ppm
TEA at different operating temperatures [30]; (c) The response curves of sample-1, -2, -3 to 100 ppm
TEA at various operating temperatures [31].

2.2. Sensitivity

The sensitivity K of a gas sensor is an indicator of the responsiveness of a gas sensor to
the target gas. It represents the compliance relationship between the electrical parameters of
the gas sensor and the target gas concentration. There is no doubt that the greater the K value,
the better the performance of the gas-sensing materials. The sensitivity K is usually expressed
as K = Ra/Rg (n-type semiconductor) or K = Rg/Ra (p-type semiconductor) [32,33]. Ra and
Rg represent the resistance of the sensor in air and in the target gas, respectively.

2.3. Selectivity

The selectivity of a gas sensor refers to its ability to recognize and measure a gas with-
out interference from non-target gases in multigas environments [34]. In short, selectivity is
the ability of a gas sensor to identify the measured gas more accurately in mixed gas. Only
when the sensitivity of the target gas is several times or even tens of times higher than that
of other interfering gases can a sensor be said to have good selectivity.

2.4. Stability

Stability is an important index for evaluating the property of a sensor. It refers to
whether the sensor can work for a long time and still maintain or approach the initial
performance within the predetermined working range [35]. Considering the practical
application of gas sensors, the sensor’s ability to maintain long-term stability is very
necessary. Normally, the response of the prepared sensor over one or several months will
be measured to ensure its stability.

2.5. Repeatability

Repeatability is defined as the ability of a semiconductor resistance sensor to restore
its resistance to its original value and maintain its high sensing performance after target
gas measurement. If the sensor cannot recover the resistance value in the normal gas
environment, it maybe that the target gas has an irreversible impact on the sensor that
makes it no longer operational [36].

2.6. Response Time (Tyes) and Recovery Time (T yec)

Response time (Tres) is defined as the time required for the resistance value of a sensor
in the air to reach 90% of the resistance value in the measured gas. Similarly, recovery time
(Trec) is specified as the time required to recover to 90% of the resistance value in the air
after removing the target gas [37]. The preparation of sensors that can quickly detect TEA
gas is also one of the directions that people are vigorously studying.
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2.7. The Lowest Detection Limits

The lowest detection limit is one of the major indexes pursued by many TEA sensors.
It refers to the minimum gas concentration that can make the sensor respond under certain
conditions, that is, the minimum detection concentration. High-performance sensors with
low detection limits can often detect parts from per million (ppm) or even lower to parts
per billion (ppb) [38]. This makes it possible to capture mixed harmful gases in the air
much earlier when gases leaks.

A comparison of the performance of several TEA sensors is given in Table 1.

Table 1. The sensing characteristics of several typical triethylamine sensors.

Nanomaterial Shapes Tres/Trec (S) T (O Conc. (ppm) Lim. (ppm) Res. Ref.

SnS; /ZnS microspheres 2/8 180 50 - 11.21 [23]

ZIF-67/PBA arrays 5/182 180 100 - 11.7 [24]

ZnFe;O4—~ZnO mesoporous 0.9/23 240 50 - 21.23 [25]

Au—PdO Modified Cq—Doped KoW,4043 17/27 120 10 1 282 [26]
Nanowires

mesoporous ZnO/Co304 nanosheets 17/25 240 50 0.087 67.8 [27]

COFs@SnO,@carbon 7/5 RT 5 02 95.1 [28]

nanospheres
Zn0/5n0y 27/12 100 100 1 780 [29]
micro-camellia

yolk-shell SnO,/ Au/Fe;O3 nanoboxes 7/10 240 100 0.05 126.84 [30]

ZnySn0y/ZnSnO;5 19/37 190 100 0.5 179.7 [31]

Zn0O/Co304 nanomeshes 30/55 100 5 - 32 [32]

Note: Tres and Trec represent response times and recovery times, respectively. T and Conc. indicate the optimal
working temperature and detection concentration, respectively. Lim. is the abbreviation of the lowest detection
limit. And Res. and Ref. represent response and reference, respectively. RT represents room temperature.

3. Triethylamine Gas Sensing Mechanism

To date, scientists have used various ways to explain the gas-sensing mechanism of
semiconductor sensors. Several widely used theories are electron depletion layer theory,
hole accumulation layer theory, bulk resistance control mechanism, and gas diffusion
control mechanism.

3.1. Electron Depletion Layer (EDL) Theory

For n-type semiconductors, the gas-sensing mechanism is more often explained us-
ing electron depletion layer theory. As an n-type semiconductor, the main carriers are
negatively charged electrons [39]. When the sensor is in an air environment, oxygen
molecules are adsorbed on the material surface, and the material traps its free electrons
in the conduction band, forming the surface adsorption of 0?=, 0~ and O, ,described
by Equations (1)—(4) [40]. The result is the formation of an electron depletion layer on the
sensor surface, which leads to an increase in resistance. At this point, TEA gas is passed
and will undergo a redox reaction with the adsorbed oxygen on the material surface, while
the captured electrons will be released back into the conduction band, the process of which
is described by Equation (5) [40]. This process will significantly reduce the Schottky barrier
height and decrease the depletion layer thickness, leading to lower resistance. An typical
image of the mechanism is shown in Figure 2 [41].

O>(gas) — O (ads) ¢))

Ox(ads) +e~ — Oy (ads) (T < 146.85°C) ()

O; (ads) +e~ — 20 (ads)  (146.85°C < T < 396.85°C) (3)
O~ (ads) + e~ — 0> (ads) (T > 396.85°C) 4)
(C2Hs)3N + 0~ — COz + HyO + NOy + e~ ()
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TEA molecule

Figure 2. One typical n-type gas-sensing mechanism for an SnWOy sensor exposed to air and TEA
gas [41].

3.2. Hole Accumulation Layer (HAL) Theory

For p-type semiconductors, the gas-sensing mechanism is more often explained using
hole accumulation layer theory. As a p-type semiconductor, the main carriers are positively
charged holes. In the air, oxygen molecules come in contact with the material and draw
electrons out of the conduction band; they are then adsorbed on the surface to form
chemisorbed oxygen (0%, 07) [42]. The loss of electrons results in the formation of HAL
on the surface and a concomitant decrease in the resistance of the sensor. The process is
represented by Equations (6) and (7) [43]. When the sensor is exposed to TEA gas, the gas
molecules adsorbed on the material surface undergo a chemical reaction and decompose
into ammonia and ethylene, and the chemisorbed oxygen oxidizes the ammonia and
ethylene to nitrogen dioxide, carbon dioxide, and water. Then, the free electrons return
to the material surface, the thickness of HAL decreases, and the resistance of the sensor
gradually returns to the original value. The process is represented by Equations (8)—-(11) [43].
An example image of the mechanism is shown in Figure 3.

Oa(gas) + e~ — Oa(ads) (6)

Oy (ads) +e~ — 207 (ads) )
(CoHs)3N — NHs +3C,H, ®)

NHj3 + O~ (ads) — NO; + HyO + ¢~ )
CoHy + O~ (ads) — CO + HyO + e~ (10)
(C2Hs)s + O (ads) — CO, + NOy + HyO + e~ 1)
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Figure 3. Typical p-type gas-sensing mechanisms for (a) CozOy4 sheet-300 and (b) Co3zO4 sphere-
300 [43].

4. Optimizing the Material Shape and Surface Structure

As is known to all, the gas-sensing performance of nanomaterials is partly deter-
mined by their ability to convert oxygen in the air into lattice oxygen. The stronger the
conversion ability, the better the gas-sensing performance will be [44]. Obviously, the
conversion ability is affected by the morphological structure of nanomaterials because the
larger the specific surface area and porosity of the nanomaterials, the more active sites will
adsorb oxygen, and the stronger their ability to adsorb oxygen. Researchers have prepared
such nanomaterials as zero-dimensional (nanocrystals [45], nanoparticles [46], quantum
dots), one-dimensional (nanorods [47,48], nanowires [49], nanofibers), two-dimensional
(nanosheets [50], nanofilms), three-dimensional (nanofoam, nanospheres [51], nanoflow-
ers [52]), and other nanomaterials by hydrothermal method, solvothermal method, and
sol-gel method. In addition, nanocrystals also have complex surface structures, with
clear shapes and exposed crystal surfaces [53]. Semiconductor nanocrystals usually have
different surface structures on the atomic scale and exhibit different physical and chem-
ical properties. It can be inferred that adjusting the different exposed crystal planes of
nanomaterials also plays a key role in the sensing performance of TEA.

4.1. Zero-Dimensional (0D) Nanomaterials

Low-dimensional nanomaterials such as 0D nanoparticles and nanocrystals are the
earlier nanomaterials prepared for gas sensors [54,55]. Because of their small specific surface
area and low porosity compared with other dimensional nanomaterials, they often need
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some ways to improve their gas-sensing characteristics [56], although some 0D materials
do have good sensing performance.

Yu et al. [57] synthesized hierarchical hollow GaFeOj3 by a kind of solvothermal method
and a subsequent annealing strategy. They obtained Fe; [Fe(CN)s]3 MOF precursors
through a facile hydrothermal process and then used Ga®* as the modifier to modify the
precursors. The hollow porous nanocube microstructure was vividly depicted by TEM,
SEM, and XRD in Figure 4. They found that the microsized morphologies and hollow
interior structures of GaFeO3; microcubes can be feasibly modulated by controlling the
thermolysis temperatures. The ultrasmall GaFeO3 nanostructure exhibited rapid response
times (9 s), good selectivity, and excellent stability.

—_
()
~—

T i
GaFeO, ﬁlﬁ 4 JCPDS No. 76-1005
<82

Sample-4

Sample-3
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Figure 4. (a) From bottom to top, the simulated and experimental XRD patterns of Fes [Fe(CN)4]3
MOFs (JCPDS No. 01-0239), the experimental XRD patterns of Samples-1, -2, -3, -4, and the simulated
XRD pattern of GaFeO3 phase (JCPDS No. 76-1005). The FE-SEM images of (b) Fes [Fe(CN)g]3 MOF
precursors and (c—f) porous GaFeO3 microcubes of Samples-1, -2, -3 and -4 obtained at 400, 450, 500,
and 550 °C, respectively. (g) TEM and (h) HRTEM images of Sample-3 obtained at 500 °C. (i) The
selected SEM image of Sample-3 and the corresponding elemental mapping images of (j) Ga, (k) Fe,
and (1) O, respectively [57].

Meng et al. [58] successfully synthesized SnO, nanoparticles with abundant oxygen
vacancies (OVs) by a combined hydrothermal route and ice-water bath stirring method.
The sensors based on this material reveal excellent selectivity, ppb level detection limit,
and long-term stability. The outstanding sensing characteristics of the sensor could be
attributed to the abundant OVs, improving the O, adsorptivity and enhancing electron
transfer. Du et al. [59] synthesized SnO, quantum dots with controllable size by changing
the amounts of hydrazine in the hydrothermal process. The experimental results show that
the smaller the SnO, quantum dot material, the better the sensing performance for VOC
gases. More critically, it has a faster response time and a lower detection limit for TEA than
other VOC gases.
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4.2. One-Dimensional (1D) Nanomaterials

Hierarchical materials with 1D structures can be used to design adjustable surface-
active regions to obtain more reactive sites, boost electron transmission efficiency, and
optimize electron transmission channels [60-62]. Moreover, 1D hierarchical structures can
inhibit aggregation, resulting in significantly improved gas dispersion and transfer [63].

Lv et al. [64] successfully fabricated well-crystallized ZnO nanorods using a simple
solution route with dodecyl benzene sulfonic acid sodium salt as a modifying agent. The
experiment results reveal that this material has a low working temperature (150 °C), excel-
lent selectivity, and superior sensitivity to ppm level TEA. In another study, Liu et al. [65]
fabricated ultralong NiO nanowires assembled with NiO nanocrystals by adjusting the
hydrothermal reaction temperature and time to enhance the gas-sensing properties. The
TEM images of the structural representations of the material are shown in Figure 5, and
typical transient response curves of several powders of NiO are exhibited in Figure 6. The
curves indicate the improvement in gas sensing of ultralong NiO nanowire compared with
the other two nanomaterials.

Figure 5. (a) The typical TEM images of the NiC,O4-2H,O precursors prepared at 220 °C for 12 h.
(b-d) TEM images at high magnification from rectangles I-III in [65].
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Figure 6. The response of the sensors is based on (I) the ultra-long nanowires, (II) nanowires, and (III)
powders of NiO to triethylamine of different concentrations [65].

Zou et al. [66] reported a hollow SnO, microfiber that was prepared via a unique
sustainable biomass conversion strategy for highly efficient TEA detection. The authors
established that the unique structure efficiently immobilized Sn?* cations during the sub-
sequent calcination process to synthesize the hollow SnO, microfiber. The excellent TEA
gas property in turn contributed to the synergism of the 1D carbon morphology and the
porous hollow structure.
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4.3. Two-Dimensional (2D) Nanomaterials

Mesoporous or layered 2D nanomaterials composed of nanoparticles often have large
specific surface area and porosity, which also gives them good sensitivity, long-term cycle
stability, and excellent selectivity, which is more conducive to the detection of TEA [67].
Researchers today are still focusing on research and development related to different 2D
nanostructures to improve gas-sensing performance.

Zhang et al. [68] used polystyrene-polyacrylic acid ZIF-8 as the collaborative template
by calcination precursor for 2 h to obtain mesoporous ZnO nanosheets. The team completely
characterized the morphology as well as the microstructure and specifically tested the gas
properties for TEA. The test results show that the high response to 50 ppm TEA can reach
43.771 at 268 °C. Meanwhile, the low detection limit (1 ppm) and rapid response/recovery
are also advantages of the material. In one recent report, Liu et al. [69] designed 2D ultrathin
SnO, nanofilms for manufacturing low-temperature TEA gas sensors. They studied the
effect of calcination temperature on crystal crystallization and found that with the increase
in temperature, the crystal size decreased, and the uniformity and density of the surface
particles gradually increases. Furthermore, the decrease in crystallinity combined with the
increase in interfacial defects led to the suppression of grain boundary migration and an
increase in the energy barrier for grain growth.

4.4. Three-Dimensional (3D) Nanomaterials

There are now a variety of 3D porous core-shell, layered, microsphere, and other
nanostructures assembled by low-dimensional nanomaterials with greatly increased spe-
cific surface areas and active sites that can promote the adsorption and transmission of
gas molecules [70]. The increased specific surface areas and pore diameters of 3D porous
hollow structures also avoid agglomeration [71,72].

Wang et al. [73] prepared a 3D porous ZnO foam structure through a simple solvother-
mal method by dissolving Zn(NOj3),-6H,O solid in ethylene glycol solution and calcining
the precipitate at 350 and 450. The sample obtained at 350 °C showed an excellent response
to low-concentration TEA. One type of WO3 hollow microsphere for fast TEA gas sens-
ing was successfully prepared by Zhai et al. [74]. They used a simple low-temperature
solvothermal strategy followed by an annealing process in atmospheres. The fabricated
WOj3 hollow microspheres material shows excellent selectivity and fast response time to
50 ppm TEA at 220 °C. The response is almost greater than that for all of the previously
reported TEA sensors. In the SEM images shown in Figure 7, we can clearly see the mi-
crosphere structure of the prepared material. Its large specific surface area and hollow
structure play a key role in improving its response speed. Sui et al. [75] constructed three-
dimensional novel flower-like a-MoO3 with hierarchical structure via a facile solvothermal
route without any surfactant or template and performed subsequent calcination at 400 °C in
the air for 2 h. The experimental results present that at the working temperature of 250 °C,
this material to 100 ppm TEA not only attains a high response (416) but a low detection
limit (0.5 ppm). However, the long recovery time is also a big problem to be solved.

Figure 7. (a-e) SEM images of the hollow microsphere samples prepared after 10 min; 15 min; 30 min;
2 h; and 6 h hydrothermal reaction time. (f) SEM image of the WO3 hollow microspheres after
annealing [74].
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4.5. Exposed Crystal Plane

Lattice is the regular arrangement of atoms in the crystal. In the process of sponta-
neous growth, crystals can develop polyhedral shapes composed of planes with different
orientations [76]. The planes in these polyhedral shapes are called crystal faces. Crystal
will produce two different situations: anisotropic and isotropic. The anisotropy of crys-
tals means that the periodicity and density of the arrangement of protons are different
along with different directions of the lattice, resulting in different physical and chemical
properties of crystals in different directions. The opposite is isotropy, that is, the physical
and chemical properties of crystals in different directions are the same. The crystals often
show anisotropy, so they often show different gas-sensing characteristics when exposed to
different crystal planes [77].

There are few reports on the effect of exposed crystal on TEA gas sensing; however, Xu
et al. [78] prepared SnO, nanorods with {200} crystal faces and successfully made normal
SnO; nanorods with outstanding TEA selectivity. Xiang et al. [79] make a profound study
of the TEA-sensing characteristics of nonpolar (11-20) and polar (0001) GaN thin films. The
results show that Mn atoms at (111) surface show remarkably improved sensing properties,
which allows the active unsaturated Mn atoms to adsorb oxygen, creating electrons and
catalyzing the gas-sensing reaction.

In Table 2, the reaction of nanomaterials with different morphology and exposed
crystal surface to TEA is sorted out.

Table 2. TEA-sensing properties of different gas-sensing material shapes.

Nanomaterial Shapes Tres/Trec (S) T Q) Conc. (ppm) Lim. (ppm) Res. Ref.
hollow GaFeOq 9/49 200 200 - 7.4 [57]
oD microcubes
SnO, nanoparticles 163/163 260 100 0.001348 430.65 [58]
SnO, quantum dots 1/47 240 100 1 153 [59]
ZnO nanorods 15/15 150 1 0.1 39 [64]
1D NiO nanowires - 350 9 2 3.5 [65]
Hollow SnO, Microfiber 14/12 270 100 2 49.5 [66]
oD ZnO nanosheet 7/21 268 50 1 43.771 [68]
SnO, nanofilms - 150 100 - 19.2 [69]
porous ZnO foam 1/1 350 100 <5 79.5 [73]
3D WOj3 hollow microspheres 1.5/22 220 50 - 16 [74]
flower-like «-MoOj3 3s/1283 250 100 0.5 416 [75]
SnO, nanorods
crfziteal 200 crystal faced 6s/465 120 50 - 64 [78]
polar (0001)
GaN thin films 7.9s/20.7 480 200 0.2 5.23 [79]

5. Combinations of Different Materials

Although the metal oxide of a single metal has a certain response to VOCs, most of
the materials have a high intrinsic value band, leading to weak gas adsorption capacity
and resulting in low sensitivity, poor selectivity, and insufficient response speed. In the
process of continuously improving the performance of the sensor, researchers found that
combinations of different materials can often increase the adsorption sites and reduce the
reaction energy consumption [80]. Several material combination methods for improving
the sensing ability will be introduced below.

5.1. Effect of Metal Elements and Non-Metallic Elements

Among the sea of methods for enhancing the gas-sensing characteristics of gas-sensing
materials, the use of metal or nonmetallic elements to dope and modify the target materials
is the most convenient and popular [81]. Both the catalysis of metal materials and the
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electronic properties of nonmetallic materials can reduce the adsorption energy of gas [82],
and the formation of defects on the surface and modification of the electronic structure
can also play a role in improving sensing properties [83]. The action of metal elements
can be simply divided into two categories, doped and surface decoration, and the action
of nonmetallic elements can be roughly divided into doped and conductive polymer
composite modification.

5.1.1. Role of Transition Metals, Noble Metals, and Rare Earth Elements

Through a large number of studies, it is found that noble metals and transition metals
have strong catalytic properties and can replace the metal ion sites in the original materials
to form more oxygen vacancies and surface adsorption sites, so as to improve the adsorption
performance of gas. Therefore, transition metals such as Fe, Cr, Ni, Co, Ce, Cu, and noble
metals such as Ag, Au, Pt, and Pd have been utilized as dopants into nanostructured [84,85].
In addition, rare earth elements such as Y, Sc, La, Ce, Ho, and Gd with unique electronic
shells as dopants can cause lattice deformation and defects, increasing the number of
oxygen vacancies and improving the gas adsorption capacity [86].

Liu et al. [87] loaded Pt nanoparticles on InO3 novel hierarchical ZnO microspheres
via a two-step hydrothermal method. They not only compared the TEA gas-sensing
performance of the prepared Pt-ZnO nanospheres with that of commercial ZnO but also
discussed the role of Pt decoration in enhancing the gas-sensing properties. Figure 8 depicts
that the responses of the self-made ZnO nanospheres mixed with Pt at 200 °C are much
higher than those of commercial ZnO and the self-made nanospheres without Pt. Zhu
et al. [88] dropped different holmium ions concentrations of 0 at.%, 0.11 at.%, 0.45 at.%, and
0.53 at.% in SnO, nanoparticles (NPs) via gas-liquid phase chemical deposition following
annealing. Figure 9 the presents the TEM images of the process, showing that Ho particles
are already dropped in SnO,. Meanwhile, Figure 10 reveals the brief enhancement of its
TEA gas-sensing properties.
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Figure 8. The response curves of the ZnO, Pt-c-Zn0O, and Pt-ZnO microspheres to 100 ppm TEA at
various temperatures [87].
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Figure 9. (a) TEM images of 0.45 at% SnO,: Ho®* nanoparticles. The inset is the SAED image of
0.45 at% SnO,: Ho®* nanoparticles. (b) The HRTEM image of 0.45 at% SnO;: Ho%* nanoparticles [88].
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Figure 10. (a) A line chart of the relationship between the sensor response and the TEA concentration;
(b) nanoparticle-based sensor responses to 50 ppm TEA under different RHs [88].

Zhang et al. [89] prepared Cr-doped SnO, microrods using a facile hydrothermal
method to detect TEA. The gas sensitivity test found excellent selectivity and sensitivity
to TEA; what was more surprising was its marvelous response time (1 s) as well as its
humidity resistance. The latter above all makes it one good commercial sensor. In one
recent study, Bi et al. [90] synthesized Rh-SnO, nanosheets by facile hydrothermal synthesis
and subsequent surface impregnation precipitation and heat treatment. The sensor had
better stability and gas selectivity, and its temperature response was nearly 15 times higher,
than that of the nondoped sensor at the best working temperature (325 °C).

5.1.2. The Roles of Nonmetallic Elements

Adding nonmetallic elements to the material can reduce the Fermi level and enhance
the electron transfer between the material and gas molecules, so as to improve the selectivity
and sensitivity of the material to the target gas [91]. At present, some researchers have
added carbon and other nonmetallic elements to gas-sensing materials to improve their
gas-sensing properties [92].

To overcome the problems of high concentrations of chemical hydrothermal solutions
and complex chemical reactions, Peng et al. [93] applied the magnetron sputtering process
to prepare the core-shell structure and then combined it with reduced graphene oxide to
prepare boron-doped reduced graphene oxide- (BRGO) coated Au@SnO,. Figure 11 is
the structure of the prepared materials. The enhancement of its gas-sensing properties
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may be largely attributed to the wrapping with BRGO. In another report, Zhang et al. [94]
prepared carbonized polymer dots doped with hierarchical tungsten to solve the problems
of the high working temperature and high detection limit of TEA sensors. They not only
developed the preparation method of the mixed material but also studied its gas-sensing
performance to TEA and the effect of the carbon compound point on the performance
improvement, which laid a foundation for the further study of carbon doping in the future.

/,iﬂi @ _ﬁi;‘ax

i’ ®
[ @ ®\
. Ad % '.T\'\
| @ @

@
Auelectrode | @ '® |
n/ @

4 " b

B,
Y

SnO: - — @

Figure 11. The schematic diagram of the B-RGO/SnO,@Au heterostructure-based sensor [93].

5.2. Noble Metal Oxides and Transition Metal Oxides

Similar to the idea of using metals to enhance gas-sensing properties, the combination
of different metal oxides can also improve gas-sensing performance [95]. In semiconduc-
tor physics, semiconductors with electrons as the main charge carriers are called n-type
semiconductors, semiconductors with holes as the main charge carriers are called p-type
semiconductors, and heterojunctions will be produced when different semiconductors
contact [96]. Generally, the semiconductor oxides with different properties have differ-
ent gas-sensing mechanisms and effects. According to investigations, common types of
heterojunction are p-p, p-n, n-p, and hybrid junctions [97]. Because of the existence of
heterojunctions, the material resistance is often very high, and in order to balance the Fermi
level, it will produce a greater response when exposed to the target gas [98].

5.2.1. N-N Heterojunction

The n-type semiconductor metal compounds tend to have better gas-sensing perfor-
mance and are the most used class of semiconductor metal compounds. Investigators have
combined a large number of various n-type semiconductor compounds in an attempt to
enhance their performance with TEA detection. The main principle of n-n heterojunction
for enhancing the gas-sensing performance is as follows. The main carrier of n-n hetero-
junction is electrons, where the carriers will flow from the high side of the conduction band
to the low side of the conduction band; an EDL is formed on the high side of the conduction
band, and a charge accumulation layer is formed on the low side of the conduction band.
This change will result in a larger response of the sensing material before and after exposure
to the target gas with a larger range of electron changes [99].

Among the many examples, Xu et al. [100] prepared n-n heterojunctions via assembling
SnO; nanosheets and TiO, nanoparticles employing the PLD method. They characterized
the shape of the material by SEM and TEM, and they analyzed the elemental composition
of the material by EDS, XRD, and XPS. The gas sensors were completely tested for several
gas-sensing indexes such as repeatability, selectivity, and operating temperature. The
test reports show that the sensor has not only excellent TEA selectivity but fast response
time and recovery time. Xue et al. [101] prepared CeO,/SnO; nanoflowers using the
one-step hydrothermal method. The result shows that the response of 5 wt.% CeO, content
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composite excellently improved. The sensing mechanism diagrams of pure SnO;, and
CeO,/5n0O; are shown in Figure 12.
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Figure 12. Sensing mechanism diagrams of (a) pure SnO; and (b) CeO,/SnO, nanostructures [101].

5.2.2. P-P Heterojunction

Based on previous experimental experience, the gas-sensing performance of p-type
semiconductor metal compounds is poor compared with that of n-type semiconductor
metal compounds, but the gas sensing performance of p-type semiconductors can be rel-
atively enhanced by forming p-p heterojunctions. The enhancement mechanism of the
gas-sensing performance through p-p heterojunctions is mainly as follows. P-P heterojunc-
tions have holes as the main carriers, in which the carriers will flow from the side with a
higher valence band to the side with a lower valence band, forming a hole depletion layer
on the side with a higher valence band and a hole accumulation layer on the side with a
lower valence band [102]. The change in resistance due to this change is beneficial for the
increase in gas-sensing performance [103].

Wang et al. [104] prepared NiWO,@NiO p-p heterostructure via a self-sacrificing
template method. The response of the heterojunction material prepared by the template
was enhanced from 2.5 to 65 compared with pure NiO at an optimum operating temperature
(240 °C) with 50 ppm of TEA gas. The team found that the p-p heterojunction needs to
keep the balance of the Fermi energy level; electrons will be transferred from NiWOj, to
nickel monoxide, and the electron-hole pair recombination leads to higher resistance. The
mechanism diagram is shown in Figure 13.
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Figure 13. A schematic diagram of the improved gas-sensing mechanism of p-p NiWO, decorated
NiO [104].
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5.2.3. P-N Heterojunction

P-N heterojunctions, the most representative heterojunction, applied in a variety of
different fields to enhance the physicochemical properties of semiconductors, are also
one of the most important means of enhancing the TEA-sensing performance. P-N het-
erojunctions to improve gas-sensing performance are briefly described below. For p-n
junction MOS sensing materials, the electron will migrate from n-type material to p-type
material, and a large number of electrons are lost in the p-type material, forming a thick
EDL, while holes are transferred to the p-type material, leading to band bending [105]. This
process accelerates the carrier transfer efficiency in the accelerated material, so that the p-n
heterojunction material obtains a higher resistance in the post-in and target gas reactor
process to obtain the reaction-generated free electrons, lowering the resistance to obtain a
large response [106].

For instance, Zeng et al. [107] fabricated a p-n heterojunction of Co304/WO3 by
a ZIF template. In this study, the sensor shows superb selectivity, excellent long-term
stability, and a linear response for TEA. The authors explained the high performance of
the sensor according to the large specific surface area, porosity, and most importantly, the
depletion principle. In another study, Yu et al. [108] fabricated mesoporous and hierarchical
hollow-structured In,O3-NiO composites via solvothermal reaction and subsequent cation
exchange. The result in Figure 14 shows the obvious descent of the working temperature.
Figure 15 depicts the gas-sensing mechanisms as well as the energy band states of NiO,
Iny O3, and In, O3-NiO.
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Figure 14. The selectivity of In,O3-NiO composites to seven different VOCs at various tempera-
tures [108].

5.3. Conducting Polymer

Although MOS materials are widely used as sensors, their high operating tempera-
tures have always affected their practical applications. To solve the temperature problem,
experimenters have begun to gradually apply conductive polymers in semiconductor gas
sensors. Among them, the most widely used were the well-known polyaniline (PANI),
polypyrrole (PPy), polythiophene (PT), and poly (3,4-ethylene dioxythiophene) (PEDOT).
In 2016, Bai et al. [109] apply polyaniline to fabricate a TEA detection sensor. The fabricated
polyaniline@SnO, shows excellent selectivity and ultra-low detection temperature, which
are the important performance indicators of TEA detection. This material opens the way to
combining conducting polymer with semiconductor mental oxide for TEA detection.
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Figure 15. Schematic diagrams of the energy band states of NiO, InpO3, and InyO3-NiO, (a,b) in a
vacuum, (c) in air, and (d) in TEA [108].

5.4. Quantum Dots

Quantum dots are one species of material used in chemiresistive sensors. Since their
first introduction in 1983, scientists found that the bandgap properties of quantum dot
materials can be changed by adjusting the quantum dot size. The materials have been
applied in various fields including gradually in the sensing field [110]. In a report on
TEA detection, Liu et al. [111] combined CdS quantum dots with ZnO to form a kind
of n-n heterojunction structure, improving the response time (2 s) and decreasing the
working temperature (200 °C). The following year, Liu et al. [112] again used quantum
dots technology to combine CsPbBr; quantum dots with ZnO. This material has a higher
response and lower detection limit compared with the previous experiment. The images
of response versus temperature are exhibited in Figure 16. The two experiments by Liu
et al. show that quantum dot materials have great potential for TEA detection, and more
quantum dot materials may be used for TEA detection in the future.
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Figure 16. (a) Responses of as-obtained sensors versus different temperatures to 100 ppm of TEA.
(b) The plots of Ra change for all sensors at different working temperatures to 100 ppm of TEA [112].
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6. New Materials Application

Although conventional MOSs such as ZnO and SnO, have certain gas-sensing abil-
ities, they are still difficult to work with at room temperature and have high detection
limits, which hinders their practical application [113,114]. Therefore, it is imperative to
find new materials to solve their existing problems. In recent years, graphene and its
derivatives, carbon nanotubes, 2D transition metal carbides and nitrides (MXene), 2D
transition metal dichalcogenide (TMDs), and spinel and perovskite materials have been
gradually developed by scholars to enhance gas detection [115-117].

6.1. Graphene and Its Derivatives-Based

Graphene is a single-layer carbon sheet with a hexagonal filled lattice structure, which
has many outstanding physical and chemical characteristics, such as good low temperature,
high carrier mobility, excellent optical properties, large specific surface area, and excellent
thermal conductivity [118]. The performance of graphene derivatives, graphene oxide (GO)
and reduced graphene oxide (RGO) tablets, is further improved for their reactive oxygen
groups [113,119]. Graphene and its derivatives combined with various functional materials
are widely used in lithium-ion batteries, metal oxide supercapacitors, and other applica-
tions [120]. Because of its ability to adsorb gas at room temperature, large specific surface
area, and high conductivity, graphene is also gradually being used in gas sensors [121].

Bai et al. [122] prepared a hybrid of pine dendritic BiVO4/RGO via a one-step hy-
drothermal method enhancing the response of 10 ppm TEA at a working temperature of
180 °C. Figure 17 shows SEM images that indicate sufficient contact between the two mate-
rials and the full interaction of both. Figure 18 displays the nitrogen adsorption/desorption
isotherm of BiVO,/13.0 wt.% RGO hybrid; the figure reveals its large specific surface area,
which is a benefit for TEA detection.

Figure 17. SEM images of (a) GO; (b) RGO; (c) pure pine dendritic BiVOy; (d) BiVO; /RGO hy-
brid [122].
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Figure 18. The nitrogen adsorption/desorption isotherm of BiVO,/13.0 wt.% RGO hybrid [122].
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Wei et al. [123] successfully prepared a MOF-derived x-Fe,O3 porous spindle com-
bined with RGO using Fe-MIL-88 as a precursor through a simple solvothermal method to
improve TEA sensing performance. Figure 19 presents dynamic response-recovery curves.
It clearly shows that the new material decorated with RGO not only greatly increased
response but accelerated response time. Responses of RGO/ x-Fe,O3 nanocomposites
display better linearity and superior sensing performance.
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Figure 19. (a) Dynamic response—recovery curves (100 ppm TEA) of pure «-Fe,O3 spindles and
RGO/ «-Fe,O3 nanocomposites at 280 °C. (b) Concentration-dependent response curves of pure
a-FeyOj3 spindles and RGO/ a-Fe; O3 nanocomposites to 10-1000 ppm TEA [123].

Yu et al. [124] modified Co304 nanoparticles by wrapping RGO via a simple hydrother-
mal method. In their experiments, they found that Co3O4 with {100} crystal planes and
{112} crystal planes could be prepared by changing the amount of sodium hydroxide. The
experimental results show that the nanostructures with {112} surface contain more adsorbed
oxygen, which can enhance the adsorption of TEA. Figure 20 shows the 3D electron density
difference between the CozOy4 (100)/graphene interface and the CozOy4 (112)/graphene.

(b)

Figure 20. 3D electron density differences on the Co3O4 (100)/graphene interface (a) and the Co30y4
(112)/graphene interface (b). The cyan and yellow contours represent electron density depressions

and accumulations, respectively [124].

6.2. MXenes-Based

Since the first MXene report in 2011, MXene materials have received extensive at-
tention [125,126]. Various MXene materials such as TizCy Ty, M0,CTy, and V,CTy have
been successively prepared and gradually used in the research on gas sensors [127]. MX-
enes are early-transition metal carbides/carbonitrides and nitrides with a general formula
Mp4+1Xn Ty, where M represents transition metals (like Sc, Ti, V, Cr, Zr, Nb, Mo, and Ta), X is
Cor N, and T represents surface terminal groups (like O, F, and OH) [128].

MXene is a multifunctional material that is mostly used in catalysis, ion batteries,
and gas storage [129]. Due to its special geometric and electronic structure, good conduc-
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tivity, large specific surface area, excellent gas adsorption capacity, rich active sites, and
excellent stability, it has been the focus of much attention in the field of gas sensing in
recent years [130]. In one recent study, Liang et al. [131] applied MXene material for the
first time to a TEA gas sensor and achieved a good response. They synthesized 2D /2D
SnO; nanosheets/Ti3C, Ty MXene nanocomposites by a simple hydrothermal method and
achieved fast response/recovery time, relatively high sensitivity, high stability, and excel-
lent selectivity to the synergistic effect of SnO, and MXene in SNTM composite and its
highly interconnected porous structure determine. Figure 21 is its XPS spectrum.
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Figure 21. The high-resolution XPS spectra of (a) C 1s; (b) Ti 2p; (c) O 1s; (d) Sn 3d, respectively [131].

6.3. TMD-Based Materials

In addition to graphene and its derivatives as well as MXenes, 2D transition metal
dichalcogenide (TMD) nanosheets are also applied in gas sensing. TMDs are a kind of
layered material [132]. The basic chemical formula can be written as MX2, where M
represents transition metal elements, including Ti, V, Ta, Mo, and W, and X represents
chalcogenide atoms (S, Se, Te, etc.); MoS,, WS,, MoSe;, and WSe; are a few of the typical
materials [133]. Because of its unique layered structure, large specific surface area, and
excellent physicochemical as well as electronic properties, TMD has great application
potential in the field of gas sensors [134].

However, there are few cases of its application in TEA detection. Xu et al. [135]
proposed a novel n-n heterojunction material based on MoS;/Zn0O, and its size and mi-
crostructure were designed by controlling the annealing rate. They determined that the
material remaining in a weak acid environment CTAB can gradually be adsorbed on MoS;
nanosheets to form the n-n heterojunction. Then, they carefully researched its TEA sens-
ing mechanism and enhanced the sensitivity by the unique microbridge structure. Yang
et al. [136] studied the gas selectivity of 3D MoS, /GO hybrid nanostructures under TEA
and other VOCs. They found that the material had better selectivity for TEA gas at working
temperature (260 °C). It may be that the synergistic effect of the layered TMDs and GO
produce strange sensing characteristics. Figure 22 is the response curves.

6.4. Perovskite Structure and Spinel Structure

The general formula of perovskite structure is ABX3, and the structure commonly used
in gas sensors is ABO3 [137,138]. Perovskite-type ternary compounds have a wide bandgap,
excellent thermal stability, and chemical compositions including the partial substitution
of A and/or B positions with aliovalent elements of variable sizes and values [139,140].
However, chemical instability, low porosity, and poor low-temperature stability hinder
its application in gas sensors [141,142]. There are only a few perovskite materials applied
to TEA sensing. Zheng et al. [143] obtained the CoSnO3; nanoboxes via the calcination of
CoSn(OH)¢ precursors derived from a solution—precipitation method. After a series of
experiments, they came to the conclusion that the material is a kind of p-type semiconductor
that can detect TEA under a low temperature with a low detection limit.
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Figure 22. (a) The response curves of MoS;/ZnO to different concentrations of TEA at room tempera-
ture. (b) The response-recovery curve of MoS, /ZnO to 200 ppm TEA at room temperature [135].

Hao et al. [144] modified porous LaFeO3 microspheres with RGO following a simple
electrostatic self-assembly strategy. Figure 23a shows the sensing mechanism that the
tight interface contact between LaFeO3; microspheres and RGO tablets. RGO is wrapped
on the surface of the microspheres to form p-p heterojunctions, causing the adsorbed
oxygen to trap free electrons from the conductive band, in turn making the electrical
resistance decrease. Figure 23b reveals the excellent selectivity of LaFeO3, RGO/LaFeO3
nanomaterials to 100 ppm of five different VOCs at 240 °C.
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Figure 23. (a) The nanostructure and the possible gas-sensing mechanism of the RGO/LaFeOs.
(b) The response of LaFeO3, RGO/LaFeOj3 to 100 ppm of five different VOCs at 240 °C [144].

In recent years, spinel structures have also been used in TEA gas detection because of
their good thermal stability and sensitivity to VOCs [145,146]. The common formula for
normal spinel structures is A%*"3(B,)°®@04 where A is the distribution of positive second-
order metal cations in tetrahedral voids, and B is the distribution of positive trivalent
metal cations in octahedral voids [147]. The common formula for inverse spinel struc-
tures is B3 (AB)°®Q,. The distribution of A and B is just the opposite of that formal
spinel structure [148]. The different cation spices and charge states of two sites in the
polyhedral crystalline structure will significantly affect the physicochemical properties of
nanomaterials [149]. Ma et al. [150] prepared hierarchical spinel-type corn-like MGa,Oy4
(M = Ni, Co) architectures using a facile hydrothermal method and subsequent calcina-
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tion. Subsequently, they completely and scientifically investigated the phase compositions
and microstructures, which may be the essential influence factor of excellent gas-sensing
properties. Yang et al. [151] investigated the impact of the calcination temperature on
the morphology and TEA-sensing properties of NiCo,O,4 microsphere nanomaterial. The
experiment results reveal that the material shows good selectivity to TEA but that its high
working temperature and slow response time need to be improved. The synthesis process
and calcination results of NiCo,O4 micromaterials are displayed in Figure 24.
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Figure 24. The synthesis process of NiCo,O4 nanospheres annealed at various temperatures [151].

The comparison of gas-sensing characteristics of nanomaterials listed in this paper
will be given in Table 3 at the end of this section.

Table 3. The gas-sensing properties of various materials.

Nanomaterials Tres/Trec (S) T (°C) Conc. (ppm) Res. Lim. (ppm) Ref.

Pine dendritic BiVO, /RGO 59/114 180 10 5.9 2 [122]

a-Fe,O3 porous spindle/RGO 2/7 280 50 24 - [123]

Co304 /RGO - 25 100 10 - [124]

2D /2D SnO, nanosheets/TizC, Tx 1/1 140 50 334 5 [131]

MXene

MoS;/Zn0O bridge-like 35/142 200 100 31.08 0.097 [135]

MoS, /GO hybrid nanostructures 7/11 260 1 2.8 1 [136]

CoSnO3 nanoboxes - 100 5 2.7 0.134 [143]

RGO—wraPped porous LaFeO3 3/4 240 50 1035 1 [144]
microspheres

corn-like MGa,O4 (M = Ni, Co) 136/41 270 100 7.6 - [150]

Hierarchical NiCo,O4 microspheres 49/54 300 50 - 0.145 [151]

7. The Application of Advanced Instruments to Make Sensing Materials

The different fabrication methods of gas-sensing materials usually create different
morphologies of the materials with different gas-sensing properties. Therefore, using some
advanced equipment to prepare or modify sensing materials is also one typical way to
improve gas-sensing properties. Generally, because of the simple synthesis operation, and
low production costs, one-step hydrothermal [152] or solvothermal [153], sol-gel [154],
and coprecipitation methods are popular. However, micromaterials prepared by atomic
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layer deposition (ALD) [155], utilizing DC-sputtering technology, pulsed laser deposition
(PLD) [156], or electrospinning [157] can achieve remarkable responses.

Take the ultrathin ZnO films (20 nm) as an example, Li et al. [158] prepared them
by depositing ZnO on SiO, wafers by ALD. The preparation process for ALD deposition
is exhibited in Figure 25a, and Figure 25b depicts the scheme of the Ar plasma process.
The improvement of the TEA gas-sensing properties is attributed to oxygen vacancies
acting as electron donors and multiple existing active sites. PLD is a technology that uses
a laser to bombard a target material and deposit the bombarded plasma on the substrate
for thin-film growth. The easy agreement with the target material composition is the
biggest advantage of PLD, which is the main mark to distinguish it from other technologies.
Moreover, the advantages of high deposition rate, short test cycle, high orientation, and
high film resolution have allowed experimenters grow thin films using PLD for almost
all materials [159]. Song et al. [160] successfully fabricated a kind of n-n heterojunction
that combined ZnO nanorods with «-Fe,O3 nanoparticles by the PLD method. Superior
response, lower detection concentration, and shorter response time of the material were
caused by its larger specific surface area, which adsorbs more oxygen ions.
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Figure 25. (a) ALD deposition process; (b) Ar plasma treatment [158].

Electrospinning is also a common method of preparing the nanofibers that are often
used to obtain 1D nanoscale continuous fibers such as hollow fibers [161]. Because of the
unique reaction process that mixes different materials into the electrospinning solution,
the process can often yield 1D materials with good pore structure, large specific surface
area, and excellent electron transport properties for a variety of applications [162]. A
single needle electrospinning setup is drawn in Figure 26. Although electrospinning is
efficient and convenient, there are few application examples in the manufacture of TEA
gas sensors. One of the cases is Ma et al. [163], who fabricated several In,O3 hierarchical
structure materials by electrospinning controlling calcination time and temperature. And
the materials could be used in room temperature TEA detection, preserving superior
sensitivity. A comprehensive analysis of the gas-sensing performance of the material
was accomplished, and the team attributed the improved sensing performance to the
unique material structure, multiple active sites, and special electron transmissions obtained
by electrospinning.
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Figure 26. Schematic diagram of the electrospinning device [164].

A summary of the performance of the sensors manufactured with the various devices
in this section is given in Table 4 at the end of this section.

Table 4. The gas-sensing properties of various materials fabricated by different devices.

Nanomaterials Tres/Trec (S) T(°Q) Conc. (ppm) Res. Lim. (ppm) Ref.

ultrathin ZnO films 531/46 180 10 1.8 - [158]
«-Fe;O3 nanoparticle/ZnO nanorod 4/86 300 50 63 1 [160]
O, 184/- 40 50 87.8 5 [163]

SnO, 26/13 235 50 54.9 1 [165]

8. External Stimuli on Sensing Performance

In the practical application and production process of these sensors, we should not
only consider the hard indexes such as the sensitivity, selectivity, and stability of the gas
sensors to the target gas but factors such as the power consumption, repeatability, and
manufacturing cost of the sensors. If the working temperature of a sensor can reach room
temperature, the power consumption of the sensor will be greatly reduced, which can
decrease both the fabricating and use costs. Decades ago, people began to look for auxiliary
methods such as voltage biasing, UV light, and visible light excitons to enhance gas-sensing
performance without relying on high temperature [166,167].

Liu et al. [168] investigated the enhancement of the TEA gas-sensing mechanism after
the light irradiation of ZnO/ZnFe,O,4 composites and developed a synthesis strategy by
calcinating Zn,Fe-LDH at different temperatures. The preparation process is shown in
Figure 27a. The changing curves of sensor resistance after illumination are exhibited in
Figure 27b. Clearly, light irradiation improves TEA gas sensing. Shanmugam et al. [169]
reported an experiment with UV light to improve the gas adsorption properties of CeO,
nanomaterials. The test result shows materials with higher TEA adsorption capacity
compared with other VOCs attributable to Ov in the prepared CeO, NPs and photo-
generated electron-hole pairs of the material. Yang et al. [170] investigated the impacts
of ultraviolet light irradiation on ZnO-SnO; heterojunction nanobelts for TEA sensing.
The conclusion is that under UV laser illumination, response/recovery times (1.8 s/18 s)
significantly accelerate.
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Figure 27. (a) The preparation and illumination of ZnO/ZnFe;O4. (b) The responses of
Zn0O/ ZnFe;04-600-a, ZnO/ ZnFeyO4-800-b, and ZnO/ZnFe,O4-1000-c at various temperatures [168].

9. Conclusions and Outlook

Nanomaterial MOS sensors have gradually become an important development trend
in gas detection. In this review paper, we briefly introduce the sensing characteristics of
these gas sensors and two gas-sensing mechanisms for TEA detection. The major section
of this review elaborates on several strategies to enhance the gas detection performance,
such as the optimization of material structure, combining with other materials, using
new materials, preparing materials with more advanced instruments, and stimulating the
materials with external excitation.

In general, the alteration of the morphology and surface structure of materials can
be either a dimensional increase to enlarge the specific surface area, porosity, and active
adsorption sites for improved gas absorption or a change in the exposed crystal plane
to improve gas selectivity and sensitivity. Various metal and nonmetal single elements
can be doped into materials to improve gas-sensing performance due to their catalytic
properties or electronic sensitization mechanisms. Other chemical compounds can also
be incorporated to form p-p, p-n, and n-n heterojunctions to improve response. Recent
advances also indicated the potential of quantum dot materials and conducting polymer
materials in the optimization of sensitive performance. Furthermore, new materials such
as graphene and its derivatives, MXenes (Ti3CyTx, M0,CTy, VoCTy), TMDs (MoS;, WS,,
MoSe;, and WSe;), perovskite, and spinel materials are also used in TEA detection and
possess unique characteristics such as reducing the working temperature. Advanced
technology methods such as ALD and PLD also allow for preparing materials with better
microstructures. Finally, external simulation can be an additional strategy for improving
gas-sensing properties; for example, UV stimulation may allow gas-sensing materials to
play an unexpected role.

Technology advances give rise to great numbers of materials with potential TEA-
sensing capability, but further improvements are still in need. The previous summary
illustrates that current TEA detection materials remain highly dependent on the traditional
MOSs such as ZnO and SnO,. However, there is still much room for improvement in
its gas-sensing properties. First, the current poor response and selectivity of TEA gas
materials should improve because many of the specific surface areas and porosities of
these materials cannot adsorb enough target gas. Currently, polymetallic composites are
becoming one of the main trends in TEA sensors, and the improvement of composite
materials often increases the specific surface area and porosity of the material. Second,
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the operating temperature of most TEA sensors is still high, most above 100 °C; graphene
material is usually one of the choices to solve the high working temperature because of the
unique properties of graphene composite materials. Third, many TEA-sensing materials
are still in the laboratory stage, and practical TEA sensors that can be used in industrial
production need to be developed and produced. This review provides a summary of
existing techniques and materials and aims to improve the sensitivity performance of the
TEA sensors, which may pave the way for the development of more advanced sensors in
the future.
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Abstract: Acetone detection is of great significance for environmental monitoring or diagnosis of
diabetes. Nevertheless, fast and sensitive detection of acetone at low temperatures remains chal-
lenging. Herein, a series of rGO-functionalized three-dimensional (3D) In,O3 flower-like structures
were designed and synthesized via a facile hydrothermal method, and their acetone-sensing prop-
erties were systematically investigated. Compared to the pure 3D In, O3 flower-like structures, the
rGO-functionalized 3D InyO3 flower-like structures demonstrated greatly improved acetone-sensing
performance at relatively low temperatures. In particular, the 5-rGO/In; O3 sensor with an optimized
decoration exhibited the highest response value (5.6) to 10 ppm acetone at 150 °C, which was about
2.3 times higher than that of the In,O3 sensor (2.4 at 200 °C). Furthermore, the 5-1GO/In, O3 sensor
also showed good reproducibility, a sub-ppm-level detection limit (1.3 to 0.5 ppm), fast response
and recovery rates (3 s and 18 s, respectively), and good long-term stability. The extraordinary
acetone-sensing performance of rGO/In,O3; composites can be attributed to the synergistic effect
of the formation of p-n heterojunctions between rGO and In, O3, the large specific surface area, the
unique flower-like structures, and the high conductivity of rGO. This work provides a novel sensing
material design strategy for effective detection of acetone.

Keywords: In,O3 flower-like structures; rGO; composites; gas sensor; acetone

1. Introduction

Acetone, as a volatile organic compound (VOC), is widely used in industries and labo-
ratories [1,2]. However, due to its volatility and toxicity, it is becoming a typical pollution
gas and threatening our health. Long-term inhalation of acetone gas at concentrations over
173 ppm may cause serious health problems, such as headache, nausea, vomiting, and
central nervous system anesthesia [3]. Additionally, acetone can be used as a biomarker for
the diagnosis of type 1 diabetes. It has been found that the exhaled acetone concentration in
diabetes patients (1.8 ppm) is significantly higher than that of healthy controls (0.9 ppm) [4].
Therefore, developing an effective sensor operating in a wide acetone concentration range
is crucial for environmental monitoring or diagnosis of diabetes.

Recently, many kinds of sensors based on optical, electric, gravimetric transduction
techniques, etc., have been developed for detecting VOCs [5,6]. Avramov et al. presented
an optimization-mass-sensitive sensor using a surface acoustic wave (SAW)-based two-
port resonator as a highly sensitive quartz crystal microbalance (QCM), which exhibited
excellent VOC-sensing properties [7]. Kanawade et al. reported a new negative-axicon fiber-
optic sensor platform, which exhibits many desirable characteristics for sensing various
VOCs at room temperature [8]. However, how to reduce their production costs and limit of
detection, and to utilize real-time detection, should be deeply studied. Resistive gas sensors
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based on metal oxide semiconductors (MOX) are an important type of gas sensor due to
their low production cost, ease of fabrication, and good long-term stability [9-11]. Until
now, SnO; [12], Iny O3 [13], Fe; O3 [14], ZnO [15], WO; [16], Co304 [17], CuO [18], V,0s5 [19],
MoOj [20], and other metal oxide semiconductors with micro/nanostructures have been
extensively investigated for the detection of various gases. Among them, In,O3, owing to
its wide band gap, high catalytic activity, and low resistivity, has proven to be an excellent
n-type sensing material for detecting VOCs such as methanol, ethanol, formaldehyde,
and acetone [21-26]. For example, Yoon et al. [22] synthesized In,O3 nanoparticles via a
microwave-assisted hydrothermal technology, which showed high responsivity and selec-
tivity to ethanol at 300 °C. Liu et al. [24] reported that Yb-doped porous In,O3; nanosheets
exhibited excellent sensing performance for acetone. Zhao et al. [25] synthesized hierar-
chical InyO3 nanostructures via a simple hydrothermal method, which showed ultrafast
response speed, excellent selectivity, and stability for formaldehyde. Nevertheless, the
rapid and accurate detection of trace acetone using InyOs at a low temperatures remains a
great challenge and, thus, has been the focus of ongoing research.

In recent years, two-dimensional (2D) graphene-based nanomaterials, including
graphene oxide (GO) and reduced graphene oxide (rGO), have been extensively studied as
potential gas-sensing materials due to their high specific surface area, outstanding electri-
cal properties, abundant functional groups, and excellent charge-carrier mobility. [27,28].
Unfortunately, the low sensing response, slow response and recovery rates, and poor se-
lectivity of graphene-based sensing materials limit their practical application. Taking into
account the advantages of GO/rGO and MOX, the construction of GO/MOX or rGO/MOX
hybrid micro-nanostructures is considered an effective way to enhance gas-sensing perfor-
mances [29-32]. To date, a number of GO/MOX or rGO/MOX hybrids—such as SnO, /rGO,
rGO/Co0304, rGO/WOj3, rGO/InyO3, ZnO/rGO, etc.—have been prepared, and demon-
strate good sensing performance in detecting both oxidizing and reducing gases [33-38].
For instance, Meng et al. [33] prepared rGO/Co30,4 nanocomposites via a one-step hy-
drothermal method, which could detect ppb level xylene. Cao et al. [37] constructed
ZnO/rGO heterostructures through a chemiresistive approach, exhibiting good linearity
in the ppb range, high selectivity, and good long-term stability for NO,. Inspired by the
above results, it is hoped that researchers will be able to uniformly distribute 3D In,O3
flower-like structures on 2D rGO sheets via a feasible and economic route for developing
an acetone gas sensor with high performance.

In the present study, well-designed rGO-functionalized 3D In, O3 flower-like structures
were constructed via a one-step hydrothermal route, and their acetone-sensing properties
were systemically investigated. It was clear that the optimized rGO/In,O3 composites
demonstrated significantly enhanced acetone-sensing performance in comparison to pure
In, 03 flower-like structures. The remarkably improved sensing performance of rGO/In,O3
composites can be attributed to the synergistic effect of the formation of p-n heterojunctions
between rGO and In, O3, the large specific surface area, the unique flower-like structures,
and the high conductivity of rGO. This work provides a novel sensing material for effective
detection of acetone.

2. Experimental
2.1. Materials and Synthesis

Graphene oxide (GO) was synthesized via Hummers” method using graphite flakes as
raw materials [39]. Then, the obtained GO was dispersed into ethanol and ultrasonically
treated for 1.5 h to obtain a uniform 0.5 mg/mL GO dispersion. The rGO-functionalized 3D
Iny O3 flower-like structures were synthesized by a one-step hydrothermal route, which is
schematically illustrated in Figure 1. Typically, 0.13 g of indium nitrate (In(NO3)3-4.5H,0),
1 g of urea (H,NCONH;), and 0.26 g of sodium dodecyl sulfate (CH3(CH;)1;OSO3Na)
were dissolved in 20 mL of distilled water, and then stirred for 0.5 h to obtain a transparent
solution. After that, a certain volume of GO solution was added to the above solution and
stirred at room temperature for 0.5 h to form a well-dispersed suspension with different
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mass ratio of rGO/In,O3. Diverse volumes of ethanol were added to the above mixtures
until the total volume was 40 mL. Subsequently, the mixed solution was transferred into a
50 mL Teflon-lined stainless steel autoclave and then heated in an oven at 160 °C for 3 h, in
which structural modification of the In,O3 flower-like structures and the reduction of GO
occurred simultaneously. After the reaction, the precipitate was collected by centrifugation
and washed several times with distilled water and ethanol to remove the impurities, and
then dried at 60 °C for 8 h. Finally, the obtained precursor was annealed in a tube furnace
at 400 °C for 2 h under a nitrogen atmosphere. In our experiment, the mass ratio of GO in
the composites was 1 wt%, 3 wt%, 5 wt%, 7 wt%, and 10 wt%, respectively; consequently,
the rGO/In,O3 composites were labeled as 1-rGO/InyO3, 3-rGO/In;O3, 5-rGO/Iny O3,
7-rGO/Iny03, and 10-rGO/Iny 03, respectively. For comparison, the pure In,O5 flower-like
structures were synthesized individually by the same procedure without the addition
of GO.

ey Annealed in a tube furnace
at 400°C under N, atmosphere
[ M

e

’é " Hydrothermal
\g 160°C / 3
e ShEy 10T/

Sensing material

—

Coating

In,0, microflowers

Figure 1. The schematic of the synthesis process of the rtGO/In,O3 composites.

2.2. Materials Characterization

The crystal structure of the rGO/InyO3 composites was characterized by X-ray diffrac-
tion (XRD, Shimadzu XRD-6100). The surface morphologies of the rGO/In,O3 composites
were analyzed using field-emission scanning electron microscopy (FE-SEM, ZEISS Ultra
Plus). The internal structure of the rGO/Iny,O3 composites was further observed by high-
resolution transmission electron microscopy (HRTEM) on a TEM system (JEOL, JEM-2100F).
The distribution of elements was obtained by energy-dispersive spectrometry (EDS) map-
ping on a JEOL-JEM-2100F TEM. Then, the specific surface area and pore size distribution
were analyzed by the Brunauer-Emmet-Teller (BET, Quantachrome Autosorb1-C) method
and the Barrett-Joyner-Halenda (BJH) model. In addition, the surface compositions and
states of the rGO/In,O3 composites were investigated by X-ray photoelectron spectroscopy
(XPS, JEOL JPS9010MC).

2.3. Sensor Fabrication and Measurement

The gas sensor was fabricated as follows: First, an appropriate amount of rGO/In;O3
or pure In,O3 powder was ground and mixed with ethanol to form a homogeneous slurry,
which was then coated on the outer surface of the ceramic tube electrode. The ceramic tube
electrode was composed of four Pt wires and two Au electrodes spaced 6 mm apart. After
forming a sensing film by evaporating ethanol, a Ni-Cr heated wire was passed through
the hollow ceramic tube, and the Ni-Cr wire and Pt wires were subsequently welded on a
hexagonal base to fabricate the gas sensor, as shown in Figure 1. Finally, the gas sensor was
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placed on a TS60 desktop (Winsen Electronics Co., Ltd., Zhengzhou, China) and aged at
400 °C for 48 h to ensure the stability of the sensing device.

Gas-sensitive measurements of the fabricated sensors were performed on a commercial
WS-30A system (Winsen Electronics Co., Ltd., Zhengzhou, China) under static laboratory
conditions (temperature: 20-25 °C; relative humidity (RH): 20-35%). To obtain the target
gas, corresponding volumes of testing liquid were injected into the testing chamber (18 L)
using a microsyringe and then evaporated to record and analyze the change in current. The
following equation can be used to calculate the target gas concentration:

224X @XxXpXxXV

C
Vchamber X M

M
where V is the volume (uL) of the injected testing liquid, Vi jgper is the volume (L) of the
testing chamber, C is the vapor concentration (ppm) of the target gas, M is the molar mass
(g/mol) of the target gas, p is the density (g/mL) of the testing liquid, and ¢ is the volume
fraction of the target gas. After the gas-sensing response reached a constant value, the
testing gas was released by opening the chamber. Herein, the sensing response to different
target gases was defined as Ra/Rg, where Ra and Rg are the resistance of the sensors in air
and target gases, respectively. Moreover, the response and recovery time were calculated
as the time required to achieve 90% change in resistance after the sensor was exposed to
the target gas and fresh air, respectively.

3. Results and Discussion
3.1. Structural and Morphological Characteristics

Figure 2 illustrates the XRD patterns of the In,O3 and rGO/In;O3 composites. In,O3
displayed perfect crystallinity, and the diffraction peaks that appeared at 26 values of 21.5,
30.6, 35.5, 37.7, 39.8, 45.7, 51.0, and 60.7° were ascribed to the (211), (222), (400), (411), (420),
(431), (440), and (622) planes of the cubic phase In,O3 (JCPDS No. 06-0416), respectively.
As for the rtGO/InyO3 composites, all of the diffraction peaks were consistent with In, O3,
indicating that introducing rGO to In,O3 has no obvious influence on the phase. Here,
there were no obvious diffraction peaks of rGO in the patterns, which might have been due
to the low content of rGO in the composites and the low diffraction intensity of rGO. In
addition, no other impurity peaks were observed, confirming their high purity.

The morphology of the In,O3 and rGO/In,O3; composites was investigated by FE-
SEM, as shown in Figure 3. The low-magnification FE-SEM image (Figure 3a) clearly
demonstrates numerous 3D InyO3 flower-like structures with diameters ranging from 1 to
2 um. These flower-like structures were composed of nanorods with diameters of 100 to
300 nm (Figure 3b), and a specific spacing between each nanorod was clearly observed,
illustrating their porous structures. From the FE-SEM images of the 1-rGO/In,O3 compos-
ites (Figure 3c,d), it is clear that the 3D In,O;3 flower-like structures remained, and some
of them uniformly attached to the surface of the rGO sheets, forming a 3D interconnected
structure, and thereby contributing to enhancement of the sensing properties. Moreover, the
crumpled rGO sheets with many folds and wrinkles exhibited a clean and transparent film.
The morphologies of the 3-1GO/In; O3, 5-rGO/Iny O3, 7-1GO/Iny O3, and 10-rGO/Iny O3
composites were similar to that of the 1-rGO/In,O3 composites, as shown in Figure 3e-1. It
is worth noting that there were no significant changes in the size and the uniformity of the
In; O3 flower-like structures. Additionally, with increasing the mass ratio of rGO, many
ultrathin layered structures were observed, and some of them tend to aggregate with one
another, which is unfavorable for the gas-sensing property.
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Figure 2. XRD patterns of the pure In,O3, 1-rGO/InyO3, 3-rGO/Iny O3, 5-rGO/Iny O3, 7-1GO/Iny O3,

and 10-rGO/In,05.

Figure 3. FE-SEM images of (a,b) InyO3, (¢,d) 1-1GO/Iny 03, (e,f) 3-rGO/In, 03, (gh) 5-rGO/Iny O3,
(1,j) 7-rGO/Iny O3, and (k1) 10-rGO/InyO5.
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The Iny O3 flower-like structures attached on the rGO sheets were also clearly observed
in the TEM image (Figure 4a), consistent with the FE-SEM image. The HRTEM image
(Figure 4b) shows that 0.292 and 0.179 nm lattice spacings fit well with the (222) and (440)
crystal planes of InyO3 [40]. Meanwhile, the EDS elemental mappings (Figure 4c—e) clearly
indicate that the In, O, and C are uniformly distributed throughout the whole region,
further implying the formation of the rGO/In,O3 composites. Taking the results of the
FE-SEM and TEM observations into account, it is possible to conclude that the rGO/In,O3
composites were successfully prepared.

20 Gy

Figure 4. (a) TEM image, (b) high-resolution TEM image, and (c-e) its corresponding elemental
mapping of 5-rGO/In,O3 composites.

XPS analysis was performed to investigate the surface composition and chemical state
of the 5-rGO/InyO3 composites. The survey spectra shown in Figure 5a show that the
rGO/InyO3 composites were mainly composed of In, O, and C, confirming the successful
preparation of the rGO/In,O3 composites. The In 3D symmetric peaks with binding energy
of 444.83 eV and 452.37 eV (Figure 5b) were attributed to In3d3,, and In3ds,, respectively,
indicating the existence of In®* in the composites [41,42]. Figure 5c depicts three differ-
ent chemical states of O 1s peaks at 530.30 eV, 531.84 eV, and 533.36 eV, corresponding
to lattice oxygen (Op), oxygen vacancies (Oy), and the surface hydroxyl groups (Oon),
respectively [43]. As for the Cls XPS spectrum of the composites (Figure 5d), it can be
decomposed into three peaks at 284.60 eV, 285.55 eV, and 289.64 eV, which correspond to
C=C-C, C-O/C-In, and C=0 bonds in the rGO/In,O3 composites, respectively [44]. The
above results further demonstrate the successful preparation of rGO/In,O3 composites.

The nitrogen adsorption—-desorption measurements were performed to further confirm
the specific surface area and porous structures of the samples. From Figure 6a,b, it can be
seen that both of the curves are recognized as type IV isotherms with obvious hysteresis
loops, indicating the formation of mesopores in the samples [45]. The specific surface
area of the In,O3 and 5-1GO/InyO3 composites was calculated to be 35.4 and 64.6 m?/ g,
respectively. Obviously, the surface area of the 5-rGO/In,O3 composites was significantly
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higher than that of pure InOj3, due to the introduction of rGO. The pore size distribution
diagram (inset) shows that the pore size of the In,O3 and rGO/In;O3 composites was
predominantly concentrated at 8.129 and 6.124 nm, respectively, indicating the existence
of many mesopores in the products. As a result, the rGO/In,O3 composites possess a
higher specific surface area and a porous structure, which is advantageous for effective gas
absorption and diffusion, contributing to the improved sensing performance.
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3.2. Gas Sensing Performance

In order to investigate the effects of rGO mass ratios on the sensing performance of
In; O3 sensors, we fabricated gas sensors made of In,O3 flower-like structures and rGO-
functionalized In,O3 flower-like structures, and tested their sensing performance. It is well
known that the operating temperature has a significant impact on the sensing properties of
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gas sensors. In order to evaluate the effect of operating temperature on the sensing ability
and obtain the optimal operating parameters, the sensing response to 10 ppm acetone was
first examined in the temperature range of 50 to 250 °C, as shown in Figure 7a. It was
clearly found that all response curves showed an “increase-maximum-decrease” trend.
This response pattern can be mostly attributed to the kinetic and thermodynamic factors
of gas adsorption and desorption on the surface of the sensing materials [46,47]. The
optimal operating temperature of the InyO3; sensor was 200 °C, while it was 150 °C for
all rGO/In,05 sensors, indicating that introducing rGO to InyO3 flower-like structures
can effectively reduce the optimal operating temperature. The corresponding response
values of sensors based on composites with different rGO mass ratios at their optimal
operating temperatures are summarized in Figure 7b. Obviously, all rGO/In,;O3 sensors
except the 10-rGO/Iny,O3 sensor exhibited higher responses than that of the In,O3 sensor
at their optimal operating temperature. In particular, the 5-rGO/In,O3 sensor exhibited
the highest response value of 5.6, which was about 2.3 times higher than that of the In,O3
sensor (2.4 at 200 °C). This suggests that introducing an appropriate amount of rGO not
only effectively reduces the optimal operating temperature, but also significantly improves
the acetone-sensing response. Herein, considering the high acetone-sensing performance
of the 5-rGO/In,03 sensor, this sensor was chosen for further study of other characteristics
at its optimal operating temperature of 150 °C.
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Figure 7. (a) The sensing response to 10 ppm acetone at various operating temperatures. (b) Correla-
tions between the sensing response to 10 ppm acetone at the optimal operating temperature and rGO
mass ratios.

The transient response and recovery curves of the 5-rGO/In,O3 sensor to different
concentrations of acetone (0.5 to 100 ppm) at 150 °C are displayed in Figure 8a. As can
be seen, the resistance dropped rapidly upon exposure to acetone, and quickly returned
to its initial resistance value after removing the acetone, demonstrating typical n-type
semiconductor sensing features. Moreover, the response and recovery behavior repeated
very well, revealing good reversibility and stability. It should be noted that the resistance
change is still considerable when exposed to 0.5 ppm acetone, indicating that the detec-
tion limit could extend down to sub-ppm levels. To exhibit its response performance,
the corresponding response values of the 5-rGO/Iny;O3 sensor as a function of acetone
concentration are illustrated in Figure 8b. Apparently, the responses value rapidly increases
with increasing acetone concentration in the range of 0.5 ppm to 10 ppm. However, when
the concentration is above 10 ppm, the rate of increase in the response value tends to slow
down due to the high coverage of acetone molecules on the surface of the sensing material.
Moreover, the sensor has an obvious response to sub-ppm levels of acetone (0.5 ppm, 1.3).
Figure 8c presents the transient response and recovery curve of the 5-rGO/In,O3 sensor
when exposed to 10 ppm acetone at 150 °C. The response and recovery times were calcu-
lated to be 3 s and 18 s, respectively, revealing quick response and recovery characteristics
as the acetone gas is injected and exhausted. As for practical gas-sensing applications,
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selectivity and stability are of great importance. Figure 8d displays the sensing response
of the 5-rGO/Iny;O3 sensor to 10 ppm potential interfering gases (i.e., ethanol, methanol,
formaldehyde, trimethylamine, and ammonia) at 150 °C. The sensor exhibited a higher
response to acetone compared to other interfering gases, indicating its good selectivity.
Additionally, the response values of the 5-rGO/In,0O3 sensor to different concentrations
(0.1 ppm, 0.5 ppm, and 10 ppm) did not decrease significantly after the 30-day testing period
(Figure 8e), implying its good long-term stability. As shown in (Figure 8f), the responses of
the 5-rGO/In, O3 sensor to 10 ppm acetone at 150 °C showed slight decreases under relative
humidity (RH) ranging from 25% to 45%, and an obvious decrease at RH levels above
75%. This decrease in sensing responses can be ascribed to the adsorption competition
between oxygen species and water molecules on the sensor surface [48]. Furthermore, the
acetone-sensing performance in this work was compared with the previous literature, as
summarized in in Table 1. Compared with the previous reports, our 5-rGO/In,O3 sensor
had the noticeable advantages of high response values at a relatively low operating temper-
ature, a sub-ppm-level detection limit, and short response and recovery times, suggesting
its potential application as an acetone sensor. However, there are also some drawbacks in
this work. For example, how to overcome the influence of water vapor on the gas-sensing
characteristics at high RH levels (>75%) should be further investigated for the diagnosis
of diabetes in real applications. Moreover, the unsatisfactory selectivity should be also
improved by coating functional materials as a “selective gas filter” on the sensing layer
surface in future works.

Figure 8. (a) The transient response and recovery curves for acetone in the range of 0.5-100 ppm.
(b) The corresponding sensing response as a function of acetone concentration. (c) The dynamic
sensing transients to 10 ppm acetone. (d) The selectivity and (e) long-term stability for 0.5/1/10 ppm
acetone. Here, the sensor is made of 5-rGO/In,O3 composites, and the operating temperature is
150 °C. (f) The sensing responses to 10 ppm acetone under different relative humidity levels at 150 °C.
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Table 1. Comparison of sensing properties for acetone detection.

Sensing Materials Temp. (°C) Con. (ppm) Response (Ra/Rg) Res./Rec. Time (s) Detection Limit Ref
ZnO/NPC 350 100 25.47 3/150 1 ppm [49]
«-Fep,O3-24 220 100 46.6 1/15 1 ppm [50]

Ag-TiO, nanobelts 260 500 28.25 6/8 10 ppm [51]

Ag@CuO-TiO, 200 100 6.2 9/56 1 ppm [52]

WO; 200 100 28.7 3/113 2 ppm [53]

SnO; nanotubes 325 100 20.3 66/15 5ppm [54]
In, O3 200 10 2.37 8/44 1 ppm This work
5-rGO/Iny O3 150 10 5.57 3/18 0.5 ppm This work

3.3. Acetone-Sensing Mechanism

Generally, for chemiresistive gas sensors, the sensing characteristics can be attributed
to the resistance variation induced by the adsorption and desorption of gas molecules
on the surface of the sensing materials, along with the surface redox reaction [55]. For
the InyO3 sensor, numerous oxygen molecules in the air atmosphere are adsorbed on the
surface of the sensing film, and capture free electrons from the In,O3; conduction band,
forming chemisorbed oxygen species (O, ~ O~ and O%") via the following reactions [56]:

Onads) € — 02 (ads) (2)
O2 (ads) T€ — 20" (ags) 3)
O aay +& = 0% (aay) 4)

Consequently, an electron deletion layer is created at the surface of In,O3, leading to a
relatively high resistance state. As the reducing gas (acetone) is introduced, redox reactions
between acetone molecules and the chemisorbed oxygen species take place, and then the
electrons captured by oxygen molecules are released back into the In,O3 conduction band.
In this process, the electron depletion layer becomes narrow and, thus, the resistance of the
sensing materials decreases, ultimately generating a sensing signal. The related reactions
are listed as follows [57]:

CH3COCHj (gas) — CH;COCHj (ads) )
CH3COCH; (ads) + 40, (ads) — 3CO;, + 3H,0 + 4e~ 6)
CH3COCH; (ads) + 80~ (ads) — 3CO, + 3H,0 + 8e~ @)

Compared to the In,O3 sensor, the rGO/InyO3 sensor shows a significant improve-
ment in sensing performance, which can be attributed to the following factors (Figure 9):
First of all, the formation of a p-n heterojunction at the interface between n-type In,O3 and
p-type rGO is one of the main factors improving the sensors’ performances [58]. When
In, 03 and rGO contact one another, the electrons flow from the n-type In,O3 with low work
function to the p-type rGO with high work function until the Fermi energy level reaches
equilibrium [59]; thus, a potential barrier is created at the heterojunctions. Consequently,
two different depletion layers coexist in the rGO/InyO3 composites: one is the depletion
layer formed by the adsorption of oxygen molecules at the surface of In,O3, and the other
is created at the interface between rGO and InyOj3 (p-n heterojunctions). As a consequence,
the expanded depletion layer and potential barrier simultaneously lead to a high resistance
state. The increase in the rGO/In,O3 composite’s resistance is also confirmed by our exper-
imental results. As shown in Figure 9d, the resistance value of the 5-rGO/In,O3 sensor is
much higher than that of the In,O3 sensor throughout the whole temperature range, indi-
cating that the formation of p-n heterojunctions contributes to raising the resistance value.
Upon exposure to acetone, the local heterojunctions between rGO sheets and In,O3 flower-
like structures offer additional resistance modulation by altering potential barriers and two
electron depletion layers. According to the definition of the sensor response (S = Ra/Rg),
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the total resistance of the rGO/In,O3 composites could be distinctly changed, inducing
significant enhancement of the sensing response. Moreover, the formation of rGO/In,O3
heterojunctions can also generate more active sites, such as including point defects and
vacancies, which further adds to the increase in the sensing response [60]. The second
aspect originates from the coupling interaction between rGO sheets and In,O3 flower-like
structures, which creates a 3D interconnected structure and plays an important role in
gas-sensing applications. The intercalation of rGO sheets can prevent the agglomeration of
In, 05 flower-like structures, which not only significantly increase the specific surface area
for more efficient gas adsorption reactions, but also offer more pathways for facilitating gas
diffusion and transport, thus improving the sensing performance [61]. It has already been
confirmed from BET analysis that the specific surface area of the rtGO/In,O3 composites is
higher than that of the In,O3 flower-like structures. In addition, rGO, owing to its quantity
of dangling bonds and surface defects, is favorable for the adsorption of target gases [62].
Meanwhile, the unique In,O3 flower-like structures also facilitate the operative access
of gases to the surface. These characteristics greatly contribute to enhancing the sensing
response and recovery properties of rGO/InyO3 composites. Thirdly, the excellent electron
conductivity of rGO is a positive factor for the enhanced sensing performances. From the
FE-SEM images, it can be seen that the rGO sheets disperse adequately on the composites,
and could act as an electron transfer layer accelerating the electronic transmission rate
at the interfaces between In,O3 and rGO. This is helpful for reducing the optimal tem-
perature and improving repeatability and stability. Based on the above discussion, the
combination of In,O3 and rGO contributes to the superior sensing properties, including
high response at relatively low temperatures, good stability, and fast response and recovery
rates, demonstrating potential application for detecting acetone.
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Figure 9. (a) Schematic diagram of the mechanism of the acetone gas-sensing process of the
rGO/Iny;O3 composites. (b,c) Schematics of energy band diagrams of rGO/In, O3 heterojunctions.
(d) The resistance of the sensors in air as a function of operating temperature.

4. Conclusions

In summary, a series of well-designed 3D interconnected rGO/In,O3 heterojunction
structures were successfully constructed using a simple hydrothermal method. The FE-SEM
and TEM analyses showed that In,O3 flower-like structures with sizes of 1-2 um uniformly
attached on the surface of the rGO sheets. Both the TEM-EDS and XPS results demonstrated
the existence of In, O, and C, revealing the successful preparation of the rGO/In,O3
composites. In addition, the BET surface area of the 5-rGO/In,O3 composites (64.6 m?/ )
was significantly higher than that of pure InyOj3 (35.4 m?/g), implying their better sensing
properties. As a result, the rGO/In,O3 composites achieved much better acetone-sensing
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properties compared to pure In,O3 flower-like structures at the relatively low temperature
of 150 °C. Specifically, the 5-rGO/InyO3; composites exhibited the highest response value of
5.6 to 10 ppm acetone, which was around 2.3 times higher than that of the In,O3 flower-
like structures (2.4 at 200 °C). Furthermore, they also displayed good reproducibility, a
sub-ppm-level detection limit (1.3 to 0.5 ppm), a fast response/recovery rate (3/18 s), and
good long-term stability. The large advancement for rGO/In,O3; composites in acetone-
sensing performance can be attributed to the synergistic effect of the formation of p-n
heterojunctions between rGO and In, O3, the large specific surface area and unique flower-
like structure, and the high conductivity of rGO. This work not only developed a high-
performance gas sensor to detect acetone, but also provides a novel strategy to enhance the
sensing performance for MOX gas-sensing materials by reasonably utilizing the synergistic
effect of structure and components.
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Abstract: As a volatile organic compound, toluene is extremely harmful to the environment and
human health. In this work, through a simple one-step solvothermal method, Ni-doped ZnO
sensitive materials (0.5, 1, and 2 at% Ni-doped ZnO) with a core-shell morphology were synthesized
for the first time for toluene gas detection. The sensing test results showed that the sensor based
on 1 at% Ni-doped ZnO exhibited the best toluene sensing performance. The response was up
to 210 to 100 ppm toluene at 325 °C. The sensor exhibited high selectivity, fast response/recovery
characteristics (2/77 s), and low detection limit (500 ppb, 3.5). Furthermore, we carried out molecular-
level research on the sensitive material prepared in this experiment by various characterization
methods. The SEM characterization results showed that ZnO and Ni-doped ZnO possessed the core-
shell morphology, and the average grain size decreased with the increase in the Ni doping content.
The UV-Vis test showed that the band gap of ZnO became smaller with the increase in the Ni doping
amount. The enhanced toluene sensing performance of 1 at% Ni-doped ZnO could be ascribed to
the structural sensitization and Ni doping sensitization, which are discussed in detail in the sensing
mechanism section.

Keywords: Ni doping; ZnO; gas sensor; toluene; core-shell structure

1. Introduction

With the development of modern industry, various kinds of poisonous and harmful
gases have been produced, which will cause harm to human health and the environment.
In particular, volatile organic compounds (VOCs) such as ethanol, acetone, formaldehyde,
and toluene, etc., which widely exist in our surroundings. Among them, toluene as a
typical aromatic compound is a kind of colorless gas with a special fragrance, and is
widely used in many aspects of production and life such as raw materials in the chemical
industry, the production of dyes, pharmaceuticals, pesticides, explosives, and other fine
chemicals. In addition, it can be used as a food preservative in major food production
factories [1]. Meanwhile, toluene is a flammable and harmful gas and can produce an
anesthetic effect on the central nervous system, causing great and irreparable harm to the
human body. Therefore, toluene has been identified as a highly toxic carcinogen by the
International Center for Research on Cancer [2]. Due to the harmfulness of toluene, it is
very necessary and urgent to develop a high performance toluene gas sensor to monitor
toluene in real-time to ensure human health and environmental safety.

Gas sensors based on semiconductor metal oxides have attracted extensive attention in
recent years due to their advantages of high sensitivity, easy fabrication, low cost, and small

Chemosensors 2022, 10, 327. https:/ /doi.org/10.3390/chemosensors10080327

https:/ /www.mdpi.com/journal/chemosensors



Chemosensors 2022, 10, 327

size. As the most promising sensing material, gas sensors based on semiconductor metal
oxides have become a research hotspot. Up to now, many metal oxide semiconductors have
been developed and used as gas sensing materials, for instance, ZnO [3,4], In,O3 [5-7],
SnO; [8-10], WO3 [11-13], NiO [14,15], CuO [16,17], etc. Among the n-type and p-type
single semiconductor oxides, ZnO is the most widely studied gas sensing material as
Zn0O is an n-type semiconductor oxide with a wide band gap energy (3.37 eV) and a large
excite binding energy (60 MeV) [18,19]. The physical and chemical properties of ZnO are
stable, and the electrical property of ZnO is tunable with transition metal doping [20]. Cur-
rently, different morphologies of ZnO have been reported to detect different gases [21-27]
including nanoparticles [28], one-dimensional nanowires [29], nanorods and nanofibers,
two-dimensional nanosheets [30], nanoribbons and nanorings as well as three-dimensional
flower-like structures [31], core-shell structures, and hollow spheres. Studies have shown
that the hierarchical structure of ZnO enables better gas sensing properties due to its larger
specific surface area, porosity, and permeability.

In addition to constructing the hierarchical structure of ZnO, it is also an effective way
to improve the gas sensitive performance by doping. There are many types of doping sub-
stances including metal oxides, precious metals, transition metals, carbon-based materials,
and polymers [32-36]. Since transition metal ions can be doped into the semiconductor
lattice, the lattice distortion of sensitive materials generates a large number of defects and
vacancies. The increase in the defect concentration on the surface can improve the adsorp-
tion of oxygen anions on the surface of the material, thereby improving the gas-sensing
response value of the sensing material. Thus far, many studies have reported that through
transition metal doping, improved gas sensing performance can be achieved. Transition
metal doping elements including Co, Sn, Fe, and Ni [37-40] etc. have been reported to tune
the sensing performance of ZnO. The catalytic properties, surface properties, and charge
carriers of pristine semiconductor materials can be improved by doping transition metal
elements. Guo [41] et al. successfully synthesized Fe-doped ZnO/rGO nanocomposites
via a simple hydrothermal process. The sensor exhibited a response of 12.7 to 5 ppm
formaldehyde at 120 °C. Compared with pure ZnO, the response of the doped sensing
material was about 3 times higher. The reason for the enhanced sensing performance is
that the doping of Fe changes the band gap, making the band gap of ZnO smaller and
generating a large number of oxygen vacancies.

Based on that demonstrated above, the gas sensing performance of semiconductor
metal oxides can be improved by constructing a hierarchical structure to adjust the surface
area and doping transition metal elements to tune the electrical and catalytic proper-
ties [42—44]. To our best knowledge, fabricating a core-shell Ni doped ZnO (Ni-ZnO) to
achieve an enhanced sensing performance of toluene has rarely been reported.

Here, materials with different ratios of 0, 0.5, 1, and 2 at% Ni-ZnO core-shell morpholo-
gies were successfully prepared by a simple solvothermal method and used for toluene
gas detection. Gas sensing measurements showed that out of all the four gas sensors, the
sensor based on 1 at% Ni-ZnO had the highest toluene response of 210 (100 ppm, 325 °C),
which was almost seven times higher than pure ZnO (33.6, 375 °C). Moreover, the sensor
also had high selectivity, low detection limit, and fast response/recovery properties. The
sensing mechanism of the enhanced sensing properties was analyzed in detail.

2. Materials and Methods
2.1. Synthesis of the Pure ZnO and Ni-ZnO Core-Shell Spheres

First, 20 mL of deionized water and 1 mmol Ni (CH3COO),-4H,0 were added into a
50 mL beaker and stirred for 20 min. Then, 7 mL of glycerol and 30 mL of isopropanol were
added into a 50 mL beaker with vigorous stirring, and 0.45 mmol Zn (CH3COO),-2H,O
was dissolved into the above mixed solution with stirring for 15 min, named as solution
A. Then 0, 45, 90, and 180 uL of the above prepared Ni (CH3COO),-4H,0 solution were
added into solution A, respectively, and stirring was continued for another 20 min. Then,
the four solutions were placed in an oven and kept at 180 °C for 24 h. After the reaction was
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completed, the temperature was naturally cooled to room temperature, and the product
was separated by centrifugation, alternately washed with anhydrous ethanol and deionized
water, and then dried at 80 °C for 10 h. The dried product was calcined at 500 °C for 2 h
(heating rate, 2 °C-min~1). Finally, pure ZnO and 0.5, 1, and 2 at% Ni-ZnO core-shell
products were obtained.

2.2. Characterization

In this paper, an X-ray powder diffractometer (XRD; Bruker D8 Discover, Billerica, MA,
USA) was used to investigate the composition and crystallinity of pure ZnO and different
proportions of the Ni-ZnO samples. Diffraction analysis of sensitive materials was carried
out using Cu Ka1 rays (A = 1.5406 A) in the range of 26 from 20 to 80°, and the scanning step
was 10°-min~!. The microscopic topography of sensitive materials can be analyzed and
studied using scanning electron microscopy (SEM; ZEISS Sigma 500, Jena, Germany). More
information about the microscopic morphology and the lattice size of sensitive materials can
be obtained by transmission electron microscopy and high-resolution transmission electron
microscopy. In addition, energy dispersive X-ray spectrometry (EDS) enables the detection
of element mapping distributions. The chemical element analysis was obtained from the
X-ray photoelectron spectroscopy (XPS; Escalab 250 XI, Waltham, MA, USA) measurements,
and the surface area and pore size distribution were calculated by the Brunauer-Emmett—
Teller (BET) and Barrett-Joyner-Halenda (BJH) methods using the nitrogen adsorption—
desorption isotherm test (Micromeritics ASAP2000 system, USA). The absorbance and
band gap of the sample were measured by using a UV-Visible spectrophotometer (UV-Vis;
Lambda 1050+, Waltham, MA, USA) between 250 and 800 nm.

2.3. Fabrication and Measurement Process of the Gas Sensors

As schematically shown in Figure Sla,b, first, the as-synthesized sample (3-5 mg) and
an appropriate amount (0.3-0.5 mL) of deionized water were mixed to form a slurry. Then,
the slurry was evenly coated on the surface of the ceramic tube (outer diameter 1.2 mm,
inner diameter 0.8 mm, length 4 mm) using a small brush. After drying in air for 15 min,
the ceramic tube was placed in a Muffle furnace at 400 °C for 120 min with a heating rate
of 2 °C min~! to enhance the stability during the test process. After that, a Ni—Cr alloy
wire, which provides the operating temperature by tuning the constant current, is inserted
in the sintered ceramic tube. Finally, the sensor was welded on a six-legged sensor base,
and the gas sensing performance was tested after aging for 24 h with 100 mA. Figure Slc
is schematically shown as the static gas sensing test system. A constant-current power
(Gwinstek GPD-3303S, New Taipei City, Taiwan) was used to supply a constant current
for the Ni-Cr alloy wire to control the operating temperature. Two glass cavities with a
volume of 1 L were used to hold air and test gas, respectively. A digital multimeter (Fluke
8846a, Everett, WA, USA) and a computer was used to record and monitor the resistance
of the gas sensor. During the sensing test process, the sensor was alternately placed in
1 L of fresh air in the glass cavity for a few minutes to obtain a stabilized resistance value
recorded as Ra. Then, the gas sensor device was transferred to another glass cavity with
1 L, which was filled with a mixture of fresh air and target gas, the stabilized resistance
value in the target gas was recorded as Rg. The sensing test was carried out in a laboratory
environment (25 °C, 30 RH%). The volatile organic gas used was an analytical grade liquid,
and injected to the glass cavity by a microinjector. The gas preparation process is detailed
in the Supplementary Materials. The gas sensing response was defined as S = Ra/Rg,
and response/recovery time was the time taken by the sensor to reach 90% of the overall
resistance change.

3. Results

The XRD pattern of the pure ZnO, 0.5, 1, and 2 at% Ni-ZnO core-shell spheres are
shown in Figure 1a. The diffraction peaks appeared at 34.42°, 36.25°, 47.53°, 56.60°, 62.85°,
68.17°, 69.29°, which corresponded to the (100), (002), (101), (102), (110), (103), and (112)
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crystal planes of the hexagonal wurtzite phase ZnO (JCPDS No. 36-1451) [45]. However,
no peak matched with Ni or NiO in the Ni-ZnO samples. No other diffraction peaks
corresponding to the impurities were detected. Figure 1b is the high-resolution peak of the
(101) plane of ZnO compared to pure ZnO, and the diffraction peak of Ni-ZnO shifted to a
higher angle direction. The shift of 2 at% Ni-ZnO sample was the most obvious, which
indicated that Ni** was incorporated in the ZnO crystal lattice due to the radius of Ni**
being smaller than Zn?*.

(a) 5 (b)
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Figure 1. (a) The XRD patterns of the pure and Ni-ZnO, (b) enlarged spectra of the XRD patterns of
the Ni-ZnO.

Figure 2a—d shows the SEM images of the 0, 0.5, 1, and 2 at% Ni-ZnO sample, re-
spectively. The pure ZnO, 0.5, and 1 at% Ni-ZnO samples showed a core-shell spherical
hierarchical structure, and there was no obvious core-shell structure observed for 2 at%
Ni-ZnO; the morphology was a simple spherical structure. It was found from the SEM
images that with the increase in the Ni doping content, the surface of the ZnO microspheres
became more and more coarse and the average particle size of the spheres decreased. The
average particle size was 15.10, 9.42, 5.62, and 4.66 pm for pure ZnO, 0.5, 1 and 2 at%
Ni-ZnO spheres, which suggests that the addition of Ni ions can inhibit the growth of ZnO
particles in the hydrothermal reaction process. In addition, the inserted magnified SEM
images showed that the core of the core-shell spheres was very large and next to the shell.
Proper Ni doping, a rough surface, and loose shell are favorable for gas adsorption and
diffusion, with a high gas sensing performance, which will be verified in later sections.

Figure 3a,b are TEM images of different magnifications, whose shape and size are
consistent with the SEM characterization results. The inset figure is the selected area electron
diffraction (SAED) image and shows that the 1 at% Ni-ZnO sample had a polycrystalline
structure. Figure 3c is the HRTEM images of the 1 at% Ni-ZnO sample. The lattice spacings
were 0.286 and 0.249 nm, corresponding to the (100) and (101) crystal planes of ZnO [46,47].
Interplanar spacing corresponding to NiO was not found, which is consistent with the
results of the XRD. From the element mapping test results in Figure 3d-g, the three elements
(Ni, O, and Zn) were evenly distributed in the 1 at% Ni-ZnO sample.

The specific surface area of the pure ZnO and Ni-ZnO samples was determined by
the nitrogen adsorption/desorption isotherm. As illustrated in Figure 4a—e, the adsorption—
desorption curve is an iv-type isotherm belonging to the H3 hysteresis loop, indicating
that Ni-ZnO has a microporous structure [48].The specific surface area increased with
the increase in the Ni doping amount, especially for 1 and 2 at% Ni-ZnO, the specific
surface areas were 20.43 to 26.41, 37.54 and 40.14 mZAg_1 for the pure ZnO, 0.5, 1, and 2 at%
Ni-ZnO. The results showed that with the proper amount of Ni doping, the specific area of
ZnO could increase a lot; when the doping amount reached a certain value, the specific area
did not increase too much. A large specific area could supply more surface-active sites for
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100 nm

surface adsorbed oxygen species, thus improving the recognition function of the sensing
material and contributing to the high gas sensing performance.

Moreover, the inset of Figure 4 shows the nonlocal density functional theory (NLDFT)
and grand canonical Monte Carlo (GCMC) pore size distribution of the Ni-ZnO, and
through analysis, it was found that the pore sizes of the pure ZnO and 0.5 at%, 1 at%, and 2
at% Ni-ZnO were 46.8, 58.08, 32.72, and 32.71 nm, respectively. Appropriate Ni ion doping
can increase the size of the pore size, and combined with the gas sensing data, it can be
inferred that the pore size of the sensitive material in this experiment had little effect on the
gas sensing performance. The increase in the specific surface area is one of the main factors
affecting the gas sensing performance.

ZnO (10:0)
ZnO(1 0.1 0.286. a0,

0.249 nm
=

100 nm . 100 nm 100 nm

Figure 3. The TEM image of 1 at% Ni-ZnO (a,b). (c) HRTEM images of 1 at% Ni-ZnO. (d) The
overlapped elemental mapping of Ni, O, Zn in the 1 at% Ni-ZnO sample, and (e-g) elemental
mapping of Ni, O, and Zn.
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Figure 4. The nitrogen absorption—-desorption isotherms and pore size distribution curves (inset)
of the (a) pure ZnO and (b) 0.5 at% (c) 1 at%, and (d) 2 at% Ni-ZnO. (e) Specific surface area of
the samples.

The XPS measurement was used to analyze the chemical composition and states of
the elements in the pure ZnO and Ni-ZnO samples. Figure 5a exhibits the full spectrum
of the ZnO and Ni-ZnO samples, where the full spectrum contained the peaks of Zn, O
and Ni, proving the presence of Zn, O, and Ni in the sample. In Figure 5b, the binding
energy around 1021.20 and 1044.28 eV corresponded to Zn 2p3,, and Zn 2p /, respectively,
proving that Zn was in the form of Zn?* [49]. Figure 5c—e shows that the Ni 2ps , orbital
can be separated into three peaks of about 854.1, 856.3, and 861.2 eV, corresponding to the
Ni?*, Ni** and satellite peaks, respectively [50], indicating the existence of Ni ions in the
ZnO crystals.

Figure 6a—d is the XPS spectra of the O 1s of all samples, the peak shape is asymmetric,
and can be allocated into three different oxygen components: chemisorbed gen (Oc),
oxygen vacancy (Oy), and lattice oxygen (Or,), which correspond to the peaks at around
532.2 £0.5eV,531.0 £ 0.5 eV, and 529.5 & 0.5 eV [51,52], respectively. Table 1 shows the
relative proportion of the three oxygen components of O 1s in all of the samples. The
relative ratio of O¢ did not change a lot, but with Ni doping, the ratio of Oy, decreased,
while relatively, the proportion of Oy increased, and 1 at% Ni-ZnO showed the highest
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proportion of Oy with 22.8%. Ni doping led to the formation of an oxygen vacancy in ZnO,
and more Oy concentration distributed to more surface-active sites, thus benefiting more
surface negatively charged oxygen species.
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Table 1. The relative percentages of O 1s in the XPS spectra ZnO, 0.5 at%, 1 at%, and 2 at% Ni-ZnO.

Species Peak (eV) ZnO 0.5 at% Ni-ZnO  1at% Ni-ZnO 2 at% Ni-ZnO
O 529.9 60.0% 55.9% 53.0% 53.7%
Oy 530.8 15.6% 19.9% 22.8% 21.0%
O¢ 531.7 24.4% 24.2% 24.2% 25.3%

Gas Sensing Characteristics

The operating temperature can affect the carrier concentration and gas adsorption and
desorption of the sensor resistance and gas response [53,54]. Response of the four sensors to
100 ppm toluene at different temperatures (Figure 7a) showed that the response values first
increased and then decreased. The maximum response values of the four sensors reached
at 375 °C (pure ZnO), 350 °C (0.5 at% Ni-ZnO), and 325 °C (1 and 2 at% Ni-ZnO), and the
response values were 33.6, 111.4, 210.0 and 23.1, respectively. The 1 at% Ni-ZnO sample
had the highest response of 210.0, which was seven times higher than the pure ZnO. With
Ni doping, the operating temperature of 1 at% Ni-ZnO was significantly decreased, which
could be explained by the change in the band gap, as illustrated in Figure S2. After Ni
doping, the band gap reduced from 3.05 to 2.89 eV, and free electrons were easier to release
from the conduction band. Figure 7b displays the responses of the four sensors to the six
tested target gases (toluene, ethanol, acetone, methanol, formaldehyde, and xylene) with
100 ppm at their optimal operating temperatures (ZnO, 375 °C; 0.5 at% Ni-ZnO, 350 °C;
1 and 2 at% Ni-ZnO, 325 °C). Obviously, the four sensors had the highest response to
toluene. Compared with the other tested gases, the 1 at% Ni-ZnO sensor showed the best
toluene sensing performance, and the response to toluene and other gases was 210.0, 52.0,
3.4,9.4, 3.1, and 1.5. The toluene response was 4-140 times higher than other measured
gases, indicating that the sensor had excellent selectivity for toluene.

(a) 250 B 0.5 at% Ni-ZnO
B 1 at% Ni-ZnO
I 2 at% Ni-Zno
- Pure ZnO

~
=1
=3

Response (Ra/Rg)
g 2

7]
=

300 320 340 360 380 400 420

Temperature (°C)

Figure 7. (a) The response of the four gas sensors to 100 ppm toluene at different temperatures.
(b) The selectivity of the four gas sensors to 100 ppm different VOC gases at their optimum
operating temperature.

Figure 8a,b shows the real-time response curves of the four sensors at 375 °C (pure
Zn0) and 325 °C (Ni-ZnO samples) with different concentrations of toluene. The response
value increased with the increase in toluene concentration. The sensor response based
on 1 at% Ni-ZnO increased significantly with increasing toluene concentration. The
corresponding linear relationship between the toluene response and concentration is listed
in Figure 8c,d. It can be observed that the linearity of the sensor was very good in both the
low-concentration range and the high-concentration range. The response increased almost
linearly with the toluene concentration, and 1 at% Ni-ZnO had the highest sensitivity.
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Furthermore, the sensor based on 1 at% Ni-ZnO had a low detection limit of 0.5 ppm with
a response value of 3.5, which makes it promising in practical application.
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Figure 8. (a,b) The dynamic response curves of the four sensors to toluene with different concentra-
tions at 375 °C (pure ZnO) and 325 °C (Ni-ZnO samples). (c,d) The response of the pure, 0.5, 1, and
2 at% Ni-ZnO sensors to (0.5-100 ppm) toluene.

The response and recovery characteristics are also important parameters of gas sensors.
Thus, the response and recovery transients of the sensor based on 1 at% Ni-ZnO to 100 ppm
toluene at 325 °C are shown in Figure 9a. The response time and recovery time of the
sensor based on 1 at% Ni-ZnO are 2 and 77 s, respectively, illustrating that the sensor had a
relatively fast response and recovery property. Table 2 is a comparison of the toluene sensing
performance of this work and the sensors reported in the literature [55-59]. The operating
temperature was relatively higher than that in the literature, but the response and recovery
time were fast and the toluene response was much higher than the reported literature.

Figure 9b is the resistance in air as a function of operating temperature. With the
increase in Ni doping, the resistance of the sensor increased significantly. The resistance
versus temperature plot of the sensors showed an abnormal PTCR (positive temperature
coefficient of resistance) behavior during 300-350 °C. Based on the reported literature [60],
this phenomenon was caused by Ni doping, which introduced defects in ZnO, thus forming
oxygen vacancy-like defects in this temperature region.

Figure 9c is a seven-cycle test curve of the 1 at% Ni-ZnO sample to 100 ppm toluene
at 325 °C. The resistance in air and toluene was within the allowable fluctuation range,
proving that the sensor had good repeatability. The long-term stability was also studied in
this work; the sensing response to 100 ppm toluene in the air for one month is shown in
Figure 9d. During the test days, the response values varied and slightly decreased but did
not show an obvious fluctuation. The results indicate that the 1 at% Ni-ZnO gas sensor has
good long-term stability.
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Figure 9. (a) The response/recovery time of 1 at% Ni-ZnO gas sensor to 100 ppm toluene at 325 °C.
(b) Resistance in the air of the four gas sensors at different operating temperatures. (c) Seven reversible
cycles of 1 at% Ni-ZnO gas sensors. (d) The stability testing curves of 1 at% Ni-ZnO gas sensor to
100 ppm toluene in 30 days.

Table 2. A comparison of the toluene gas sensing performance of this work and other sensing material
in previously reported works.

Operating

Sensing Material Conc. in ppm Temperature (°C) Response Res/Rec (s) LOD (ppm) Ref.
WO3-SnO, 10 340 5.6 14.5/406 - [55]
SnO,—ZnO 50 200 7.5 90/150 0.1 [56]
NiGayO4~NiO 100 230 12.7 60/70 0.5 [57]
NiO/NiGayO4 5 200 10.54 600/- - [58]
CuO-SnO, 75 400 540 100/36 10 [59]
Ni-ZnO 100 320 210 2/77 0.5 Present work

4. Discussion

The gas sensing mechanism can be explained by the interaction of multiple factors.
In this work, toluene sensing mechanisms with exceptional response are discussed in
detail. The gas sensing mechanism has been widely explored in many studies [61,62],
and the extensively accepted theory is the chemical reaction between the target gas and
chemically adsorbed oxygen species (O, (T < 100 °C), O~ (100 °C < T < 300 °C), and 0>~
(T >300 °C)) [63,64]. When redox reactions take place on the surface of the semiconduc-
tors, charge transfer will occur during this process, which changes the resistance of the
gas Sensor.

As illustrated in Figure 10, when the Ni-ZnO gas sensor is exposed to air, O, molecules
will capture electrons in the conduction band of the material to form negatively charged
oxygen species on the surface of the Ni-ZnO material, and a depletion layer will form on
the surface at the same time, leading to a high resistance of the sensor in air. Then, when
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the sensor is exposed to a reducing gas (toluene) environment, the chemically adsorbed
oxygen can react with the target gas molecules on the surface of the sensing material, the
electron depletion layer becomes smaller. As a result, electrons that are released back
into the conduction band induce lower resistance values in reducing gases. The relevant
reactions are seen in Equations (1)-(3) (T > 300 °C) [65]:
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Figure 10. A schematic diagram of the sensing mechanism.

The enhanced sensing performance of the 1 at% Ni-ZnO-based gas sensor can be
attributed to the following two aspects including structural sensitization and modified
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sensitization. The first is structural sensitization. After Ni doping, the hierarchical mi-
crostructure of ZnO changed, and the surface of the Ni-ZnO core-shell spheres became
rougher. This loose structure is very favorable for the diffusion of gas molecules, which can
not only penetrate into the shell at the outer surface of the material, but may also further
diffuse to the surface of the core. Therefore, the sensing material has a higher sensing
performance [66]. Furthermore, the thickness of the shell of the sensing material becomes
thinner with increasing Ni content. According to the literature [67,68], when the thickness
of the shell layer is close to the Debye length, the gas sensing material has the best gas
sensing performance. Finally, the size of the topography of the gas sensing material is also
affected by Ni, resulting in a smaller morphology size. An appropriate reduction in the
morphology size can lead to an increase in the specific surface area, which can adsorb more
oxygen and toluene molecules and provide more active sites [69].

Modified sensitization includes the following points. First, the specific surface area
increased with Ni doping, so the recognition function of the sensing material will be
improved. Second, it can be seen from Table 2 that Ni doping increased the relative
proportion of oxygen vacancy in ZnO. The oxygen vacancy improved from 15.6% to 22.8
for 1 at% Ni—-ZnO, which means that more oxygen species will adsorb on the surface of
1 at% Ni—ZnO and the sensing performance will be enhanced. The third and most important
point is that Ni2* ions can be easily oxidized into Ni®* with a higher oxidation state, which
will facilitate the redox reaction, due to which Ni** usually plays the role of the catalyst
during the redox process, as many studies have reported [70-72]. Therefore, a greater
percentage of Ni®* will obtain a good gas sensing property to a large extent. Figure 5c—e
displays the fitted XPS results of Ni>* and Ni** of the 0.5, 1, and 2 at% Ni-ZnO. The
relative percentage of Ni2* and Ni* varied in the three samples, and the ratio of Ni3+ /Niz*
was calculated to be 1.33, 1.62, and 1.05 for the 0.5, 1, and 2 at% Ni—ZnO samples. The
1 at% Ni-ZnO sample had the highest ratio of Ni®* /Ni?* of 1.62, followed by the 0.5 at%
Ni-ZnO and 2 at% Ni-ZnO. From the gas sensing tests, the highest sensing performance
was obtained by the 1 at% Ni-ZnO, and then the 0.5 at% Ni-ZnO and 2 at% Ni-ZnO
samples. The gas sensing results coincided with the inference of the Ni** /Ni?* ratio.

5. Conclusions

In summary, different Ni-ZnO core-shell spheres were successfully prepared by a one-
step solvothermal method and gas sensors based on the prepared materials were prepared.
The role of Ni doping in ZnO on the microstructure and gas sensing performance was stud-
ied in detail. The results showed that Ni doping changed the hierarchical microstructure
of ZnO, and the BET specific area increased after Ni doping. Gas sensing measurements
revealed that the operating temperature decreased due to the lower band gap after Ni
doping. All of the sensing materials had the highest response to toluene, the best sensing
performance was acquired by the 1 at% Ni-ZnO based gas sensor, with high response,
excellent selectivity, fast response and recovery time, and relatively long-term stability.
The enhanced sensing property can be mainly due to the increase in the specific surface
area and relative percentage of oxygen vacancy after Ni doping, and more importantly,
is the catalyst effect of Ni ions. This work provides a reasonable way to fabricate a high
performance toluene sensing material.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/chemosensors10080327/s1, Figure S1: The schematic figure of the
(a) ceramic tube, (b) sensor device, and (c) the sensing test system. Figure S2: (a) The UV-Vis
absorption spectrum and (b) energy band gap of the ZnO samples with different Ni doping amounts.
Table S1: The parameter information for all of the gas samples.
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Abstract: A novel two-dimensional nanocomposite Pt/ TizC,Tx-CNT was synthesized for the non-
invasive rapid detection of toluene, a lung cancer biomarker, via cataluminescence (CTL). Pt/ TizCoTx-
CNT exhibited a good catalytic performance toward toluene. The CTL sensor based on Pt/ Ti3C,T-
CNT has the advantage of rapid response: The average response time was about 1 s, and the average
recovery time was about 30 s. Moreover, the material has a wide scope of detection for toluene, and
the limit of detection defined as 3 S/N was about 2 ppm. The optimal working temperature (150 °C)
is lower than common sensors, so it has a broad prospect in the actual detection process. Aside from
its weak response to formaldehyde, the sensor only exerted a strong response signal to toluene, and
no response was observed to other VOCs, indicating that this CTL sensor has good selectivity for
toluene. The possible sensing mechanism of CTL showed that toluene was oxidized to generate
excited-state CO,*, which emitted a luminescent signal when it returned to the ground state.

Keywords: MXene; nanocomposites; cataluminescence; detection of toluene

1. Introduction

Human respiration contains a large number of gases, including carbon dioxide (CO,),
ammonia (NH3), ethanol (C,HsOH), acetone (CH3COCH3), and toluene (C;yHg) [1]. The
human-exhaled breath serves to exhaust the body of its metabolic byproducts. These
byproducts may be unique in lung cancer, based on metabolic changes within or around
cancer cells or due to metabolic changes in the immunological system of the body [2].
Careful analysis of such breathing gases by using reliable detection equipment (such as gas
sensors) provides a non-invasive way to check people’s health: a significantly high level
of gas can be used as a biomarker for pathogenic development (e.g., toluene: lung cancer;
acetone: diabetes; ammonia: kidney problems) [3-5]. The development of toluene gas
sensors for biomarker applications has attracted particular attention because this medical
device can provide a non-invasive tool for the daily monitoring of lung cancer patients [6,7].

At present, there are many methods and technologies that can be used to detect toluene
gas. However, when other respiratory gases coexist, the sensitivity and selectivity for the
detection of low concentration toluene is still a challenging topic. The existing methods
of toluene detection have some drawbacks and cannot achieve rapid detection [8-12]. For
example, the chemical detection method takes a long time, and the interference of homo-
logues cannot be ruled out. The infrared spectroscopy method has low sensitivity and
large relative error and needs a large number of representative samples to model before
detection [9]. Gas chromatography is expensive and requires professional operation [10].
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Therefore, it is necessary to establish a rapid, portable, and sensitive detection method for
toluene [8]. CTL refers to the phenomenon according to which when a catalytic oxidation re-
action occurs at the gas—solid interface, the substance absorbs energy from the ground state
and converts it into an excited state, and the excited state releases energy into the ground
state, accompanied by chemiluminescence [13]. The CTL method based on nanomaterials
is a new sensor detection method, which is widely studied and applied to the detection of
volatile organic compounds (VOCs) in the environment [14-19]. Shi et al. [20] prepared
Pt/NU-901 nanocomposites for CTL sensors to detect acetone, a marker of diabetes. The
detection method is stable, fast, and accurate. Yu et al. [21] reported a camellia-like NiO
and used it in a CTL sensor for the rapid detection of H,S. The large specific surface area
of the material, its developed porous structure, and the effect of surface-adsorbed oxygen
make the sensor have high sensitivity and selectivity for H,S detection. This method has
high sensitivity, selectivity, and fast detection speed. There is no need to add other reagents
when using a CTL sensor to detect VOCs. In addition, sensing elements are not consumed
in the CTL reaction process, so the nanomaterial can be reused as a sensing element, which
enables the CTL sensor to monitor VOCs in real time [13,22-25]. Therefore, CTL-based
sensors can be applied to the detection of toluene.

MXene is a novel two-dimensional material for transition metal carbides or nitrides
obtained by using fluoride etching MAX (where M is an early transition metal carbide, A
represents the main group elements, and X represents C and/or N elements [26]) ternary
layered materials, which has attracted increasing attention because of its unique structure
and excellent electrical and optical properties [27]. A single, large layer and less defective
Ti3C,Tx sheet can be separated via simple ultrasonication or manual shaking by etching
with hydrochloric acid and lithium fluoride [28-30]. Additionally, carbon nanotubes (CNTs)
have excellent sensing properties [31,32], and metal decoration can improve sensing perfor-
mance. In recent years, the preparation and exploration of MXene-based composites have
started to become research hotspots [33]. In addition, Pt and other precious metals have
been widely studied because of their unique physical and chemical properties. Research
shows that Pt has good oxidation resistance and high conductivity, and platinum can
provide excitation electrons in CTL sensors. Therefore, adding it to a CTL sensor will
further enhance the detection signal of the sensor and speed up its response and recovery
time [19,34-36]. Therefore, Pt was used as decoration to prepare Pt/TizC,Tx-CNT catalyst
in this paper. Then, the CTL characteristics of toluene on the surface of Pt /Ti3C,Tx-CNT
were determined, and the optimal detection conditions of toluene were investigated using
an ultraweak chemiluminescence analyzer.

2. Experiment
2.1. Reagents and Instruments

The reagents used in this experiment were lithium fluoride (LiF), cetyltrimethylammo-
nium bromide (CTAB), ethanol, chloroplatinic acid (H,PtCls-6H,0), sodium borohydride
(NaBHy), toluene, formaldehyde, chloroform, cyclohexane, tetrachloroethane, diethyl ether,
acetone, and ammonia, which were purchased from Sinopharm Chemical Reagent Co., Ltd.,
(Shanghai, China) and used as received, without further purification. Ti3AIC, was from
Kayene Ceramics Co., Ltd., (Yantai, China). CNT was purchased from Beijing Boyu Co.,
Ltd., (Beijing, China). Deionized water was prepared using FST-TOP-A24 super-pure water
equipment made by Shanghai Fushite Instrument Equipment Co., Ltd., (Shanghai, China).

The instruments used in the experiment included an RCT basic magnetic stirrer
(EKA Instrument Equipment Co., Ltd., Guangzhou, China), a TG16K-II table high-speed
centrifuge (Shanghai Zhaodi Biotechnology Co., Ltd., Shanghai, China), a DHG-9023A
air-drying box (Shanghai YiHeng Scientific Instrument Co., Ltd., Shanghai, China), and a
PHB-3 digital pH meter (Shanghai SanXin Instrument Factory, Shanghai, China).

2.2. Preparation of Pt/TizCyT,-CNT Catalysts
The etching methods of Pt/ Ti3C, Tx-CNT have been reported in previous studies [37-39].
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2.2.1. Preparation of Ti3C, Ty

First, 0.8 g of LiF was added to a 10 mL HCI (9 mol/L) solution; then, 0.5 g of TizAIC,
was added and mixed into the solution with continuous stirring at 35 °C for 24 h. The
reaction precipitate was repeatedly washed with deionized (DI) water until the pH value
of the supernatant was greater than 6. Finally, the precipitate was dissolved in the DI water,
and the resulting solution was sonicated in an Ar atmosphere for 1 h.

2.2.2. Preparation of CTAB-CNT

Briefly, 50 mg CNT was added to 100 mg CTAB, and then the mixture was ultra-
sonically dispersed in 50 mL DI water. After the reaction was complete, the precipitate
was washed with ethanol several times to remove the residual CTAB. Finally, centrifu-
gation (9000 rpm,15 min) was used to collect the black precipitate; thus, the CTAB-CNT
was obtained.

2.2.3. Preparation of Pt/TizC,Tx-CNT

First, 40 mg TizC, Ty and 40 mg CTAB-CNT were dispersed in 40 mL DI water to
obtain the TizCyTx-CNT. Then, H,PtCls-6H,O was added dropwise to the TizCoTx-CNT
suspension and stirred continuously for 2 h at room temperature. Finally, an excess of
NaBHy solution was added to the above solution to react until no bubbles were produced.
After centrifugation, washing, and drying, the Pt/TizC,Tx-CNT catalyst was obtained.

2.3. Characterization

The morphology and structure of Pt/TizC,Tx-CNT were investigated using a scanning
electron microscope (SEM, Zeiss Auriga FIB-SEM, 10 kV) and a transmission electron
microscope (TEM, JEOL-2010, 200 kV). The chemical composition was determined with
an energy-dispersive spectrometer (EDS). X-ray diffraction (XRD) patterns were recorded
using a Philips X'Pert PRO MPD diffractometer with a Cu K« X-ray source (A = 1.5405 A).

2.4. Cataluminescence Sensing Measurement

Pt/Ti3CoTx-CNT was coated on ceramic rods and then placed in a reaction chamber.
An adjustable transformer was used to heat the reaction chamber, and a flow pump was
used to adjust the airflow rate. In the same reaction condition, using a syringe, 10 kinds of
VOCs (toluene, trichloromethane, tetrachloroethane, cyclohexane, formaldehyde, diethyl
ether, acetone, carbon dioxide, ammonia, and ethanol) were injected into the reaction
chamber to react with Pt/ Ti3C, Ty -CNT, and the CTL value in Pt/ TizCyTx-CNT surface
was determined using an ultraweak chemiluminescence analyzer (BPCL-1-TIC, Guangzhou
Microphotonics Technologies Co., Ltd., Guangzhou, China). The sensing device is shown

in Figure 1.
Gas in
) Quartz tube
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I
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Figure 1. Schematic diagram of CTL sensor experimental device.
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The dry air required for the experiment was provided by a compressed gas cylinder
and carried out under the condition of constant humidity (40 & 5%). The temperature
was adjusted and detected using the adjustable transformer. The ceramic heating rods
coated with nanomaterials were put in a closed quartz tube (500 mL), and the airflow
rate was adjusted by adjusting the cylinder valve. The gas flow rate was detected with
a rotor gas flowmeter (anti-corrosion LZB-3WBF). Finally, the gas solution to be tested
was injected into the cylinder through a micro syringe and then delivered to the reaction
chamber. The generated catalytic luminescence signal was detected and processed via
a photoelectric detection and data processing system. The measurement wavelength of
this experiment was the effective response wavelength (300-650 nm) that can be detected
by the photomultiplier tube in the BPCL ultraweak microluminescence instrument, so no
specific wavelength was selected. The concentration of the detected gas in the experiment
is calculated by the following formula [40]:

C*ViXPO

= 1
Ve x P, M

where C is the concentration of the gas to be measured, V; is the volume of the gas to
be measured sucked into the syringe, V. is the volume of the reaction chamber, Py is the
vapor pressure of the gas to be measured at room temperature, and P, is the standard
atmospheric pressure.

3. Results and Discussions
3.1. Characterization of Pt/Ti3CyTx-CNT

Figure 2a—e show the SEM images of Pt/ Ti3C,Tx-CNT and its corresponding EDS
mapping. As can be seen from Figure 2a-e, the material consists of Ti, Pt, O, and C. In
this composition, Ti and O are TizC, Ty feature elements, C is a Ti3C,Tx and CNT feature
element, and Pt is the material surface decoration element. The content of each element
is shown in Table 1. Figure 2f,g correspond to the SEM and TEM images of the material.
As can be seen from Figure 2f,g, the material has a tubular structure connected by nodes,
which shows that the CNT and Ti3C, Ty are closely combined to form a stable structure.
There is Ti with partial solubility on the surface of Ti3C, Ty, which makes the Ti cation
separate from the TizC, Ty substrate and freely dissolve into the solution, so Ti3C, Ty has a
negative charge [26], while the CNT modified with cationic surfactant CTAB has a positive
charge [41]. The positively charged CNT and negatively charged TizC,Tx are combined via
electrostatic interaction. Research has shown that the composite of TizC,Tx and CNT can
increase the active sites of the material and improve the cycle life of the material [26,41].
In addition, Pt was attached to the surface of the nanotubes, which indicates that the
Pt/ Ti3CoTx-CNT catalyst was successfully prepared in this experiment.

Table 1. Content of elements in Pt/Ti3Cy Tx-CNT.

Elements Weight% Atomic%
C 9.76 93.83
(@) 0.75 5.39
Ti 0.18 0.44
Pt 0.59 0.34
Totals 11.28 1

118



Chemosensors 2022, 10, 333

200nm

Intensity (a.u.)

k\l___‘___~ﬁ__ N Ti,C,T,

I CNT 75-0444
\ M- N

‘ Pt 87-0646

T
20 10 60 80
2-Theta (degree)

Figure 2. (a-e) SEM images and EDS mapping of Pt/ Ti3C, Tx-CNT; (f,g) SEM and TEM images of
Pt/ Ti3CoTx-CNT; (h) XRD pattern of Pt/Ti3CoTx-CNT.

The XRD pattern of Pt/Ti3CoTx-CNT is shown in Figure 2h. As can be seen from
Figure 2h, the diffraction peaks of the materials appeared at 6.3°, 26.3°, 39.8°, 46.3°, and
67.5°, respectively. Diffraction peaks matched well the corresponding standard cards.
Among them, the diffraction peak of 6.2° corresponded to Ti3C, Ty, and 26.3° corresponded
to the characteristic peak of CNT (JCPDS No.75-04444). In addition, the diffraction peaks of
39.8°,46.3°, and 67.8° corresponded to the basal planes of Pt (111), Pt (200), and Pt (220)
(JCPDS No.87-0646). No other impurities were observed in the XRD pattern.

3.2. CTL Response of Toluene on Pt/TizCrT-CNT

Figure 3a shows the luminescence intensity upon exposure to toluene vapors of the
Pt/Ti3CoTx-CNT material. After the sensor was debugged and stabilized, the CTL strength
was measured. The CTL strength produced by toluene before adding toluene was 0, and
after adding toluene, the CTL strength produced by toluene on the material surface could
reach about 175,000, with an average response time of 1 s and average recovery time of 30 s.
When the CTL strength was restored to 0, toluene was added again, and the CTL strength
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immediately produced was basically unchanged, indicating that Pt/ Ti3C,Tx-CNT has a
good CTL response to toluene. In addition, under the same experimental conditions, after
four times of repeated tests, no significant change was observed in signal strength, which
shows that the CTL sensor has good reproducibility and high stability. Figure 3b shows the
luminous intensity of TizC,Tx-CNT when exposed to toluene vapor. From the comparison
of Figure 3a,b, it can be seen that the luminous intensity of TizCyTx-CNT exposed to toluene
vapor was significantly lower than that of Pt/Ti3C,Tx-CNT exposed to toluene vapor,
indicating that the addition of Pt was conducive to the CTL signal detection of toluene
and accelerated the corresponding recovery time. The CTL-based method has obvious
advantages for the detection of VOCs, such as sensitive and rapid detection. However,
research on the detection of toluene via CTL is relatively scarce [19,42,43], so the material
has great potential application value.
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Figure 3. (a) The luminescence intensity upon exposure to toluene vapors of Pt/Ti3CoTx-CNT
material; (b) the luminescence intensity upon exposure to toluene vapors of TizCy Tx-CNT material.
(detecting concentration: 87 ppm. Working temperature: 150 °C. Airflow rate: 200 mL/min).

3.3. Optimization of CTL Sensor

Temperature is an important factor for CTL reactions, and the CTL value generally
increases with the temperature. However, with the increase in temperature, the noise of the
detection device also increases. In addition, the high temperature may affect the structure
of the material [44]. Therefore, it is necessary to study the optimal working temperature.

The effects of operating temperature on CTL intensity and the S/N [45] value are
shown in Figure 4a. The CTL intensity of toluene on the Pt/ TizC,Tx-CNT surface increased
with the increase in temperature under certain concentrations and airflow rates. At the same
time, the S/N value first increased with the increase in temperature and then decreased
after 150 °C, which implies that 150 °C is the optimal temperature for the detection of
toluene. Therefore, the temperature of 150 °C, which occurs at a large luminescent signal
area for toluene, was chosen in subsequent experiments.

The airflow rate has also an obvious influence on CTL strength. A slow air flow rate
leads to a low effective contact concentration between the detector and the material, and a
high airflow rate causes the detector to be taken out of the reaction chamber before it can
react with the material.
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Figure 4. Effects of (a) working temperature and (b) airflow rate on CTL intensity and the S/N value:
(a) detecting concentration: 87 ppm; airflow rate: 100 mL/min; (b) detecting concentration: 87 ppm;

detecting temperature: 150 °C.

At different gas flow rates, the CTL strength between toluene and the material was
detected via BPCL-1-TIC, and the noise under the corresponding CTL value was recorded
at the same time. The results are shown in Figure 4b. From Figure 4b, the CTL intensity of
toluene increased with an increase in the gas flow rate below 300 mL/min, and the S/N
first increased with the increase in gas flow rate and then decreased after 200 mL/min.
Therefore, the gas flow rate of 200 mL/min was chosen for detection because of the resulting
strong and steady CTL signals.

3.4. Analytical Characteristics

Under the optimal experimental conditions, the analytical characteristics of the CTL
sensor based on Pt/Ti3C,Tyx-CNT toward toluene were studied. A response curve ob-
tained from the different concentrations of toluene is shown in Figure 5, indicating a good
linear relationship within the concentration range of 2.5~87 ppm. The limit of detection
defined as 3 S/N was about 2 ppm. The linear regression equation was y = 2034x—4858.3
(2.5 < x < 87 ppm, R? = 0.9228), where y represents the average relative intensity of CTL
after three parallel experiments, and x represents the concentration of toluene.
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Figure 5. (a) Effects of analyte concentration on CTL intensity; (b) correlation curve of response signal
intensity of different concentrations of toluene on the surface of Pt/ TizC, Tx-CNT materials. (working
temperature: 150 °C; airflow rate: 200 mL/min).
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3.5. Selectivity and Stability of the Pt/TizCyTx-CNT for Toluene

In addition to good reproducibility, excellent selectivity is also critical for the sen-
sor, especially for practical detection. Under suitable conditions, 10 VOCs (toluene,
trichloromethane, tetrachloroethane, cyclohexane, formaldehyde, diethyl ether, acetone,
carbon dioxide, ammonia, and ethanol) were introduced into the reaction chamber to prove
the selectivity of Pt/ Ti3CoTx-CNT. The CTL intensity of seven VOCs on the surface of the
material is shown in Figure 6a. From Figure 6a, except for toluene and formaldehyde, the
other eight VOCs had no obvious response on the Pt/ Ti3C,Tx-CNT surface. There was
no evident interference in the detection of toluene. Therefore, Pt/ TizC,Tx-CNT has good
selectivity in the detection of toluene.
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Figure 6. (a) Selectivity of the Pt/ Ti3CyTx-CNT for toluene; (b) stability of the Pt/Ti3CyTx-CNT for
toluene (detecting concentration: 87 ppm; working temperature: 150 °C; airflow rate: 200 mL/min).

In order to verify the stability of the continuous operation of Pt/ Ti3CoTx-CNT at the
optimal temperature (150 °C), the sensing performance of Pt/ Ti3C,Tx-CNT to toluene was
measured working for 8 h every day. The average value of the measurement was taken
as the measurement result of the day, working continuously for 5 days, and the error is
shown by the error bar. As shown in Figure 6b, the results revealed that the CTL intensity
produced by toluene on the surface of the material was 171,500 on the first day, and it
slightly decreased over the next few days. After 5 days, the CTL intensity produced by
toluene on the surface of the material was 164,000, and the signal intensity of toluene
decreased by 4.37% after 5 consecutive days. In addition, the XRD pattern of Pt/ Ti3CyT-
CNT after its continuous operation is shown in Figure 2b. There was no obvious difference
between the fresh Pt/ TizCy Tx-CNT and the one after detection. This indicates that the CTL
sensor has high stability.

3.6. The Advantages of Pt/Ti3C,T-CNT Sensor

Table 2 shows the analytical characteristics of the sensor presented here and some
previously reported sensors. As shown in Table 2, the Pt/TizC,Tx-CNT sensor has a faster
response, shorter recovery time, and lower working temperature compared with previous
reports. The fast response and recovery time of this sensor greatly improve its detection
efficiency, and its lower working temperature can reduce the energy consumption of the
detection process. Therefore, Pt/ Ti3CoTx-CNT has great advantages in detecting toluene.
In addition, Pt/Ti3C,Tx-CNT contains the advantages from each component, enabling
a possible coordination effect to achieve high catalytical performance. CNT provides a
large sensing area for the CTL reaction. Ti3C, Ty makes the material junction more stable.
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Moreover, the Pt attached to the surface can provide excited electrons according to the
principle of catalytic luminescence detection [19].

Table 2. Reports on the detection of toluene based on CTL in recent years.

Principle

Sensing Material Response Time (s) Recovery Time (s)  Temperature (°C) Reference

CTL
CTL
CTL
CTL
CTL

TiO,/SnO, ND ND 270 [42]
v-ALO3 /PtO, 15 60 236 [43]
AlL,O3/Pt 2 38 395 [19]
y-A1203 /Eu203 3 30 432 [16]
Pt/Ti3CpTx-CNT 1 30 150 This work

3.7. Possible Mechanism

Different metal-based catalysts have been found for the detection of VOCs, and their
presence in nanomaterials can enhance the sensing characteristics of sensors. Firstly, due
to the adsorption of methyl, the adsorption of toluene on the sensor surface is enhanced.
Secondly, in our study, considering the interaction between -CH3 and Pt, electrons more
easily transition from the 77y, level to the Fermi level and from the Fermi level to the 7tcp,,
level. Therefore, the adsorption barrier of toluene becomes lower, and the electronic effect
between methyl and Pt is enhanced [46,47]. From the perspective of the through-space
effect, there is through-space repulsion between -CHj and Pt, which is not conducive
to the adsorption of —CHj and Pt [48]. Therefore, this indicates that TizC,Tyx and CNT
accelerate the conduction of electrons, change the working function and adsorption barriers,
and make the electronic effect more dominant than the spatial effect, thus improving the
sensor response. Moreover, the CNT-binding Ti3C,Tx provides greater contact space for
gas molecules [26,30].

It is worth noting that only the materials located at the surface of the sensing layer can
make contact with the gas analytes effectively. Hence, it is assumed that the produced CTL
signal is the result of the reaction of toluene and oxygen in the surface layer of the material.
The whole process of CTL response is described as follows:

O; +2e =20 orOy +2e” — Oy~ 2)

C7Hg + O™ (027) = Cy_xHg_ox + XCO2* + xHO + e~ (x represents the number of H,O and CO,*) 3)

CO,* — CO, + hv @)

Firstly, toluene and oxygen in the air are adsorbed on the surface of Pt/TizC,Tx-
CNT. Oxygen adsorbed on the surface of catalyst at appropriate temperature receives free
electrons to form oxygen ions (O~ and O, ) [39,49,50]. Secondly, toluene adsorbed on the
surface of Pt/Ti3C,Tx-CNT is catalytically oxidized with O~ and O, 7, and the reaction
products then diffuse into the gas phase. In the process of catalytic oxidation reaction,
excited CO, (CO,*) is generated, and the returning process of the released CO,* photons
to the ground state (CO;) is accompanied by the generation of optical signals. The main
mechanism of CTL signal generation is that the catalyst catalyzes the generation of excited
states and converts energy into optical signals [51-54].

4. Conclusions

In this study, a sensor based on Pt/TizC,Tx-CNT was developed for the detection
of toluene without the aid of biological reagent identification or instrumental separation.
Pt/Ti3CoTx-CNT exhibited the best catalytic performance toward toluene due to its large
specific surface area and stable structure. The gas sensor based on Pt/TizC,Tx-CNT has the
advantage of rapid response. Additionally, the material has a wide scope of detection for
toluene, and the optimal working temperature (150 °C) is lower compared with common
sensors, so it has a broad prospect in the actual detection process. The limit of detection
defined as 3 S/N was about 2 ppm. The possible sensing mechanism of CTL showed that
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toluene was oxidized to generate excited-state CO,*, which emitted a luminescent signal
when it returned to the ground state.

Author Contributions: Conceptualization, HW. and B.S.; validation, B.S.; formal analysis, X.S.
and F.L.; writing—original draft preparation, H.W. and B.S.; writing—review and editing, B.S.;
supervision, B.S.; project administration, T.D.; funding acquisition, B.S. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the Project of the National Key Research and Development
Program (2019YFC0408505), the Natural Science Research Project of the Higher Education Institutions
of Anhui Province (KJ2021A0303, KJ2021A0616), the Science and Technology Major projects of Anhui
Province (18030801106), the teaching research project of Anhui Province (2019jyxm0994), the first
batch of natural science projects supported by surplus funds in 2021 of Anhui Jianzhu University
(J2202129, J7202134), and the Scientific Research Start-up Foundation for Introduction of Talent,
Anhui Jianzhu University (2016QD113).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

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

References

1. Kim, K.H; Jahan, S.A.; Kabir, E. A review of breath analysis for diagnosis of human health. TrAC Trends Anal. Chem. 2012, 33, 1-8.
[CrossRef]

2. Amann, A,; Corradi, M.; Mazzone, P.; Mutti, A. Lung cancer biomarkers in exhaled breath. Expert Rev. Mol. Diagn. 2011, 11,
207-217. [CrossRef] [PubMed]

3. Konvalina, G.; Haick, H. Sensors for breath testing: From nanomaterials to comprehensive disease detection. Acc. Chem. Res.
2014, 47, 66-76. [CrossRef] [PubMed]

4. Zhang, Z.; Zhu, L.; Wen, Z.; Ye, Z. Controllable synthesis of Co3O4 crossed nanosheet arrays toward an acetone gas sensor. Sens.
Actuators B Chem. 2017, 238, 1052-1059. [CrossRef]

5. Qin, W,; Yuan, Z.; Shen, Y,; Zhang, R.; Meng, F. Phosphorus-doped porous perovskite LaFej_PxO3-5 nanosheets with rich surface
oxygen vacancies for ppb level acetone sensing at low temperature. Chem. Eng. J. 2022, 431, 134280. [CrossRef]

6.  Xiong, Y.; Zhu, Z.; Ding, D.; Lu, W.; Xue, Q. Multi-shelled ZnCo,04 yolk-shell spheres for high-performance acetone gas sensor.
Appl. Surf. Sci. 2018, 443, 114-121. [CrossRef]

7. David, S.S.; Veeralakshmi, S.; Sandhya, J.; Nehru, S.; Kalaiselvam, S. Room temperature operatable high sensitive toluene gas
sensor using chemiresistive Ag/Bi,O3 nanocomposite. Sens. Actuators B Chem. 2020, 320, 128410. [CrossRef]

8. Healy, RM.; Wang, ].M.; Karellas, N.S.; Todd, A.; Sofowote, U.; Su, Y.; Munoz, A. Assessment of a passive sampling method and
two on-line gas chromatographs for the measurement of benzene, toluene, ethylbenzene and xylenes in ambient air at a highway
site. Atmos. Pollut. Res. 2019, 10, 1123-1127. [CrossRef]

9.  Douberly, G.E.; Ricks, A.M.; Schleyer PV, R.; Duncan, M.A. Infrared spectroscopy of gas phase benzenium ions: Protonated
benzene and protonated toluene, from 750 to 3400 cm L J. Phys. Chem. A 2008, 112, 4869-4874. [CrossRef]

10. Ji, J.; Deng, C.; Shen, W.; Zhang, X. Field analysis of benzene, toluene, ethylbenzene and xylene in water by portable gas
chromatography-microflame ionization detector combined with headspace solid-phase microextraction. Talanta 2006, 69, 894-899.
[CrossRef]

11. Lin, H.; Jang, M.; Suslick, K.S. Preoxidation for colorimetric sensor array detection of VOCs. J. Am. Chem. Soc. 2011, 133, 16786.
[CrossRef] [PubMed]

12.  Iwaki, T.; Covington, J.A.; Udrea, E; Gardner, ].W. Identification and quantification of different vapours using a single polymer
chemoresistor and the novel dual transient temperature modulation technique. Sens. Actuators B Chem. 2009, 141, 370-380.
[CrossRef]

13.  Breysse, M.; Claudel, B.; Faure, L.; Guenin, M.; Williams, R.J.; Wolkenstein, T. Chemiluminescense during the catalysis of carbon
monoxide oxidation on a thoria surface. J. Catal. 1976, 45, 137-144. [CrossRef]

14.  Zhou, K;; Xu, J.; Gu, C; Liu, B.; Peng, Z. Identification and determination of formaldehyde, benzene and ammonia in air based on
cross sensitivity of cataluminescence on single catalyst. Sens. Actuators B Chem. 2017, 246, 703-709. [CrossRef]

15.  Almasian, M.R.; Na, N.; Wen, E; Zhang, S.; Zhang, X. Development of a plasma-assisted cataluminescence system for benzene,
toluene, ethylbenzene, and xylenes analysis. Anal. Chem. 2010, 82, 3457. [CrossRef] [PubMed]

16. Lu,]J,; Cao, X,; Pan, C; Yang, L.; Lai, G.; Chen, J.; Wu, C. Studies of the Cataluminescence of Benzene Homologues on Nanosized

v-Al,O3/Eu;03 and the Development of a Gas Sensorfor Benzene Homologue Vapors. Sensors 2006, 6, 1827-1836. [CrossRef]

124



Chemosensors 2022, 10, 333

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Zeng, B.; Zhang, L.; Wan, X.; Song, H.; Lv, Y. Fabrication of a-Fe;O3/g-C3Ny composites for cataluminescence sensing of HjS.
Sens. Actuators B Chem. 2015, 211, 370-376. [CrossRef]

Leghrib, R.; Felten, A.; Demoisson, F; Reniers, F,; Pireaux, J.J.; Llobet, E. Room-temperature, selective detection of benzene at
trace levels using plasma-treated metal-decorated multiwalled carbon nanotubes. Carbon 2010, 48, 3477-3484. [CrossRef]
Wang, N.J.; Cao, X.A.; He, RW,; Liu, Y.H.; Huang, Y.J. A cataluminescence-based sensor for detecting benzene, toluene and
xylene vapors utilizing the catalytic reduction on the surface of nanosized Al,O3/Pt. Adv. Mat. Res. 2013, 663, 335-342.

Shi, Z.; Li, G.; Hu, Y. Cataluminescence sensor based on Pt/NU-901 nanocomposite for rapid capture, catalysis and detection of
acetone in exhaled breath. Anal. Chim. Acta 2022, 1206, 339787. [CrossRef]

Zhang, RK.; Wang, D.; Wu, Y.J.; Hu, Y.H.; Chen, ].Y.; He, ].C.; Wang, ] X. A Cataluminescence Sensor Based on NiO Nanoparticles
for Sensitive Detection of Acetaldehyde. Molecules 2020, 25, 1097. [CrossRef] [PubMed]

Shi, G.; Sun, B.; Jin, Z.; Liu, J.; Li, M. Synthesis of SiO, /Fe304 nanomaterial and its application as cataluminescence gas sensor
material for ether. Sens. Actuators B Chem. 2012, 171-172, 699-704. [CrossRef]

Rushi, A.D.; Datta, K.P.; Ghosh, P.; Mulchandani, A.; Shirsat, M.D. Exercising substituents in porphyrins for real time selective
sensing of volatile organic com pounds. Sens. Actuators B Chem. 2018, 257, 389-397. [CrossRef]

Bao, Y,; Xu, P; Cai, S.; Yu, H.; Li, X. Detection of volatile-organic-compounds (VOCs) in solution using cantilever-based gas
sensors. Talanta 2018, 182, 148-155. [CrossRef] [PubMed]

Zhang, R.; Li, G.; Hu, Y. Simple and excellent selective chemiluminescence based CS; on line detection system for rapid analysis
of sulfur-containing com pounds in complex samples. Anal. Chem. 2015, 87, 5649-5655. [CrossRef]

Xu, M; Liang, L.; Qi, J.; Wu, T.; Zhou, D.; Xiao, Z. Intralayered Ostwald Ripening-Induced Self-Catalyzed Growth of CNTs on
MXene for Robust Lithium-Sulfur Batteries. Small 2021, 17, 2007446. [CrossRef]

Lin, H.; Wang, X.; Yu, L.; Chen, Y.; Shi, ]. Two-Dimensional Ultrathin MXene Ceramic Nanosheets for Photothermal Conversion.
Nano Lett. 2017, 17, 384-391. [CrossRef]

Anasori, B.; Lukatskaya, M.R.; Gogotsi, Y. 2D metal carbides and nitrides (MXenes) for energy storage. Nat. Rev. Mater. 2017, 2,
16098. [CrossRef]

Tao, Q.; Dahlqvist, M.; Lu, J.; Kota, S.; Meshkian, R.; Halim, J.; Palisaitis, J.; Hultman, L.; Barsoum, M.W.; Persson, P.O.; et al.
Two-dimensional Mo1.33C MXene with divacancy ordering prepared from parent 3D laminate with in-plane chemical ordering.
Nat. Commun. 2017, 8, 14949. [CrossRef]

Zhou, J.; Zha, X.; Zhou, X; Chen, F,; Gao, G.; Wang, S.; Shen, C.; Chen, T.; Zhi, C.; Eklund, P; et al. Synthesis and Electrochemical
Properties of Two-Dimensional Hafnium Carbide. ACS Nano 2017, 11, 3841-3850. [CrossRef]

Zhou, Y,; Jiang, Y.; Xie, G.; Du, X.; Tai, H. Gas sensors based on multiple-walled carbon nanotubes-polyethylene oxide films for
toluene vapor detection. Sens. Actuators B Chem. 2014, 191, 24-30. [CrossRef]

Crescitelli, A.; Consales, M.; Penza, M.; Aversa, P.; Giordano, M.; Cusano, A. Toluene detection in aqueous phase by optical fiber
sensors integrated with single-walled carbon nanotubes. Open Environ. Biol. ]. 2008, 1, 26-32.

Firouzjaei, M.D.; Karimiziarani, M.; Moradkhani, H.; Elliott, M.; Anasori, B. MXenes: The two-dimensional influencers. Mater.
Today Adv. 2022, 13, 100202. [CrossRef]

Yu, L.; Li, N. Noble Metal Nanoparticles-Based Colorimetric Biosensor for Visual Quantification: A Mini Review. Chemosensors
2019, 7, 53. [CrossRef]

Kim, H.W.; Lee, J.W. GeO2 nanostructures fabricated by heating of Ge powders: Pt-catalyzed growth, structure, and photolumi-
nescence. Phys. E Low-Dimens. Syst. Nanostruct. 2008, 40, 2499-2503. [CrossRef]

Shi, Z.; Xia, L.; Li, G.; Hu, Y. Pt/ Au Nanoparticles@Co30,4 Cataluminescence Sensor for Rapid Analysis of Methyl Sec-Butyl
Ether Impurity in Methyl Tert-Butyl Ether Gasoline Additive. Chemosensors 2022, 10, 260. [CrossRef]

Alhabeb, M.; Maleski, K.; Mathis, T.S.; Sarycheva, A.; Hatter, C.B.; Uzun, S.; Levitt, A.; Gogotsi, Y. Selective etching of silicon from
Ti3SiCy (MAX) to obtain 2D titanium carbide (MXene). Angew. Chem. Int. Edit. 2018, 57, 5444-5448. [CrossRef]

Xie, X.; Zhao, M.Q.; Anasori, B.; Maleski, K.; Ren, C.E.; Li, J.; Byles, BW.; Pomerantseva, E.; Wang, G.; Gogotsi, Y. Porous
heterostructured MXene/carbon nanotube composite paper with high volumetric capacity for sodium-based energy storage
devices. Nano Energy 2016, 26, 513-523. [CrossRef]

Xu, C; Fan, C,; Zhang, X,; Chen, H.; Liu, X.; Fu, Z.; Wang, R.; Hong, T.; Cheng, J. MXene (Ti3C;Tx) and carbon nanotube
hybrid-supported platinum catalysts for the high-performance oxygen reduction reaction in PEMFC. ACS Appl. Mater. Interfaces
2020, 12, 19539-19546. [CrossRef]

Meng, F; Qi, T.; Zhang, ].; Zhu, H.; Yuan, Z; Liu, C.; Qin, W.; Ding, M. MoS,-Templated Porous Hollow MoO3 Microspheres for
Highly Selective Ammonia Sensing via a Lewis Acid-Base Interaction. IEEE Trans. Ind. Electron. 2022, 69, 960-970. [CrossRef]
Wu, M,; Park, H.; Cho, K.M.; Kim, J.Y.; Kim, S.J.; Choi, S.; Kang, Y.; Kim, J.; Jung, H.T. Formation of toroidal LipO, in non-aqueous
Li-O, batteries with Mo,CTx MXene/CNT composite. RSC Adv. 2019, 9, 41120-41125. [CrossRef]

Sha, W.; Ni, S.; Zheng, C. Development of cataluminescence sensor system for benzene and toluene determination. Sens. Actuators
B Chem. 2015, 209, 297-305. [CrossRef]

Sun, Y.; Cao, X,; Liu, Y.; Wang, N.; He, R. Research on benzene, toluene and dimethylbenzene detection based on a catalumines-
cence sensor. Luminescence 2014, 29, 122-126. [CrossRef]

Sharma, C.S.; Katepalli, H.; Sharma, A.; Madou, M. Fabrication and electrical conductivity of suspended carbon nanofiber arrays.
Carbon 2011, 49, 1727-1732. [CrossRef]

125



Chemosensors 2022, 10, 333

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Huang, X.; Song, H.; Zhang, L.; Deng, D.; Lv, Y. ZnO Nanoparticle-Decorated CeO, Nanospheres for Cataluminescence Sensing
of HpS. ACS Appl. Nano Mater. 2021, 4, 9557-9565. [CrossRef]

Minot, C.; Gallezot, P. Competitive hydrogenation of benzene and toluene: The oretical study of their adsorption on ruthenium,
rhodium, and palladium. . Catal. 1990, 123, 341-348. [CrossRef]

Kwon, Y.J.; Na, H.G.; Kang, S.Y.; Choi, S.W.; Kim, S.S.; Kim, H.W. Selective detection of low concentration toluene gas using
Pt-decorated carbon nanotubes sensors. Sens. Actuators B Chem. 2016, 227, 157-168. [CrossRef]

Orozco, ].M.; Webb, G. The adsorption and hydrogenation of benzene and toluene on alumina-and silica- supported palladium
and platinum catalysts. Appl. Catal. 1983, 6, 67-84. [CrossRef]

Qin, W.; Yuan, Z.; Gao, H.; Zhang, R.; Meng, F. Perovskite-structured LaCoO3 modified ZnO gas sensor and investigation on its
gas sensing mechanism by first principle. Sens. Actuators B Chem. 2021, 341, 130015. [CrossRef]

Meng, F; Li, X,; Yuan, Z.; Lei, Y.; Qi, T.; Li, J. Ppb-Level Xylene Gas Sensors based on Co3O4 Nanoparticles coated Reduced
Graphene Oxide(rGO) Nanosheets Operating at Low Temperature. IEEE Trans. Instrum. Meas. 2021, 70, 9511510. [CrossRef]
Yu, K; Hu, J.; Li, X.; Zhang, L.; Lv, Y. Camellia-like NiO: A novel cataluminescence sensing material for HyS. Sens. Actuators B
Chem. 2019, 288, 243-250. [CrossRef]

Cao, X.; Zhang, Z.; Zhang, X. A novel gaseous acetaldehyde sensor utilizing cataluminescence on nanosized BaCOj3. Sens.
Actuators B Chem. 2004, 99, 30-35. [CrossRef]

Ye, Q.; Gao, Q.; Zhang, X.R.; Xu, B.Q. Cataluminescence and catalytic reactions of ethanol oxidation over nanosized Ce;_ZrxO,
(0 < x <1) catalysts. Catal. Commun. 2006, 7, 589-592. [CrossRef]

Wang, S.; Yuan, Z.; Zhang, L.; Lin, Y,; Lu, C. Recent advances in cataluminescence-based optical sensing systems. Analyst 2017,
142, 1415-1428. [CrossRef]

126



-
@ chemosensors

Article

High-Performance Sulfur Dioxide Gas Sensor Based on
Graphite-Phase Carbon-Nitride-Functionalized Tin Diselenide
Nanorods Composite

Hao Zhang "2, Qiannan Pan 3, Yating Zhang 3, Yanting Zhang ! and Dongzhi Zhang 3*

Citation: Zhang, H.; Pan, Q.; Zhang,
Y.; Zhang, Y.; Zhang, D.
High-Performance Sulfur Dioxide
Gas Sensor Based on Graphite-Phase
Carbon-Nitride-Functionalized Tin
Diselenide Nanorods Composite.
Chemosensors 2022, 10, 401. https://
doi.org/10.3390/ chemosensors10100401

Academic Editor: Andrea Ponzoni

Received: 3 September 2022
Accepted: 2 October 2022
Published: 8 October 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 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 (https://
creativecommons.org/licenses /by /
4.0/).

College of Mechanical and Electrical Engineering, China University of Petroleum (East China),
Qingdao 266580, China

Technology Inspection Center, Shengli Oilfield, Dongying 257000, China

College of Control Science and Engineering, China University of Petroleum (East China),
Qingdao 266580, China

Correspondence: dzzhang@upc.edu.cn

Abstract: In this paper, a composite of tin diselenide (SnSe,) functionalized by graphite-phase carbon
nitride (g-C3N4) was successfully prepared by a hydrothermal method, and was characterized by
X-ray diffraction (XRD), scanning electron microscope (SEM) and X-ray photoelectron spectroscopy
(XPS). These microstructure characterization results verified the successful synthesis of a multilayer
g-C3Ny/rod-shaped SnSe; composite. The gas sensitivity results showed that when the g-C3Ny
ratio was 30%, the g-C3N,/SnSe, composite sensor had the highest response (28.9%) at 200 °C
to 20 ppm sulfur dioxide (SO;) gas, which was much higher than those of pristine g-C3Ny and
SnSe; sensors at the optimum temperature. A series of comparative experiments proved that the
g-C3Ny/SnSe; composite sensor demonstrated an excellent response, strong reversibility and good
selectivity for ppm-level SO, gas detection. The possible SO, sensing mechanism was ascribed to the
heterostructure between the n-type SnSe; and n-type g-C3N4 nanomaterials. Furthermore, we also
proposed the influence of the special structure of the g-C3Ny functionalized SnSe; composite on the
gas-sensing characteristics.

Keywords: tin diselenide; carbon nitride; hydrothermal; heterostructure; SO, sensors

1. Introduction

As an important indicator of air pollution, sulfur dioxide (SO;) is an irritating, highly
toxic and colorless gas, which mainly comes from factory exhaust and automobile exhaust
emissions [1,2]. When the emitted concentration of sulfur dioxide in air is too high, it is
oxidized to sulfur trioxide and combined with water to form acid rain, which can destroy
buildings, pollute the environment and reduce soil fertility [3,4]. In addition, human
health is seriously threatened by some harmful gas species including sulfur dioxide gas.
Respiratory diseases such as bronchitis and asthma can result from the excessive inhalation
of sulfur dioxide gas [5]. There are reports that the human-permissible exposure limit for
SO, gas is 5 ppm and the long-term exposure limit is 2 ppm [6]. Therefore, the development
of portable, efficient and reliable gas sensors can be used to monitor the composition and
concentration of environmental gas pollutants in the atmosphere, which can help people to
deal with dangerous gases in time, and further protect social safety and human health.

Recently, two-dimensional (2D) layered inorganic materials (such as graphene and
transition metal materials) have attracted attention due to their unique crystal structures
and characteristics. Among them, two-dimensional transition metal dichalcogenides
(TMDs) are ideal materials for preparing field effect transistors [7], photodetectors [8]
and electronic devices [9] because of their unique electronic, magnetic, optical and me-
chanical properties. Due to their planar crystal structure, high specific surface area and
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physical affinity, they also have unique advantages in sensing applications [10]. According
to the reports from a few studies, two-dimensional transition metal compounds such as
molybdenum disulfide (MoS;) [11,12], tungsten disulfide (WS;) [13,14] and tin diselenide
(SnSey) [15,16] offer good gas sensing characteristics for detecting dangerous gases. SnSe;
is an n-type two-dimensional transition chalcogenide, and its gas-sensitive properties have
been widely reported [15-17]. The results of a study reported by Moreira et al. on the
ammonia (NH3) and nitrogen dioxide (NO;) gas sensitivity of tin-diselenide-based sensors
revealed that these sensors had steady repeatability and long-term stability under UV
radiation [17]. Zhang et al. fabricated coral-like tin diselenide/metal-organic frameworks
(MOFs)-derived nanoflower-like tin dioxide (SnO;) heteronanostructures via a hydrother-
mal method. The SnSe; /SnO, nanocomposite sensor exhibited excellent NO,-sensing
performance at room temperature, which was significantly improved under UV illumi-
nation. The enhanced NO, sensing performance was attributed to the formation of an
n-n heterostructure and light-excited electrons [18]. By using the template-sacrificial ap-
proach, Wang et al. created rod-shaped SnSe; and polyhedral zinc oxide (ZnO) composite
nanostructures, and the ZnO/SnSe, heterostructures exhibited an enhancement of carbon
monoxide (CO)-sensing properties at room temperature [19]. Pan et al. reported a coral-like
Au-modified SnSe; Schottky-junction-based ammonia gas sensor and demonstrated good
gas sensitivity to ammonia gas detection. In addition, the effect of Au modification on
ammonia gas molecules adsorption was also investigated using a first-principles density
functional theory (DFT). Because of these studies, it can be concluded that SnSe; is a feasible
material as building block for constructing high-performance gas sensors [20]. However, the
use of a single SnSe, material for gas sensitivity research has certain limitations, and the test
results may show poor selectivity and low sensitivity. According to previous studies, the
sensing characteristics of gas sensors can be improved by forming a heterojunction [21,22].
Graphite-phase carbon nitride (g-C3Ny), as a common two-dimensional material, has a
structure like graphene and provides more active sites for gas adsorption. The material
has excellent chemical stability, good electron mobility and low cost. In addition, g-C3Ny4
can also promote the uniform dispersion of active ingredients, so it can be used as a stable
catalyst carrier [23,24].

In this paper, a composite of SnSe; functionalized by g-C3N, was prepared via a
hydrothermal method and served as the sensitive nanomaterial for SO, gas sensing. The
nanostructure of the g-C3N4/SnSe, composite was characterized by X-ray diffraction (XRD),
scanning electron microscope (SEM) and X-ray photoelectron spectroscopy (XPS). The
characterization results verified the successful synthesis of a multilayer g-C3N, /rod-shaped
SnSe; composite. The as-prepared g-C3Ny/SnSe, composite sensor showed an excellent
gas response and rapid adsorption/desorption ability towards SO, under the optimal
temperature of 200 °C, which was much higher than those of pristine g-C3Ny and SnSe;
sensors. A series of comparative experiments proved that the g-C3N4/SnSe; composite
sensor demonstrated an excellent response, strong reversibility and good selectivity for
ppm-level SO, gas detection. In this paper, two innovative two-dimensional materials,
g-C3Ny and SnSe;, were used to discuss in detail the mechanisms that may improve the
SO, sensing performance, such as the synergistic interaction between g-C3Ny and SnSej,
and the effective structural features.

2. Experimental Section
2.1. Materials

Tin chloride dihydrate (SnCl,-2H,0), hydrazine hydrate (NoHy-H,O), selenium diox-
ide (SeOy), ethanol (CH3CH,OH) and graphitic carbon nitride (g-C3Ny4) were all supplied
by Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China).

2.2. Material Synthesis and Sensor Fabrication

The preparation process of the materials is shown in Figure 1. The SnSe, was prepared
by a hydrothermal reduction method. A total of 0.01 mol SnCl,-2H,0O and 0.02 mol SeO,
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were added into 70 mL deionized water and stirred for 30 min. A total of 10 mL of
hydrazine hydrate was added into the above mixture solution, and then transferred to a
100 mL Teflon-lined stainless-steel autoclave, and hydrothermally treated at 180 °C for 24 h.
The resulting precipitate was filtered, washed and dried at 60 °C for 8 h to obtain a black
tin diselenide product.

anlz‘ZHzo .
5 Dissolve N2H4-H20
5S¢0, ) -
+ Stir
Deionized water

. /‘ 180°C "5

SnSe, Dry w\ " Heat 24h ¥:]1
+
g-CN, Dissolve
R —> -) -
Deionized water Stir Dry g-C3N,/SnSe,

Figure 1. Synthesis process of g-C3N4/SnSe; nanomaterials.

A total of 280 mg of SnSe; powder and 120 mg of g-C3Ny4 powder were dissolved in
20 mL of DI water. After vigorously stirring for 1 h, the g-C3N4 was effectively anchored
on the surface of SnSe,. The resulting product was dried at 60 °C for overnight. Finally,
the g-C3Ny4/SnSe; composite was obtained. The composite materials with different ratios
(0, 20, 30, and 50%) of g-C3Ny and SnSe, were prepared by adjusting the quality ratio
of g-C3Ny and SnSe;. In addition, the two materials were dispersed in deionized water
in a certain proportion, and after a period of ultrasonic treatment, they were effectively
combined through strong physical effects and interactions between charges.

2.3. Gas Sensor Fabrication

The structure illustration of the ceramic tube based SO, gas sensor is shown in Figure 2.
It consisted of an Al,O3 ceramic tube and a base. The ceramic tube was 4 mm long and
1.2 mm in diameter, and its surface was equipped with gold electrodes and two pairs of
platinum wires for electrical signals. The heating resistor of the Ni-Cr alloy coil passed
through a hollow ceramic tube for heating. The sensing layer materials were coated on the
surface of the ceramic tube, and the electrodes were led out to complete the preparation
of the sensor. After preparing the sensing film, the sensor was dried at 60 °C for 6 h and
then aged at 200 °C for 24 h before the test to obtain good resistance stability. The SO,-
sensing measurement was performed in a home-made gas sensing detection system [25] as
shown in Figure 3. The sensor was placed in a home-made chamber, and the SO, gas with
different concentrations of 1-200 ppm was obtained by diluting 1000 ppm SO, standard
gas with high-purity air. The sensor resistance was measured with an Agilent 34970A
digital multimeter and connected with a computer through RS-232 for data acquisition.
The operation temperature of the sensor was controlled by an applied voltage to the Ni-Cr
heating resistor. A steady power supply of GPD-4303S was employed for applying voltage
for heating. The response of the sensor is defined as S = (Ry — Rg)/Ra x 100% (Ra:
resistance in air; Rg: resistance in SO, gas).
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Figure 2. Structure illustration of the ceramic-tube-based SO, gas sensor.

Agilent 34970A

Air

" €S

Gas mixer

Figure 3. Schematic illustration of sensor performance test platform.

3. Results and Discussion
3.1. Structure Characterization

The crystal structures of the SnSe;,, g-C3Ny and g-C3N4/SnSe, were characterized
by X-ray powder diffraction (XRD, Rigaku D/Max-2550, Rigaku, Japan) with Cu Ko
radiation (A = 0.15418 nm). X-ray photoelectron spectroscopy (XPS, Thermo Scientific
K-Alpha XPS spectrometer, Thermo Scientific, Waltham, MA, USA) was used to detect the
chemical composition of the samples, and the morphology of pristine SnSe,, g-C3N4 and
g-C3N4/5SnSe; nanocomposites were observed by a scanning electron microscope (SEM,
Hitachi 5-4800, Hitachi, Japan). The g-C3Ny/SnSe, sample with a ratio of 30% g-C3N4 was
used for characterization.

The crystal phases of the as-prepared materials were identified by XRD analysis. As
shown in Figure 4a, the peaks of SnSe, (JCPDS card number 23-0602) located at 14.38°,
26.98°, 30.88°, 40.17°, 47.77°,50.19°, 52.58°, 57.92°, 60.34°, 63.96° and 78.22° corresponded
to the (001), (100), (011), (012), (110), (111), (103), (201), (004), (202) and (121) diffraction
planes of the orthorhombic-phase SnSe; structures, respectively [26]. The XRD pattern
of g-C3Ny was well in accordance with the hexagonal crystal g-C3N4 (JCPDS Card no.
36-1451) [27]. The formation of the two diffraction peaks of (100) and (002) can be attributed
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to the in-plane structure stacking of the tri-s-triazine part and the in-plane stacking of the
conjugated aromatic hydrocarbon system, respectively. There were corresponding charac-
teristic peaks of g-C3Ny4 and SnSe; in the XRD pattern of the g-C3N4/SnSe; nanocomposite,
and there were no other characteristic peaks, indicating the successful preparation of the
SnSe; /g-C3Ny composite.
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Figure 4. (a) XRD patterns of g-C3Ny, SnSe; and g-C3N4/SnSep. XPS spectra of g-C3Ny/SnSep
product: (b) full spectrum, (c) Se 3d, (d) Sn 3d, (e) N 1s and (f) C 1s.

XPS is a measurement technique for detecting the elemental composition and chemical
valence of materials. Figure 4b is the total spectrum of the g-C3N,/SnSe, composite,
and the existence of the four elements Se, Sn, C and N was confirmed from the peak
positions in the figure. The Se 3D spectrum shown in Figure 4c is represented by two
peaks with binding energies of 53.4 and 52.2 eV, corresponding to Se 3d5,, and Se 3d3 5,
respectively [28-30]. The Sn 3d spectrum shown in Figure 4d shows two distinctive peaks
at energies of 486.3 and 495.2 eV, which correspond to Sn 3ds,, and 3dj,,, respectively.
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Since there was an energy difference of 8.4 eV between the two peaks, the Sn** state can
be confirmed [31]. Figure 4e is the characteristic peak of N 1s. Three asymmetric peaks
at 398.3, 400.0 and 401.0 eV were attributed to C=N-C, N-(C)3; and C-N-H, respectively.
Figure 4f shows the XPS spectrum of C 1s, where the characteristic peak at 284.6 eV was
due to the formation of indefinite carbon absorption on the surface of the material, and the
diffraction peak at 287.8 eV may be formed by N=C-N coordination [32].

SEM is a detection technology used to observe the micro-morphology of nanomaterials.
Figure 5 shows the SEM characterization of the g-C3Ny4/SnSe;-sensitive material. Figure 5a
shows the SEM characterization of the intrinsic SnSe, The SnSe; nanorods were composed
of numerous nanoparticles, the cross-sectional radius and the length of which were about
300—500 nm and 3—5 pm, respectively. Figure 5b shows the SEM characterization image of
the graphite-like-phase carbon nitride. The exfoliated g-C3Ny nanosheets had a 2D layered
morphology, which was manifested as multiple thin layers stacking together. Figure 5c,d
show the surface morphology of the g-C3N4/SnSe; composite. It can be clearly observed
that the nanorod-shaped SnSe; and multilayer g-C3Ny4 grew and aggregated together well,
which show s that the g-C3N4/5SnSe; composite was successfully synthesized.

500 nm

Figure 5. SEM images of (a) SnSe;, (b) g-C3Ny, and (c,d) g-C3N4/SnSe;.

3.2. 5O,-Sensing Properties

The working temperature is an important key variable related to the sensing char-
acteristics of the g-C3N4/SnSe; sensor [33-35]. It affects the chemical adsorption and
surface reaction of gas molecules. Therefore, to determine the optimal operating tem-
perature as well as the optimum ratio of the two materials, we studied the responses of
pristine g-C3Ny, pristine SnSe; and the x% g-C3Ny4/SnSe; (x = 0, 20, 30, 50) film sensors
to 20 ppm SO, gas at different operating temperatures. As shown in Figure 6a, the op-
erating temperatures and responses of the sensors presented a “triangular” shape. The
optimal temperatures of g-C3Ny4, SnSe, and g-C3Ny/SnSe; were 250 °C, 200 °C and 200 °C,
respectively. When the g-C3;Nj ratio was 30%, the response (28.9%) of g-C3Ny/SnSe; at
200 °C was the highest, which was much higher than those of the pristine g-C3Ny4 and
SnSe;. The gas-sensing properties of the SnSe;, g-C3Ny4 and 30% g-C3Ny/SnSe; sensors
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(a) %

(c

Response (%)

N’

Response (%)

were investigated by recording the changes in resistance when they were exposed to dif-
ferent concentrations (1—200 ppm) of SO, gas at 200 °C, as shown in Figure 6b. When
switched to air, the resistances of the three sensors returned to the base value in air. The
response values of 30% g-C3Ny/SnSe; towards 1, 5, 10, 20, 50, 100, 200 ppm SO, gas were,
respectively, 8.82%, 15.59%, 20.22%, 28.52%, 35.09%, 41.54% and 44.34%, higher than those
of the pristine SnSe; and g-C3Ny. Figure 6¢ shows the fitting curves of the three sensors
between sensitivity (Y) and concentration of SO, (X). The fitting functions of g-C3Ny4, SnSe;
and g-C3Ny/SnSe; sensors were Y = 14.89 — 11.82 x 0.98%, Y =22.76 — 17.85 x 0.95% and
Y =42.16 — 33.15 x 0.96%, respectively. The R? of the fitting curve of the g-C3N;/SnSe,
sensor was 0.975. Figure 6d shows the response/recovery curves of the g-C3N4/SnSe;
sensor toward the desired concentrations of SO, gas. The sensor exhibited stable response
and recovery behaviors.
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Figure 6. (a) Responses of g-C3N,/SnSe; composites with different quality ratios to 20 ppm SO,
gas at various temperatures. (b) Sensing properties of pristine g-C3Ny, SnSe; and g-C3Ny4/SnSe;
composite sensors at different concentrations of SO, gas at 200 °C. (c) Response fitting curves of
three sensors versus SO, concentration at 200 °C. (d) Typical response-recovery curves for various
concentrations of SO, gas at 200 °C.

The repeatability of the g-C3Ny4/SnSe; composite sensor against a gas with a concen-
tration of 50 ppm SO, at 200 °C is examined in Figure 7a. For each run, the resistance
could fully recover its initial state and changes from 4.5 MQ) to 2.9 M(), showing a good
reproducibility. Figure 7b shows the response/recovery curves of the g-C3Ny, SnSe;, and
g-C3N4/SnSe; composite sensors exposed to 50 ppm SO, gas. The response/recovery time
of the g-C3N4/SnSe; sensor was 22/24 s, while the values of the pristine g-C3N4 and SnSe;
sensors were 46/55 s and 26/82 s, respectively, suggesting that the g-C3Ny/SnSe; sensor
had a faster detection rate towards SO, gas compared with the pristine g-C3Ny4 and SnSe;
sensors at 200 °C. Excellent selectivity is also an important factor for nanomaterial-based
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gas sensors [36,37]. Therefore, we further studied the SO, selectivity of the g-C3N4/SnSe;
composite sensor at 200 °C. The sensor was exposed to 50 ppm of various interfering gases,
such as LPG, CO, CHy, H,S and Hj. As shown in Figure 7c, the g-C3Ny/SnSe; composite
sensor had the highest response to SO, gas, indicating that the selectivity to SO, gas was
excellent. Additionally, the long-term stability of the g-C3Ny/SnSe, composite sensor for
various SO, gas concentrations (1, 10 and 50 ppm) at a working temperature of 200 °C
was examined. The sensor’s response had no obvious changes in a period under the same
experimental conditions and exhibited a good stability, as shown in Figure 7d.
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Figure 7. At the optimal temperature of 200 °C (a) repeatability of g-C3N4/SnSe; composite sensor.
(b) Response/recovery curves of g-C3Ny, SnSe; and g-C3N4/SnSe; composite sensors exposed to
50 ppm SO; gas. (c) Selectivity and (d) long-term stability of g-C3Ny4/SnSe, composite sensor.

Numerous studies have described the detection of SO, gases utilizing a variety of
sensitive materials up to this point. As far as we know, there have been no studies using
g-C3N4/5SnSe; for SO, gas detection. Table 1 lists the comparison of this work with
previously reported works. The different SO, gas sensors are compared in terms of sensing
environment, response value and gas concentration. The comparison results showed

that the as-prepared g-C3N4/SnSe; sensor featured a higher response value and a lower
operating temperature.

Table 1. Comparison of the SO,-sensing performance between the present work and previous
reported studies.

Sensing Material Sensing Environment Response Concentration Ref.
AlGaN/ZnO/rGO RT 2.5% 120 ppb [38]
Sn0O, /rtGO RT/UV 1.7% 5 ppm [39]
Pt/rGO 120 °C 5% 100 ppm [40]
g-C3N,/1GO RT 3.2% 100 ppm [41]
SnO, /MWCNT 60 °C 6 500 ppm [42]
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Table 1. Cont.

Sensing Material Sensing Environment Response Concentration Ref.
V,05/WO3/TiO, 400 °C 5% 20 ppm [43]
WO3 350 °C 5% 1 ppm [44]
Cu-5Sn0O, 400 °C 1.1% 20 ppm [45]
SnO,-PANI RT 3.1% 4 ppm [46]
TiO, /rGO RT 11.14% 5 ppm [47]
NiO-SnO, 180 °C 8.3% 50 ppm [48]
TiO, 200 °C 11% 10 ppm [49]
ZnO RT 0.2% 100 ppm [50]
WO3-PANI RT 4.3% 5 ppm [51]
Ni-MoS; RT 7.4% 5 ppm [52]
V,05/5n0, 350 °C 45% 5 ppm [53]
V-doped TiO, 400 °C 10% 10 ppm [54]
GO RT 6% 5 ppm [55]
PANI RT 4.2% 10 ppm [56]
g-C3Ny4/SnSe; 200 °C 28.9% 20 ppm This work

3.3. SO, Gas-Sensing Mechanism

The sensing mechanism has been widely explained using the surface charge caused by
adsorbed oxygen. For the pristine SnSe, gas sensor, when exposed to air, oxygen molecules
in air adsorb on the surface of the sensing material to form adsorbed oxygen molecules. The
adsorbed oxygen molecules extract electrons from the conduction band of SnSe; to form
chemically adsorbed oxygen O~ at 200 °C. On the surface of the g-C3N4/SnSe; sensing
material, an electron depletion layer consequently forms. The following is a description of
the reactions [57,58]:

05 (gas) — O, (ads) 1)

O, (ads) +2e~ — 20" (ads) 2)

When the reducing gas SO; is introduced, the SO, molecules adsorbed on the sur-
face of the sensing material will further react with O~ ions and release electrons to the
SnSe; conduction band to form SOj, thereby increasing the number of charge carriers
and reducing the resistance of the sensor. The specific reaction process is illustrated as
follows [59]:

SO, (ads) + O™ (ads) — SOz + e~ 3)

In our experiment, it is worth noting that the g-C3Ny4/SnSe; sensor exhibited an im-
proved response to SO, gas than the pristine C3N4 and SnSe; sensors. This phenomenon
could be explained by two positive factors of g-C3Ny4 decoration. Firstly, the morphology,
specific surface area and electrical properties of the material are important factors affecting
its gas-sensing performance [60]. The addition of the layered two-dimensional structure
of g-C3Ny increases the specific surface area of the composite material and provides more
active sites, increasing the production of adsorbed oxygen. Another factor influencing the
effectiveness of the gas sensing system is the n-n heterojunction created between g-C3Ny
and SnSe; [61-63]. Figure 8a shows the energy band structure of the heterojunction formed
by the n-type SnSe; nanorods and n-type g-C3Ny layered nanosheets in air, where the
band gaps of SnSe; and g-C3Ny4 were 1.37 and 2.7 eV, respectively. Their Fermi levels
were different, and the work function (4.3 eV) of SnSe; was lower than that (4.67 eV) of
g-C3Ny [64]. When the two materials contact with different work functions, electrons will
transfer from SnSe; to g-C3Njy to reach a Fermi energy balance. Therefore, the n-n hetero-
junction is formed at the interface between SnSe; and g-C3Ny in air [65]. When exposed to
SO, gas, SO, molecules absorbed on the surface of the composite material react with O~ to
generate electrons [66]. Therefore, the carrier concentration in the heterojunction increases
by receiving electrons, resulting in a narrowing of the depletion layer at the interface of the
two materials [61,67,68], which reduces the resistance of the sensor (Figure 8b). The built-
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in electric field generated by the nano-scale heterojunction can accelerate the separation
process of electrons and facilitate electron transfer.

n-SnSe, n-g-C;N,
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Figure 8. Schematic diagram of microscopic sensing mechanism of g-C3N4/SnSe; composite sensor.

4. Conclusions

In this paper, a g-C3Ny functionalized SnSe, composite thin film sensor was success-
fully prepared. XRD, XPS and SEM techniques were used to characterize the elements and
structure of the g-C3N4/SnSe; composite material. The optimal temperature (200 °C) of the
g-C3Ny4/SnSe; composite sensor was determined through gas-sensing experiments under
different working temperatures. The SO, gas-sensing performance for the g-C3N,/SnSe;
composite sensor was investigated at the optimal temperature. The experimental results
showed that under the optimal temperature, the 30% g-C3Ny/SnSe, composite sensor
gained the highest sensitivity to SO, gas. The two-dimensional layered structure of the
g-C3Ny-modified n-type SnSe, nanorods not only increased the specific surface area and
the gas adsorption site of the g-C3Ny4/SnSe; sensor, but also formed an n-n heterojunc-
tion between the g-C3Ny nanosheets and SnSe; nanorods, which improved the sensing
performance of the g-C3N4/SnSe; sensor toward SO, gas.
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Abstract: SnO; thin films were prepared by conventional and Glancing Angle Deposition reactive
sputtering, and their gas sensing properties were investigated. The porosity of the as-prepared films
was widely assessed using optical methods, and the sensing performances of these active layers
were correlated with the evolution of surface and film porosity as a function of deposition conditions
and annealing treatment. The sensor made of inclined columns grown at high sputtering pressure
(6 x 1073 mbar) and annealed at 500 °C in air exhibited the best response to benzene, with a limit of
detection of 30 ppb. In addition, successful BTEX (i.e., benzene, toluene, ethylbenzene, and xylenes)
discrimination was achieved by combining the sensing signals of four nanostructured tin-oxide-based
gas sensors.

Keywords: GLAD; SnO,; nanocolumns; BTEX gas sensor; porous architecture

1. Introduction

Metal-oxide-semiconductor (MOS) gas sensors are the dominant gas sensing devices
for monitoring the presence of air pollutants [1,2]. Despite poor selectivity, these chemical
gas sensors show many advantages such as low cost, flexibility of production, and reduced
power consumption, as well as high sensitivity and minimal performance drift over time
in a controlled atmosphere (laboratory conditions). The sensing performances of these
metal-oxide-based gas sensors are directly controlled by the grain size and the morphology
of the sensing materials [3-8]. In order to improve MOS gas sensor performances, most
studies have been focused on the structuring of sensitive thin films. In particular, the
nanostructuring of the sensitive material led to an improvement in detection performance,
especially to reach very low detection limits in the ppb level or lower. Several innovative
fabrication methods have been developed to produce high-sensitive chemical gas sensors
with metal-oxide nanostructures, including bottom-up (chemical vapor deposition (CVD),
sol-gel processes, thermal evaporation, hydrothermal route, and reactive sputtering) and
also top-down approaches (electron-beam lithography, reactive ion etching, field ion beam
technology) [9-14]. Recently, the Glancing Angle Deposition method (GLAD) has been
applied in reactive sputtering for the growth of different nanosized columnar films with
controlled porosities and shapes [15-17]. Thin films with very original architectures such
as normal and inclined columns, zigzag or spiral structures can be achieved with this
deposition method [18-20]. Although GLAD technique offers a fully three-dimensional
control of the films and almost no limitation on materials that can be fabricated, only a few
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studies address the use of the GLAD deposition technique for the development of sensitive
layers for chemical gas sensor applications. Nevertheless, we can cite works concerning the
use of copper oxide films [21], ZnO nanospiral thin films [22], and nanocolumnar SnO, and
NiO metal oxides [23] or, more recently, a sensor array composed of different nanocolumnar
structures made of metal oxides [24]. All these studies have shown that the interaction
mechanisms between gas phase and metal oxide are fully dependent on the open porous
microstructure associated with GLAD films. Thus, to fabricate efficient gas sensors, it is
interesting to produce materials with a large surface in contact with the gas phase, as target
analytes can easily interact with the high surface area microstructure of thin films.

In this study, the GLAD method has been used to produce tin oxide films exhibiting
normal and inclined columns. The porosity of tin oxide thin films was controlled by
changing both the deposition flux of particles onto substrates and the sputtering pressure.
To evaluate the influence of the porosity on the detection performances of these sensitive
layers, benzene was chosen as pollutant gas. Among the numerous Volatile Organic
Compounds (VOCs) that can be found in the air, BTEX compounds (i.e., benzene, toluene,
ethylbenzene, and xylenes) have long been known to severely threaten human health.
Especially, benzene is considered as one of the most toxic compounds due to its carcinogenic
effects even at very low concentrations near the ppb level [25].

In this manuscript, SnO, thin films were thoroughly characterized in order to obtain
information about texture, morphology, and chemical composition. We used optical ap-
proaches to study the impact of deposition conditions on the films” porosity, inside the
film and on the surface. Eventually, detection performances of the SnO,-based gas sensors
fabricated were evaluated in the presence of low concentrations of a representative aromatic
indoor air pollutant, i.e., benzene. In addition, we used Linear Discriminant Analysis (LDA)
to evaluate the sensing performance of a system combining the responses of four nanostruc-
tured thin-film-sensitive surfaces for the discrimination of BTEX. Here, we demonstrated
the interest in using the GLAD deposition technique and the role of sputtering pressure to
obtain very porous sensitive thin films. In particular, we discussed relationships between
deposition parameters of tin oxide thin films and gas sensing performances.

2. Materials and Methods
2.1. Film Growth

DC magnetron sputtering was used to deposit SnO; thin films in a 40 L homemade
vacuum chamber at a base pressure below 1078 mbar. A tin metallic target with a purity of
99.9 % and a diameter of 51 mm was used. The distance between target and substrate was
65 mm, and the current of the tin target (Is,) was fixed at 30 mA. During the magnetron
sputtering deposition, oxygen-to-argon flow rate ratios were fixed at 0.6 and 0.8, leading to
argon sputtering pressures of 3 x 1073 and 6 x 103 mbar, respectively. SnO, thin films
were deposited onto glass and (100) silicon substrates as well as alumina sensor platforms
at two different angles (o« = 0° and 80° for normal and oblique films, respectively) and at
two different argon sputtering pressures (3 x 1072 and 6 x 10~ mbar). A tilting angle of
o = 80° was chosen based on previous studies [20,26] considering that films deposited at a
tilting angle of a > 70° offered higher porosities compared with conventional sputtering
angle. The deposition time was adjusted to obtain a film thickness close to 250 nm. The
experimental setup used to deposit SnO; thin films can be found in previous works [26,27].

In this study, we labelled the nanostructured thin films “C” for normal angle (ot = 0°),
while “I” was used for glancing angle films (x = 80°). Additionally, the labels “3” and
“6” were used for sputtering pressures of 3 x 1072 and 6 x 1073 mbar, respectively. For
example, “16” stands for an inclined film ( = 80°) deposited at a sputtering pressure of
6 x 1073 mbar.

2.2. Characterization

The surface and cross-section views of SnO, thin films were observed by scanning
electron microscopy (SEM) (Field Electron and Ion Company, Hillsboro, OR, USA) in a
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Dual-Beam SEM/FIB FEI Helios 600i microscope. Crystal structure of each film was charac-
terized by X-ray diffraction (XRD) (Bruker, Karlsruhe, Germany) using a Bruker D8 focus
diffractometer with a Cobalt X-ray tube (Co Axx1 = 0.178897 nm) with a 6/20 configuration.
Scans were performed with a step of 0.02° per 0.2s and a 26 angle ranging from 20 to
80°. X-ray photoelectron spectroscopy (XPS) data were obtained with a PHI VersaProbe I
system (PHI, Chanhassen, MN, USA) using a non-monochromatized Al K« X-ray source
(hv = 1486.7 eV, power of 50 W). Energy calibrations were performed on adventitious
carbon (CC/CH bonds) at 248.8 eV. CasaXPS software (Casa Software Ltd.) was used
for data treatment [28]. Optical transmission spectra of the thin film deposited on glass
substrates were recorded with a Lambda 365 UV /Vis optical spectrometer (PerkinElmer,
Wellesley, MA, USA). The reflectance and refractive index were determined using the
Filmetrics F50 EXR reflectometer (Jobin Yvon, Longjumeau, France) on the films deposited
on (100) silicon substrates.

2.3. Sensing Tests

For sensing tests, SnO, thin films were deposited onto 0.5 cm? alumina platforms
(Heraeus MSP 632) equipped with interdigitated electrodes and allowed both the heating
control and conductance measurement of the sensitive material as a function of time.
Before exposure to pollutants, a conditioning sequence was applied to each sensor by
aging the sensitive surface under a synthetic air flow (relative humidity (RH) 8% at 25 °C,
100 mL min 1) at 500 °C for 48 h to ensure material crystallization. Concentrations of
pollutants (BTEX) were obtained by adjusting the ratio between pollutant vapors and air.
The normalized response of each sensor S was defined as S = (G — G°)/G®°, where G and
G° are the conductance under synthetic air mixed with BTEX and under pure synthetic
air, respectively.

3. Results and Discussion
3.1. Morphology, Structure, and Composition of the Films

Figure 1 displays the different architectures obtained with the GLAD technique before
and after a thermal treatment at 500 °C for 48 h in ambient air. SnO; thin film deposited
with a conventional incident angle (x = 0°) and under low argon sputtering pressure
3 x 103 mbar), i.e., C3 film, exhibits a dense surface and a poorly defined cross-section
morphology. On the other hand, for oblique films (« = 80°), the shadowing effect occurring
during the early island nucleation on the surface causes voids formation between the
small islands, subsequently creating columnar structures [29]. Films deposited at a higher
pressure and/or with an angle of & = 80 ° exhibit an apparently more porous morphology.
Basically, increasing the pressure in the deposition chamber induces multiple collisions
in the gas phase, which makes it possible to cover areas which are not initially in the
incident path of the sputtered particle flux. Thus, the surface becomes rougher with higher
porosity. Despite a thermal treatment at 500 °C for several hours, the orientation of the
nanostructured columns is preserved. In addition, it is worth noting that for I6 film, the
columns tend to straighten out because of higher collisions due to higher pressure in the
vacuum chamber, and thus a less directional particle flux. The tilting angle of the columns
for I3 and I6 films are 34° and 14°, respectively.
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Figure 1. Top and cross-section views of SnO; thin films sputter deposited on silicon (a) before and
(b) after an annealing treatment in air for 48 h at 500 °C. Arrows indicate the incoming particle flux
during the deposition.

XRD patterns of the nanostructured SnO; thin films are shown in Figure 2a. As-
deposited SnO, thin films with a pressure of 6 x 1072 mbar remain amorphous, whatever
the incidence angle (C6 and I6 thin films). Very weak peaks appear after an annealing treat-
ment of 350°C for 48 h. In contrast, all films deposited with a lower pressure (3 x 10~3 mbar,
i.e., C3 and I3 thin films) exhibit diffracted signals prior to a post-thermal treatment. After
a thermal treatment of 500 °C for 48 h, XRD peaks of all films become sharper and stronger,
indicating a better crystallinity. XRD patterns exhibit peaks between 20 and 70° correspond-
ing to the (110), (101), (200), (211), and (220) reflections, which are assigned to the standard
rutile-like crystalline structure of SnO, (cassiterite, space group: P42/mnm, JCPDS file
no. 41-1445). No peaks of impurities were observed, demonstrating the high purity of the
as-prepared SnO; thin films. The corresponding tetragonal lattice constants are reported
in Table 1.

Despite a slight evolution of the lattice constants with annealing temperature, these
data agree with values already reported for SnO, (a =b = 4.737 A and ¢ =3.186 A) [30].

In addition, the average crystallite size of SnO; films was also calculated using the
Scherrer’s formula and the Williamson-Hall method (see Table 1) [31]. For both methods,
the results show that the crystallite size increases with the annealing temperature, and films
deposited with a pressure of 6 x 10~ mbar exhibit the lower crystallite size after a thermal
treatment at 500 °C, i.e., 1.7 and 1.4 £ 0. 1 nm for C6 and I6 thin films, respectively.
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Figure 2. (a) XRD patterns of SnO; thin films sputter deposited on glass substrates before and after
an annealing treatment in ambient air for 48 h at 2 different temperatures (350 and 500 °C). (b) XPS
Ols, Sn3d, and Cls spectral windows of the 16 SnO; thin film sputter deposited on (100) Si substrate
after an annealing treatment in ambient air at 500 °C for 48 h.
Table 1. Crystallographic properties, surface chemical composition, and porosity data of SnO,
thin film.
. . Surface Refractive Packin,
Lattice Average Crystallite Size C . ng
A oncentration Index at 470 nm Density
Parameters (4+0.003 A) (£0.1 nm) (0.5 at. %) (£0.01) (+2%)
a=b c Scherrer Williamson-Hall o Sn
25°C 4.783 3.217 3.0 2.8 - - 1.97 100
c3 350 °C 4.780 3.217 4.8 4.6 - - 191 97
500 °C 4.761 3.186 6.9 6.7 71.1 28.9 1.81 93
25°C - - - - - - 1.91 -
C6  350°C - - - - - - 1.93 -
500 °C 4.782 3.189 1.7 1.3 67.6 324 1.85 92
25°C 4.774 3.203 4.6 5.1 — - 1.91 97
13 350 °C 4.766 3.196 5.6 5.7 - - 1.89 95
500 °C 4.756 3.191 5.4 5.1 67.3 32.7 1.83 91
25°C - - - - - - 1.80 -
16 350 °C 4.766 3.190 - - - - 1.79 89
500 °C 4.749 3.192 14 14 67.6 32.4 1.73 84

The surface chemistry of SnO; thin films deposited on (100) Si substrates was also
investigated by XPS after a thermal treatment at 500 °C for 48 h in ambient air. All XPS
spectra showed the presence of oxygen, tin, and carbon. A similar surface chemistry was
observed for all films (see Figure Sla in the Supplementary Materials file). Figure 2b
presents an example of the Sn3d, O1s, and C1s core line decomposition obtained from the 16
thin-film sample. The evident contribution of the XPS C1s peak is attributed to the carbon
contamination adsorbed on the surface of the films from the ambient air and during the
annealing treatment. The decomposition of the Ols confirmed that it is built-up essentially
as a mixture of three components. The main component at 530.81 eV is related to O-Sn**
and O-Sn** bindings. Two additional components can be noticed at a binding energy of
533.22 and 532.09 eV, corresponding to O=C and -O-H bindings, respectively. These species
at the near surface of SnO, materials and after exposure to air come from partially ionized
—OH groups originating from dissociated atmospheric water and adsorbed CO/CO; from
the ambient air [32]. The XPS Sn3d spectral line is narrow and symmetrical. The difference
between the binding energy of 3d5/2 level for SnO and SnO5, is very low (486.6 and 486.9 eV,
respectively) but, for all samples, the shape of the MNN Auger transition for Sn is close to
that observed for SnO, (see Figure S1b) [33]. It is worth noting that there is no contribution
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of metallic Sn (Sn®) at the binding energy about 485 eV. This finding indicates that all films
were completely oxidized after a thermal treatment at 500 °C in ambient air for 48 h.

The relative surface concentrations of Sn and O, expressed in at. %, agree with the formula
of SnO, composition (see Table 1). It is worth noting that the oxygen concentration is probably
slightly overestimated due to the presence of contaminants at the near surface of the films.

3.2. Film Growth

In this section, we present results concerning the influence of experimental deposition
conditions on the porosity of SnO, thin films, through the films, and on their surface.

3.2.1. Through the Films

Figure 3a shows the transmittance and reflectance spectra of films deposited on glass
and (100) Si substrates, respectively, before and after an annealing treatment at 350 and
500 °C for 48 h. All films show a sharp absorption around 300 nm and exhibit a high
transmission in the visible and near-infrared region. Films deposited at 3 x 103 mbar
(C3 and I3) show distinct interference fringe patterns in the optical transmittance spectra,
indicating homogeneous growth. On the other hand, films deposited at 6 x 10~% mbar
(C6 and 16) show minor interference fringes, indicating inhomogeneity in the films. As
mentioned in the work of Ohlidal et al. [34], this inhomogeneity is due to the surficial
and inner roughness of the films. From Figure 3a, it can be underlined that there is no
absorption edge shift for the C3 film whatever the annealing temperature. This indicates
that there are less defects in C3 thin film in comparison with other films. The absence of
interference fringes makes the determination of refractive indices from methods based on
the adjustment of envelopes impossible [35].
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Figure 3. (a) Transmittance and reflectance spectra of SnO; thin films sputter deposited on glass
and (100) Si substrates before and after an annealing treatment in air for 48 h and at 2 different
temperatures (350 and 500 °C). (b) Evolution of the calculated refractive index vs. wavelength for all
films at various temperatures.

Consequently, using the three-phase Cauchy dispersion model (k = 0) showed in
Equation (1), refractive indices can be calculated from the measured reflectance spectra (see
again Figure 3a) [36].

B C
n(A) =A+ 43 +57 1)

Fitting constants A, B, and C were calculated from the transmittance spectrum of C3
film and are estimated at 1.592, 7.44 x 10* nm?2, and —4.558 x 10° nm?, respectively. These
fitting constants were used for the determination of the refractive indices for all films.

Figure 3b shows the evolution of the refractive indices as a function of the wavelength
for each thin film, before and after the annealing treatment. The values of the refractive
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indices at 470 nm for all films annealed at every temperature are reported in Table 1. It
is worth noting that these values were found to be lower than the corresponding value
for bulk tin oxide at A = 470 nm (n = 2 for bulk SnO, [37]). The refractive index was
found to be lower for inclined columns (& = 80°) and for films deposited at high pressure
(6 x 10~3 mbar), which indicates higher porosity present inside these films [38]. In addition,
after a thermal treatment, the value of the refractive index decreases for all films, indicating
that the porosity of the films evolves with the annealing temperature. From the determined
refractive indices at 470 nm and lattice constants previously calculated from XRD results (see
Table 1), the packing density p was evaluated for all SnO; thin films using Equation (2) [39].
The calculated values are gathered in Table 1.

—5)n2 4.2 2 _
_ P+ (1 pinvr, 5<nb 1>(Cb—Cf) 2

YT W (-pm 2\ G

¢ is the film refractive index at 470 nm, ny, the refractive index of bulk SnO, (np, = 2), ny
the refractive index of void (ny = 1), Gy, the lattice parameter for bulk SnO, (C;, = 3.186 A),
Cs the lattice parameter for porous SnO,, and p the packing density of the film.

For all studied films, the packing density p decreases with the annealing temperature,
which indicates an increase in the porosity inside the films. The evolution of the packing
density is in line with the tendencies observed for the refractive index, i.e., the inner porosity
gradually rises between normal and inclined columns. The values of the inner porosities
obtained in this work are in agreement with those found in the study of Bagga et al. [40],
where the porosity of nanostructured SnO, thin films varied from 23% to 9%. Moreover,
the porosity is favored with a higher deposition pressure, whatever the films deposited
(normal or inclined columns). For example, the packing index is estimated to be around
91% (i.e., 9% inner porosity) for the inclined columns deposited at 3 x 10~3 mbar compared
with 84% (i.e., 16% inner porosity) for the same structure at 6 x 103 mbar.

3.2.2. Surface Porosity

Gas sensing being surface state dependent, the surface porosity of each thin film was
also investigated using SEM images. Pore characterization, including surface porosity and
pore-size distribution of each film, was evaluated after a post-treatment of binary SEM
images using both Image] and MATLAB software. Figure 4 depicts, for each thin film,
the surface porosity determined by Image] versus the annealing temperature. The inserts
show examples of the binary images obtained after the post-image treatment for the I6 film,
as-deposited, and after two different annealing temperatures for 48 h (350 and 500 °C).
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Figure 4. Percent of the total surface porosity vs. annealing temperature. The inserts show binary
SEM images for 16 films (analyzed surface around 0.75 um?).

146



Chemosensors 2022, 10, 426

(a)

Count

80

60

40

20 ¢

For all films, the analyzed surface was around 0.75 um?, which constitutes a good
representation of the total surface. A comparison between all films as deposited, whatever
the annealing temperature, shows that by increasing the deposition pressure and tilting
the substrate holder, the surface porosity increases significantly. To summarize, the surface
porosity increases according to the series: C3 <13 < C6 < 16. By annealing the films at
500 °C, with an intermediate temperature at 350 °C, the growth of crystallites causes tensile
stress, which creates a more porous surface. Moreover, many studies showed that the
annealing procedure increases the length and width of already existing pores. They become
interconnected and form bigger pores that affect the surface morphology massively [41,42].
In addition, the cooling phase occurring when the temperature drops from 500 to 25 °C
in a short time (a few minutes) induces supplementary strain due to the mismatch of the
expansion coefficients between the film and the substrate, leading to the formation of
additional cracks on the surface [43].

The pore-size distribution (PSD) was also investigated using Otsu’s method. This
algorithm allows automatic multilevel thresholding of binarized SEM images. The pore
segmentation was then obtained based on the lowest standard deviation of intensity in
each segment. In addition, we used the MATLAB code developed by Rabbani et al. to
determine the pore sizes [44]. This code was adapted to our analysis by adjusting the
different parameters used for the thresholding method. Figure 5a displays an example of
the PSD and the corresponding boxplot showing the interquartile range median, minimum,
and maximum for the 16 thin film annealed at 500 °C for 48 h in ambient air.
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Figure 5. (a) Pore-size distribution and boxplot calculated for the 16 film annealed at 500 °C. (b) Box-
plots showing the evolution of the pore size for all SnO, thin films sputter deposited before and after
an annealing treatment in air for 48 h and at 2 different temperatures (350 and 500 °C).

The pore-size distribution of 16 exhibits a multimodal distribution extending from ca.
1 to 20 nm, with the majority of the pores being in the mesopore range (i.e., width > 2 nm).
Figure S2 demonstrates that the PSDs of all films are right-skewed, regardless of the deposi-
tion conditions and the annealing temperature. After a thermal treatment at 500 °C for 48 h,
C6, I3, and 16 films exhibit multimodal distributions, indicating wider pore formation in the
mesopore range. On the contrary, irrespective of the annealing treatment, C3 film presents
a narrow unimodal PSD, with the larger pores being less than 7 nm. Figure 5b summarizes
the corresponding boxplots calculated from the PSDs of all films. It was noticed that the
pore-size median increases continuously with the annealing temperature, especially for
oblique films. This rise is noticeably higher for I6 film, with a pore-size median going from
3.4 nm to 6.0 nm at 350 °C and 500 °C, respectively.

This porosity assessment shows that a simple study of the total surface porosity can be
misleading, as in some cases the porosity consists mostly of small and non-accessible pores.
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By combining the porosity results obtained from the inner and surface characterization,
we obtained a better understanding of the evolution of the morphology of each tin oxide
thin film. Comparatively, I6 thin film annealed at 500 °C offers the highest inner porosity
(16%) and surface porosity (around 31%), as well as a wide range of pore sizes (1-20 nm).
These textural properties prove to be of great interest for gas sensing applications since
the diffusion of pollutants inside the material will be favored. It should be noted that the
growth of the nanostructured columns, which is correlated to the porous structure of the
films, is preserved regardless of the substrate used (Si, glass or alumina platforms).

After having evaluated the porous structure of the films, gas sensing performances
were investigated.

3.3. Sensing Performances
3.3.1. Benzene Detection

The gas sensing properties of metal-oxide-based gas sensors are highly affected by the
operating temperature, which generally ranges from 300 to 500 °C. Figure S3 represents
the typical electrical responses of the four sensors at various sensing temperatures and
under 900 ppb of benzene for 2 min. Each benzene exposition was replicated three times.
Figure 6a displays the evolution of the relative conductance versus the sensitive surface
temperature for each gas sensor (under 900 ppb of benzene for 2 min).
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Figure 6. (a) Evolution of the normalized response as a function of the sensitive surface temperature
for each gas sensor under 900 ppb of benzene. (b) Real-time response of each gas sensor for various
benzene concentrations (sensing temperatures equal to 500, 300, 350, and 400 °C for C3, C6, 13, and 16
sensors, respectively). (c) Normalized response of the SnO,-based gas sensors as a function of the
benzene concentration. For all tests, 2 min. exposition time, 15 min. recovery time, and 100 mL min !
flow rate were applied.

It is evident that the I6-based gas sensor showed a substantial change in the response
as a function of metal-oxide temperature. The optimized temperatures, corresponding to
the sensor’s temperature showing a maximal conductance under pollutant, were estimated
at 500, 300, 350, and 400 °C for C3, C6, 13, and 16 sensors, respectively.

The detection mechanism of benzene with SnO,-based gas sensors can be explained by
considering that the chemisorbed oxygen species in the form O~ and O?~ are dominating
for sensing layer temperatures above 200 °C [45]. Since SnO; is an n-type semiconductor,
and benzene a reducing compound, an oxidation mechanism of benzene molecules occurs
at the sensor surface according to the successive reactions [46]:

CoHe (gas) <> CoHe (ads) 3
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C6He (ads) + 15 O™ (ads) = 6 COx(gas) + 3 HaO(gas) + 15 € ¢, “)
CoHe (ads) + 15 0% (aas) — 6 COx(gas) + 3 HaO(gas) +30 €™ cp, @)

c.b. is the conduction band of the material.

These reactions explain the increase in the conductance when SnO; is in contact with
benzene. Figure 6b plots the impulse response/recovery curves of each sensor at their
respective optimized temperature for various concentrations of benzene mixed in air. The
insert shows a zoom of the impulse response/recovery curves for 16 sensor at very low
benzene concentrations. The sensors were stabilized in nearly dry air (8% RH at 25 °C) for
15 min. and then exposed to different benzene concentrations for 2 min. Each benzene
concentration was chosen randomly and replicated twice in order to evaluate both the
repeatability and the stability of each sensor. From Figure 6b, it can be easily found that
there is a good correspondence between benzene concentrations and the dynamic response
of each sensor. All sensors present an excellent repeatability and stability over time since the
amplitude of the responses is in line with the benzene concentrations. The corresponding
responses calculated from the change in the conductance of each sensor as a function of the
benzene concentration are plotted in Figure 6c. It can be noticed that the 16 sensor exhibits
the highest response in comparison with the other ones, even though the difference in the
deposition conditions (incidence angle and argon sputtering pressure), C6, and I3 sensors
show similar responses to benzene.

The limit of detection (LOD) was defined by the concentration at which the amplitude
of the signal was three times higher than the signal/noise ratio (S = 0.002/N > 3). For
benzene, the LOD was estimated at 100 ppb for C3, 65 ppb for I3, and 50 ppb for C6 sensors,
while the LOD achieved for 16 sensor was around 30 ppb. From these results, it is interesting
to note that not only the architecture of the film but also the deposition pressure are directly
connected to the sensing performances. According to results obtained on the morphology
and structure of the synthesized materials, the good sensing performances of the 16 coating
is mainly due to the high inner and surface porosity, the wide range of pore sizes, and
also to the small crystallite size (1.4 nm). The sensitivity of MOS gas sensors increases
when the crystallite size is less than the double of the thickness of the space-charge layer
(L) produced around the surface of the crystallites due to the chemisorbed oxygens. For
SnO;-based material, it is admitted that the space-charge layer L is equal to 3 nm [47]. In
the present study, the average crystallite size obtained by XRD for all annealed thin films
is lower than 2L and, more particularly for the I6-sensitive surface, the crystallite size is
far lower.

3.3.2. BTEX Discrimination

Since benzene is not the only air pollutant, we also studied the cross-sensitivity
of sensors for various VOCs (i.e., toluene, ethylbenzene, and ortho- and para-xylene).
Figure 7a depicts the normalized responses of each sensor to around 100 ppb of each
compound diluted in air and analyzed separately (i.e., not in a mixture).
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Figure 7. (a) Sensors’ response to various BTEX at a concentration of 100 ppb. (b) Linear Discriminant
Analysis (LDA) scores using responses of the 4 SnO,-based gas sensors. For all tests, 2 min. exposition
time, 15 min. recovery time, and 100 mL min~! flow rate were applied.

For these experiments, sensing temperates were maintained to 500, 300, 350, and
400 °C for C3, C6, I3, and 16 sensors, respectively. As expected, manufactured sensors
are sensitive to all VOCs as long as each compound can react with the sensitive surface
according to the following redox reactions:

CxHy (gas) Ane CxHy (ads) (6)

CxHy (ads) + (ZX + %)O(;ds) - X COZ(gas) + % Hzo(gas) + (2X + %) e;b. @)

CxHy (aas) + (2 + %) Ofae) = XCOxgas) + % HpO(gee) + (4x+y) e, (8)

In other words, this confirms that metal-oxide-based gas sensors are not selective, and
it is not possible to identify one chemical compound in a mixture using a single gas sensor.

Nevertheless, classifying the species can be achieved by using a Linear Discrimi-
nant Analysis (LDA) that can map multidimensional data onto two- or three-dimensional
axes [48]. This method uses linear combinations of sensors’ response to predict the class of
a given observation (chemical nature of compound). In order to obtain greater precision
on the discrimination of these VOCs compounds, we combined the normalized response
and sensing kinetics (response and recovery times) of each sensor (i.e., C3, C6, I3, and
16) after exposition to VOCs (Figure S4). Figure 7b represents the LDA scores using the
experimental data measured using the responses of the four sensors manufactured in this
study and under BTEX. Plots confirm the ability to cluster points according to the chemical
nature of species. The within-class distance of each VOC compound class in LDA are
well-gathered. This indicates that combining sensing responses of the four gas sensors
improves the discrimination of BTEX with concentrations ranging from 50 to 900 ppb.

Table 2 reports some of the literature’s data on the gas sensing performances of various
metal-oxide-based gas sensor arrays towards BTEX detection in synthetic air.
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Table 2. A comparison of MOS-based gas sensor arrays for the detection of BTEX in air.

Number of BTEX Concentrations

Materials Sensors Used Tested Ref.
SnO, 4 50-900 ppb (BTEX) This study
NiO, WOj3, SnO, 3 30-80 ppm (BTX) [49]
SnO, NPs/cobalt-porphyrin,
SnO, NPs/zinc-porphyrin, SnO, ~
NPs/nickel-porphyrin and ZnO 4 1-9 ppm (BTEX) (501
NPs/cobalt-porphyrin
SnO, with several additives, benzene 50 pom
including Pt, Pd, CuO, LaO, ScO, 10 0 pp [51]
TiO, WO or ZnO cluene X0 ppmm

It should be also kept in mind that all results were obtained by analyzing compounds
separately and in nearly dry air. By combining the responses from the four sensors fabri-
cated in the present work, we obtain better sensing performances compared with those
reported in the literature. It is worth noting that all sensor arrays reported in Table 2 are
composed of several sensitive layers made with different doped or undoped materials
(SnO,, WOs3, etc.). The use of sensitive layers made of various materials makes it diffi-
cult to manufacture sensor arrays. Furthermore, the limit of detection of these arrays is
around a few ppm, which is much higher than the concentrations of BTEX found in air
(a few ppb). In our study, we showed that by modifying only the deposition conditions
of the films (sputtering pressure and deposition angle), it is possible to obtain an efficient
sensor array made of the same sensitive material (undoped SnO; here) for the discrimi-
nation of BTEX even at low concentrations (50 ppb). Consequently, this leads to an easier
manufacturing procedure.

4. Conclusions

In this study, we used the conventional and Glancing Angle Deposition (GLAD)
reactive sputtering method to prepare nanostructured tin-oxide-based sensitive films for
gas sensor applications. The effect of the deposition parameters of SnO, films was studied
in detail, and it was found that the intergranular porosity can be tuned by adjusting the
pressure and deposition angle. All sensors exhibited excellent stability and repeatability
to benzene at a concentration of 900 ppb. The excellent sensing performances of the 16
sensor (deposition angle of 80° with a sputtering pressure of 6 x 10~3 mbar) were mainly
attributed to high inner and surface porosity (16 and 31 %, respectively), a wide range of
pore sizes (1-20 nm), and small crystallite size (1.4 nm). With these deposition conditions,
it is possible to reach a limit of detection close to 30 ppb with an operating temperature
of 400 °C. Despite the lack of intrinsic selectivity of each gas sensor taken individually, a
chemical signature was obtained for the discrimination of a BTEX mixture by collectively
considering the gas sensing responses from the four gas sensors developed in this study. We
showed that it is possible to obtain a sensor array by using diverse undoped nanostructured
SnOs-sensitive films. In summary, the GLAD method seems to be very promising for the
development of gas sensor arrays and has great potential for exploring high-performance
gas sensors for VOC detection.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemosensors10100426/s1, Figure S1: (a) XPS Ols, Sn3d, and
Cl1s spectral windows of the C3, C6, and I3 SnO, thin films and (b) experimental Sn MNN Auger
spectra for C3, C6, 13, and 16 SnO; thin films. All films were sputter deposited on (110) Si substrates
and annealed in ambient air at 500 °C for 48 h; Figure S2: Pore-size distributions (PSDs) of all films
sputter deposited on (100) Si substrates, before and after annealing treatments at 350 and 500 °C
for 48 h in ambient air. All PSDs were calculated using MATLAB software; Figure S3: Dynamic
normalized response of the SnO,-based gas sensors (C3, C6, I3, and 16) as a function of the sensing
temperature under 900 ppb of benzene. For all tests, 2 min. exposition time, 15 min. recovery
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time, and 100 mL min~! flow rate were applied. Each benzene exposition was replicated 3 times;
Figure S4: Dynamic normalized response of the SnO,-based gas sensors (C3, C6, 13, and 16) for
different concentrations of (a) toluene, (b) ethylbenzene, (c) p-xylene, and (d) o-xylene. For all tests,
2 min. exposition time, 15 min. recovery time, and 100 mL min~! flow rate were applied.
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Abstract: In this work, graphene-oxide-decorated porous ZnO nanosheets were prepared using a
hydrothermal method. The graphene oxide/porous ZnO nanosheet (GO/ZnO nanosheet) composites
were characterized with SEM, HRTEM, XRD, Raman spectroscopy, XPS and BET. The results indicate
that the ZnO nanosheets have a porous, single-crystal structure. Thin GO nanosheets closely cover
the surface of porous ZnO nanosheets. The sensing performance of GO/ZnO nanosheet composites
is investigated. At the optimized temperature of 300 °C, the GO/ZnO nanosheet composites exhibit a
superior sensing performance in n-propanol detection. In a wide range of 5-200 ppm, the composites
exhibit a linear response to n-propanol. Moreover, the sensing performance of the GO/ZnO nanosheet
composites to n-propanol is largely higher than that to other VOC gases, indicating a high selectivity
in n-propanol detection. This can be ascribed to the higher electron-separation efficiency and larger
depletion layer brought by the modification of the GO on ZnO nanosheets. It is considered that the
GO/ZnO nanosheet composites have a great application potential in n-propanol detection.

Keywords: graphene oxide; ZnO nanosheet; n-propanol; sensing property

1. Introduction

The demand for accurate detection for volatile organic compounds (VOCs) is increas-
ing alongside the development of industrialization [1,2]. Therefore, many methods have
been developed for the efficient detection of VOCs. Among various techniques, metal
oxide semiconductor (MOS) gas sensors with benefits including fast response, low energy
consumption and compact size are widely used [3-5]. Among MOS materials, ZnO has
attracted great attention in the field of gas detection due to its excellent electronic and
photonic properties [6-9]. However, owing to the large resistance value and the aggregation
during the process of detection, pure ZnO sensing materials always suffer imperfections
such as poor sensitivity and selectivity in VOC detection [10-12]. Numerous efforts have
been devoted to enhance the performance of ZnO sensing materials [13-15]. Composite
ZnO with a secondary material is a rational method to enhanced its sensing property,
since the composite materials always combines the advantages of each component [16,17].
Aubekerov et al. synthesized ZnFe,O4-modified ZnO nanowires, which show better sen-
sitivity than pure ZnO nanowires in isopropyl alcohol detection [18]. Xu et al. reported
Eu(IIl)-functionalized ZnO@MOF heterostructures with excellent selectivity and sensitivity
for aldehyde detection [19]. Nevertheless, it is still a big challenge to obtain ZnO-based
sensing materials with superior sensing performance.

Two-dimensional materials, such as graphene and graphene oxide (GO), have attracted
much attention due to their unique structures and excellent physical and chemical proper-
ties [20,21]. The unique two-dimensional network of graphene facilitates the exposure of
all carbon atoms to air, allowing the maximum contact with the target molecules [17,22].
Wau et al. [23] found that a graphene/ZnO composite with low resistance exhibits better
gas-sensing performance. GO, with abundant oxygen-containing functional groups, has a
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similar structure to graphene, and can also be used as an ideal modifier to ZnO [24,25]. GO
can not only effectively prevent the aggregation of ZnO nanomaterials, but also improve
the electrical conductivity of ZnO materials, thus enhancing the sensing performance of
the composites [26,27]. Singh et al. [28] prepared GO/ZnO composites using a one-step
method, and these composites could efficiently detect NH3 (1 ppm), NO (5 ppm) and CO
(22 ppm) gases. Although many reports mention GO-modified sensing materials, it is still
a big challenge to promote their sensing performance.

As one of the most widely used chemical raw materials, n-propanol is used in various
industries, such as preservatives, detergents, cosmetics and pharmaceuticals [29]. However,
n-propanol does harm to human health, and is known as a toxic volatile organic compound
(VOC). When the concentration of n-propanol exceeds 400 ppm, it may impair the upper
respiratory tract, retina and optic nerve. Therefore, the high-performance detection of
n-propanol has attracted great interest in recent years [30]. In this work, graphene-oxide-
decorated porous single-crystalline ZnO nanosheet (GO/ZnO nanosheet) composites were
synthesized using a hydrothermal method. In the composites, the ZnO nanosheets of
hexagonal wurtzite are closely wrapped by GO lamellae, and this unique structure makes
the GO/ZnO nanosheet composites exhibit a high response, excellent selectivity and
stability in n-propanol detection. At the optimized temperature of 300 °C, the GO/ZnO
nanosheet composites exhibit a linear response in n-propanol detection. The sensing
performance of the GO/ZnO nanosheet composites to n-propanol is much higher than to
other VOC gases. The sensing mechanism is also discussed. It is believed that the GO/ZnO
nanosheet composites have great potential for practical usage.

2. Materials and Methods
2.1. Materials

Zinc acetate, urea, sodium nitrate, potassium permanganate, graphite powder and
concentrated sulfuric acid of analytical grade were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China) and used without further purification. Deionized
water was used in all experiments.

2.2. Preparation of GO and Porous Single-Crystal ZnO Nanosheet Composites

GO was prepared using the modified Hummer method using graphite, sodium nitrate,
concentrated sulfuric acid and potassium permanganate as raw materials. Graphite powder
(0.5 g) and concentrated sulfuric acid (23 mL) were added to a 250 mL three-necked round-
bottomed flask. The flask was sealed and stirred in an ice bath continuously overnight.
NaNO; (0.5 g) was quickly added into the mixture and KMnOy (3 g) was slowly added for
30 min. Then the mixture was transferred to a 35 °C water bath under vigorous stirring for
1 h. Deionized water (40 mL) was slowly added and the system was heated up to 90 °C
and stirred continuously for 2 h. Then a mixture of deionized water (10 mL) and hydrogen
peroxide (30%) (3 mL) was slowly added and stirred for a few minutes. GO was prepared
by filtering and washing the solution until it was neutral. GO (20 mg) was dissolved in
1 mL deionized water and ultrasonicated to form a 20 g/L GO dispersion.

The GO dispersion was added to a mixture of zinc acetate (1 g), urea (3 g) and 40 mL
deionized water in a conical flask under ultrasound for 30 min. The conical flask was
tightly corked and heated in an oven at 100 °C for 6 h, and then cooled to room temperature.
Then, the complexes of GO and ZnO precursor were prepared. The product was washed
with deionized water and ethanol by centrifugation and dried at 60 °C for 24 h. Finally,
the GO-modified porous single-crystal ZnO nanosheet composites were prepared after
calcinating the obtained samples at 300 °C for 2 h in air.

2.3. Characterization

The morphologies and structure of the samples were examined using field emission
scanning electron microscopy (FESEM, FEI Sirion-200, Eindhoven, Netherlands) at 5 kV
of accelerating voltage, and high resolution transmission electron microscopy (HRTEM,
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JEOL JEM-2010, Tokyo, Japan) at 200 kV of accelerating voltage. The crystal structure of the
samples was determined using X-ray diffraction (XRD, Philips X" pert PRO, Amsterdam,
Netherlands) with Cu K« radiation, A = 0.15418 nm. The Raman spectroscopy was pro-
cessed with a Raman spectrometer (invia, Renishaw, 532 nm wavelength, Gloucestershire,
UK). X-ray photoelectron spectra (XPS) were recorded on an AXIS ULTRADLD spectrome-
ter(Manchester, UK), with monochromatized Al K« X-rays as the excitation source and C
1s chosen as the reference line. N, adsorption/desorption isotherm was carried out at 77 K
using an Autosorb-1-C analyzer (Quantachrome Instruments, Boynton Beach, FL, USA),
and the corresponding pore size distribution was derived from the adsorption branch of
the isotherm using the BJH method.

2.4. Fabrication of the Gas Sensor and the Gas-Sensing Measurement System

An illustration of the operating procedure of the gas sensor and its measurement
system is shown in Figure 1. Two gold electrodes with a distance of 10 mm were added
onto a ceramic tube. Next, two pairs of gold wires were closely bonded to those two gold
electrodes. Then, a nichrome wire (with a resistance of 30 ()) was placed in the interior
of the ceramic tube as a heating wire. For the fabrication of the gas sensor, the prepared
GO/ZnO nanosheet composite and porous ZnO nanosheet powders were dispersed in
ethanol solvent and directly coated on the surface of the ceramic tube and then dried
naturally at room temperature. The final thickness of the sensing film of the GO/ZnO
nanosheet composite and porous ZnO nanosheet were both approximately 200 pm.

Microsyringe

Injection p
Port ¥
—] .~ O:‘Outlel
. M d —
Air ensor, )
—)
Inlet | Tes{Ghamber
Computer
(0.0 H{32]
RO R
DC Power Source/Measure Unit

Figure 1. Schematic diagram of the experimental setup. The inset is the structure of the sensor.

The gas-sensing measurements were performed in a closed test chamber (1 L) equipped
with an inlet and an outlet for gas. A Keithley 6487 Source/Measure Unit was used to
record the change in current. When working, a constant voltage was applied onto the two
gold electrodes between the sensing films, and the corresponding current was measured.
In the typical gas-sensing test, certain amount of target gas was first collected from the
headspace vapor of the organic solvent (e.g., methanol, ethanol, n-propanol, isopropanol,
ammonia, methanal, benzene, water, etc., all of analytical grade), and then introduced into
the test chamber using a microsyringe. The saturated vapor pressure of the organic vapor
was recorded to calculate the concentration of the target gas under a standard atmospheric
pressure. The injection rate of the target gas was about 1 mL/s. When the test was over, the
target gas in the testing chamber was released by inputting fresh compressed air into the
air bottle.

The response of the sensor is defined as:

Response = Ra/Rg = Ig/Ia (1)
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Here, R, and Ry are the electric resistance of the sensor in air and the target gas, respec-
tively. I and Ig are the electric current of the sensor in air and the target gas, respectively.

3. Results
3.1. Characterization

The porous ZnO nanosheets were first synthesized through a hydrothermal method,
then the GO nanosheets were modified onto their surface. The morphologies of the porous
ZnO nanosheets and the GO/porous ZnO nanosheet (GO/ZnO nanosheet) composites
were investigated with SEM, and the results are shown in Figure 2. Figure 2a,b are the
SEM images of the porous ZnO nanosheets at different magnifications. In these images,
a great many nanosized pores can be clearly seen on the surface of the ZnO nanosheets.
After the modification of GO nanosheets, from Figure 2c, it can be seen that the edges of the
modified ZnO nanosheets are blurred. Furthermore, in the magnified image (Figure 2d), a
thin and wrinkled structure can be observed on the surface of the nanosheets, indicating the
successful modification of the lamellar GO on the porous ZnO nanosheets. The statistical
distributions of the length and width of the GO/ZnO nanosheet composites are presented
in Figure S1. The average length and width of the GO/ZnO nanosheet composites are 5.0
and 3.5 um, respectively.

Figure 2. (a,b) SEM images of porous ZnO nanosheets, (¢,d) GO/ZnO nanosheet composites, (b,d) are
the magnification of (a,c), respectively.

Figure 3a,b are TEM images of the GO/ZnO nanosheets at different magnifications. It
can be seen that the pores on the ZnO nanosheet are very rich, and the average diameter of
the pores is about 30 nm. When looking closely at the surface of the ZnO nanosheets, it
can be found that the ZnO nanosheet is covered with a thin layer of GO. In addition, at
the edge of the ZnO nanosheet, the uncovered GO nanosheets also can be clearly observed.
Figure 3c is the corresponding SAED pattern of the GO/ZnO nanosheet, which consists
of well-ordered dots, indicating the single crystallinity of the porous ZnO nanosheets.
The (112), (110) and (002) planes of wurtzite ZnO can also be indexed from the SAED
pattern. Due to its small amount and poor crystallinity, the SAED pattern of GO cannot be
observed. From the HRTEM image of GO/ZnO nanosheets (Figure 3d), it can been seen
that the clear and coherent lattice fringes go throughout the nanosheet. The lattice spacing
is 0.26 nm, which can be ascribed to the (002) plane of the hexagonal phase ZnO. Those
results definitively prove the formation of the GO/ZnO nanosheet composites.
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Figure 3. (a,b) TEM images of GO/ZnO nanosheets, (c) SAED pattern of the GO/ZnO nanosheets,
(d) HRTEM image of GO/ZnO nanosheets.

The XRD patterns of pure porous ZnO nanosheets and GO/ZnO nanosheet composites
are shown in Figure 4. All peaks in the porous ZnO nanosheets and GO/ZnO nanosheet
composites correspond to the characteristic peaks of hexagonal wurtzite zinc oxide (JCPDS
No. 36-1451), and no other peaks can be observed, indicating that there are no other
impurities in the GO/ZnO nanosheet composites. The disappearance of the diffraction
peak of GO in the composite material is due to its low amount and poor crystallinity.

ZnO

(101)

Intensity(a.u.)

20 30 40 50 60 70 80
2 theta (degree)

Figure 4. XRD patterns of the ZnO nanosheets and GO/ZnO nanosheet composites.

Raman spectroscopy is an effective method to characterize the structure of GO; thus,
the GO nanosheets, porous single-crystal ZnO nanosheets and GO/ZnO nanosheet compos-
ites were characterized with Raman spectroscopy, and the results are presented in Figure 5.
From the Raman spectra of the GO and GO/ZnO nanosheet composites, two obvious peaks
at 1362 cm~! and 1590 cm ™! can be observed, which correspond to the D and G bands
of graphene, respectively. Furthermore, the Raman spectra of the GO/ZnO nanosheet
composites also contain three small peaks at 322.2, 432.3 and 562.2 cm ™!, which can also
be observed in the Raman spectrum of the porous ZnO nanosheets. This result further
confirms the combination of the ZnO nanosheets and GO.
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Figure 5. Raman spectra of pure GO, porous single-crystal ZnO nanosheets and GO/ZnO
nanosheet composites.

The structure of GO/ZnO nanosheet composites was further investigated with XPS,
and the results are shown in Figure 6. Figure 6a is the survey XPS spectrum of the com-
posites, while Figure 6b presents the Zn 2p spectrum of the composites. The two char-
acteristic peaks at 1044.6 and 1021.5 correspond to Zn 2p1/2 and Zn 2p3/2, respectively,
which are associated with the Zn-O bonding in ZnO. In Figure 6¢, the C 1s peak of the
GO/ZnO nanosheet composites can be deconvoluted into three peaks observed at 284.8,
286.2 and 288.7 eV, corresponding to functional groups C-C, C-O and C-COOH, respec-
tively [21,31]. The O 1s spectrum (Figure 6d) can be deconvoluted into three peaks at 529.7,
531.2 and 532.5 eV, which correspond to the 0%~ valance state (O-Zn bonding) in GO/ZnO
nanosheet composites, oxygen vacancies and defects, and chemisorbed oxygen species,
respectively [26,31]. The greater amount of oxygen vacancies and defects of the GO/ZnO
nanosheet composites can help to trap electrons, improve the electron-hole recombination
rate and keep a high carrier mobility, resulting in the enhanced sensing performance of the
GO/ZnO nanosheet composites. The results are consistent with the sensing performance
of the composites.

The N, adsorption/desorption isotherm of GO/ZnO nanosheet composites was stud-
ied and the result is presented in Figure 7. The N, adsorption/desorption isotherm of
GO/Zn0O nanosheet composites displays a type IV isotherm with an H3 hysteresis loop,
which is typical of mesoporous materials. Figure 7b presents the pore size distribution of
the composites. It can be seen that the average pore diameter is around 18.8 nm, which is
consistent with the TEM result. The BET surface area of the GO/ZnO nanosheet composites
is 25.1 m?g~!, which is larger than that of the ZnO nanosheet (21.3 m?g 1) [32]. The larger
surface area and abundant pore structure of the GO/ZnO nanosheet composite make it a
promising candidate for VOC detection.
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Figure 6. (a) Survey XPS spectrum of GO/ZnO nanosheet composites, and the corre-sponding
elements” high-resolution XPS spectra: (b) Zn 2p, the purple line corresponds to Zn 2p1/2 and
the green line corresponds to 2p3/2, respectively, (c) C 1s, the green, purple and yellow line corre-
spond to functional groups C-C, C-O and C-COOH, respectively, (d) O 1s, the green, purple and
yellow line correspond to O-Zn bonding, oxygen vacancies and defects, and chemisorbed oxygen
species, respectively.
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Figure 7. (a) N, adsorption-desorption isotherm of the GO/ZnO nanosheet composites, (b) the
corresponding pore size distribution.

3.2. Sensing Performance

The electrical behavior of GO/ZnO nanosheet composites was investigated, and
Figure S2 presents the corresponding current-voltage (I-V) curves. It can be seen that the
almost linear characteristics of the ZnO/GO samples indicate the p-type ohmic contact of
the sensing films.

The sensing performance of MOS sensors usually depends on the operating temper-
ature. The responses of the GO/ZnO nanosheet composite sensor to 50 ppm n-propanol
and isopropanol at different operating temperatures were investigated. As illustrated in
Figure 8, the responses of GO/ZnO nanosheet composites to both n-propanol and iso-
propanol first increase with the increasing working temperature. However, when the
temperature increases beyond 300 °C, the responses decrease. At low temperatures, there
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are not enough O%~ anions on the surface of the GO/ZnO nanosheet composites to react
with n-propanol and isopropanol molecules, and when the working temperature is too
high, the desorption rate of molecules is far greater than the adsorption rate, thus resulting
in a decrease in the response of the GO/ZnO nanosheet composites. Thus, the optimum
operating temperature of the GO/ZnO nanosheet composites is 300 °C, and the subsequent
gas-sensing tests were carried out at this temperature.
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Figure 8. Responses of the GO/ZnO nanosheet composite sensor to 50 ppm isopropanol and n-
propanol at different operating temperatures.

The real-time responses of the GO/ZnO nanosheet composites to n-propanol at dif-
ferent concentrations were also investigated, and the results are presented in Figure 9a.
With an increase in the n-propanol concentration from 5 to 200 ppm, the response currents
increase rapidly, and then immediately drop as the n-propanol gas is removed from the
testing chamber. Figure 9b displays the plot of the sensitivity as a function of the concentra-
tion of n-propanol, revealing a linear range from 5 to 200 ppm. The least-squares fitting
is y = 5.48 + 0.26x, and the regression coefficient (R?) is 97.6%. The real-time response
curves of GO/ZnO nanosheet composites to 50 ppm n-propanol and isopropanol at 300 °C
are shown in Figure 10. The sensitivity of the GO/ZnO nanosheet composites to 50 ppm
n-propanol and isopropanol is 17.2 and 4.4, respectively. In addition, the responses and
recovery of the composites to both n-propanol and isopropanol are very fast, and the
corresponding response times are 45 and 36 s, while the recovery times are 15 and 19's,
respectively. The results indicate that the GO/ZnO nanosheet composites have a good
response to n-propanol.
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Figure 9. (a) Real-time responses of the GO/ZnO nanosheet composites to n-propanol at different
concentrations at 300 °C, (b) the corresponding plots of the response vs. concentration.
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Figure 10. Real-time responses of GO/ZnO nanosheet composites to 50 ppm n-propanol and 50 ppm
isopropanol at 300 °C.

The sensing performance of the GO/ZnO nanosheet composites was also compared
with that of the porous ZnO nanosheets, and the results are presented in Figure 11. As
shown, the responses of the ZnO nanosheets to 50 ppm n-propanol and isopropanol are
2.58 and 2.39, respectively. Nevertheless, when the ZnO nanosheets are coupled with GO
nanosheets, the sensing performance of the composites is largely enhanced, especially
to n-propanol. Obviously, this huge enhancement in sensing performance is due to the
modification with GO.
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Figure 11. Response sensitivity of the porous ZnO nanosheets and GO/ZnO nanosheet composites
to 50 ppm n-propanol and 50 ppm isopropanol at 300 °C.

The selectivity of the gas sensor is an important parameter for its application. Thus, the
sensing properties of the GO/ZnO nanosheet composites to 50 ppm of methanol, ethanol,
n-propanol, isopropanol, ammonia, methanal, benzene and hydrogen were investigated at
300 °C, and the results are presented in Figure 12. Obviously, the responses of the GO/ZnO
nanosheet composites to ammonia, methanal and benzene are not high, namely 2.2, 1.5
and 1.2, respectively. For alcohols, the responses of the composites increase significantly.
As well, the sensitivity of the GO/ZnO nanosheet composites largely increases with the
growth of the carbon chain. The sensitivities of the GO/ZnO nanosheet composites to
methanol, ethanol and n-propanol are 2.7, 7.0 and 17.2, respectively. Furthermore, the
sensitivity of the composites to isopropanol, the isomer of n-propanol, largely reduces to
4.0. Thus, it is believed that the GO/ZnO nanosheet composites can identify n-propanol in
a complex environment. The sensing performance of the GO/ZnO nanosheet composites
was also compared with other values from the literature, and the results are presented in
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Table 1. Obviously, the GO/ZnO nanosheet composites exhibit good sensitivity towards
n-propanol.

Benzene
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Hydrogen
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Figure 12. Responses of the GO-decorated porous single-crystalline ZnO nanosheets to 50 ppm of
various gases at 300 °C.

Table 1. N-propanol sensors based on metal oxide nanostructures.

. . o Response @ .. .

Sensing Materials  Temperature (°C) Concentration (ppm) Selectivity Response Time (s) References
ZnO nanowires 300 30.1@50 (2-propanol) General 5 [33]
CuO nanofiber 200 4.66@100 General 4.66 [34]
TeO, nanowires 50 3.15@500 Poor 20 [35]
CuO/CuCoy04 Room temperature 14@100 General 6.3 [36]

nanotubes
Cuz0 hollow 187 11@100 General 50 [37]
microspheres
GO/ZnO
nanosheet 300 17.2@50 Good 45 This work
composites

The sensing mechanism of the GO/ZnO nanosheet composites was also deduced. As
shown in Figure 13, GO nanosheets exhibit a p-type semiconductor behavior, while ZnO is
an n-type semiconductor; thus, the p-n heterojunction of GO and ZnO is formed. When
working, both of the GO and ZnO nanosheets are hot excited. As GO (4.5 eV) and ZnO
(4.22 eV) have different work functions, the electrons in the higher energy level will be
transferred to the lower energy level [21,26]. In the GO/ZnO heterojunction, the electrons
will transfer from p-GO to n-ZnO, and the holes move in the opposite direction until equi-
librium. The abundant oxygen vacancies and efficient electron mobility at the GO/ZnO
heterojunction will provide more active sites for gas adsorption by increasing the specific
surface area. Furthermore, they supply more channels to facilitate the diffusion of gas
molecules, and consequently, favor the enhancement of n-propanol detection. Moreover,
the unique structure of the ZnO nanosheet is also beneficial for the sensing properties of
the composites. First, the porous structure provides more active sites. Due to the porous
structure, there are more surface defects on the surface of the nanosheet, and those defects
can effectively adsorb VOC molecules. In addition, these nanoholes could be the ideal trans-
mission channel for the target gases, effectively facilitating the diffusion of gas molecules,
which can greatly increase the sensing performance of the composite. Second, the single-
crystalline structure of individual nanosheets can also increase the sensitivity. During
transportation, electrons need not jump cross-grain boundaries, which is beneficial for the
stability of the sensing materials. Third, the ZnO nanosheets are ultra-thin, which makes
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the space charge layers cover the whole nanosheet. Fourth, in the composite, both ZnO
and GO are lamellar structures, which grant the composite a larger boundary area; thus,
electrons can be effectively transferred between the GO/ZnO nanosheets heterogeneously.
Thus, the composites exhibit superior n-propanol sensing performance.

Figure 13. Sensing mechanism of the GO/ZnO nanosheet composites.

The stability of the GO/ZnO nanosheet composite sensor was further studied. As
shown in Figure 14, there is no significant reduction in the response of the composite during
a 14-day test. It is believed that the good stability of the GO/ZnO nanosheet composite can
be attributed to the unique structure of the porous ZnO nanosheet.
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Figure 14. Response curve of the GO/ZnO nanosheet composites to 50 ppm n-propanol after 14 days
of testing.

4. Conclusions

In conclusion, the GO/ZnO nanosheet composites were successfully synthesized
through a hydrothermal method. In the composites, the ZnO nanosheets of hexagonal
wurtzite are closely wrapped by GO lamellae, and the unique structure makes the GO/ZnO
nanosheet composites exhibit a high response, excellent selectivity and stability in n-
propanol detection. At the optimized temperature of 300 °C, the GO/ZnO nanosheet
composites exhibit a linear response in n-propanol detection in a large range. Moreover,
the sensing performance of the composites to n-propanol is largely higher than to other
VOC gases, indicating a high sensitivity and selectivity in n-propanol detection. This can
be ascribed to the higher electron-separation efficiency and larger depletion layer brought
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by the modification of the GO on ZnO nanosheets. It is considered that the GO/ZnO
nanosheet composites have a great application potential in n-propanol detection.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/chemosensors11010065/s1, Figure S1: The statistical distri-
butions of the length and width of the GO/ZnO nanosheet composites; Figure S2: The corresponding
current-voltage (I-V) curves of the GO/ZnO nanosheet composites.

Author Contributions: Conceptualization, J.L.; methodology, Y.C.; software, A.W.; validation,
S.C. and D.W.,; formal analysis, Z.J.; investigation, J.L.; writing—original draft preparation, J.L.;
writing—review and editing, Q.Q.; supervision, Z.J.; funding acquisition, Z.J. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key Research and Development
(No. 2019YFC0408504), Natural Science Foundation of Anhui Province (No. 2008085MB44), Natu-
ral Science Research Project of Anhui Educational Committee (No. 2022AH040046, KJ2019A0772)
and Young Talents and PhD Start-up Fund Project from Anhui Jianzhu University (2018QD52,
2019QDZ30).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The data presented in this study are openly available.

Conflicts of Interest: We declare that we have no financial and personal relationships with other
people or organizations that can inappropriately influence our work, and there is no professional or
other personal interest of any nature or kind in any product, service and/or company that could be
construed as influencing the position presented in, or the review of, the manuscript entitled.

References

1. Han, B, Liu, X,; Xing, X.; Chen, N.; Xiao, X,; Liu, S.; Wang, Y. A high response butanol gas sensor based on ZnO hollow spheres.
Sensors Actuators Chem. 2016, 237, 423-430. [CrossRef]

2. Meng, EL.; Zheng, H.X.; Chang, Y.L.; Zhao, Y.; Li, M.Q.; Wang, C.; Sun, Y.E; Liu. J., H. One-step synthesis of Au/SnO, /RGO
nanocomposites and their VOC sensing properties. IEEE Trans. Nanotechnol. 2018, 172, 212-219. [CrossRef]

3. Ma, A;Park, H].; Seo, ].H,; Jang, K.Y,; Lee, HK,; Kim, D.Y.; Lee, ].E.; Nam, K.M.; Lee, D.S. Phase transition of non-equilibrium
wurtzite CoO: Spontaneous deposition of sensing material for ultrasensitive detection of acetone. Sensors Actuators B Chem. 2020,
308, 127698. [CrossRef]

4. Qin, W.B,; Yuan, Z.Y;; Gao, H.L.; Zhang, R.; Meng, EL. Perovskite-structured LaCoO3; modified ZnO gas sensor and investigation
on its gas sensing mechanism by first principle. Sens. Actuators B Chem. 2021, 341, 130015. [CrossRef]

5. Ji, HY,; Qin, W.B,; Yuan, Z.Y.; Meng, F.L. Qualitative and quantitative recognition method of drug-producing chemicals based on
SnO2 gas Sensor with dynamic measurement and PCA weak separation. Sens. Actuators B Chem. 2021, 348, 130698. [CrossRef]

6.  Caicedo, N.; Leturcq, R.; Raskin, J.-P.; Flandre, D.; Lenoble, D. Detection mechanism in highly sensitive ZnO nanowires network
gas sensors. Sensors Actuators B Chem. 2019, 297, 126602. [CrossRef]

7. Bhati, V.S.; Hojamberdiev, M.; Kumar, M. Enhanced sensing performance of ZnO nanostructures-based gas sensors: A review.
Energy Rep. 2020, 6, 46-62. [CrossRef]

8. Wang, C.N,; Li, Y.L; Gong, EL.; Zhang, Y.H.; Fang, S.M.; Zhang, H.L. Advances in doped ZnO nanostructures for gas sensor.
Chem. Rec. 2020, 20, 1553-1567. [CrossRef] [PubMed]

9.  Meng, EL,; Shi, X.; Yuan, Z.Y;; Ji, H.Y.; Qin, W.B.; Shen, Y.B.; Xing, C.Y. Detection of Four Alcohol Homologue Gases by ZnO Gas
Sensor in Dynamic Interval Temperature Modulation Mode. Sens. Actuators B Chem. 2022, 350, 130867. [CrossRef]

10. Nundy, S;; Eom, T.Y;; Kang, ].G.; Suh, J.; Cho, M; Park, ].S.; Lee, H.]J. Flower-shaped ZnO nanomaterials for low-temperature
operations in NOy gas sensors. Ceram. Int. 2020, 46, 5706-5714. [CrossRef]

11.  Alev, O.; Sarica, N.; Ozdemir, O.; Arslan, L.C.; Biuytikkose, S.; Oztiirk, Z.Z. Cu-doped ZnO nanorods based QCM sensor for
hazardous gases. J. Alloy. Compd. 2020, 826, 154177. [CrossRef]

12. Zhang, L.; Yin, M.; Qiu, J.; Qiu, T,; Chen, Y.; Qi, S.; Wei, X.; Tian, X,; Xu, D. Mesoporous ZnO nanosheet as gas sensor for sensitive
triethylamine detection. Anal. Bioanal. Chem. 2022, 414, 2181-2188. [CrossRef] [PubMed]

13.  Campos, A.C.; Paes, S.C.; Correa, B.S.; Cabrera-Pasca, G.A.; Costa, M.S.; Costa, C.S.; Otubo, L.; Carbonari, A.W. Growth of long
ZnO nanowires with high density on the ZnO surface for gas sensors. ACS Appl. Nano Mater. 2019, 3, 175-185. [CrossRef]

14.  Kim, J.W.; Porte, Y.; Ko, K.Y.; Kim, H.; Myoung, ]. M. Micropatternable double-faced ZnO nanoflowers for flexible gas sensor.

ACS Appl. Mater. Inter. 2017, 9, 32876-32886. [CrossRef]

166



Chemosensors 2023, 11, 65

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Choi, SM.; Kim, Y.M.; Mirzaei, A.; Kim, H.S.; Kim, S.I.; Baek, S.H.; Chun, D.W.; Jin, C.; Lee, H.K. Selective, sensitive, and stable
NO; gas sensor based on porous ZnO nanosheets. Appl. Surf. Sci. 2021, 568, 150910. [CrossRef]

Liu, J.; Zhang, L.; Fan, J.; Zhu, B.; Yu, J. Triethylamine gas sensor based on Pt-functionalized hierarchical ZnO microspheres.
Sensors Actuators B Chem. 2021, 331, 129425. [CrossRef]

Young, S.J.; Chu, Y.L. Platinum nanoparticle-decorated ZnO nanorods improved the performance of methanol gas sensor.
J. Electrochem. Soc. 2020, 167, 147508. [CrossRef]

Aubekerov, K.K; Punegova, N.; Sergeenko, R.; Kuznetsov, A.; Kondratev, V.M.; Kadinskaya, S.A.; Nalimova, S.S.; Moshnikov,
V.A. Synthesis and study of gas sensitive ZnFe;O4-modified ZnO nanowires. J. Phys. 2022, 2227, 012014. [CrossRef]

Xu, X.-Y.; Yan, B. Eu(iii)-functionalized ZnO@MOF heterostructures: Integration of pre-concentration and efficient charge transfer
for the fabrication of a ppb-level sensing platform for volatile aldehyde gases in vehicles. J. Mater. Chem. A 2017, 5, 2215-2223.
[CrossRef]

Ugale, A.D.; Umarji, G.G.; Jung, S.H.; Deshpande, N.G.; Lee, W.; Cho, HK.; Yoo, ].B. ZnO decorated flexible and strong graphene
fibers for sensing NO, and H5S at room temperature. Sensors Actuators B Chem. 2020, 308, 127690. [CrossRef]

Zhang, ].; Jia, X,; Liu, T.; Yang, J.; Wang, S.; Li, Y.; Shao, D.; Feng, L.; Song, H. Facile strategy to synthesize porous GO/ZnO
heterostructure for enhanced acetone gas sensing properties. Sensors Actuators B Chem. 2022, 359, 131601. [CrossRef]

Huang, W.C,; Tsai, H.]J.; Lin, T.C.; Weng, W.C.; Chang, Y.C.; Chiu, J.L.; Lin, ].-J.; Lin, C.E; Lin, Y.-S.; Chen, H. Incorporation of
carbon nanotube and graphene in ZnO nanorods-based hydrogen gas sensor. Ceram. Int. 2018, 44, 12308-12314. [CrossRef]

Wu, J.; Shen, X,; Jiang, L.; Wang, K.; Chen, K. Solvothermal synthesis and characterization of sandwich-like graphene/ZnO
nanocomposites. Appl. Surf. Sci. 2010, 256, 2826-2830. [CrossRef]

Khosravi, Y.; Sasar, M.; Abdj, Y. Light-induced oxygen sensing using ZnO/GO based gas sensor. Mat. Sci. Semicon. Proc. 2018,
85, 9-14. [CrossRef]

Galstyan, V.; Comini, E.; Kholmanov, L; Faglia, G.; Sberveglieri, G. Reduced graphene oxide/ZnO nanocomposite for application
in chemical gas sensors. RSC Adv. 2016, 6, 34225-34232. [CrossRef]

Kamble, C.; Narwade, S.; Mane, R. Detection of acetylene (C,H;) gas using Ag-modified ZnO/GO nanorods prepared by a
hydrothermal synthesis. Mat. Sci. Semicon. Proc. 2023, 153, 107145. [CrossRef]

Vessalli, B.A.; Zito, C.A.; Perfecto, T.M.; Volanti, D.P.; Mazon, T. ZnO nanorods/graphene oxide sheets prepared by chemical bath
deposition for volatile organic compounds detection. J. Alloys Compd. 2017, 696, 996-1003. [CrossRef]

Singh, G.; Choudhary, A.; Haranath, D.; Joshi, A.G.; Singh, N.; Singh, S.; Pasricha, R. ZnO decorated luminescent graphene as a
potential gas sensor at room temperature. Carbon 2012, 50, 385-394. [CrossRef]

Yin, Y.; Shen, Y.; Zhou, P; Lu, R.; Li, A.; Zhao, S.; Liu, W.; Wei, D.; Wei, K. Fabrication, characterization and n-propanol sensing
properties of perovskite-type ZnSnO3 nanospheres based gas sensor. Appl. Surf. Sci. 2020, 509, 145335. [CrossRef]

Mokoena, T.P; Hillie, K.T.; Swart, H.C.; Leshabane, N.; Tshilongo, J.; Motaung, D.E. Fabrication of a propanol gas sensor
using p-type nickel oxide nanostructures: The effect of ramping rate towards luminescence and gas sensing characteristics.
Mater. Chem. Phys. 2020, 253, 123316. [CrossRef]

Dai, K.; Lu, L.H.; Liang, C.H.; Dai, ].M.; Zhu, G.P;; Liu, Z.L.; Liu, Q.Z.; Zhang, Y.X. Graphene oxide modified ZnO nanorods
hybrid with high reusable photocatalytic activity under UV-LED irradiation. Mater. Chem. Phys. 2014, 143, 1410-1416. [CrossRef]
Jin, Z.; Zhang, Y.X.; Meng, F.L.; Jia, Y;; Luo, T; Yu, X.Y.; Wang, J.; Liu, ].H.; Huang, X.J. Facile synthesis of porous single crystalline
ZnO nanoplates and their application in photocatalytic reduction of Cr(VI) in the presence of phenol. |. Hazard. Mater. 2014,
276,400-407. [CrossRef] [PubMed]

Huang, J.R;; Ren, H.B.; Sun, P.P,; Gu, C.P; Sun, Y.F; Liu, ]. H. Facile synthesis of porous ZnO nanowires consisting of ordered
nanocrystallites and their enhanced gas-sensing. Sensors Actuators B Chem. 2013, 188, 249-256. [CrossRef]

Dong, CJ.; Xing, X.X.; Chen, N.; Liu, X.; Wang, Y.D. Biomorphic synthesis of hollow CuO fibers for low-ppm-level n-propanol
detection via a facile solution combustion method. Sensors Actuators B Chem. 2016, 230, 1-8.

Shen, Y.B.; Fan, A.F.; Wei, D.Z.; Gao, S.L.; Liu, W.G.; Han, C.; Cui, B.Y. A low-temperature n-propanol gas sensor based on TeO,
nanowires as the sensing layer. RSC Adv. 2015, 5, 29126. [CrossRef]

Alali, K.T,; Lu, Z.T.; Zhang, H.S.; Liu, ].Y; Liu, Q.; Li, R.M.; Aljebawi, K.; Wang, J. P-p heterojunction CuO/CuCo,0O4 nanotubes
synthesized via electrospinning technology for detecting n-propanol gas at room temperature. Inorg. Chem. Front. 2017,
4,1219-1230. [CrossRef]

Wang, N.; Zhou, Y.; Chen, K.; Wang, T.S.; Sun, P.; Wang, C.G.; Chuai, X.H.; Zhang, S.M.; Liu, X.M.; Lu, G.Y. Double shell Cu,O
hollow microspheres as sensing material for high performance n-propanol sensor. Sensors Actuators B Chem. 2021, 333, 129540.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

167



-
®C| chemosensors

Article

A Novel Gas Recognition Algorithm for Gas Sensor Array
Combining Savitzky-Golay Smooth and Image
Conversion Route

Xi Wang 12 Chen Qian 2, Zhikai Zhao 1%/, Jiaming Li 1.2 and Mingzhi Jiao 1.2,%

Citation: Wang, X; Qian, C.; Zhao, Z.;
Li, J.; Jiao, M. A Novel Gas
Recognition Algorithm for Gas
Sensor Array Combining
Savitzky-Golay Smooth and Image
Conversion Route. Chemosensors 2023,
11,96. https://doi.org/10.3390/
chemosensors11020096

Academic Editor: Corrado Di Natale

Received: 22 December 2022
Revised: 19 January 2023
Accepted: 24 January 2023
Published: 29 January 2023

Copyright: © 2023 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 (https://
creativecommons.org/licenses /by /
4.0/).

National and Local Joint Engineering Laboratory of Internet Application Technology on Mine,
China University of Mining and Technology, Xuzhou 221116, China

School of Information and Control Engineering, China University of Mining and Technology,
Xuzhou 221116, China

Correspondence: zhikaizhao@163.com (Z.Z.); mingzhijiao@cumt.edu.cn (M.].);

Tel.: +86-13685146374 (Z.Z.); +86-13952204541 (M.].)

Abstract: In recent years, the application of Deep Neural Networks to gas recognition has been
developing. The classification performance of the Deep Neural Network depends on the efficient
representation of the input data samples. Therefore, a variety of filtering methods are firstly adopted
to smooth filter the gas sensing response data, which can remove redundant information and greatly
improve the performance of the classifier. Additionally, the optimization experiment of the Savitzky—
Golay filtering algorithm is carried out. After that, we used the Gramian Angular Summation Field
(GASF) method to encode the gas sensing response data into two-dimensional sensing images. In
addition, data augmentation technology is used to reduce the impact of small sample numbers on the
classifier and improve the robustness and generalization ability of the model. Then, combined with
fine-tuning of the GoogLeNet neural network, which owns the ability to automatically learn the char-
acteristics of deep samples, the classification of four gases has finally been realized: methane, ethanol,
ethylene, and carbon monoxide. Through setting a variety of different comparison experiments, it
is known that the Savitzky—Golay smooth filtering pretreatment method effectively improves the
recognition accuracy of the classifier, and the gas recognition network adopted is superior to the
fine-tuned ResNet50, Alex-Net, and ResNet34 networks in both accuracy and sample processing
times. Finally, the highest recognition accuracy of the classification results of our proposed route is
99.9%, which is better than other similar work.

Keywords: gas recognition; gas sensor array; Savitzky—-Golay smooth filter; sensor data visualization;
Deep Neural Network

1. Introduction

Gas recognition technology based on gas sensor array is widely used, playing an
important role in many fields such as disease prediction [1-3], food safety [4-6], environ-
mental monitoring [7,8], coal mine risk prediction [9], and so on. For example, Liu et al. [9]
adopted the gas sensor array technology to identify and detect the concentration of carbon
monoxide and methane released in the process of coal oxidation or spontaneous combus-
tion. By capturing the slight change of gas release in the initial stage of coal oxidation and
combining with an artificial neural network, the risk prediction ability in a coal mine has
been greatly improved. Methane, ethanol, ethylene, and carbon monoxide are common
flammable gases and are often mixed together in practical situations, such as in a chemical
industrial park. Therefore, it is of practical significance to study the classification and
identification technology of methane, ethanol, ethylene, and carbon monoxide based on
gas sensor array.

Since the time series sensing data may contain redundant data or noise, the perfor-
mance of the classifier largely depends on the input data representation. Efficient input
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data representation is the key to gas classification, which is helpful for training the classified
gas model with efficient input data. For example, Pan et al. [10] proposed a new hybrid
convolutional and recurrent neural network method to achieve fast gas recognition, extract
valuable transient features contained at the beginning of the response curve, and finally
achieve an identification accuracy of 84.06% within a response time as short as 0.5 s, and
increase to 98.28% when the response time is 4 s. Pareek et al. [11] proposed a new 3DCN-
RDN (3D convolution neural-based regression dual network) to achieve gas quantitation
and identification, with a classification accuracy of 94.37%. YongKyung et al. [12] proposed
a new classification method for mixed gases, which is based on the representation of simu-
lated images with several sensor specific channels and the Convolutional Neural Network
(CNN) classifier. He et al. [13] proposed a new hybrid CNN-Bi-LSTM-AM network model
based on Bayesian as an optimization algorithm to realize rapid gas identification. How-
ever, in the process of gas classification, they did not consider the possible redundancy or
noise information in the time series sensing data and did not conduct smooth filtering and
noise reduction pre-processing on the time series sensing data, which would lead to the
decline of classification accuracy.

However, time series sensing data are characterized by relationships between different
attributes, which makes it difficult to obtain complex information and temporal correlations
from sensor responses. Scholars have proposed to encode the time series into different
types of images for visual analysis, which enables computer vision technology to be used
for time series classification. This idea provides a new perspective for us to solve the
classification of time series sensing data. Donner et al. [14] proposed a new method to
analyze the structural nature of the time series of complex systems. By constructing an
adjacency matrix with predefined recursive functions, the time series can be interpreted as a
complex network. Silva et al. [15] use recursive graphs as the representation domain of the
time series classification and measure the similarity between the recursive graphs with the
Campana-Keogh (CK-1) distance, which is a distance based on Kolmogorov complexity. A
video compression algorithm is used to estimate the image similarity, which is a simple and
parameterless time series classification method. Javed et al. [16] used different line graph
techniques to analyze the performance of multiple time series and introduced a graphic
awareness framework for multiple time series. These methods explore how to visualize the
topology and intrinsic properties of the time series. However, their visualization process
did not consider the integrity of the mapping between time series and visual cues, which
would have resulted in a degradation of the classification performance. Wang et al. [17]
proposed a new framework based on the Gramian Angular Summation/Difference Field
(GASF/GADF) and Markov Transition Fields (MTFs) to encode time series into different
types of images, which enables computer vision technology to be used for time series
classification and interpolation. Liu et al. [18] used the Markov Transition Fields (MTFs)
to visualize sensor responses into images. Combined with the Small-Scale Convolutional
Neural Network (SSCNN), gas classification was further realized. Wang et al. [19] took
the whole process of gas reaction as the feature map and used the mixed neural network
to classify the gas, achieving a 95% classification accuracy. Inspired by this, we consider
using the Gramian Angular Summation Field (GASF) method to encode the time series into
two-dimensional sensing images. Because it contains time correlation and can maintain
time dependence, it can be well applied in our experimental research.

A pattern recognition algorithm [20-22] is another key process of gas recognition.
Ha et al. [23] apply the K-Nearest Neighbor (KNN) algorithm in combination with the
Multi-Mode Principle Component Analysis (MPCA), which can be used for process moni-
toring and fault monitoring. Sun et al. [24] proposed a pattern recognition method based
on the Local Mean Decomposition (LMD) envelope spectrum entropy and the Support
Vector Machine (SVM) for classifying leakage aperture categories. However, all the above
methods require feature extraction (typical features include response maximum value,
response time, integral area under response curve, etc.) before pattern recognition, which
undoubtedly increases the difficulty of achieving the target task. As artificial intelligence
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technology has made great progress in multiple fields, Deep Neural Networks (DNN) have
achieved remarkable achievements in the field of artificial intelligence, such as computer
vision [25], natural language processing [26], malware detection [27-29], etc. For example,
Peng et al. [30] have designed a Deep Convolutional Neural Network (DCNN) to classify
four gases. The recognition accuracy is 95.2%, and the training time is 154 s. It is far better
than that of the Support Vector Machine (SVM) and the Multi-Layer Perception (MLP).

The main contributions of this study can be summarized as follows: We illustrate with
examples how Deep Neural Networks can be applied to time series gas sensing data. We use
a variety of filtering methods to pre-process the gas sensing response data for more efficient
input data representations and to improve the performance of the classifier. After that, we
adopted the GASF method to encode the gas sensing response data into two-dimensional
images, and converted the classification and recognition based on the time series gas
sensing data into the classification and recognition of two-dimensional sensing images, and
finally realized the classification of methane, ethanol, ethylene, and carbon monoxide. In
addition, the data enhancement technique is applied in the experimental study to further
improve the performance of the classifier with relatively few data samples. Combined
with fine-tuning the GoogLeNet classification network, gas data samples were trained and
tested. We carried out a variety of comparative experiments under different experimental
settings, including using the 10-fold cross validation method to verify the accuracy of
the algorithm, whether the gas sample data are smoothly pre-processed, whether the
data are data enhanced, dividing the dataset into different proportions, using different
classification network models to identify the gas, comparing the experiments performed
by other researchers on this dataset. The performances of the suggested algorithms in
other UCI gas datasets are presented as well. The experimental results show that the
Savitzky-Golay smooth filtering algorithm can greatly improve the performance of the
neural network gas classification algorithm.

2. Materials and Methods
2.1. Materials

The data used in this experiment are an open-source gas dataset downloaded from UCI
Machine Learning Repository public database [31]. The twin gas sensor arrays dataset is a
time series gas sensor dataset of 8 sensor arrays. The dataset was collected by five identical
sensor arrays, each containing four metal oxide gas sensors, namely TGS2611, TGS2612,
TGS2610, and TGS26028. Each gas sensor operates at two heating voltage levels of 5.65 V
and 5.00 V, resulting in a total of eight sensor combinations. The eight sensors are integrated
in a specially designed circuit board, which is equipped with a temperature control and
signal acquisition module to monitor the operation of the sensors. The experimental setup
is shown in Figure 1 below.

During the signal acquisition process, the same experimental method was used to
measure the gas of 5 sensor arrays, and the measurements were made with different sensor
arrays every day. There are four types of gas tested, namely methane, ethanol, ethylene,
and carbon monoxide. The duration of a single test experiment is 600 s, and the sampling
frequency is 100 Hz. The types of sensors on a single sensor array and the working voltages
of each sensor are shown in Table 1.
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Figure 1. Experimental setup used for data acquisition.

Table 1. Sensor types and operating voltages.

Channel Category of Sensors Operating Voltage
0 TGS2611 5.65V
1 TGS2612 5.65V
2 TGS2610 5.65V
3 TGS2602 5.65V
4 TGS2611 5.00V
5 TGS2612 5.00 vV
6 TGS2610 5.00 vV
7 TGS2602 5.00 vV

The different concentration levels of the four measured gases are shown in Table 2.

Table 2. Different concentration levels of measured gases (ppm).

Gas Type Levell Level2 Level3 Level4 Level5 Level6 Level7 Level8 Level9 Level10
Methane 25.0 50.0 75.0 100.0 125.0 150.0 175.0 200.0 225.0 250.0
Ethanol 12.5 25.0 37.5 50.0 62.5 75.0 87.5 100.0 112.5 125.0
Ethylene 12.5 25.0 37.5 50.0 62.5 75.0 87.5 100.0 112.5 125.0
Carbon monoxide 25.0 50.0 75.0 100.0 125.0 150.0 175.0 200.0 225.0 250.0

The date of the detection of various gas substances of different concentrations by each
sensor array is shown in Table 3.
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Table 3. The testing schedule for each batch of sensor arrays.

Sensor Array The First Test The Second Test The Third Test The Fourth Test
Array 1 4th day 10th day 15th day 21st day
Array 2 1st day 7th day 11th day 16th day
Array 3 2nd day 8th day 14th day 17th day
Array 4 3rd day 9th day - -

Array 5 18th day 22nd day - -

2.2. The Whole Experimental Process

The whole process of the experiment in this paper is as follows: First, in order to
effectively extract the characteristics of the gas to be tested, the response data of the gas
sensor were analyzed. The response data of the gas sensor within the range of important
response and recovery time were retained, and the redundant and interference information
was eliminated. Then, the time series data within the intercepted time range was visualized,
and it was found that the response data of the gas sensor had certain data fluctuations and
contained noise. Therefore, the smooth filtering method was considered to pre-process
the data. In this paper, multiple smooth filtering methods were compared and analyzed,
and the experimental results showed that Savitzky-Golay smooth filtering had the best
classification effect. Therefore, Savitzky—Golay smooth filtering was selected for the basic
experiment. Next, the GASF method was used to convert the pre-processed time series
data into two-dimensional sensing images, and the data enhancement technology was
used to reduce the impact of small samples on the classifier. In addition, the GoogLeNet
classification network was fine-tuned to realize the recognition of four different gases,
namely methane, ethanol, ethylene, and carbon monoxide. The flow chart of the whole
experimental process is shown in Figure 2 below.

UCI Dataset Input X

Smooth
filtering

GASF images
conversion

Images
augmentation

Deep neural
network

Classification
Results

Output

Figure 2. The flow chart of the whole experimental process.
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2.3. Data Pre-Processing

According to the literature [31], the specific collection experiment design of this gas
sensor dataset is known. The experimental design of the four gases was the same, and
the test time of a single experiment was 600 s. The process is as follows: First, constant
flow of clean air is circulated through the gas sensor chamber for 50 s to form the initial
stabilization phase of the response, which can be used as a baseline for measuring the
sensor response. Secondly, the selected gas is passed into the sensor gas chamber and
mixed with air according to the required concentration level to produce a gas mixture,
which is circulated for 100 s. Finally, clean air is circulated to remove the gas mixture from
the sensor chamber for the next 450 s.

The dataset used in this paper is 8 channels time series, Xgas = {XgaS1, Xgas2, - -+, Xgass },
where Xgas1, .- ., Xgass, respectively, represents gas sensor array (TGS2611,TGS2612,...,
andTGS2602) dynamic response data. Gas sensor array data are usually complex, high-
dimensional time signals. To process such complex data, efficient input data representation
is needed to complete the task of identifying gases. Since gas classification requires a large
number of samples for model training, the performance of the classifier largely depends on
the input data representation. Efficient input data representation is the key to gas classi-
fication and helps train the gas classification network model with input data. Otherwise,
without proper input data representation, important information will inevitably be lost,
which will degrade the performance of the classification model. In order to effectively
extract the features of the gas to be identified, the data of the 8 channel time series are
intercepted. In the experiment, the response data within 30-100 s are intercepted as the
classification object. On the one hand, the response data within this time range includes
both the gas response process and the gas recovery process, without losing the important
response data in the gas reaction process. On the other hand, some redundant informa-
tion is removed from the response data in this time range, which improves the efficiency
of network model calculation. The original response data curve of CO gas is shown in
Figure 3 below.

39.75 1

original data

30 40 50 60 70 80 90 100
Time(s)

Figure 3. The original response data curve of CO gas.

As can be seen from the above original response data curve of CO gas, the response
of CO gas has certain data fluctuations and noise. In order to reduce the fluctuation
of response data, a variety of smoothing filtering methods are used to pre-process the
original gas response data. Based on the classification experiment results, Savitzky-Golay
smoothing filtering algorithm has the best effect. Therefore, Savitzky-Golay smoothing
filtering algorithm is mainly used in the following years. It is a function commonly used in
curve smoothing processing and is a convolution algorithm based on smoothing time series
data and the least squares principle. The core idea is to carry out order polynomial fitting
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to the data points in a certain length window, so as to get the fitting result. Savitzky-Golay
smoothing filtering (SG smoothing filtering) is actually a weighted average algorithm for
moving windows, but its weighting coefficient is not simply a constant window, but a least
square fitting for a given higher-order polynomial within a sliding window.

The principle of Savitzky-Golay smoothing filtering is as follows: It is assumed
that the width of the sliding time window is n = 2m + 1, and the data point is
x=(—m, —m+1,...,m — 1, and m). The sub-polynomial is used to fit the data points in the
time window. The k — 1 degree polynomial is used to fit the data points in the window,
y=ap+ajx+ arx? +...+ ap_1xXK" 1. Therefore, n linear equations with k elements are ob-
tained. In order for the system to have a solution, n should be greater than or equal to k.
Generally, n greater than k is selected, and the parameters are fitted by the least square
method, A ={ag, a1, ..., ax_», ax_1}-

The biggest feature of Savitzky—Golay smooth filtering is that while filtering noise,
it can ensure that the shape and width of the signal remain unchanged, which can better
retain the information of characteristic peaks and improve the accuracy of input data.
Therefore, based on the advantages of the Savitzky—Golay smooth denoising algorithm
mentioned above, it can be well applied to the gas sensor dataset. As for the selection of
experimental parameters, we compared the influences of different parameter selection on
the gas classification results, as shown in Table 4. When window length increases from 29 to
89, the accuracy first increased, and then decreased. The time consumed kept on increasing
when the window length increased. Window length of 59 provides better accuracy with
little time as well. Based on the experimental results, this paper selects window length as
59 and k value as 3, and performs certain smoothing noise filtering pre-processing on the
8-channel data to improve the quality of input data.

Table 4. The influence of different experimental parameters on experimental results.

Window Length (k = 3) Accuracy Time (One Epoch)
29 98.4% 2565
59 99.9% 26s
89 99.2% 27.8s

The comparison of gas response data curve with or without Savitzky—Golay smooth
filtering is shown in Figure 4 below.

39.75
— original data

savgol data

30 40 50 60 70 80 90 100
Time(s)

Figure 4. Comparison diagram of gas response data curve with or without filtering.
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2.4. Images Conversion

With the development of computer vision, Deep Neural Network has shown outstand-
ing performance in image recognition. According to the time correlation embedded in the
gas sensor data, the SG algorithm in the previous section is used to smooth and filter the
time series data into a two-dimensional sensor image, so as to be used for the subsequent
feature learning. Therefore, gas classification and recognition based on time series data are
transformed into gas classification and recognition for two-dimensional sensor images. The
Gramian Angular Field (GAF) method was used to convert the response data of the gas
sensor into a two-dimensional sensor image. The features in the two-dimensional image
were learned by combining with the gas classification network model, and the features
were automatically extracted. Finally, the recognition of four gas types was realized.

The specific implementation process of Gramian Angular Field (GAF) is as follows:
First, scale the sequence data of each channel in the 8-channel time series data of each
test sample, X = {Xy,Xy,...Xg} of each test sample, and scale the data range to [0, 1].
The expression is as follows:X; = [X! — min(X;)] / [max(X;) — min(X;)], where X; is the
normalized value at time t, S} is the response value of the ith sensor at time t, and X; is
the response value of the ith sensor within the sampling time range. The comparison
of gas response data curves with or without Savitzky—Golay smooth filtering after data
normalization is shown in Figure 5a,b below.

1.0
0.8
— sensor_1 — sensor_1
— sensor_2 0.6{ — sensor 2
— sensor_3 g — sensor_3
—— sensor_4 04] — sensor_4
—— sensor_5 —— sensor_5
—— sensor_6 02l T sensor_6
— sensor_7 — sensor_7
— sensor_8 —
i i 00 sensor_8 \
30 40 60 70 80 90 100 30 40 50 60 70 80 90 100
Time/s Time/s
(a) (b)

Figure 5. Gas response data curves: (a) without filtering after data normalization; and (b) with
filtering after data normalization.

Next, the normalized time series data X! are converted to the polar coordinate system,
that is, the value is regarded as the cosine of the included angle, and the time stamp is
regarded as the radius. The formula expression is shown in (1):

ot ot St
@ =arccos(X;), 0<X; <1, X; € X O

r:tN‘, teN

Since the response data values are normalized to the interval of [0, 1], the angle
range is [0, 7t/2]. The polar coordinate transformation through this formula has significant
advantages because the encoding is bijective, and for a given time series, the result of a
given mapping in the polar coordinate system is unique. Finally, there are two methods to
convert GAF image: GASF (Gramian Angular Summation Fields) and GADF (Gramian
Angular Difference Fields). The formula expression is shown in (2):

!
GASF =|[cos(¢; + ¢j)] = X' X - \/I—)~(2 A1-X
!
GADF =[sin(¢; — ¢;)] = VI-X* X=X \/1-X’
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For the conversion of single-channel time series gas sensing data into GAF images,
GASF method was used to convert the data into two-dimensional sensing images, and
the image size of single-channel two-dimensional sensing images was set to 64 x 64. The
single-channel time series data are converted into a single-channel two-dimensional sensor
image (including GASF and GADF methods), as shown in Figure 6 below.

GramianAngularField
GASF GADF

0 10 0 .
05 05
20 2
ry
00 00
40 40
05 0.5
60 g0 9 1.0
0 25 50 0 % 50

Figure 6. Single-channel 2D sensor image.

Since the gas response data of each test sample is measured by 8 gas sensors, con-
sidering that the time series data intervals intercepted by all experimental samples are
identical, that is, the time column data of each sample will not affect the performance of the
subsequent gas classification network model, a 3 x 3 two-dimensional combined sensor
image is constructed. Finally, the gas sensor response data of each test sample are processed
by GASF method and converted into a 192 x 192 two-dimensional combination sensor
image. The two-dimensional combination sensor images of the four gases are shown in

Figure 7 below.

transformed images

350

0 100 200 300

Figure 7. The two-dimensional combination sensor images of the four gases. The x and y axis
represent the number of pixels converted from the gas sensing response data to the gas sensing image.

2.5. Data Augmentation Technology

Since the collection and labeling of gas sensor array data are energy-consuming and
costly processes, it is a great challenge. The total number of data samples used in this
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experiment is 640, and the gas recognition network model is easy to over-fit using small
samples. Therefore, data augmentation technology [12] is adopted to increase the number
of experimental samples, reduce the occurrence of over-fitting phenomenon, expand the
decision boundary of the model, and help to improve the generalization ability of the
training model, so that the gas classification model has stronger robustness. GASF method
is used to convert the time series gas sensing data into two-dimensional combined sensing
images. Since the Gram matrix is symmetrical about the diagonal, the sensor response
image obtained is also symmetrical about the diagonal. The data augmentation technology
of the experimental samples includes image mirroring, transformation brightness (bright-
ening and darkening), and angle rotation (90° and 180°). Finally, the total amount of data
samples in this experiment was increased 6 times, from 640 gas data samples to 3840 gas
data samples. After that, the two-dimensional combination sensor image is input into the
gas recognition network to realize the training and testing process of gas classification. The
two-dimensional combined sensor image after the enhancement of single gas sample data
are shown in Figure 8 below.

data augmentation

0 100 200 300 400 500

Figure 8. A two-dimensional combined image with enhanced data from a single gas sample. The x

and y axis represent the number of pixels converted from the gas sensing response data to the gas

sensing image.
2.6. Model Execution
(1) Introduction to the Model

Pytorch framework in deep learning is used and run on GPU to accelerate the cal-
culation and realize the gas recognition model. The fine-tuning of GoogLeNet network
structure for gas recognition is shown in Figure 9 below, which is roughly divided into five
modules. The specific operation process of each module is as follows: Firstly, in the first
module, a convolution layer and a maximum pooling layer are used. In our gas recognition
model, the rectified linear units (ReLUs) are required after the convolution operation. In
the second module, two convolution layers and one maximum pooling layer are used.
Local response normalization is not adopted in the first two modules, because this layer
structure does not play a significant role, so it is discarded to simplify the network model
structure. In the third module, there are two layers of structure, namely inception (3a) layer
and inception (3b) layer, which are divided into four branches. Multi-scale processing is
adopted. Finally, the eigenmatrix of four branches of inception layer is connected in parallel
to the depth direction. After that, the specific experimental operations of the fourth and

177



Chemosensors 2023, 11, 96

fifth modules are similar to those of inception (3a) and inception (3b) in the third module.
Finally, the output layer is different from the previous neural network output layer, which
adopts three continuous and fully connected layers. This output layer network adopts
the adaptive average pooling layer, which plays a role of dimension reduction on the one
hand and abstracts the global features of the image by combining low-level features on
the other hand. No matter how much the height and width of the input feature matrix
are set, both the height and width of the specified feature matrix can be obtained (the
convolution layer with both height and width of 1 is finally obtained), and then the dropout
with 50% probability of dropping is added. Through the operation of dropout, the number
of neurons and connection weights in the network will be randomly reduced, which can
improve the numerical performance and prevent over-fitting. Finally, the soft-max layer
(activation function) is used as the classifier to identify four different gases: methane,
ethylene, ethanol, and carbon monoxide.

Input Layer(224x224x%3)

Convolution Layer1(112x112x64)
Max Pooling Layer1(56x56x64)

Convolution Layer2(56x56x64)
Convolution Layer2(56x56x192)
Max Pooling Layer1(28x28x192)

Inception(3a)(28x28x256)
Inception(3b)(28x%28%x480)
Max Pooling Layer1(14x14x480)

Inception(4a)(14x14x512)
Inception(4b)(14x14x512)
Inception(4c)(14x14x512)
Inception(4d)(14x14x528)
Inception(4e)(14x14x832)
Max Pooling Layer1(7x7x832)

Inception(5a)(7x7x832)
Inception(5b)(7x7x1024)

Dropout(50%)(1x1x1024)
Fully Connected Layer(1x1x4)
Softmax Layer(1x1x4)

Classification Output Layer

Figure 9. The structure of DNN model.
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GoogLeNet network model structure mainly introduces the inception architecture.
The improved inception structure diagram is shown in Figure 10 below, which mainly
integrates the characteristic information of different scales. On the basis of the original
inception structure, a convolution layer with a convolution kernel size of 1 x 1 was added
before the 3 x 3 and 5 x 5 convolution layers, and a convolution layer with a convolution
kernel size of 1 x 1 was added after the pooling layer, in order to reduce the dimension
and model training parameters, so as to reduce the amount of computation.

Previous Layer

1x1 1x1
Convolutions Convolutions

3x3 5%5 1x1
Convolutions Convolutions Convolutions

Filter
Concatenation

Figure 10. Improved inception structure diagram.

(2) Training and testing procedures

1. In the process of model training, Pytorch framework in deep learning is used
and run on GPU to accelerate calculation and realize gas classification and
recognition. In the experiment, the final goal is to classify 4 different gases. For
the multi-gas classification tasks, cross-entropy loss is used as the loss function.
The adaptive moment estimation (Adam) optimization algorithm is used as
the optimization algorithm. Batch size is set to 32, the learning rate to 0.0003,
and iterations to 100. All 2D sensing images are transformed accordingly,
for example, the random aspect ratio is trimmed to 224 x 224 pixels, the
horizontal flip is according to probability p = 0.5, transformed into tensors
and normalized to 0~1, and the image is normalized. The gas classification is
realized in combination with the fine-tuning GoogLeNet network model. It
is worth noting that the two auxiliary classifiers of GoogLeNet are applied in
the training of the model, the loss of the two auxiliary classifiers is multiplied
by the weight and added to the overall loss of the network, and then the back
propagation is carried out, which can prevent the over-fitting of the network
and improve the discriminant power of the classifier at the lower network
layer. In the actual test, the two auxiliary classifiers will not be used.

(3) Process of prediction

In the prediction process, first load the two-dimensional sensor image after gas re-
sponse data conversion. In order to match the input dimension of the network, add a
Batch dimension to the prediction image. By reading the label file generated in the train-
ing process, load the model parameters saved in the training process on the basis of the
model establishment, and finally realize the recognition and prediction of the image. In
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other words, it can accurately predict four different gases: methane, ethylene, ethanol, and
carbon monoxide. The following Figure 11 shows the prediction results, achieving accurate
prediction of carbon monoxide gas.

class: CO prob: 0.93

0 50 100 150

Figure 11. Gas identification and prediction results. The x and y axis represent the number of pixels
converted from the gas sensing response data to the gas sensing image.

3. Results
3.1. Basic Experiment

In the basic experiment, the Savitzky-Golay smooth filtering was carried out on the
response data of the original gas sample. After that, the GASF method was used to encode
the gas sensing response data into two-dimensional sensing images. In addition, data
augmentation technology was also adopted in the experiment to reduce the impact of
small samples on the classifier. The dataset was randomly divided into the training set
and the test set according to the ratio of 8:2. Combined with the fine-tuning GoogLeNet
neural network, the classification of four gases, including methane, ethanol, ethylene, and
carbon monoxide, was finally realized by taking advantage of its automatic learning of
deep-seated sample characteristics. As shown in Figure 12a-c, gas identification achieves a
higher precision, and the convergence is completed in fewer iteration cycles and the final
loss value converges to around zero. In the process of training and testing, the accuracy
has the same upward trend and the two are close. In the process of training and testing,
the loss value also has the same downward trend and the two are close. In addition, when
the accuracy increases, the loss value shows a downward trend, indicating that there is no
over-fitting phenomenon in the experimental method.
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Figure 12. (a) The training and test accuracy curves in basic experiment. (b) The training and test
loss curves in basic experiment. (c) Confusion matrix of basic experiment.

3.2. Comparison Experiments
(1) Influence of the 10-fold cross validation method on the experimental classification results

In the experiment, a 10-fold cross validation method was adopted to verify the accuracy
of the model recognition. The two-dimensional sensor images were divided into ten parts,
nine of which were taken as training data and one as test data for experiment. As shown in
Figure 13a,b, the gas recognition accuracy is 99.9%, and the gas recognition accuracy and
loss rate curves in the training and testing of the model are basically the same. Despite
the small oscillations during the test, the overall accuracy and loss rate curves during the
training and testing process tend to smooth out and eventually stabilize. The confusion
matrix of the experimental classification results is shown in Figure 13c below. It is clear
from the diagram that the model performs well in identifying all four gases.
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Figure 13. (a) The training and test accuracy curves of the comparison experiment.

(b) The training and test loss curves of the comparison experiment. (c) Confusion matrix of the
comparison experiment.

(2) The influence of smooth treatment on the experimental classification results.

In order to make the experimental research more persuasive, three smoothing filtering
methods, namely Savitzky—Golay smoothing filtering, Kalman filtering, Gaussian filtering
and moving average filtering, were adopted in the experiment to filter the original gas
response data, respectively. The corresponding accuracy and loss rate results in the test
process are shown in Table 5 below. As can be seen from Table 5, smooth filtering has
well-improved the classification accuracy of the gas identification network. In particular,
the Savitzky-Golay smooth filtering algorithm can better improve the accuracy of gas
identification. Therefore, the subsequent comparison experiments all use the Savitzky—
Golay algorithm for smooth filtering.
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Table 5. The experimental results contrast.

Algorithm Accuracy Loss

With SG smooth filtering 99.9% 0.223
With Kalman filtering 98.2% 0.278
With Gaussian filtering 97.8% 0.324
With moving average filtering 97.2% 0.328

Without SG smooth filtering 93.5% 0.652

(3) The influence of data augmentation on the experimental classification results.

In order to reduce the influence of the small sample data size of the gas sensor array
on the classification network model, the data augmentation network strategy is adopted
in the experiment. The data samples, with or without data augmentation, were trained
and tested, respectively, in the experiment, and the number of iterations was randomly set
to 200. After several experiments, it was proved that the model based on the fine-tuning
GoogLeNet network structure had a fast convergence speed, and when the number of
iterations was 60, it was close to convergence. Therefore, it was appropriate to set the
number of iterations to 100. The experimental results of accuracy and loss rates in the
testing process are shown in Figure 14a,b below. As can be seen from the figure, the gas
sample data after data augmentation makes the classification model more robust, the test
effect more stable, and the convergence faster, as the highest classification accuracy is 99.9%,
and the loss is small. However, for the gas sample data with no data augmentation input
into the classification network model, the test effect has certain data fluctuations, without
good stability. The highest classification accuracy was 98.4%, and the loss was great. It
can be concluded that the data augmentation network strategy can better improve the
classification accuracy of the gas identification network model, so that the gas identification
network model has better robustness and generalization ability.

100%

80%

60%

Accuracy

0% ||

141N —— data augmentation
1.2 | —— 1o data augmentation

—— data augmentation 0.2

—— no data augmentation

40 60 80 100 0 20 40 60 80 100

Epoch Epoch
(a) (b)

Figure 14. (a) Training and accuracy curves with and without data augmentation experiment.
(b) Training and test loss curves with and without data augmentation experiment.

(4) The influence of different sample data division ratios on the classification results.

In the experiment, the response data of gas samples were divided into different propor-
tions of training sets and test sets. The two-dimensional sensor response image enhanced
by the data in the previous section was used as the input data of the gas identification
network. During the experiment, the sample data were divided into training sets and test
sets according to various proportions, as shown in Table 6 below.
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Table 6. Data partition ratio.

Partition Ratio Divided Sample Number
9:1 3456:384
8:2 3072:768
7:3 2688:1152

The response data of gas samples are divided according to the division proportion
of different training sets and test sets. The experimental results of the accuracy and loss
rate of the test process are shown in Figure 15a,b below. In general, when dividing the gas
sample data with different proportions of training set and test set, the higher the proportion
of the training set data, the higher the classification accuracy will be, and the higher the
proportion of the test set data, the more stable the classification results of the classifier

will be.
0,
100% 14 —— test set size_|
12 — test set size_2
0% 10 — testsetsize 3
>
8 » 0.8
. g
E 0% = 0.6
: 04
40% — test set size |
’ — test set size 2 0.2
— test set size 3 0.0
0 20 40 60 80 100 0 20 40 60 80 100
Epoch Epoch
(a) (b)

Figure 15. (a) Training and test accuracy curves for different proportions of divided datasets.
(b) Training and test loss curves of different proportions of divided datasets.

(5) The influence of different classification network models on the classification results.

The data enhanced two-dimensional sensor images were input into different classifica-
tion network models for a comparison experiment. The experimental results are shown
in the following Table 7. As can be seen from Table 7, the fine-tuned GoogLeNet network
classification model has the highest classification accuracy, followed by the fine-tuned
ResNet50 network, Alex-Net network, and finally, the ResNet34 network. In contrast, the
fine-tuned GoogLeNet network classification model selected by us is more suitable for
the identification of methane, ethanol, ethylene, and carbon monoxide, achieving higher
recognition accuracy and more stable experimental results. The variation trends of accuracy
and loss rate in the training process and the testing process are similar, which indicates that
the method we adopted improves the generalization ability of the classification model.

Table 7. Comparison of experimental results of different classification network models.

Classification Network Accuracy Time (One Epoch)
Fine-tune GoogLeNet 99.9% 26s
Fine-tune Alex-Net 96.8% 30s
Fine-tune ResNet34 95.4% 33s
Fine-tune ResNet50 97.4% 32s
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(6) Compare and analyze the experimental results with others.

In order to make the experimental results more comparative and persuasive, this paper
will compare them with the classification accuracy obtained by other people’s experiments
on this public dataset. As can be seen from Table 8, compared with the classification
accuracy achieved by other experiments in the table, our gas classification accuracy is
higher, and the classification effect is better.

Table 8. Performance of accuracy compared with other people’s experiments.

Name Model Accuracy
Xiaofang Pan [10] CRNN 98.28%
Vishakha Pareek [11] 3DCNRDN 94.37%
Juan He [13] CNN-Bi-LSTM-AM 84.9%
Ruijie Gu [32] Inception-Time 88.11%
Ruijie Gu [32] MSRSN 94.84%
With Savitzky-Golay

smooth-GASF-Fine tune 99.9%

In this paper GoogLeNet

Without Savitzky—Golay

mooth-GASF-Fine tune 93.5%

GoogLeNet

(7)  Application to different UCI gas datasets.

In order to apply the gas recognition algorithm proposed in this paper to the recogni-
tion of a binary gas mixture, we found the binary gas mixture dataset in the UCI machine
learning library. The binary gas mixture dataset is named the gas sensor array under
dynamic gas mixtures. The gas identification process uses a mixture of carbon monoxide
and ethylene, and finally realizes the identification of air, carbon monoxide, ethylene, and
a mixture of carbon monoxide and ethylene. Carbon monoxide ranges from 0 ppm to
533.33 ppm, and ethylene ranges from 0 ppm to 20 ppm.

The data sample processing process is as follows: when the concentration of any
gas in the mixture of carbon monoxide and ethylene changes, it is divided into one data
sample. Finally, it is divided into 373 binary gas data samples of four types. By using the
Gramian Angular Summation Fields (GASF) method, the binary gas mixture data samples
are converted into two-dimensional sensing images, and the fine-tune GoogLeNet network
model is applied to the binary gas mixture image recognition, which can classify the binary
gas mixture. The experimental results of the accuracy and loss rate of the test process are
shown in Figure 16a,b below. It can be seen from the curve of experimental results that the
gas recognition algorithm can be well applied to a binary gas mixture.
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Figure 16. (a) Training and test accuracy curves of binary gas mixture datasets. (b) Training and test
loss curves of binary gas mixture datasets.

4. Discussion

As for the classification experimental results under different comparison experiments
obtained in the last section, we will, respectively, discuss as follows:

(1) Firstly, the experiment adopts four different smoothing filtering algorithms to pre-
process the original gas sample data. The experimental results show that, firstly, smoothing
filtering pre-processing greatly improves the classification and identification accuracy of
gas. The highest recognition accuracy is 99.9%. Secondly, among the smoothing filtering
algorithms, the Savitzky—-Golay smoothing filtering algorithm has the highest accuracy and
the best effect. Compared with the other three filtering algorithms, the Savitzky—Golay
smoothing filtering algorithm can better retain the information of characteristic peaks and
improve the accuracy of input data. In conclusion, the smooth filtering pre-processing
can filter the noise existing in the signal sample data, reduce the existence of redundant
information without losing important response data information, and obtain efficient input
data representation. The classification accuracy of gas verifies the superiority of the smooth
filtering pre-processing method.

(2) Secondly, gas sample data collection and labeling are energy-consuming and
costly processes. Data augmentation network technology is used to amplify datasets.
On the one hand, the number of training samples is increased; on the other hand, the
generalization ability and robustness of the model can be improved. We carried out a
six-fold data enhancement on the gas sample data used in the experiment, and finally the
highest classification accuracy reached 99.9%, while the highest classification accuracy of
the gas sample without data enhancement was 98.4%. In addition, it can be seen from the
comparison curve of the experimental results of the data classification with or without
data enhancement in the previous section that the gas samples after data enhancement
perform better than those without data enhancement in terms of accuracy and loss rate. The
classification accuracy of gas samples with data enhancement is more stable and converges
faster. Therefore, data enhancement network technology can improve the accuracy of gas
classification to a certain extent.

(3) Thirdly, the gas sample data are divided into training sets and test sets according
to various proportions. The higher the proportion of the training set data, the higher the
classification accuracy will be; the higher the proportion of the test set data, the more
stable the classification results of the classifier. Because the more training gas samples
there are, the more data information they contain, the more features they will learn, and
the higher classification accuracy they can achieve in subsequent tests. At the same time,
setting a certain number of test gas samples of data can improve the generalization ability

186



Chemosensors 2023, 11, 96

of the model, making the classification results more stable, preventing the occurrence of
overfitting phenomenon, and finding the optimal parameters of the classification network.

(4) Fourthly, the comparison experiments of different classification networks in the
previous section show that the fine-tuned GoogLeNet gas recognition network model
selected is superior to the fine-tuned ResNet50, Alex-Net, and ResNet34 networks, in terms
of classification accuracy, sample processing time, and network connection complexity.
Since fine-tuning the GoogLeNet gas identification network model simplifies the model
structure and has multi-inception structure, which can integrate feature information of
different scales, two auxiliary classifiers are added to the network model to help training,
and the output layer dismisses the fully connected layer and uses the average pooling layer
instead, greatly reducing the model parameters. High gas classification and recognition
accuracy is achieved.

(5) Finally, compared with the classification recognition accuracy of other people’s
experiments on this public dataset, it was found that our experimental research achieved
a higher classification accuracy. Different from other scholars’ experiments, we adopted
different network strategies (data smoothing filtering and data enhancement) to efficiently
optimize the input data samples and we fine-tuned the GooglLeNet gas identification
network model to automatically learn subsequent features and finally achieve a higher
classification accuracy.

(6) In general, we used a variety of smoothing filtering algorithms to pre-process
the gas sensor data, and according to the time correlation embedded in the sensor data,
we used the GASF method to convert the gas sensor data into a two-dimensional sensor
image for the subsequent feature learning. We combined with the fine-tuned GoogLeNet
classification network model to automatically learn the features of the sensor image to
classify the four gases, and achieve a good classification accuracy.

5. Conclusions and Future Outlook

To identify different kinds of gas, we used a variety of smoothing filtering algorithms
to perform data smoothing pretreatments on the multi-channel data representation and
obtain efficient input data representation, improving the performance of the classifica-
tion model. The optimization experiment verifies that the data from the Savitzky—-Golay
smoothing filtering algorithm is inputted into the gas classification network, and the final
gas classification accuracy is higher. The smoothing filter pre-processing method plays a
key role in the gas classification experiment, greatly improving the accuracy of the experi-
mental results. Using the time correlation embedded in the sensor data, we used the GASF
method to convert the gas sensor data into two-dimensional sensor image representations.
Further gas classification is achieved using sensor images rather than time series data.
Then, we also use the data enhancement network strategy to reduce the impact of small
samples on the classifier, and to improve the robustness and generalization ability of the
gas identification network model. The model can automatically and comprehensively
extract different features of target gas for subsequent learning to realize the gas classifica-
tion. Different from traditional methods, this model does not need to carry out tedious
steps, such as artificial feature extraction and feature selection for gas sensing data and can
directly classify the converted two-dimensional sensor image with a better classification
performance. In addition, for the dataset samples in this paper, the fine-tuned GoogLeNet
gas identification network model has obvious advantages over the fine-tuned ResNet50,
Alex-Net, and ResNet34 networks. Compared with other advanced methods previously
reported, this method has more advantages. These features help to identify gases in real
time and quickly, with excellent accuracy and robustness, and they are suitable for a wide
range of applications.

In our future work, we aim to find the optimal algorithm to directly classify and
recognize multivariate time series data through more extensive experiments, especially
on multivariate time series datasets. In addition, the time convolution neural network
(TCN) and cyclic neural network (RNN) are considered to process multivariate time series
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data, and a variety of different classification methods are integrated to compare their
classification performance. For another important future work, we hope to apply the
selected method to different applications and different gas sensor array systems to further
evaluate their classification performance and versatility.
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Abstract: Ag@SnO, nanosheets were prepared through a hydrothermal method followed by heat
treatment and a liquid reduction process. Many Ag nanoparticles (Ag NPs) were dispersed uniformly
over the surface of the SnO, nanosheets. The thickness of the SnO, nanosheets was approximately
10 nm. After decoration with Ag NPs, the Ag@SnO, nanosheet sensors exhibited improved gas-
sensing behaviors compared to the pure SnO, nanosheet sensor. The response of cross-linked SnO,
nanosheets decorated by Ag NP sensors for 100 ppm formaldehyde vapor was up to 101.4, which
was double that (45.5) of the pure SnO, nanosheet sensor. The response and recovery times of
the Ag@SnO; sensor were 21 s and 23 s, respectively. The Ag@SnO, nanosheet sensors showed
reasonable cycling stability, as demonstrated by testing with 100 ppm formaldehyde 10 times. The
superior gas-sensing behaviors of the Ag@SnO, sensor were due to the large specific surface area,
cross-linked nanostructure, and synergistic effect of the Ag NPs with huge sensitizing active sites
and numerous SnO, nanosheets.

Keywords: SnO;; Ag nanoparticles; nanosheet; gas sensor; formaldehyde

1. Introduction

Formaldehyde is an important chemical raw material often used in the chemical,
textile, and wood industries [1-3]. However, formaldehyde is toxic, flammable, and
volatile. Repeated exposure to even low formaldehyde concentrations (e.g., 0.08 ppm) can
harm the nervous and immune systems of humans [4,5]. Therefore, a gas sensor with high
sensitivity and a low detection limit is needed to detect formaldehyde gas.

In recent years, researchers reported that gas sensors based on metal oxide semi-
conductors (MOS) have higher sensitivity, better selectivity, and lower manufacturing
cost. Common gas-sensing materials include ZnO [6], SnO; [7], MoOj3 [8], NiO [9], and
In;O3 [10]. Among these MOSs, SnO; is an n-type semiconductor with a bandgap of
3.6 eV, a rapid electron transmission rate (160 cm?/V s), and desirable physicochemical
properties [11-13].

Controlling the morphology of the SnO, to improve the sensor response is a viable
strategy. Based on the sensing mechanism, the sensing property is also related to its mor-
phology and the size of the nanocrystals. SnO, materials with uniform morphology and
adequate size would improve the performance of gas sensors. Therefore, SnO, materi-
als with different morphologies, such as nanosphere [14], nanowire [15], nanorod [16],
nanotube [17], nanosheet [12], and micro/nanoflower [18], were constructed to enhance
their sensing properties. Li et al. constructed a sensor using SnO, nanospheres prepared
through a hydrothermal method [19]. The sensor showed a strong response (38.3) for
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100 ppm formaldehyde at 200 °C, and the response/recovery times were 17 s/25 s, re-
spectively. The exceptional sensing performance was ascribed to the favorable porous
nanosphere structure providing numerous surface-active sites and convenient channels for
the easy adsorption and diffusion of gas molecules. Hu et al. utilized flower-like SnO, as a
sensing material [20]. The sensor response to 100 ppm formaldehyde reached 34.6 with
response/recovery times of 64 s/10 s. The flower-like structure can supply many active
sites for accelerating the diffusion and transport of gas molecules and electrons. Among
these morphologies, 2D nanosheets have a large specific surface area, suitable surface
energy, and stable structure, which can significantly improve the response, shorten the
response/recovery times, and reduce the detection limit [21]. Xu et al. prepared SnO,
nanosheets using a hydrothermal method [12]. The nanosheet sensor displayed a strong
response to 79.5 to 100 ppm formaldehyde at 200 °C, with response and recovery times of
42 s and 112 s, respectively. Yu et al. synthesized SnO; nanosheets using a solvothermal
method [22]. In addition, Meng et al. used the stepwise recognition method of qualitative
classification and quantitative regression to improve the recognition rate, the resolution,
and the generalization performance of the SnO, sensor, which is a new way of on-line
rapid sensor detection for drug-producing chemicals [23]. The SnO, sensor exhibited a
response of 7 to 100 ppm formaldehyde at 200 °C, with short response/recovery times
(1 s/6 s). Many researchers have made progress in improving the sensor performance
by synthesizing various morphologies of tin dioxide. Nevertheless, it is still necessary
to synthesize hierarchical SnO, with a large specific surface area to further enhance the
sensor performance.

The following methods are often used to improve the practicality of SnO,-based gas
sensors by reducing the working temperature and shortening the response/recovery times:
element doping [24], construction of heterojunctions [25,26], and noble metal modifica-
tion [27]. Among them, the decoration of noble metals on sensing material is an effective
strategy to promote the sensing properties. The commonly used noble metals include
Pd [28], Au [29], Pt [30], and Ag [31]. For example, Li et al. modified SnO, nanosheets with
Pd/Au nanoparticles [32]. The Pd NPs-modified SnO; sensor exhibited a strong response
of 125 and a response time of 68 s toward 100 ppm formaldehyde at 110 °C. Tang et al.
synthesized Pt-modified SnO, nanospheres with a mean diameter of 30-50 nm [14]. As
sensing materials, it achieved a response of 70.1 toward 100 ppm formaldehyde with an
extremely short response time (5 s) at 200 °C. The enhanced sensing property was mainly
ascribed to two reasons. First, the electron transfer speed can be accelerated because of
the electron sensitization effect. Second, the synergistic effect of noble metals and SnO,
promotes the redox reactions on the surface of the materials [33]. Ag is relatively inexpen-
sive with stable chemical properties compared with other noble metals. Therefore, Ag is a
promising alternative to modify sensing materials and improve the sensing performance.
For example, Liu et al. [34] attached Ag NPs to the surface of SnO, using a liquid reduction
method. The resulting sensor exhibited a strong response to volatile organic compounds
(VOCs). The response of the Ag@SnO; sensor was 14.4 for 10 ppm formaldehyde at the
optimal operating temperature (150 °C), while the response of pure SnO, was only 3.2
at the same working temperature. Many strategies to decorate SnO, with noble metals
have been developed. Despite many achievements in the preparation of Ag@SnO, sensing
materials, there is a considerable focus on SnO, hierarchical structures modified by Ag NPs
with improved sensing performance for VOCs.

In this study, numerous cross-linked SnO; nanosheets loaded with uniform Ag NPs
were prepared via a hydrothermal method combined with a heat treatment and liquid
reduction process. Compared with pure SnO, nanosheets, Ag@SnO, nanosheets showed
enhanced sensing properties towards VOCs. This paper discusses the effect of Ag NPs on
the sensing performance, including the sensing mechanism of the Ag@SnO, nanosheets.
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2. Experimental Details
2.1. Preparation of Cross-Linked SnO, Nanosheets

First, 1.0 g of SnCl,-2H,O was dissolved in 20 mL deionized water with stirring,
followed by adding 10 mL NaOH (1.5 mol 1! solution. Subsequently, 0.3 g cetyltrimethyl
ammonium bromide (CTAB) was placed into a mixed solution. After stirring for 30 min,
0.8 mL hydrazine hydrate was added to the mixture. Subsequently, the mixture was
maintained at 150 °C for 24 h. The precursor was obtained after drying at 70 °C for 10 h.
Finally, the cross-linked SnO, nanosheets were achieved by annealing the precursor at
700 °C for 30 min at a constant heating rate (5 °C min ).

2.2. Preparation of Cross-Linked Ag@SnO, Nanosheets

The prepared SnO, powder (0.5 g) was dispersed in 15 mL of deionized water with
constant stirring. Subsequently, 1 mL of a 20 mM AgNOj solution and 2 mL of a 10 mM
ascorbic acid solution were added to the mixture solution with stirring for another 60 min.
Finally, the product was collected after washing three times and dried at 70 °C for 5 h.

2.3. Characterization
The related information is shown in the Supporting Information (SI).

3. Results and Discussion
3.1. Characterizations

Figure 1a exhibits the X-ray diffraction (XRD) pattern of the precursor and annealed
product. Before calcination, all the XRD peaks of the precursor were assigned to SnO,
(JCPDS No. 06-0395) and Sn3zO4 (JCPDS No. 16-0737). After calcining the precursor at
700 °C, all the peaks at 26.1°, 33.9°, 37.9°, 51.8°, 54.7°, 61.8°, 64.7°, 65.9°, and 71.2° 26 were
indexed to the (110), (101), (200), (211), (220), (310), (112), (301), and (202) lattice planes of
tetragonal rutile SnO, (JCPDS No. 41-1445), respectively. No impurity peaks were detected.
Moreover, the high crystallinity of the final product was obtained by observing the sharp
and strong XRD peaks. The XRD pattern of Ag@SnO, exhibited the peaks for SnO, and
peaks at 38.1°,44.2°, 64.4°, and 77.5° 26 corresponding to the (111), (200), (220), and (311)
planes of Ag (JCPDS Card No. 04-0783), respectively, indicating that the product contained
Ag and SnO,. Figure 1b exhibits energy-dispersive X-ray spectroscopy (EDS) analysis,
confirming the existence of Sn, O, and Ag in the final product.
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Figure 1. (a) XRD pattern; (b) EDS analysis of the cross-linked Ag@SnO, nanosheets.

The morphologies of the samples were studied by scanning electron microscopy (SEM).
Figure 2a,b shows the sheet-linked morphology of the precursor. The nanosheets had a
smooth surface. Many cross-linked nanosheets formed a hierarchical structure by self-
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assembly. Some pores formed among the cross-linked nanosheets. Synthesis of cross-linked
SnO; nanosheets from an aqueous solution containing Sn2* jons may be explained via the
following mechanism:

4SnCly-2H,0 + 60H ™~ = Sny(OH)¢Cly | + 8H,0 + 6C1~ 1)
SM(OH)6C12 + 02 = 251‘1203 + 2H20 +2HCl (2)
281'1203 + 02 = 451102 (3)

Figure 2. SEM images of (a) the precursor; (b) the precursor; (c) cross-linked SnO, nanosheets;
(d) cross-linked SnO, nanosheets; (e) cross-linked Ag@SnO, nanosheets; (f) cross-linked Ag@SnO,
nanosheets. (g) Elemental mapping images of Ag@SnO, nanosheets.
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The reaction (1) could be easily observed when adding NaOH to the Sn?* solution,
resulting in some Sny(OH)sCl, microplates. After that, the Sny(OH)sCl, microplates were
gradually oxidized, forming some Sn,O3 nuclei on the surface of the microplates. Upon
increasing the time further, Sn,O3 nuclei formed from the oxidation of Sny(OH)sCl,, fol-
lowed by crystal growth. In liquid medium, the growth habit of SnyOj3 crystal is mainly
determined by its intrinsic structure. Therefore, the cross-linked nanosheet-like precursor
was obtained. Finally, the cross-linked SnO, nanosheets were obtained via calcination of the
precursor in air. Figure 2¢,d presents SEM images of the precursors after high-temperature
calcination. The morphology maintains the structure of cross-linked nanosheets. The thick-
ness of the nanosheets was ca. 10 nm, as shown in Figure S3. As displayed in Figure 2ef,
after being decorated by Ag NPs, abundant Ag NPs were attached uniformly to the surface
of each nanosheet, and no obvious aggregation of Ag NPs occurred. Figure S4 presents the
size of the Ag NPs with 80 nm. The loaded Ag NPs can supply many active sites for gas
adsorption and accelerate the transfer of electrons. Figure 2g presents the mapping images
of the Ag@SnO; nanosheets, confirming the presence of Ag, Sn, and O. The Ag NPs were
modified uniformly on the nanosheet surface.

The morphology of the composites was explored further by transmission electron
microscopy (TEM). Figure 3a,b shows TEM images (low /high magnification, respectively)
of the SnO; nanosheets modified by Ag NPs (Ag@SnO,). The sample maintained a cross-
linked nanosheet morphology. Abundant Ag NPs were scattered uniformly over the SnO,
nanosheet surface, with no serious aggregation of Ag NPs. As shown in Figure 3¢, the lattice
spacing of 0.176 nm matches the crystal plane (211) of rutile SnO, in the TEM image with
high-resolution TEM (HRTEM). From Figure 3b,c, the crystallographic orientation of the
SnO; nanosheet is the (211) plane. The nanosheet grows along the (211) direction, but the
basal plane cannot be determined. Moreover, the lattice spacing (0.236 nm) corresponded
to the crystal plane (111) of Ag [35]. From the SAED pattern of Ag@SnO; (Figure 3d), five
distinct diffraction rings corresponded to the (100), (101), (200), (211), and (301) crystal
planes of the tetragonal SnO,, indicating that the nanosheet was polycrystalline [36]. The
diffraction ring could be attributed to the crystal plane (311) of Ag [35].

Figure 4a presents the nitrogen adsorption/desorption isotherms of the Ag@SnO,
nanosheets. The specific surface area of the nanocomposites is 11.9 m? g~!. The pore size
ranged from 0.86 nm to 24.65 nm, with an average pore size of 12.86 nm. By comparison,
the specific surface area of pure SnO, nanosheets was only 8.1 m? g~!. The pore sizes were
between 0.89 and 28.12 nm, averaging 11.78 nm. The cross-linked nanosheets contributed
to the formation of numerous pores. The Ag@SnO, nanosheets had a larger specific surface
area than the pure SnO, nanosheets. The higher specific surface area was favorable for
providing more available active sites for the gas molecules. The porous structure helped
improve the diffusion efficiency of gas molecules by shortening the diffusion distance.

Figure 5a presents the UV-vis spectra of cross-linked Ag@SnO, and pure cross-linked
SnO; nanosheets. The maximum absorption peak of the as-prepared samples occurred
around 300 nm. The absorption band (350-280 nm) of Ag-SnO, composite is red-shifted
compared with pristine SnO,, which can be attributed to the charge transition between
Ag and SnO;, leading to the enhancement of gas-sensing performance [34]. Figure 5b
presents the calculated bandgap of Ag@SnO, and the SnO, using the Tucker model. The
calculated bandgaps for SnO; and Ag@SnO, were 2.81 eV and 2.66 eV, respectively. The
bandgap of Ag@SnO, was smaller than that of SnO,, possibly due to Ag NPs accelerating
the electron transfer rate, improving the surface electron concentration of Ag@SnO,, so
that more electrons were injected into the conduction band of Ag@SnO,, inducing the
Burstein—-Moss effect [37,38].
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Figure 3. (a) TEM image; (b) HRTEM image; (c) lattice-resolved HRTEM image; (d) selected area
electron diffraction (SAED) pattern of Ag@SnO, nanosheets.
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Figure 4. Nitrogen adsorption/desorption isotherms of (a) Ag@SnO5; (b) pure SnO, nanosheets. The
inset image is the pore size distribution.

The element components and valences of the Ag@SnO, nanosheets were examined
by X-ray photoelectron spectroscopy (XPS). Figure 6a exhibits the survey spectrum of the
product, demonstrating the existence of Sn, O, and Ag. As shown in Figure 6b, there were
two peaks at ca. 486.1 eV and 494.5 eV in the Sn 3d spectrum, which could be ascribed
to Sn 3ds,, and Sn 3d3,, [39], respectively. This result suggests the formation of Sn** in
SnO,. Figure 6¢ exhibits the Ag 3d spectrum, where two peaks at 367.1 eV and 373.1 eV
are ascribed to Ag 3ds5,, and Ag 3dj,, respectively [22,40]. From the O 1s spectrum in
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Figure 6d, three peaks at ca. 529.8 eV, 530.6 eV, and 531.9 eV were ascribed to lattice
oxygen (Or, 53.4%), vacancy oxygen (Oy, 27.8%), and chemisorbed oxygen (Oc, 18.8%),
respectively. Abundant chemisorbed oxygen formed in the composites, which improved
the sensing performance. Figure S5 shows the C 1s spectrum of cross-linked Ag@SnO,
nanosheets, which may come from the adsorbed CTAB on the sample. Furthermore, the
weight percentage of Ag among the Ag@SnO, composites was calculated to be 9.7 wt %

through the XPS results.
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Figure 5. (a) UV-vis absorption spectra of pure cross-linked SnO; and cross-linked Ag@SnO,
nanosheets. (b) Bandgap determinations using (ahv)? vs. hv of cross-linked SnO, nanosheets

and Ag@SnO; nanosheets.
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Figure 6. XPS spectra of cross-linked Ag@SnO, nanosheets of (a) survey spectrum; (b) Sn 3d; (c) Ag
3d; (d) O 1s spectra.
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3.2. Sensing Performance of Ag@SnO, Nanosheet Sensors

The working temperatures are always considered an important factor of a gas sensor
for wide applications. At different working temperatures, the responses of cross-linked
Ag@SnO, and pure cross-linked SnO;, nanosheet sensors exposed to 100 ppm formaldehyde
vapor were recorded, as shown in Figure 7a. In the temperature range of 80-200 °C, the
responses of the composites increased as the working temperature was increased. As for
reductive gases, the response was defined as R, /Rg, where R, is sensor resistance in dry air,
and Ry is sensor resistance in dry air containing test gas. At 140 °C, the response reached
the maximum value of 101.4, with a decrease at higher temperatures. As a result, 140 °C
is the optimal working temperature of the Ag@SnO, sensor. For the pure SnO, sensor,
the maximum response was 45.5 at temperatures up to 180 °C. Thus, 180 °C is considered
the optimal working temperature of the SnO, sensor, which is higher than that of the
Ag@Sn0O, sensor. Due to the introduction of Ag NPs in the Ag@SnO,, the strong catalytic
effect enables formaldehyde molecules to be oxidized at a lower temperature. As shown in
Figure 7b, formaldehyde, ethanol, isopropanol, acetone, methanol, toluene, ammonia, and
benzene vapors are detected based on the Ag@SnO, and pure SnO; nanosheets sensors at
140 °C. The responses of the Ag@SnO; sensor to these seven vapors were 101.4, 66.8, 60.5,
42.8,17.2,12.2,7.5, and 5.1, respectively. The corresponding responses of the pure SnO,
sensor were 45.5,42.2,35.2,29.3,15.7, 9.8, 6.5, and 4.8, respectively. The results suggest
that the sensing performance of the cross-linked Ag@SnO, nanosheet sensor is superior to
that of the pure cross-linked SnO, nanosheet sensor. The high response of formaldehyde is
mainly because different gases have different dissociation energies. The dissociation energy
of formaldehyde (364 k] mol 1) is lower than that of ethanol (436 kJ mol '), methanol
(439 k] mol 1), benzene (431 k] mol~1), acetone (393 k] mol~1), and toluene (368 k] mol~1).
The low dissociation energy of formaldehyde is conducive to the reaction with the absorbed
oxygen on the sensing material, thus showing strong response and high selectivity.
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Figure 7. (a) Sensor responses of Ag@SnO, sensor and SnO; sensor to 100 ppm formaldehyde at

various working temperatures; (b) response curves of two sensors to eight kinds of vapors (100 ppm)
at 140 °C.

The gas sensors fabricated by the cross-linked Ag@SnO; and pure cross-linked SnO,
nanosheets were applied to detect some VOCs at an optimal working temperature of 140 °C.
Figure 8a exhibits the real-time response curve of the Ag@SnO, sensor and the pure SnO,
sensor after exposure to formaldehyde vapor at different concentrations (1-400 ppm). The
output current increased rapidly when the gas sensor was exposed to the formaldehyde
vapor and maintained a stable condition. When the formaldehyde vapor broke away from
the gas sensor, the output current quickly returned to the original value and maintained a
stable current. Thus, the Ag@SnO, sensor possesses a distinct gas-sensing response and
recovery. In Figure 8, the Ag@SnO, sensor exhibited an overshoot at a high concentration,
which is the sensor response just after exposure to the target gas was highest, followed by a
signal decay up to the end of the pulse. Particularly, the overshoot is drastic in ethanol and
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isopropanol detection. This was mainly caused by uneven gas diffusion concentration after
injecting the target gas. The local concentration of the target gas was high at the beginning
of injection, and then diffused to the surrounding area. The Ag@SnO, sensor exhibits a fast
strong response due to the catalytic effect of the Ag nanoparticles, resulting in an overshoot
at high concentrations and signal decay, which cannot be obviously observed in the slow,
weak response of the pure SnO, sensor. From the response curve of the sensor (insets),
the response increased gradually as the formaldehyde concentration was increased. The
calculated responses at a very low (1 ppm) and high concentrations (100 ppm) were 6.4
and 101.4, respectively. Figure 8b—d shows the real-time response curves of the Ag@5nO,
sensor for ethanol, isopropanol, and acetone vapors, respectively. The inserts present the
respective response curves. Exposure to a fixed concentration of vapors (100 ppm) revealed
responses to ethanol, isopropanol, and acetone vapors of 66.8, 60.5, and 42.8, respectively.
Furthermore, for the pure cross-linked SnO; nanosheet sensor, the corresponding responses
for formaldehyde, ethanol, isopropanol, and acetone vapors were 45.5,42.2, 35.2, and 29.3.
In addition, after exposure to 100 ppm formaldehyde, the response and recovery times of
Ag@SnO; sensor were 21 s and 23 s, respectively, as shown in Figure S6. The response and
recovery times of the SnO, nanosheet sensor were 28 s and 26 s, respectively, which are
longer than those of the Ag@SnO, sensor. Compared with the SnO; nanoparticles [13], SnO,
nanoflowers [20], flower-like SnO, microspheres [41], Pt-SnO, nanospheres [14], Ag-SnO,
nanoparticles [34], hollow PdO/ZnO/SnO, nanospheres [42], and flower-like Bi-SnO,
nanostructures [43], the cross-linked Ag@SnO, nanosheets showed exceptional sensing
performance, including a higher response, quicker response, and short recovery times, as
shown in Table S1. Two additional sensors were fabricated with the cross-linked Ag@SnO,
nanosheets under the same process. Similar gas-sensing properties were obtained, which
suggests the reproducibility of the sensors.
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Figure 8. Real-time response curves of sensor devices upon exposure to different concentrations of
(a) formaldehyde; (b) ethanol; (c) isopropanol; (d) acetone at 140 °C. The insets show the correspond-
ing sensor response curves.
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The repeatability of the Ag@SnO, sensor was assessed by conducting real-time re-
sponse tests to 100 ppm formaldehyde ten times at the optimal working temperature, as
shown in Figure 9a. The output current increased sharply when the sensor was exposed to
the formaldehyde vapor. The output current quickly returned to the initial state when the
formaldehyde vapor was away from the sensor. Over ten cycles, the sensor maintained a
similar current to the first, indicating reasonable repeatability of the Ag@SnO, sensor for
formaldehyde vapor detection. Figure S7 shows the long-term stability of the Ag@SnO,
sensor towards 100 ppm formaldehyde vapor at the working temperature of 140 °C. The re-
sponse of the sensor remained relatively stable within 14 days, and the sensor performance
remained unchanged throughout the long-term testing process, indicating its stability.
Figure 9b shows the response curves for different formaldehyde concentrations. The linear
regression coefficients for Ag@SnO, and SnO, were 0.9642 and 0.9884, respectively.
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Figure 9. (a) Current change curves of Ag@SnO, sensor towards 100 ppm formaldehyde vapor for
10 tests at 140 °C; (b) the linear fitting curve of cross-linked Ag@SnO, and SnO, nanosheet sensors
towards formaldehyde in the concentration range of 1-400 ppm.

3.3. Gas-Sensing Mechanism

The sensor based on SnO, abides by a gas-sensing mechanism with a typical n-
type semiconductor material. Figure 10 presents a schematic illustration of the sensing
mechanism of the Ag@SnO; nanosheet sensor. The internal resistance of the sensing
material will change due to large differences in resistance when the sensors are exposed
to air and reducing gases [44]. When the SnO, sensor is exposed to air, oxygen molecules
will be adsorbed on the SnO; surface. At the working temperature, oxygen molecules
transform to oxygen species (O, and O™) with strong oxidation by capturing electrons
from the conduction band (CB) of SnO,. An electron-depleted layer (EDL) will form
because of the loss of electrons in the CB of SnO,, which leads to a rapid increase in sensor
resistance [45,46]. When the sensor is exposed to formaldehyde vapor, the oxygen species
on the material surface will quickly react with formaldehyde vapor to produce COy and
H,O(g). At the same time, the electrons captured by the oxygen anions are released back to
the CB of the SnO,, narrowing the EDL thickness. This contributes to a rapid decrease in
sensor resistance. The reaction process is shown in the following formulae [47].

OZ(gaS) — OZ(ads)r (4)

OZ(gas) +e — OZi(ads)r (5)

027(ads) +e — ZOf(adS), (6)
CHzo(ads) + 20*(ads) — COz(g) + Hzo(g) +2e . 7)
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Figure 10. Schematic diagram of the sensing mechanism of cross-linked Ag@SnO, nanosheet sensor.

The mechanism for the enhanced sensing performance of the Ag@SnO, sensor can be
described from the following aspects. After Ag nanoparticles are attached to the SnO, sur-
face, the spillover and catalytic effects will show [34]. Ag NPs will increase the chemisorbed
oxygen on the SnO, surface, which provides more reactive sites for redox reactions. More-
over, the barrier variation of the SnO,-based sensors is greatly influenced by the amount
and type of oxygen adsorbed on the material surface. The Ag@SnO, composites have
more chemisorbed oxygen than the pure SnO,, which is due to the spillover effect between
Ag nanoparticles and the material surface, accelerating the decomposition rate of the oxy-
gen. The faster oxygen decomposition rate provides more oxygen species on the material
surface. Hence, the reaction rate between oxygen species and formaldehyde molecules is
accelerated, and the resistance transition rate inside the sensor is also increased.

Furthermore, the work function of Ag (5.1 eV) is higher than that of SnO, (4.9 eV).
When Ag NPs are modified on the surface of the SnO;, electrons flow from the surface
of the SnO, to the surface of the Ag NPs, and the Schottky junction is formed between
them [48,49]. When the Ag@SnO, sensor is exposed to air, the electrons accumulating on the
surface of the Ag nanoparticles react quickly with oxygen, which promotes the ionization
of absorbed oxygen. In addition, the amount of oxygen species converging on the surface
of the Ag NPs will overflow to the material surface, resulting in an increasing number
of oxygen species on the surface [50]. Finally, the electron depletion layer of Ag@SnO,
is thicker than that of SnO,, which further increases the resistance of sensing material in
air. When the Ag@SnO,-based sensor is exposed to formaldehyde gas, the large number
of oxygen species adsorbed on the sensing material quickly react with formaldehyde
molecules with the help of Ag catalysis. As the reaction progresses, many free electrons
return, decreasing the thickness of the electron depletion layer and increasing the current
of the Ag@SnO; sensor.

4. Conclusions

Numerous cross-linked SnO, nanosheets decorated with Ag NPs were prepared using
a hydrothermal method, followed by a heat treatment and liquid reduction process. Many
Ag NPs were dispersed uniformly over the surface of the cross-linked SnO, nanosheets
with a thickness of ca. 10 nm. In contrast to the pure cross-linked SnO; nanosheet sensor,
the Ag-decorated SnO, nanosheet sensor showed an enhanced sensing performance for
VOC detection. For the 100 ppm formaldehyde vapor, the Ag@SnO; sensors exhibited a
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stronger response than the pure SnO; sensor at a low optimal working temperature. The
exceptional sensing behaviors of the Ag@SnO, sensors were attributed to the favorable
cross-linked nanosheet structure, large specific surface area, and the synergistic effect of Ag
NPs and cross-linked SnO, nanosheets.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/chemosensors11020116/s1, Figure S1: Experimental setup; Figure S2:
Photograph of the sensor; Figure 53: High-magnification SEM image of cross-linked SnO, nanosheets;
Figure S4: High-magnification SEM image of cross-linked Ag@SnO, nanosheets; Figure S5: C 1s
spectrum of cross-linked Ag@SnO, nanosheets; Figure S6: Response and recovery characteristics
of cross-linked Ag@SnO, nanosheets and pure cross-linked SnO, nanosheet sensors to 100 ppm
formaldehyde vapor; Figure S7: Long-term stability of the Ag@SnO, sensor towards 100 ppm
formaldehyde vapor at the working temperature of 140 °C; Table S1: Responses of SnO,-based gas
sensors to different concentrations of formaldehyde vapor.
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Abstract: Aiming at the task of noise suppression caused by the photoionization detector (PID)
monitoring signal of volatile organic compounds (VOCs) due to local non-uniformity of the photo-
cathode surface of PID in the ionization chamber, this paper proposes an analytical method of a PID
signal with the adaptive weight of the small wave package decomposition node. The PID signal is
transmitted to the upper machine software through the single-chip microcontroller. The appropriate
wavelet packet decomposition level is determined according to the time frequency characteristics of
the original signal of the PID, and the optimal wavelet packet base is selected through the polynomial
fitting of the signal quality evaluation index. By comparing the quality of signals processed by the
traditional wavelet packet denoising method and the denoising method presented in this paper, the
superiority of the proposed method in the denoising signals of PID was verified. This method can
eliminate the noise generated by local non-uniformity on the photocathode surface of the PID ioniza-
tion chamber in a high humidity environment, which lays a foundation for the accurate monitoring
of VOCs in a high humidity environment.

Keywords: wavelet packet transform; evaluation of quality; optimal wavelet packet base; signal
denoising; VOCs

1. Introduction

Volatile organic compounds (VOCs) usually refer to organic compounds with a boiling
point between 50 °C and 260 °C under normal pressure [1]. VOCs affect the environmental
quality and are carcinogenic and mutagenic to the human body [2—4]. At present, the
monitoring of VOCs mainly includes photoionization detection (PID), Fourier transform
infrared spectrometry (FTIR), and gas chromatography-mass spectrometry (GC-MS), flame
ionization detection (FID), metal oxide semiconductor sensors (MOS), differential optical
absorption spectroscopy (DOAS), and other methods. The maintenance cost of FTIR optical
equipment is high and it requires a large maintenance amount. The detection cycle of the
GC-MS samples is relatively long. In addition, different detectors have different amounts
of sensitivity, selectivity, accuracy, and equipment maintenance. When FID monitors VOCs,
oxygen, moisture, and organics containing nitrogen, oxygen, or halogen atoms in the flue
gas can interfere with the test; VOCs detected by DOAS are of limited variety. At present, it
can mainly monitor benzene, toluene, and other benzene series [5]. Currently, portable VOC
monitoring methods are widely used including PID and MOS. Fanli Meng et al. [6-9] used
Au/SnO; /RGO nanocomposites to prepare MOS sensors, which can monitor 1-1000 ppm
of ethanol. MOS sensors made of reduced GO/carbon monoxide nanocomposites can
monitor 1 ppb of xylene. The response time of the sensor was shortened by LaCoOj3
modified ZnO, and the optimum temperature of four alcohol homologous gases monitored
by a ZnO sensor was studied. However, MOS gas sensors have poor selectivity.

Chemosensors 2023, 11, 146. https:/ /doi.org/10.3390/chemosensors11020146
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PID is one of the most widely used portable VOC gas detection technologies. The
measurement accuracy of the PID is used through the proper denoising method, which has
always been employed by scholars both domestic and abroad. Rezende [10] used the digital
moving average filtering method to decrease the noise of the PID sensor data to obtain a
lower limit of toluene monitoring. Agbroko et al. [11] used first-order low-pass filtering to
reduce the noise of the PID sensor, and obtained a sensor signal with a high signal-to-noise
ratio for the analysis of the total content of VOCs and the content of each component.
Je C et al. reported that in a multi-channel VOC monitoring system, the average value
filtering was used to lower the noise of the PID sensing data, and the optimal average
value sampling number was found through experiments. Liu Chang [12] compared the
advantages and disadvantages of VOC monitoring based on PID. The effects of the limited
filtering method, median filtering method, arithmetic average filtering method, recursive
average filtering method, median average filtering method, the median value average
filtering method, and the median average filtering method have been discussed in detail.
Finally, the median average filtering method is applied for the optimal sensor data, and the
data of the VOC monitoring sensor with a high signal-to-noise ratio can be obtained. At
present, the noise of the PID signal is mostly filtered by median filtering and the low-pass
filtering method [13]. The two filtering means separate the useful signal and the noise
signal in the time domain by Fourier transform in the frequency domain, but the separation
can be completed only when the useful signal and the noise signal are not mixed together,
and the noise of the signal is often distributed in the whole frequency domain, so when
removing the noise, the useful signal is often removed. Considering that the noise of the
signal is often distributed in the entire frequency domain, useful signals are often removed
simultaneously while removing noise [14-17]. Therefore, at present, the method of the
denoising of PID sensors used for VOC monitoring at home and abroad takes effect at the
cost of sacrificing signals. The wavelet analysis method can analyze the time frequency of
the signal, overcoming the shortcomings of traditional filtering method that works only
for frequency domain analysis [18-20]. Based on the analysis of traditional wavelet packet
transform, this article proposes a method of decomposing the energy-adaptable weight
of the small wave bag decomposition node. This method overcomes the problem of the
traditional wavelets when removing the noise of the signal. Therefore, the accuracy of the
VOC quantitative analysis is improved. This article verifies the superiority of the method of
removing noise in small traditional wavelets through the signal quality evaluation results.

2. VOC Monitoring Device

The composition of the VOC monitoring device is as follows (Figure 1): single-chip
module, PID module, A/D conversion module, serial port transmission module, and upper
machine module. The PID enables VOCs to generate a current under high UV lamps. The
current in the PID will generate a voltage value through a fixed resistor. After the analog
voltage is converted by an A/D converter, it is displayed on a single-chip micro tube in
a digital voltage form. The single-chip control serial port to send the data to the upper
machine software was developed by C#. The time domain waveform generated by the
sensor can be displayed and stored in the computer. The frequency domain signal stored
by the upper machine software can be imported into MATLAB to perform denoising work
on the light ionized sensor signal.
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Figure 1. Composition of the VOC monitoring device.

2.1. PID Module

Photoionization detection (PID) is the simplest technology to detect VOCs [21-23].
Its working principle (Figure 2) [24-26] is that a UV lamp acts as the light source, and the
detected gas is passed into the ionization chamber, which is irradiated by UV light and
decomposed into detected signals—electrons and ions. Under the action of an electric
field, electrons and ions move to the positive and negative electrodes, respectively, to
form the current, and the current is output after amplification. After the resistance of the
fixed resistance value, the voltage value is output to realize the quantitative test of its gas
concentration. The principle of a photoionization detector is shown in Figure 2.

o°

«—\ ’OCs molecules

Ionization chamber

Slgnal amplification

GD
®

@ . .

® circuit

G)
O
@
.‘——l‘\ lamp

Figure 2. Working principle diagram of the PID of VOCs.

In this device, a Shenyang Magnesium Technology Light ion gas sensor is used for
VOC monitoring. The sensor has an ultra-small UV lamp of 10.6 eV (i.e., manufacturer:
Shenyang Magnesium Technology, type: krypton gas lamp, window: magnesium fluoride,
power: 0.5 W) that can monitor VOCs such as benzine, ketones, and aldehydes with
an ionization potential of less than 10.6 eV. When the VOC concentration is 0, the PID
voltage value is 0.043 V, the response time of PID is less than 3 s, and a VOC gas of
200 ppb—2000 ppm can be detected [27]. It also has different response values for different
VOCs. The working temperature range is —20-60 °C. The sensor has three pins, which are
power supply voltage pins, ground pins, and signal transmission pins, respectively. The
XPT2046 modulus conversion chip is controlled by the single chip microcomputer in the
signal transmission pins.

2.2. Single-Machine Serial Port Transmission Module

In the VOC monitoring device, the data acquisition and control unit of the light
ionized sensor uses a STC89C52RC single-chip microcomputer to complete the content of
the unit [28,29]. The STC89C52RC single-chip microcomputer is an 8-bit micro-controller
developed by Hongjing Company, Wuhu, China, with an operating frequency of 12 MHz, a
built-in 512 B memory and an 8 kB storage space. This device uses Keil Uvision 5 to record
the C language into the single-chip machine.
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The STC89C52 single-chip microcomputer does not have an A /D conversion function,
so the module conversion module uses the XPT2046 chip controlled by a single-chip
microcomputer. The XPT2046 contains a 12-bit resolution 125 kHz conversion rate to
approach the A/D converter one by one to meet the real-time monitoring of the PID sensor
to monitor VOCs. The PID signal output pins are connected to the AIN3 pin of the single-
chip microcomputer with the DuPont line, and the PID and XPT2046 chip are together.

The serial port is a very widely used communication interface as it is cheap, easy
to use, and the communication lines are simple, which can realize the interoperability
of the single-chip microcomputer and the upper machine. The STC89C52RC single-chip
microcontroller comes with UART (Universal Asynchronous Receiver Transmitter). The
sensor data are passed to the upper machine by the serial port.

2.3. Design of the Upper Machine Module

The development of the upper-bit machine in the serial communication system used
by a single-chip microcomputer for volatile organic matter monitoring was implemented in
the development environment of Visual Studio 2015 [30]. The main function of the upper
machine is to receive the signal value of the PID sensor through the microcontroller serial
portand draw the waveform of the signal to generate the signal. First, we added serial ports,
then added the GROUPBOX control to the window design, next, we added ComboBox1
to the selection of the port slogan in the GROUPBOX control range, added Combobox2
for the choice of baud rate, and then we finally added two radio button controls to select
the receiving serial port transmission data. The pattern, the number, and character mode
were chosen, three button controls were added to control the open port, closed port, and
waveform display, then textbox control was added to display the signal value of the sensor.

2.4. VOCs Online Detection Device and Method

Since the response value of PID is easily affected by environmental factors such as
temperature and humidity, the experimental device (Figure 3) was built in a fume hood
room with stable environmental conditions. The indoor temperature of the ventilation
cabinet was 25 degrees Celsius and the air pressure was 1.01 x 10° Pa. The standard
gas used in this article was derived from Jining Xieli Specialty Co. Ltd., Jining, China.
A standard gas bottle capacity is 8 L, the concentration of the standard gas is 2000 ppm
benzene gas, and the gas is filled with nitrogen. A quality flowmeter was used to control
the amount of the standard gas to calculate the content of the standard gas. The unit of the
quality flowmeter is in L/min. Through Equation (1), the concentration of the standard
gas can be calculated and its unit can be converted to mg/L to facilitate the calculation of
the gas content in the gas cylinder. Among them, C is the mass concentration (mg/m?) of
benzene gas, X is the volume concentration 2000 ppm, and M is the molar mass of benzene.

X=C x 245/M 1)

Upper computer

T 517 |—Microcontroller
o Collect bags

Gas distribution

Figure 3. Experimental device of the PID module denoising for the online detection of VOCs.
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The gas from the standard gas cylinder is introduced into the collecting cylinder with
a capacity of 3 L. A certain concentration of benzene gas can be prepared in the collecting
cylinder by controlling the flow rate and time of gas in the standard cylinder. The VOC
monitoring module is shown in Figure 3.

The standard gas flow rate was 0.05 L/min, and the time was 10 s. The phenyl gas
concentration in the gas cylinder was 5.57 ppm. The noise-containing PID response signal
under this concentration is shown in Figure 4.
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Figure 4. PID original signal.
3. PID Sensor Signal Denoising Method Based on Wavelet Analysis
3.1. Selection of a Wavelet Decomposition Level

Given the orthogonal scale function ¢(x) and its corresponding small wave function
P(x), there is [31-34]:

P(x) = V2 ¥ qrop(2x —k)
keZ (2)

p(x) = V2 ¥ gep(2x k)
kez
where g and g are the conjugation filters; g; is the low-pass filter coefficient; g is the
high-pass filter coefficient.
Set po = ¢(x), 1 = P(x), at this time:
Hon(¥) = V2 T qepn(2x — k)
kez

Hons1(x) = V2 ¥ grpn(2x — k) )
kez

Among them, 7 is the n-wave sequence when the decomposition scale is j.
Define V]-'1 as a closure space for the function i, (x), V]-Z" is the closure space of i2,(x),

V].Z’”r Lis the closure space of pip,41(¥), then V" can be decomposed as:
‘/jn _ ‘/]211 + ‘/]2n+l (4)

where V]-Z” and ijr‘“ meet the conditions of V]-Z”LV]-Z"H‘
If the small wave packet coefficients of the signal on VjZ" and ij”H are p]Z” and p?"“,
respectively, then the small wave bag decomposition can be obtained by { p;:rl’z"} and

{P;(H' 2”H}, which is expressed as [35]:

412 :
pff " =Yy p"

j+1,2n+1 ! jn ©)
Py = ;gzszpl
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Among them, p{(’n indicates that the decomposition coefficient of the k wavebase on

the n fork tree with a decomposition scale is j and p;{+1,2n and piﬂ'znﬂ are pi’n of two

bit [36].

When the PID signal is ready, the decomposition level of the wavelet packet is first
determined, where the decomposition level is too low. The noise and useful information
of the signal cannot be effectively separated, and the signal noise cannot be effectively
removed. In contrast, if the selected decomposition level is too high, a large amount of
useful information of the signal will also be removed to cause the new distortion while
removing the noise. Therefore, choosing the appropriate wavelet breakdown level is an
important step for sensors to generate the signal noise. This article conducted a 4-layer small
wave package decomposition experiment on the signal generated by the light ionization
sensor. The number of decomposition layers is shown in Figure 5.

Figure 5. Wavelet packet decomposition node and energy diagram.

According to the Parseval theorem, the total energy of a signal in its time domain is
equal to the total energy in the frequency domain. For small waves, just separate the signals
and low-frequency components and changes in the form of signals, but the total energy
before and after decomposition always remains equal. If a signal X (T) is decomposed
to the lower layer, the energy of each sub-band signal can be calculated according to
Equation (6) [37-39].

Ej= /|Si,j(t)|2dt =Y |x(0)) (6)
p

The distribution of the corresponding energy distribution corresponding to the de-
composition trees and decomposition of each node is shown in Figure 5.

The signal-to-noise ratio (SNR) and mean-square error (MSE) of the signal of different
wavelets were calculated to decompose the levels to determine the best wavelet breakdown
level. SNR represents the ratio of the effective signal energy to noise signal energy. The
larger the value of the SNR, the lower the noise effect. The calculation method of the SNR
is as shown in Equation (7). MSE represents the degree of similarity between the original
signal and the signal after noise. The MSE calculation formula is shown in Equation (8). In
this paper, SNR and MSE were used to evaluate the PID signal quality.

SNR = 10lg(s/n) )

n

Y (Y- 1) ®)

i=1

MSE =

==

where s and n in SNR represents the effective power of signals and noise, respectively; Y;
in MSE is the original signal; Y; is the signal after noise.
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The values of the MSE and SNR of the PID signal after two, three, and four layers of
the signal are shown in Table 1.

Table 1. The MSE and SNR of different decomposition levels under the signal.

Evaluation Indicator 2—Layef . 3-Layef . 4—Layef .
Decomposition Decomposition Decomposition
SNR 33.0418 36.6291 6.0453
MSE 3.1490 1.3867 6.3679

As shown in Table 1, when the wavelet packet decomposition level was three layers,
the SNR value of PID signal was the largest, the MSE was the smallest, and the PID signal
processing effect was the best. Therefore, this paper carried out the 3-layer wavelet packet
decomposition of the PID signal.

The PID signal collected by the upper machine was decomposed by a three-layer
wavelet, the signal was divided into eight frequency bands from low frequency to high
frequency, as shown in Figure 6.

data for node: 7 or (30). data for node: 8 or (L.1). data for node: 9 or (32)
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Figure 6. Biorl.3 wavelet packet 3—layer decomposition of 5.57 ppm benzene gas PID with the
noise signal.

3.2. Selection of the Wavelet Packet Base

When the wavelet packet changes the PID signal noise, whether the selection of the
wavelet base is appropriate will have an important impact on the signal quality after the
PID signal processing. After determining the decomposition of the small wave bag as three
layers of decomposition, this work used different wavelet packets to perform the experi-
mental analysis of the PID signal denoising, and determined the optimal wavelet packet
base based on the results of the signal quality evaluation. The Daubechies (db) wavelet
packet base and Symlets (sym) wavelet packet base have an N-order. The Daubechies
wavelet packet has good regularity, that is, the smooth error introduced by the wavelet
packet as a sparse basis is not easy to detect, which makes the signal reconstruction process
smooth. The characteristics of the db wavelet packet are that with the increase in order
(sequence N), the larger the order of vanishing moment, the higher the vanishing moment,
the better the smoothness, the stronger the localization ability of the frequency domain, the
better the division effect of the frequency band, but it will weaken the time domain tight
support, and the calculation amount is greatly increased, and the real-time becomes worse.
sym is an improvement in the db function. The sym wavelet has better symmetry, which
can reduce the phase distortion of signal analysis and reconstruction to a certain extent.
The wavelet packet base SNR and MSE of different levels of db and sym were calculated.
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By calculating the quality of the 12-order wavelet packet processing signal, the db and
sym wavelet packet base were treated with PID. The best order of the PID signal and the
optimal wavelet were obtained. The values of the MSE and SNR of the wavelet packet base
between db and sym are shown in Table 2.

Table 2. The MSE and SNR of the db and sym wavelet packet base at different levels.

Wavelet Packet Base MSE SNR Wavelet Packet Base MSE SNR
db2 1.3541 36.7320 sym?2 1.3541 36.7320
db3 1.3213 36.8389 sym3 1.3213 36.8389
db4 1.3892 36.6203 sym4 1.3995 36.5880
db5 1.3719 36.6747 symb 1.4136 36.5441
db6 1.3722 36.6734 symé6 1.3415 36.7721
db7 1.4312 36.4900 sym?7 1.3853 36.6322
db8 1.4004 36.5848 syms8 1.4062 36.5668
db9 1.3803 36.6479 sym9 1.4184 36.5291

db10 1.3886 36.6219 sym10 1.4133 36.5446
db11 1.4221 36.5177 symll 1.3713 36.6761
db12 1.3832 36.6383 sym12 1.4075 36.5627
db13 1.4323 36.4864 sym13 1.4272 36.5022

Fourier curve fitting was performed on the values of MSE corresponding to the wavelet
packet bases of different orders of db, and the Fourier fitting formula is shown as follows.

f(a) = ag + ajcos (aw) + bysin (aw) + apcos (2aw) + bysin (2aw) + azcos (3aw) + bssin (3aw) +
a4c0s (4aw) + bysin (4daw) + ascos (5aw) + bssin (5aw)

©)
The formula’s corresponding parameters are shown in Table 3.

Table 3. The db series wavelet packet base corresponded to the parameter value of the MSE fit-
ting function.

ap=14 a1 =0.0148 by = —0.02251 a = 0.02968
by = —0.02415 az = 0.02019 bs = —0.01056 ay = 0.03571
by = —0.01956 as = 0.01173 bs = —0.0007733 w = 0471

The corresponding fitting curve is shown in Figure 7.
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Figure 7. The MSE fitting curve of the db wavelet packet base.
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This article evaluated the accuracy of the fitting curve by calculating its decision
coefficient. The calculation method is shown in Equation (10).
A \2
R2_1_ SSwes _, EWi y,)2 (10)
55tot (i =)

The R? of this polynomial fitting was 0.9826 degrees to meet the minimal value
requirements of the MSE of the db wavelet packet base. The minimal value of the MSE of
the db wavelet packet base f(a)min was 1.3213

Fourier curve fitting was performed on the SNR values corresponding to the wavelet
packet bases of different orders of db, and the Fourier fitting formula was obtained as follows.

f(b) = ag + ajcos (bw) + bysin (bw) + aycos (2bw) + bysin (2bw) + azcos (3bw) + a1
bssin (3bw) + agcos (4bw) + bysin (4bw) + agcos (5bw) + bgsin(5bw)
The formula’s corresponding parameters are shown in Table 4.

Table 4. The db series wavelet packet base corresponded to the parameter values of the SNR
fitting function.

ap = 36.59 ar =0.04017 by = 0.06998 ap = —0.08918
by = 0.0732 as = —0.06034 bs = 0.03041 ag = —0.1132
by = 0.05443 a5 = —0.03743 bs = —0.0002794 w = 04731

The corresponding fitting curve is shown in Figure 8.
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Figure 8. The SNR fitting curve of the db wavelet packet base.

The R? of this polynomial fit was 0.9844, and the fitting accuracy met the requirements
of the maximum value of the SNR of the db wavelet packet base. The db wavelet packet
base SNR value f(b)max was 36.8389.

Fourier curve fitting was performed on the MSE values corresponding to the wavelet
packet bases of different orders of sym, and the Fourier fitting formula was obtained
as follows.

f(x) = ag + ajcos (xw) + bysin (xw) + acos (2xw) + bysin (2xw) + azcos (3xw) +

bssin (3xw) + agcos (4xw) + bysin (4xw) + ascos (5xw) + bssin (5xw) (12)

The corresponding parameters of the fitting formula are shown in Table 5.

212



Chemosensors 2023, 11, 146

Table 5. The sym series wavelet packet base corresponded to the parameter value of the MSE
fitting function.

ap = 1.389 a1 = —0.003555 by = —0.02018 a, = 0.0003253
by = —0.005518 ag = 0.02447 by = —0.02445 ay = 0.01532
by = 0.003341 a5 = —0.01182 bs = 0.0009305 w = 0.5068

The corresponding fitting curve is shown in Figure 9.
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Figure 9. The sym wavelet packet base MSE fitting curve.

The R? of the polynomial fit was 0.9996, and the fitting accuracy met the extremely
small value of the MSE of the sym wavelet packet base. The minor value of the MSE of the
sym wavelet packet base f(c)min was 1.3213.

Fourier curve fitting was performed on the SNR values corresponding to the wavelet
packet bases of different orders of sym, and the Fourier fitting formula was obtained
as follows.

The corresponding parameters of the fitting formula are shown in Table 6.

f(x) = ag + ajcos (xw) + bysin (xw) + apcos (2xw) + bpsin (2xw) + agcos (3xw) +

bssin (3xw) + azcos (4xw) + bysin (4xw) + ascos (5xw) + bssin (5xw) (13)

Table 6. The sym series wavelet packet base corresponded to the parameter values of the SNR
fit function.

ap = 36.62 ar =0.01159 by = 0.06443 ap = —0.0009322
by =0.0179 as = —0.07799 bs = 0.07653 ay = —0.04938
by = —0.01174 a5 = 0.03721 bs = —0.002947 w = 0.5074

The corresponding fitting curve is shown in Figure 10.

The R? of the polynomial fit was 0.9996, and the fitting accuracy met the requirements
of the great value of the SNR of the sym wavelet packet base. The maximum value of the
SNR of the sym wavelets f(x)max was 36.8389.

213



Chemosensors 2023, 11, 146

37.2
37.1
37
w36.9
236.8
% 36.7
36.6
36.5
36.4

® SNRVALUE|
Curve fitting

5 0 omn 15 20 25

Figure 10. The SNR fit curve of the sym wavelet packet base.

The values of the MSE and SNR of Haar (haar), Dmeyer (dmey), BiorSplines (bior),
ReverseBior (rbio), Coiflets (coif), and the Fejér—Korovkin (fk) finite order wavelet packet
base are shown in Table 7.

Table 7. The MSE and SNR of the haar, dmey, bior, rbio, coif, fk wavelet packet base.

Wavelet Packet Base MSE SNR Wavelet Packet Base MSE SNR
haar 1.3867  36.6291 rbio 1.3 14672  36.3840
dmey 1.4553  36.4168 rbio 1.5 1.6119 359748
bior 1.3 1.3166  36.8543 rbio 2.2 14232 36.5151
bior 1.5 1.4407  36.4621 rbio 2.4 1.3220  36.8363
bior 2.2 1.6239  35.9424 rbio 2.6 1.3933  36.6075
bior 2.4 1.3496  36.7465 rbio 2.8 1.3866  36.6285
bior 2.6 1.3824  36.6414 rbio 3.1 2.2907 34.4489
bior 2.8 1.3646  36.6978 rbio 3.3 14753  36.3598
bior 3.1 6.4503  29.9554 rbio 3.5 1.4547 36.4198
bior 3.3 1.9288  35.1958 rbio 3.7 1.3718  36.6752
bior 3.5 1.5646  36.1035 rbio 3.9 1.3718  36.6750
bior 3.7 1.4093  36.5579 fk 4 1.3307  36.8085
coif 1 14168  36.5348 fk 6 1.3724  36.6733
coif 2 1.3994  36.5879 fk 8 1.3713  36.6767
coif 3 14208 36.5218 fk 14 1.3773  36.6571
coif 4 1.4008  36.5836 fk 18 1.4258  36.5062
coif 5 1.4443  36.4499 fk 22 1.4485 36.4374

From Tables 2 and 7, fit Equations (9), (11)—(13), the signal can be decomposed by three
layers, the maximum SNR removal noise was 36.8543, and the minimum MSE was 1.3166,
corresponding to the small wavebase bior 1.3 wavelet packet base, so this article selected
the bior 1.3 wavelet packet base to remove the signal of the PID.

3.3. Self-Adaptive Weight Threshold Denoise Method Based on a Wavelet Decomposition
Node Energy
The wavelet decomposition was divided by the frequency band of the signal, and the
sub-generation component of the low-frequency signal was obtained, so the characteristic
information of the original signal also existed in the signal of each child. The characteristics
of the signal can be analyzed through the energy of the wavelet decomposition node. After
the signal is decomposed by a wavelet, the energy distribution characteristics in each
frequency band can be used as an important basis for the signal distribution features.
The determination of the threshold and threshold function is the key to the problem
of threshold. Traditional threshold-free noise is divided into two types: soft threshold
function and hard threshold function. The wavelets are changed to adjust the wavelet
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coefficient sequence 6 +y. Among them, 0 is the small wave packet coefficient of the signal,
and vy is the wavelet coefficient of the wavelet.

Soft threshold: 7 is a threshold to destroy the son, that is, the threshold function; A is
the threshold.

_ [sgn(0+7) ([0+v[—=7), [0+v[=A
’7*{ 0, [8+y/<A (19
Hard threshold: | |
_Jo+y, [8+y|=A
’7*{ 0, [0+y/<A (15

Since the low-frequency part of the signal’s small waves contain most of the energy of
the signal, as shown in the energy chart of the small wave decomposition node in Figure 5,
we kept all of the low-frequency part of the signal. For the weight of the non-low-frequency
part according to the weight of its signal energy, it will give corresponding weights to
the corresponding weight, so the value retains its energy to remove the PID signal noise.
The weight of each node’s energy is as shown in Equation (14). Among them, E;jjcan be
calculated by Equation (2), S is the weight of the energy of the wavelet decomposition node.

_ L (16)
Etotal
Based on the threshold of the tide decomposition node energy self-adaptive weight,
the noise removal method is:

_ {sgn(SG—&-y) (ISO+v|—=A), 6+v|>A 17)
U 0, B+v/ <A
According to the weight value of the wavelet coefficient, the preservation ratio of the
energy of the non-low-frequency node is determined, so wavelet coefficient reconstruction
was performed to remove the noise of the signal. After the signal noise removal, the SNR
of the signal was 36.8543, and the MSE was 1.3166; the traditional wavelet package noise
SNR was 33.8054, and the MSE was 2.6828, added indicators than the use of traditional
wavelets, as shown in Figure 11.
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Figure 11. Comparison of the denoising effect between the traditional wavelet packet and threshold
weight wavelet packet.

4. Conclusions

This study controlled the sensor through a single-chip microcomputer to achieve the
sensor signal collected by the single-chip microcomputer and passed the sensor signal to
the computer through the serial port. The optimal scale of wavelet decomposition was
determined by the signal quality evaluation method, and the extreme values of MSE and
SNR in the db and sym wavelet packet basis function with N-order wavelet packet base
function were determined by the Fourier curve fitting method. The SNR and MSE values of
the signal processed by the finite order wavelet base were calculated. The bior 1.3 wavelet
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packet base was determined to be the optimal wavelet packet base for PID signal denoising.
Aiming at the problem that the high frequency signal is not processed after wavelet packet
decomposition, which leads to the loss of more details after signal denoising, the PID
signal denoising method based on the adaptive weight of the node energy of the wavelet
packet decomposition was proposed, and the signal quality after the traditional wavelet
packet denoising and the signal processing method in this paper were compared. It was
verified that the proposed method has the advantage of improving the high quality of the
PID signal.
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Abstract: Porous sea urchin-like nickel-doped ZnO with various nickel contents and high specific
surface area were synthesized using a solution method followed by calcination. The nickel-doped
ZnO products consisted of numerous porous nanoleaves. The Ni content in these products ranged
from 5% to 20%. The Ni dopants in the ZnO lattice were verified by X-ray diffraction and X-ray
photoelectron spectroscopy. The sensors based on nickel-doped ZnO sea urchins showed superior
sensing performance for some volatile organic compounds (VOCs). ZnO sea urchins with 10%
nickel doping exhibited the best gas-sensing performance, including a low working temperature,
short response/recovery time, and high sensor response. In particular, the 10% Ni-doped ZnO sea
urchin sensor exhibited a response of 84.4 with response/recovery times of 17/20 s towards 100
ppm formaldehyde vapor. These superior sensing behaviors were attributed mainly to a suitable Ni
content with high content of oxygen defects, small nanocrystals, and a porous hierarchical structure
with a high specific surface area.

Keywords: zinc oxide; nickel doping; zinc hydroxide carbonate; nanoleaf; gas sensor; volatile
organic compounds

1. Introduction

Volatile organic compounds (VOCs) are often emitted from decoration and building
materials. As the gaseous toxins are widespread in both indoors and outdoors settings,
prolonged exposure to VOCs causes harm to the eyes and damages the nervous system,
causing a series of diseases [1]. Moreover, VOCs at low concentrations can easily cause
serious respiratory problems. For example, formaldehyde at very low concentrations
(0.75 ppm) can cause cancer [2]. Therefore, convenient gas sensors with a low detection
limit, high response, and low energy consumption are needed urgently. A variety of metal
oxide semiconductors that function as excellent sensing materials, such as SnO; [3], ZnO [4],
Iny O3 [5], Fe; O3 [6], NiO [7], and V,05 [8], were developed for detecting volatile harmful
gases. Among the metal oxide semiconductors, ZnO, a typical n-type semiconductor,
possesses a direct bandgap of 3.37 eV. ZnO has drawn considerable attention due to its
physical/chemical stability, easy preparation, abundance, high electron mobility, and excel-
lent electric conductivity [9,10]. It is currently being used for detecting various flammable,
volatile, and harmful gases [11-14]. On the other hand, for a pure ZnO sensing material,
the high detection limit, high working temperature, and low response greatly limit the
widespread applications of ZnO sensors. Therefore, it is urgent to develop new ZnO-based
sensors with relatively low working temperature, high sensitivity, and good selectivity.

Some strategies were adopted to overcome the above problems. The morphology of
ZnO partially affects the sensitivity, working temperature, and response rate of gas sensing
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behaviors. Especially, a 3D porous structure with a high surface area could provide nu-
merous surface active sites for accepting more gas molecules and holding surface chemical
reactions. Another strategy for improving gas-sensing behaviors is associated with the
surface decoration of noble metals and doping ZnO with different metal elements. The
commonly adopted noble metals Pt [15], Pd [16], Ag [17], and Au [18] are adopted for
modification of the ZnO surface. They can greatly optimize the sensing behaviors of the
gas sensor by improving the catalytic activity of the sensing materials. Despite the obvious
improvement in the sensitivity to VOCs, the high cost of noble metals has limited their
wider applications as gas-sensing materials. Therefore, doping with different elements
(e.g., Fe [19], Co [20], Ni [21], Cu [22], and Al [23]) of low cost and wide availability is
considered as one of the practical strategies to enhance the sensing performance of ZnO.
For example, Mo et al. prepared a mesoporous Co-doped ZnO hierarchical structure by
the calcination of its precursor [20]. The 5% Co-doped ZnO hierarchical structure sensor
exhibited a sensitivity of 54 towards 50 ppm ethanol at 180 °C. El Khalidi et al. synthesized
various Ni-doped ZnO films by spray pyrolysis [21]. Among them, the 2% Ni-doped ZnO
film sensor showed the best gas-sensing performance, with the highest sensitivity (90) for
100 ppm acetone at 450 °C. The response and recovery times were 50 s and 90 s, respectively.
Of the various metal dopants, Ni-doped ZnO has exceptional features. Ni could induce a
spillover-sensitization effect [21]. Niztdoped ZnO produces more donor defects and can
increase the level of adsorbed gas molecules. In addition, it can facilitate the ionization
of gas molecules and the dissociation of targeted gases from the surface of the sensing
materials, leading to higher sensitivity and rapid response/recovery behaviors in ZnO
sensors. The empty 3d orbital in Ni** allows the production of more oxygen vacancies
when Zn?* is replaced with Ni?*. Thus, the transportation of charges accelerates and the
number of adsorbed oxygen anions increases significantly [24].

So far, some strategies have been adopted for preparing the doped ZnO with various
nanostructures, including co-precipitation [24], spray pyrolysis [25], the hydrothermal
method [26], the sol-gel method [27], high-temperature calcination [28], RF sputtering [29],
and the electrospinning method [30]. Kamble et al. fabricated various Ni-doped content
nanorod-like ZnO nanostructure sensors by a co-precipitation method [24]. The 2% Ni-
ZnO nanorod sensor presented a response of 356 at 200 °C. The detected gas was NO,
gas with 100 ppm. Modaberi et al. prepared a Ni-doped content nanorod-like ZnO
nanostructure by calcining the precursor [28]. The 8% Ni-doped nanorod-like ZnO sensor
exhibited the highest response towards H,S (100 ppm) gas at 200 °C. The response value
reached 45.3. Among the synthetic methods of Ni-doped ZnO, the cooperation of an
aqueous solution method and calcination treatment has attracted much attention because
of its simple operation, low cost, and easy synthesis. Thus far, a high content of Ni-doped
porous sea urchin-like ZnO nanostructures assembled from numerous nanosheets has
rarely been achieved using an aqueous solution method and a subsequent heat treatment.
The effect of ZnO doped with a high concentration of Ni on the sensitivity of gas sensors
also needs to be investigated.

In this study, porous sea urchin-like ZnO nanostructures with various Ni doping
contents were prepared using an aqueous solution method and a subsequent heat treatment.
The sensing performance of the Ni-doped ZnO sea urchins towards VOCs was also studied.
Compared to other VOCs, the Ni-doped ZnO sea urchin sensors exhibited a strong response
to formaldehyde vapor. The Ni doping and unique porous sea urchin-like structure
promote an outstanding sensing property. The mechanism of the gas-sensing behavior to
formaldehyde vapor is also discussed.

2. Experimental Details
2.1. Synthesis of Ni-Doped ZnO Nanostructures

Porous Ni-doped ZnO nanostructures were synthesized as follows. Briefly, 0.0211 g
of NiCl,-6H,0O and 0.5021 g of Zn(NO3),-6H,O were dissolved in 35 mL of deionized
water; the atomic ratio of Ni and Zn was 0.5:9.5. A saturated NH;HCO3 solution was
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then prepared. The pH was adjusted to 6.5 by introducing CO, gas for approximately 3 h.
Subsequently, 15 mL of the saturated NH;HCOj3 solution was poured into the previously
prepared 35 mL solution under stirring, and then was placed at a temperature atmosphere
of 6 °C for 8 h. After that, the precursor was collected after washing and dried at 50 °C for
15 h. The 5% Ni-doped ZnO nanostructure was obtained by high-temperature calcination
at 350 °C for 1 h. The 10% Ni-doped ZnO sample, the 15% Ni-doped ZnO sample, and the
20% Ni-doped ZnO sample were synthesized using a similar procedure to that of the 5%
Ni-doped ZnO sample, with the amount of NiCl,-6H,0 changed from 0.0211 g to 0.0446 g,
0.0708 g, and 0.0997 g, respectively. The synthesis of the pure ZnO sample was similar to
that of the 5% Ni-doped ZnO sample without adding NiCl,-6H,0.

2.2. Material Characterization

The products were characterized by X-ray diffraction (XRD, Shimadzu XRD-6000,
Shimadzu, Kyoto, Japan) using high-intensity Cu K« radiation with a wavelength of
1.54178 A, field-emission scanning electron microscopy (FESEM, Hitachi S-4800, Hitachi,
Kyoto, Japan, operated at 5 kV), high-resolution transmission electron microscopy (HRTEM,
JEOL-2010 TEM, JEOL, Kyoto, Japan) with an acceleration voltage of 200 kV, thermogravi-
metric analysis (TGA, NETZSCH STA449C, NETZSCH, Selb, Germany), and N, adsorption—
desorption isotherm measurements (Nova 2000E, Quantachrome, Boynton Beach, FL, USA).
The pore size distribution was determined from the desorption branch of the isotherm
using the Barrett-Joyner-Halenda (BJH) method. The TGA was carried out in air with a set
heating rate (10 °C min ') in the temperature scope (room temperature to 600 °C). X-ray
photoelectron spectroscopy (XPS, ESCALAB 250, ESCALAB, Ciudad de México, México)
was also performed. The elemental distribution of the products was determined by energy
dispersive spectroscopy (FESEM, Hitachi S-4800, operated at 15 kV).

2.3. Fabrication and Testing of the Gas Sensor

Figure S1 in the Supplementary Material presents the experimental device for gas-
sensing measurements. The fabrication process of the gas sensors was as follows: 0.1 g of
porous sea urchin-like 5% Ni-ZnO, 10% Ni-ZnO, 15% Ni-ZnO, and 20% Ni-ZnO composites,
and porous sea urchin-like ZnO were dispersed in a 0.5 mL ethanol solution to obtain a
uniform suspension. The above suspension was smeared uniformly on the outer surface
of the tube-shaped substrate made from aluminum, where a pair of Au electrodes was
tightly printed on the bottom of the aluminum-made substrate. The as-prepared sensors
were dried in air at 60 °C for 3 h, followed by high-temperature calcination of 280 °C
for 2 h. Subsequently, the working temperature for the gas sensors can be achieved by
placing a Ni-Cr heating coil into the ceramic tube, as shown in Figure S2a. The sensor
was kept at 280 °C for two days in air to improve its long-term stability. A stationary-
state gas distribution method was used to test the gas response. The sensor response
measurement was performed on an electrochemical workstation (CHI-660E, Shanghai
Chenhua Instruments Co., Ltd., Shanghai, China) using chronoamperometry at 0.7 V.
Figure S2b presents a diagram of the testing principle of the gas-sensing measurement
system. Detecting gases, such as ethanol vapor (headspace vapor of ethanol), formaldehyde
vapor (headspace vapor of a 38.5 wt.% formaldehyde solution), and NH3 /N, mixtures
(1 vol%), were injected into a test chamber (1000 mL) and mixed with air. To detect 1 ppm
of ethanol vapor, formaldehyde vapor, and NHj3, 0.017 mL headspace vapor of ethanol,
1.0 mL headspace vapor of a 38.5 wt.% formaldehyde solution, and 0.1 mL NH3/N;
mixtures were injected into the test chamber, respectively. The response of the sensor was
defined as R, /Ry (reducing gases), where R, is the resistance of the sensor in dry air and
in dry air mixed with the test gases. In the measurement system, the response was also
calculated using the following equation: I, /Ig, where Iy and I, are the output currents in
the test gas and air, respectively. The response or recovery time is expressed as the time
required for the sensor output to reach 90% saturation after applying or switching off the
gas in a step function.
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3. Results and Discussion
3.1. Structural and Morphological Characterization

Figures 1a and S3a show the characteristic diffraction peaks of the precursors. All XRD
peaks of the samples corresponded to the crystal planes of the monoclinic Zn5(CO3),(OH)g
(JCPDS no. 19-1458). After heat treatment in air, the XRD patterns of all Ni-doped ZnO
products displayed in Figures 1a and S3a could be assigned to hexagonal ZnO (JCPDS no.
36-1451). The XRD pattern of the 20% Ni-doped ZnO sample showed a very weak peak
at approximately 43.3°, which was ascribed to the crystal plane (200) of bunsenite NiO
(JCPDS no. 47-1049). No other obvious peaks related to nickel compounds were observed
in the XRD patterns of the ZnO products doped with different nickel contents, indicating
that nickel ions systematically enter the lattice without destroying the original crystal
structure of ZnO. The mean crystallite size of ZnO crystallites could be calculated using the

Scherer formula:
0.9A

:,B-cosf)

where A, B, and 6 are the wavelength of the X-ray beam, width at half maximum, and
diffraction angle, respectively. The mean crystallite size of the 0%, 5%, 10%, 15%, and 20%
Ni-ZnO sea urchins were 18.2 nm, 15.1 nm, 12.5 nm, 15.3 nm, and 14.0 nm, respectively.
The lattice constants of the samples listed in Table S1 are comparable with standard data.
a (a = b) and c were extracted from the peaks (002) and (100). The calculated lattice
parameters decreased with the increase of Ni content, which refers to the substitution of
Zn?* with Ni?* with the ionic radius of nickel (0.055 nm) slightly smaller than that of zinc
(0.060 nm). However, the calculated lattice parameters increased after 10% Ni, which may
be due to the formation of a NiO phase decreasing the amount of Ni dopants.
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Figure 1. XRD patterns of (a) Ni-doped Zns5(CO3),(OH)g precursors and (b) Ni-doped ZnO products.

Furthermore, Figure S3b shows the EDS analysis of the 10% Ni-ZnO product. Only
Zn, Ni, and O were observed, suggesting that the final product was Ni-doped ZnO.

Figures 2 and S4 present SEM images of the sea urchin-like Ni-doped Zn5(CO3),(OH)e
precursor before and after calcination. Observing the SEM images shown in Figure 2a,b,
the precursors exhibited a sea urchin-like structure with a mean diameter of 4-5 um. The
unique structure comprised numerous nanoleaves with a mean thickness of ~12 nm. These
nanoleaves with smooth surfaces grew perpendicularly outward to form the sea urchin-like
structure. After calcination in air, the 10% Ni-ZnO sample maintained the sea urchin-
like morphology, as shown in Figure 2c,d. With increasing Ni content in the Ni-ZnO sea
urchins, the mean diameter of the sea urchin-like Ni-ZnO becomes larger. In Figure S4a,ce,
we can find that 5%, 15%, and 20% Ni-doped Zn5(CO3),(OH)g precursors all showed
similar structures: a sea urchin-like morphology. Numerous ultrathin nanoleaves lead to
the unique structure in a self-assembling manner. The sea urchin-like morphology was
retained after the calcination of the products, as shown in Figure S4b,d,f. The EDS mapping
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images of 10% Ni-ZnO sea urchins are exhibited in Figure S5. Ni, Zn, and O were dispersed
uniformly in nano-sea urchins. The morphologies of the precursors (basic zinc carbonate)
and the pure ZnO products are exhibited in FESEM images (Figure S6). Obviously observed,
the pure Zn5(CO3),(OH)e precursor also displays a sea urchin-like morphology, as shown
in Figure S6a,b. This favorable structure is constructed by the self-assemble of abundant
nanoleaves. The diameter of the pure ZnO precursors averages around 8.6 pm. FESEM
images of the pure ZnO products are shown in Figure S6c,d. After calcination (450 °C,
2 h), the post-calcination sea urchin morphology is maintained without any damage to
the morphology, which can be observed in the FESEM images (Figure S6c,d) of the pure
ZnO products.

Figure 2. Representative SEM images of (a,b) the sea urchin-like 10% Ni-doped Zn5(CO3),(OH)g
precursor and (c,d) the corresponding porous sea urchin-like Ni-doped ZnO.

The detailed structure of 10% Ni-doped ZnO sea urchins was studied further by
transition electron microscopy (TEM). Figure 3a—c presents the TEM and HRTEM images
of the sample. The sample had a sea urchin morphology composed of numerous ultra-
small nanoleaves. There were many irregular nanopores on the nanoleaves (Figure 3b).
These pores of various sizes were produced by the decomposition of the Zn5(CO3),(OH)g
precursor to CO, gas and gaseous H,O, which can improve the sensing performance. The
interplanar distances were 0.281, 0.261, and 0.163 nm, which correspond to the hexagonal
phase of ZnO planes (100), (002), and (110), respectively (Figure 3c) [31]. Figure 3d shows
the selected area electron diffraction (SAED) pattern of the sample, which can be assigned
to the (100), (101), (110), (103), (112), and (201) planes of hexagonal ZnO [32]. The TEM
results were consistent with the structural and morphological characteristics of the 10%
Ni-ZnO sample obtained from XRD (Figure 1b) and SEM (Figure 2).
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Figure 3. (a) TEM image, (b) high-magnification TEM image, (c) HRTEM image, and (d) SAED
pattern of 10% Ni-doped ZnO sea urchins.

TGA was performed to study the thermal decomposition process of Ni-doped
Zn5(C0O3)2(OH)g precursors (Figure S7). Before 180 °C, a slight mass loss occurred be-
cause of absorbed water. At temperatures from 180 °C to 400 °C, a mass loss of 27.9%
occurred, which is consistent with the theoretical value of 28.8%. This is primarily because
the Ni-doped Zn5(CO3)2(OH) precursors decomposed to Ni-doped ZnO, CO, gas, and
gaseous HyO. A large volume of CO, gas and gaseous H,O were released from the inner
structure of the precursors, resulting in a large number of mesopores in the final products
after calcination. These mesopores will significantly enhance the specific surface area of
Ni-doped ZnO sea urchins and provide more available sites for catalytic redox reactions.
The decomposition chemical equation can be described as follows:

Zn5(CO3)2(OH)g = 5Zn0O + 3H,0 (mass 13.8%) + 2CO, (mass 15.0%) 2)

Figure S8 shows the FTIR spectra of 10% Ni-ZnO sea urchins and the corresponding
precursor. The main characteristic peaks at 472, 837, 1416, and 1510 cm ! (Figure S8a) were
attributed to the CO,>~ bending vibrations in the precursor. The peak at ca. 3391 cm ™!
can be assigned to the -OH group in the precursor. In the FTIR spectrum of 10% Ni-
ZnO sea urchins (Figure S8b), a strong characteristic peak at 432 cm ™! can be observed
clearly because of the vibration of Ni-O and Zn-O in the Ni-doped ZnO [33,34]. Because
some peaks referring to Ni-O in NiO overlapped with those of Zn-O in ZnO, there is
only a characteristic peak ranging from 430 cm ! to 440 cm ! in the FTIR spectrum. The
characteristic peaks associated with the CO3~ bending vibrations have disappeared due
to the thorough decomposition of carbonate in the precursor to CO, and H,O. In addition,
two weak peaks at 1386 and 1638 cm ™! were associated with the O-H bending vibration of
the H,O molecule absorbed on Ni-doped ZnO sea urchins [35,36]. The broadest peak was
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found at approximately 3448 cm . This peak is assigned to the stretching vibration of the
O-H bond from the absorbed H,O molecule [33].

The N adsorption—desorption isotherms of the samples are shown in Figures S9 and
510. A plot of the pore size distribution suggests that the overwhelming majority of pore
sizes are distributed from around 1.2 to 29.7 nm. The specific surface areas of the 0%,
5%, 10%, 15%, and 20% Ni-ZnO sea urchins were 30.3 m? g’l, 53.4 m? g’l, 116.5 m? gfl,
78.3 m? gfl, and 15.8 m? gfl, respectively. The 10% Ni-ZnO sea urchins exhibited the
highest specific surface area, which is mainly due to their microstructure with different
sizes and the effect of Ni dopants decreasing the crystal size of ZnO. As for 15% and 20%
Ni-ZnO sea urchins, the NiO phase observed in the XRD patterns would reduce the amount
of Ni dopant, resulting in a low specific surface area. The high specific surface area likely
produces more metal vacancies and oxygen species on the surface and inside the porous
structure, generating more unsaturated active sites [37].

Figure 4a shows the UV-Vis spectra of the porous Ni-ZnO and pure ZnO sea urchins.
There is a distinct absorption peak at ca. 360 nm. In addition, the absorption intensity
of Ni-doped ZnO sea urchins was higher than that of pure ZnO sea urchins within the
wavelength range of 300-800 nm. Moreover, the Tauc equation of ahv = C(hv — Eg)l/ 2
was applied to estimate the bandgap of pure ZnO and Ni-ZnO sea urchins. As shown
in Figure 4b, the calculated bandgap of the 5%, 10%, 15%, and 20% Ni-ZnO sea urchins
were 2.91, 2.89,2.92, and 2.93 eV, respectively, which are smaller than that of pure ZnO sea
urchins (3.01 eV). This suggests that introducing the Ni dopant in ZnO leads to less energy
for the electronic transition than the pure ZnO sea urchins. Compared with the pure ZnO
sample, the decrease in the bandgap of Ni-doped ZnO samples is due to the formation
of energy levels of the 5D, state of Ni?* under the 3F, state of Zn?", i.e., immediately
decreasing the conduction band of the ZnO sample [24].
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Figure 4. (a) UV-vis absorption spectra of the porous pure sea urchin-like ZnO and the porous
urchin-like Ni-ZnO. (b) Bandgap determination from (a«hv)? vs. ho of the porous pure sea urchin-like
ZnO and the porous sea urchin-like Ni-ZnO.

Figure 5a shows the X-ray photoelectron spectroscopy (XPS) full-scale spectrum of
10% Ni-ZnO sea urchins. All peaks were assigned to the four elements of Zn, Ni, O,
and C [13]. The Zn 2p high-resolution XPS is exhibited in Figure 5b. The binding energies at
approximately 1044.5 and 1021.7 eV correspond to Zn 2p4 /, and Zn 2p3 /,, respectively [38].
Figure 5c exhibits the Ni 2p high-resolution XPS. The peaks at ca. 855.2 and 860.8 eV belong
to Ni 2p3,7, and the distinct peaks with binding energies of around 872.6 and 878.5 eV were
attributed to the Ni 2p; s, [39,40]. This indicates the presence of Ni2* in the Ni-ZnO sea
urchins. As displayed in Figure 5d, the O 1s peak was asymmetric, and it can be divided
into three peaks. One peak (Oj,) at 530.3 eV was assigned to lattice oxygen in wurtzite
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ZnO, and the peak (Ogef) at 530.9 eV corresponds to the defect sites with low-oxygen
coordination [41]. The Ogef. /Ojyt, value can indicate the oxygen defect concentration in
Ni-ZnO sea urchins. Figure S11 presents the O 1s high-resolution XPS spectra of the 5%,
10%, 15%, and 20% Ni-ZnO sea urchins and pure ZnO sea urchins. The Ogef. /Oy, values
of the 5%, 10%, 15%, and 20% Ni-ZnO, and of the pure ZnO sea urchins were 0.34, 0.97,
0.32,0.47, and 0.31, respectively, as listed in Table S2. The last peak (O,q4s ) at 532.5 eV was
due to the physi/chemisorbed H,O. Based on the above analysis results, the 10% Ni-ZnO
sea urchins showed the highest oxygen defect concentration among these ZnO-based sea
urchin samples, which is due to their high specific surface area and the effect of Ni dopants
decreasing the crystal size of ZnO and introducing oxygen-related defects. As for 15% and
20% Ni-ZnO sea urchins, the NiO phase observed in the XRD patterns was verified by the
O 1s spectra shown in Figure Sl1c,d.
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Figure 5. XPS spectra of porous urchin-like Ni-ZnO composites: (a) survey spectrum, (b) Zn 2p,
(c) Ni 2p, and (d) O 1s spectra.

3.2. Gas-Sensing Performance

Figure 6a shows the changes in resistance (R,) of the ZnO and Ni-doped ZnO sea
urchin sensors. The working temperatures started from 140 °C to 260 °C. With regard to all
the prepared sensors, the R, value of the sensors decreases as the operating temperature
continues to rise. The temperature dependences of the resistance of the obtained samples
followed a linear function. The more abundant electrons were forced into a conductance
band of the sensing materials activated by the sufficient energy provided by the high
temperatures [42]. So, as is well known, the gas sensors belong to the type of surface-
controlled one based on the curves changes of resistance temperatures. Under the same
working temperature, the R, sequence of the prepared sensors was present as follows:
20% Ni-ZnO > 15% Ni-ZnO > 10% Ni-ZnO > 5% Ni-ZnO > pure ZnO. This was mainly
due to the effect of Ni dopants which can introduce oxygen-related defects [43]. As the
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Ni-doped content of the ZnO increases, the crystal size of ZnO decreases and more oxygen
molecules are adsorbed on the ultra-small ZnO nanoleaves, forming oxygen ions. In air,
these increasing oxygen ions could capture more electrons from ZnO, leading to the higher
resistance of the Ni-ZnO sensing film. Furthermore, when the amount of Ni dopants is
high, the appearance of NiO and the formation of NiO-ZnO p-n junctions would also
increase the resistance of the Ni-ZnO sensing film.
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Figure 6. (a) Resistance of the ZnO-based sensors in air at various working temperatures.
(b) Responses of ZnO-based sensors upon exposure to 100 ppm formaldehyde vapor at differ-
ent working temperatures. (c) Responses of ZnO-based sensors upon exposure to different gases
(100 ppm) at their optimal temperatures.

In Figure 6b, the response of the sensors first increased with increasing working tem-
perature. When the temperature was over 220 °C, however, the response decreased with in-
creasing working temperature. Thus, for the Ni-ZnO sensors, the optimal working tempera-
ture can be thought to be 220 °C. This phenomenon conforms to the adsorption/desorption
kinetics and thermodynamics on sensing material surface. The gas molecules and oxygen
species cannot react fully because of the lack of sufficient energy. When excessive energy
was applied to the sensors, the gas molecules adsorbed on the material surface were easily
desorbed, resulting in fewer effective surface-absorbed oxygen molecules and targeted
molecules. As to the pure ZnO sensor, the optimal working temperature was 260 °C, which
is much higher than that of the Ni-ZnO sensors. This demonstrated the decrease in working
temperature due to the introduction of Ni dopants. In addition, the response of the Ni-ZnO
sea urchin sensor towards 100 ppm formaldehyde vapor was much higher than that of the
pure ZnO sea urchin sensor. This was likely attributed to the high concentration of oxygen
defects, as verified by XPS. The sample possessed uniform sea urchin-like morphology and
larger specific surface area and pore size, likely promoting electron transfer and providing
more effective active sites for the redox reaction on the sensing material.

The selectivity of the sensors was studied, as shown in Figure 6¢c. Among them, the
10% Ni-ZnO sea urchin sensor showed the best sensing performance. The responses for
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100 ppm formaldehyde, acetone, ethanol, isopropanol, ammonia, benzene, toluene, and
methanol vapors were 84.4,71.1, 61.8, 68.8, 14.3, 18.2, 22.5, and 35.3, respectively. Therefore,
the 10% Ni-ZnO sensor exhibited good sensitivity towards formaldehyde, acetone, ethanol,
and isopropanol vapors. Of the sensors, the 10% Ni-ZnO sea urchin sensor exhibited
the strongest response to these vapors. Moreover, a good gas-sensing performance was
also exhibited by the other sensors for various VOCs. The content of Ni in the ZnO sea
urchins has an important effect on the sensors. The presence of oxygen defects enhanced
the overall ionic potential of the composites. Thus, the large amount of adsorbed oxygen
could strongly capture the material surface. Formaldehyde with a stronger Bronsted acid
could react with more adsorbed oxygen (O, and O™) [44].

Figure 7 presents the response curves of different sensors based on pure ZnO, 5%,
10%, 15%, and 20% Ni-ZnO porous sea urchin-like structures exposed to various concentra-
tions of formaldehyde, acetone, ethanol, and isopropanol at an operating temperature of
220 °C. For the 5% Ni-ZnO sensor, the curve of real-time response to formaldehyde gas
at different concentrations was observed. The curves in the insets refer to the relationship
between the concentration and the response when the sensors are exposed to formaldehyde
vapor at different concentrations. In detail, even when exposed to very low concentrations
(1 ppm), the response to formaldehyde vapor was close to ca. 6.2. The response was
40.2 when the concentration was increased to 100 ppm. The increasing concentration of
detected gases improves the response to formaldehyde, acetone, ethanol, and isopropanol,
as shown in the insets. The response to acetone, ethanol, and isopropanol (100 ppm) was
33.6,34.2, and 32.4, respectively. For the 10% Ni-ZnO sea urchin sensor, the response values
to 100 ppm formaldehyde, acetone, ethanol, and isopropanol were 84.4, 71.1, 61.8, and 68.8,
respectively. In addition, the 15% Ni-ZnO sea urchin sensor, the 20% Ni-ZnO sea urchin
sensor, and the pure ZnO sea urchin sensor showed response values to formaldehyde of
70.4,62.2, and 20.5, respectively, to acetone of 58.1, 48.6, and 15.2, respectively, to ethanol
of 55.2,45.1, and 16.9, respectively, and to isopropanol of 55.9, 45.7, and 18.5, respectively.
Furthermore, for 100 ppm formaldehyde vapor, the response and recovery times were also
investigated, as exhibited in Figure S12. The response times (~22's, ~17's, ~19's, ~20 s,
and ~22 s) and the recovery times (~30's, ~20's, ~22 s, ~24 s, and ~32 s) were obtained for
5%, 10%, 15%, 20% Ni-ZnO, and pure ZnO sea urchin sensors, respectively. Compared
to the other sensors, the 10% Ni-ZnO sensor with the largest specific surface area exhib-
ited superior gas-sensing behaviors upon exposure to formaldehyde, acetone, ethanol,
and isopropanol vapors. The largest specific surface area could hold more passages and
“surface accessibility” to accelerate the transfer of the target molecule. This leads to an
easy gas molecule (detected gases or oxygen) adsorption/dissociation from the sensing
materials attributed to the production of more active sites. Moreover, the excellent sensing
performance was attributed to the smaller size of porous nanoleaves and the smaller size of
the pores distributed over the surface of the numerous nanoleaves. In general, the specific
surface area, Ni-doping content, and porous sea urchin-like structure jointly affect the
sensing properties. Compared to ZnO-based sensors, the 10% Ni-ZnO sensors presented
better sensing behaviors to formaldehyde vapor than 3 mol% NiO/ZnO microflowers [45],
CdO-ZnO nanorices [46], 3 wt.% Ag-In,O3/ZnO nanocomposites [47], SnO,-ZnO/PdO
nanoparticles [48], ZnO/SnO, hollow nanospheres [49], Co304/ZnO hollow spheres [50],
and 1% Er-ZnO nanowires [51], as listed in Table S3.
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Figure 7. Real-time response curves of the sensor devices upon exposure to different concentrations
of (a) formaldehyde, (b) acetone, (c) ethanol, and (d) isopropanol at a working temperature of 220 °C.
The insets show the corresponding sensor response curves.

Figure 8a shows ten reversible cycles of the sea urchin-shaped Ni-ZnO sensor upon
exposure to 100 ppm formaldehyde vapor. When the sensor comes in contact with formalde-
hyde vapor, the current quickly rises to a high level. The current decreases sharply to
the initial level when the sensor is off formaldehyde vapor. The response currents of the
sensors were stable and repeatable. Therefore, all Ni-ZnO sea urchin sensors showed
excellent cycling stability and repeatability for detecting VOCs. Furthermore, Figure 8b
shows the good linear relationship of the responses of the prepared sensors to the various
concentrations of formaldehyde. Linear regression coefficients (RZ) of the 5%, 10%, 15%,
and 20% Ni-ZnO sea urchin sensors, and of the pure ZnO sea urchin sensor, were 0.978,
0.991,0.977,0.978, and 0.931, respectively. Clearly, the 10% Ni-ZnO sea urchin sensor shows
a better linear relationship between the response and formaldehyde concentration.
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Figure 8. (a) Current change curves of the 10% Ni-ZnO sensor upon exposure to 100 ppm formalde-
hyde vapor for 10 tests at the optimal working temperature (220 °C). (b) Linear relationship of the
response to different concentrations of formaldehyde.

228



Chemosensors 2023, 11, 223

3.3. Gas-Sensing Mechanism

The sensing mechanism of the ZnO-based sensor was attributed to the surface ad-
sorbed oxygen species and the redox reactions between the target gases and the oxygen
species, which leads to variations in the sensor resistance. For the pure ZnO sensor, when
the sensor is exposed to the air, oxygen molecules will adsorb on ZnO surface, generating
thin electron depletion layers. Electrons in the ZnO conduction band are drawn by oxygen
molecules to form oxygen species with strong oxidizing properties (O, and O™). Each
target gas is dissociated /ionized on the ZnO surface and reacts with ionosorbed oxygen
elements (O, 07, and Oy), forming H,O (g) and CO; (g). The enhancement of the conduc-
tivity will be produced due to a thinner electron depletion layer as the number of adsorbed
oxygen decreases. Consequently, the electrons return into the ZnO conduction band when
surface catalytic reactions occur between oxygen anions and HCHO (see Equation (3)).
Compared to pure ZnO sea urchins, the sensing performance of Ni-ZnO sea urchin sensors
was improved greatly, which can be attributed to the increase of the charge transfer by
doping, producing electronic sensitization that makes ZnO more sensitive to VOC vapors.
The Ni-doped ZnO nanocrystals provide abundant active sites for formaldehyde molecule
adsorption which, combined with defects of Ni-doped ZnO nanocrystals, can generate the
intermediates and react with absorbed oxygen on Ni-doped ZnO (see Equations (4) and (5)).
Therefore, Ni dopants can lead to the dissociation and ionization of VOCs, making ZnO
more sensitive and selective. The addition of Ni increased the VOC adsorption amount
on the surface and accelerated its ionization [51,52]. This process decreases the working
temperature of the sensor due to water formation.

HCHO (345) + 207 (0O27) — COy + HyO + 2~ 3)
HCHO (54 + h* + O~(O; ") — HCOOH @)
HCHO (ads) T 2h* + 207 (0,7) — CO;y + HL,O (5)

Moreover, the sensing property of the ZnO-based sensor depends greatly on its average
grain diameter (D) [52]. When D < 2L (L = thickness of the depletion layer), the grain
can be fully depleted, and its conductance is grain-controlled [18]. The diameter of the
ZnO crystallites (10% Ni-ZnO) averaged around 12.5 nm, which is the same as the ZnO
Debye length (Lp) [18], indicating that 10% Ni-ZnO are almost fully depleted. The nano-
size effect implies that many surface zinc atoms can play an important part in surface
catalytic reactions. Furthermore, the largest specific surface area (116.5 m? g~ ') could hold
more passages and “surface accessibility” to accelerate the transfer of the target molecule.
This leads to an easy gas molecule (detected gases or oxygen) adsorption/dissociation
from the sensing materials, attributed to the production of more active sites. On the other
hand, due to the difference of lattice spacing, some defects and vacancies could be created
near the region of n-ZnO/p-NiO heterocontacts, which will lead to more active sites for
gas adsorption and surface reaction compared with pure ZnO. Therefore, the Ni-ZnO
sea urchins as sensing materials can improve sensitivity and shorten response/recovery
times significantly.

4. Conclusions

The Ni-ZnO sea urchins consisting of numerous porous nanoleaves were prepared by
an aqueous solution method and a subsequent heat treatment. The Ni-ZnO sea urchins
with various amounts of Ni dopants possessed small nanocrystals and a high specific
surface area. Used as sensing material, they exhibited a strong response, fine stability, and
short response-recovery times for detecting formaldehyde vapor. Furthermore, among
these ZnO-based gas sensors, the 10% Ni-ZnO sea urchin sensor exhibited the highest
gas-sensing performance towards some VOC vapors, such as formaldehyde, acetone,
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ethanol, and isopropanol. The high specific surface area, stable 3D porous structure, and
moderate content of Ni dopants with a high content of oxygen defects contribute to the
surface catalytic reaction, gas absorption-desorption, and effective electron transfer in the
gas-sensing process.
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Abstract: With increasingly serious environmental problems caused by the improvement in people’s
living standards, the number of cars has increased sharply in recent years, which directly leads to the
continuous increase in the concentration of NO; in the air. NO; is a common toxic and irritant gas,
which is harmful to both the human body and the environment. Therefore, this research focuses on
NO, detection and is committed to developing high-performance, low detection limit NO, sensors. In
this study, flower-like Au-loaded In,O3 was successfully fabricated using the hydrothermal method
and the wet impregnation method. The morphological features and chemical compositions of the
as-prepared samples were characterized using SEM, TEM, XRD and XPS. A variety of sensors were
fabricated and the gas-sensing properties of sensors were investigated. The results indicate that the
sensor based on 0.5 mol% Au/InyO3 shows a response value of 1624 to 1 ppm NO, at 100 °C, which
is 14 times that based on pure In,O3. Meanwhile, the detection limit of the sensor based on 0.5 mol%
Au/InyO3 for NO; is 10 ppb, and the response value is 10.4. In addition, the sensor based on 0.5 mol%
Au/InyOj3 also has high selectivity to NO, among CO, CO,, Hy, CHy, NH3, SO, and H;S. Finally, the
sensitization mechanism of Au/In,O3 was discussed, and the reasons for improving the performance
of the sensor were analyzed. The above results and analysis demonstrate that the gas-sensing
attributes of the sensor based on 0.5 mol% Au/InyO3 to NO; improved remarkably; at the same time,
it has been proved that the composite material has extensive potential in practical applications.

Keywords: NO, sensor; flower-like; Au-loaded InyO3; low detection limit; high selectivity

1. Introduction

With the rapid development of science and technology, the process of urbanization
and industrialization has also accelerated. While bringing convenience to people’s lives, the
environmental pollution caused cannot be underestimated. On the one hand, the increase
in car ownership directly leads to an increase in the content of NO; in the atmosphere;
on the other hand, the exhaust gas emitted by factories is also one of the main sources of
NO; [1-3]. As is known to all, NO; is a kind of common toxic and tangy gas, which is
mainly generated from the emission of automobile exhaust and industrial waste gas. NO,
is the main culprit of environmental problems such as acid rain and smog, which cause
atmospheric pollution that affects the ecological balance of the planet [4-6]. Moreover, as
long as the human body inhales 1 ppm of NO,, it can cause lung disease and breathing
difficulties, which seriously affect physical health [7]. Concurrently, the World Health
Organization specifies that the standard value of NO,, which is harmful to human health, is
40 ug/ m?3 (~21.25 ppb) [8]. Therefore, how to detect NO, quickly and effectively has become
one of the urgent problems to be solved. At present, commonly used gas detection methods
in the market include mass spectrometry, chromatography and so on. Compared with
these large-scale detection instruments, semiconductor gas sensors stand out in the field of
gas detection because of their advantages of low cost, high performance, good portability
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and easy integration [9-11]. However, with the improvement in people’s environmental
awareness, the technical requirements for gas sensors are higher than before, such as high
response values, prominent selectivity and low detection limits. Thus, understanding how
to develop NO, sensors with excellent sensing properties has attracted extensive attraction
among researchers.

Up until now, among various semiconductor gas sensors, indium oxide (In,O3) is
considered to be the most promising gas-sensing material due to its wide bandgap and
high conductivity [12-15]. In recent years, it has been confirmed that In,O3 of different
morphologies has great gas-sensing performances in NO; gas sensors, such as rod-shaped,
sheet-shaped and flower-shaped [16]. According to reports, Shen et al. developed a
NO; sensor with In,O3 nanorods using hydrothermal process, which has a response of
20.9 to 1 ppm NO, and a detection limit of 100 ppb (1.4) [17]. Yang et al. prepared a
NO; sensor with In,O3 nanosheets via a hydrothermal process, and the sensor based
on InpO3 nanosheets had a response value of 5.31 to 1 ppm NO; and a detection limit
of 100 ppb (1.69) [7]. Zhou et al. fabricated a NO, sensor based on a In,O3 nanoflower
using the hydrothermal method, which demonstrated a detection limit of 1 ppm NO;
and a response of 2.1 [18]. In view of the above reports, it is not difficult to find that
there are some defects regarding detection limits and response values because of the
inherent properties of pure InyOj3. In order to enhance the gas-sensing properties of the
NO; sensor based on InyOs, people have attempted to load noble metal [19], construct
heterojunctions [20] and compound conducting polymers [21], which have become research
focuses in promoting gas-sensing properties. In the above properties-enhanced techniques,
noble metal is not only used to provide high catalytic and high electroconductibility [22],
but also to enhance adsorption ability for target gas on the surface of oxide, thus accelerating
the electron transfer process between oxide and target gas [23-25]. In view of the above
advantages, noble metal loading has proved to be one of the effective ways to improve
sensor performance. Therefore, noble metal loading is used as the experimental method in
this work to improve the performance of InyO3-based NO, sensors. In addition, the relevant
literature and reports regarding In,Oz-based sensors used to improve NO, performance
through different strategies are summarized and listed, as shown in Table 1.

Table 1. The gas-sensing attributes of NO; sensor based on various InyOj.

Materials Temp. (°C) Conc. (ppm) Response DL (ppm) Ref.

Iny O3 microspheres 80 0.5 737.8 0.05 [26]

Inp O3 microtubes 92 10 193 0.05 [27]

Iny; O3 nanowires RT 5 740 0.01 [28]

In,S3/In; O3 nanoflower 160 10 251 2 [16]

Rb-doped flower-like InyO3 75 5 1502 0.1 [29]

Iny O3 nanoparticles on GO 225 40 78 10 [30]

Au-loaded mesoporous In,O3 65 0.5 4724 0.01 [24]
Flower-like 0.5 mol% Au/Iny,O3 100 1 1624 0.01 this work

Response: Rg/R,; DL: detection limit.

In this work, various molar ratios of Au-loaded In,O3 (0 mol%, 0.3 mol%, 0.5 mol%,
1 mol%) were successfully fabricated via the hydrothermal method and the wet impregna-
tion method. The morphological structure and chemical composition of samples prepared
were characterized using XRD, SEM, TEM and XPS. Meanwhile, the as-prepared samples
of different ratios were made into sensors, and gas-sensing performances were evaluated
using a static test system. The results indicate that the sensors based on 0.5 mol% Au/Iny;O3
possess high response, excellent selectivity and a low detection limit toward NO,. In
addition, the gas-sensing mechanism was discussed by analyzing characterization and test
results, which explained the reasons for improving the performance of sensors based on
Au/Iny0O3. As such, it is demonstrated that this material has potential applications for NO,
sensors and provides a reliable gas-sensitive material for NO, detection.
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2. Experimental Section
2.1. Synthesis of Peach-Pit In,O3

In this experiment, all chemicals were purchased from Aladdin Reagent. All reagents
were of analytical grade and used without further purification. Pure InyO3 was synthesized
by a hydrothermal method. In a typical process, InClz-4H,O (0.5 mmol) was dissolved
in 15 mL of deionized water and then 15 mL of glycerol was successively added into the
solution during gentle stirring until a homogenous solution was formed. Subsequently,
trisodium citrate dihydrate NazCsH507-2H,0 (1.75 mmol) was added into the above
solution with vigorous stirring. When the mixed solution was stirred until homogeneity
was reached, 250 uL of NaOH (0.1 M) was added into the solution and stirred to obtain a
precursor solution. Finally, the precursor solution was transferred into a 50 mL PTFE-lined
autoclave for hydrothermal process and heated at 190 °C for 16 h. After the autoclave was
naturally cooled to room temperature, the samples were harvested by centrifugation with
deionized water and absolute alcohol several times. Then, the samples were dried at 80 °C
for 12 h and the white powders were collected. After that, the powders were transferred
into a muffle furnace and annealed at 400 °C for 2 h with a heating rate of 2 °C/min to
obtain peach-pit InOs.

2.2. Synthesis of Flower-like Au-Loaded In;O3

Flower-like Au-loaded In,O3 was fabricated via the wet impregnation process. A
total of 100 mg of the as-prepared peach-pit In,O3 was added into 10 mL of ethanol and
processed by ultrasonic treatment for 20 min to obtain a uniformly dispersed solution.
Subsequently, a suitable amount of HAuCly-3H,O was added into the solution and stirred
in a water bath at 40 °C until ethanol volatilized completely. After that, the precursor was
collected and transferred into an Al,O3 boat. Then, the precursor was annealed at 300 °C
for 2 h (2 °C/min) in a muffle furnace to obtain flower-like Au-loaded In,O3. Under the
same experimental process, a series of Au-loaded In,O3 was successfully fabricated, and
the molar ratios between Au and In,O3 were 0.3%, 0.5% and 1%.

2.3. Characterization of Samples

X-ray diffraction (XRD, Rigaku MiniFlex 600 X with Cu K1 radiation A = 1.5406 A)
was used to obtain the crystal structure at 40 kV, 15 mA. A scanning electron microscope
(PHENOM SCIENTIFIC ProX G5, Phenom, Rotterdam, Netherlands) was used to character-
ize the morphology and structure of the as-prepared samples. The detailed morphology of
the as-prepared samples was characterized by transmission electron microscopy (FEI Tecnai
G2 F30, FEI, Hillsboro, TX, USA). The chemical compositions of the as-prepared samples
were obtained via X-ray photoelectron spectroscopy (Thermo escalab 250Xi, Thermo Fisher
Scientific, Waltham, MA, USA).

2.4. Fabrication and Measurement of Gas Sensors

In this work, an Al,O3 ceramic tube structure (length: 4 mm, internal diameter: 0.8 mm,
external diameter: 1.2 mm) was used. There was a pair of Au ring-shaped electrodes at
each end of the Al,O3 ceramic tube with two Pt wires on each electrode as pins. The sensor
was fabricated as follows: The as-prepared samples were mixed with deionized water to
form a paste, which was then coated evenly onto the surface of the Al,O3 ceramic tube
to form a sensing layer, and the tube was dried by infrared lamp for 15 min. Finally, the
sensing device was annealed at 300 °C for 1 h with a heating rate of 2 °C/min to enhance
the stability of the sensor. A sensor was used to insert a nickel chromium alloy wire into an
aluminum oxide ceramic tube as a heater and weld it to a hexagonal base to obtain a sensor.
The prepared device was aged for 24 h in a standard test environment for subsequent
gas-sensitivity testing.

The gas-sensing performances were evaluated by a static test system (evaluation
condition: 50% RH, 25 °C), where the heating current of the sensor was provided by a
DC-regulated power supply, the resistance was recorded by multimeter and the data were
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registered by computers. The response value of the NO; sensor is defined as Rg/R,, where
R, is the resistance value of the sensor after stabilization after exposure to NO, and Ry is
the resistance value of the sensor after stabilization in pure air. In addition, the response
and recovery time of a sensor is defined as the time required for the resistance value of
the sensor to reach 90% of the total resistance value change during the adsorption and
desorption process.

3. Results and Discussion
3.1. Characterization of Material Structure

To investigate the crystal phase and purity of Au-loaded In;O3, the XRD of the as-
prepared samples is shown in Figure 1. From the XRD images, the diffraction peaks of
the as-prepared samples at 20 angles of 22.37°, 30.99°, 32.61°, 45.61°, 50.25°, 57.20° and
58.19° can be observed, in which the diffraction peaks at the corners are consistent with
the refractive indices of the crystal faces (012), (104), (110), (024), (116), (214) and (300),
respectively. This corresponds to hexagonal In,O3 (JCPDS 22-0366). There are no diffraction
peaks of other impurities observed in the XRD of Au-loaded In,O3, which can verify that
the Au-loaded In,O3 composite had a certain high purity. The diffraction peaks of (006)
and (113) crystal planes at angles of 37.2° and 37.7° gradually become wider peaks with
the increase in Au content, which may be attributed to the (111) plane diffraction peak of
Au NPs at an angle of 38.2° [31]. In addition, the other Au NPs diffraction peaks were
not observed, probably due to the low content of Au [32]. The XRD results prove that the
Au-loaded InyO3 samples were prepared successfully.
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Figure 1. XRD spectra of the as-prepared samples.

Morphology and structure are two of the important factors affecting gas-sensing
properties. The morphology and structure of peach-pit InpO3 and 0.5 mol% Au/In,O3
were characterized by SEM, as shown in Figure 2. It can be seen from Figure 2a,b that
the diameter of peach-pit InyO3 was about 400 nm. Meanwhile, peach-pit In,O3; was
identified to be pure phase because any other morphologies were not found in SEM. The
morphological features of 0.5 mol% Au/InyO3 is shown in Figure 2¢,d. Obviously, the
morphology of 0.5 mol% Au/In,O3 became flower-like and its diameter was about 650 nm.
Each flower was closely interwoven with nanosheets with a thickness of about 25 nm,
constituting a flower-like uniform in size. At the same time, flower-like 0.5mol% Au/In,O3
was well dispersed without aggregation, and nanosheets are regularly stacked to form a
flower-like structure. All the flowers bloomed, and the ultra-thin nanosheets were very
loose, which provided rich space for gas diffusion. Through SEM images, it was found that
the morphology and structure of Au/In,O3 changed, which can prove that gold-loaded
Au/InyO3 was synthesized successfully.

236



Chemosensors 2023, 11, 289

Figure 2. SEM images of peach-pit In,O3 (a,b) and 0.5 mol% Au/In; O3 (c,d).

Morphology details and crystal structures were characterized by TEM and HRTEM, as
exhibited in Figure 3a—d. TEM images of 0.5 mol% Au/In,Os are presented in Figure 3a,b,
which show that the flower-like structure of 0.5 mol% Au/In,O3 has independent dis-
persion. HRTEM images of 0.5 mol% Au/InpO3 clearly show crystal lattice stripes in
Figure 3c,d, which can prove that 0.5 mol% Au/InyO3 has high crystallinity. In addition,
the lattice spacing of 0.28 nm and 0.27 nm was obtained from HRTEM images, which
match with InyO3 (104) and (110) crystal planes, respectively. The lattice spacing of 0.14 nm
corresponds to (111) planes of Au nanoparticles [33]. Additionally, In, Au and O elements
are regularly dispersed from the element mapping images of 0.5 mol% Au/In,O3, as shown
in Figure 3e-h. The elemental mapping of 0.5 mol% Au/In,O3 can further testify that
Au-loaded Iny O3 is developed successfully.

500 nm 500 nm.

1
500 nm

Figure 3. TEM and HRTEM (a-d) elemental mapping (e-h) of 0.5 mol% Au/In;Os.
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The chemical compositions of In,O3 and 0.5 mol% Au/In,O3 were characterized by
XPS, as shown in Figure 4a,b. The In 3d spectra of pure In,O3 and 0.5 mol% Au/In,O3
both presented two peaks at 444.0 eV, 451.6 eV and 444.1 eV, 451.7 eV, respectively, each
of which is fitted to the In-O bond of In 3d5,, and In 3d3/, [34]. The O 1s spectra of In,O3
and 0.5 mol% Au/In,03 are divided into three peaks by fitting process, as is exhibited in
Figure 4b. The fitting peaks emerged at 529.5 eV, 531.2 eV, 532.1 eV and 529.6 eV, 531.2 eV
532.1 eV in pure In,O3 and 0.5 mol% Au/InyO3, which are assigned to lattice oxygen (OL),
oxygen vacancy (OV) and chemical-adsorbed oxygen (OC), respectively [35]. Moreover, the
content of oxygen species in pure In,O3 and 0.5 mol% Au/InyO3 are compared in Figure 4d,
where the content of OL, OV and OC in pure InyO3 and Au/In-0.5 are 65.87%, 21.56%,
12.57% and 51.8%, 30.5%, 17.7%, respectively. Compared to pure In,O3, the contents of OV
and OC in 0.5 mol% Au/In,Oj3 increased, which may be responsible for the improvement
in gas-sensing properties. The Au 4f spectra of 0.5 mol% Au/In,O3 are shown in Figure 4c,
where the peaks at 83.3 eV and 87.1 eV separately conform to Au 4f;,, and Au 4fs5,, [36].
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Figure 4. XPS spectrums of samples. The In 3d and O 1s of samples (a-d); the Au 4f of 0.5 mol%
Au/Iny O3 (c); oxygen species content of pure InyO3 and 0.5 mol% Au/InyO3 (d).

3.2. Gas-Sensing Properties

The operating temperature is the primary consideration for sensors, which is appraised
by the response values of different sensors to 1 ppm NO; at different temperatures, as
displayed in Figure 5a. It is apparent that the responses values of different gas sensors
to 1 ppm NO; reach their maximum at 100 °C. The response values of sensors based on
0.5 mol% Au/In;O3 and pure InyO3 arel624 and 117 to 1 ppm NO, at 100 °C, respectively,
and the response value of sensors based on 0.5 mol% Au/In,Os is 14 times that of those
based on pure InyO3. Therefore, 100 °C is regarded as the optimum operating temperature
in this paper. The air resistance (R,) of different sensors at different temperatures is exhib-
ited in Figure 5b. Undoubtedly, R, decreased as the temperature increased. Additionally,
we found that the resistance of sensors based on different content of Au-loaded In,O3
was lower than that of pure InyO3 [25]. The transient curves of different sensors to 1 ppm
NO; are exhibited in Figure 5c—f. The resistances of different sensors ascended in a NO,
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atmosphere, which conforms to the gas-sensing characteristics based on In,O3 sensors.
Meanwhile, it is apparent that in NO,, resistance changed drastically in the sensor based
on 0.5 mol% Au/In,O3 compared to the other sensors, and that the gas-sensing attributes
significantly improved.
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Figure 5. Response values and resistance values of different sensors at 75 °C to 160 °C (a,b); transient
curve of different sensors at 100 °C (c—f).

The stability of the sensor represents the adaptability of the device to different concen-
trations of gas, while also reflecting the detection concentration range. Dynamic curves are
used to further compare the gas-sensing properties of sensors based on 0.5 mol% Au/Iny,O3
and pure InyO3, as shown in Figure 6a,b. At different NO, concentrations, the gas-sensing
properties of the sensor based on 0.5 mol% Au/In,O3 were promoted remarkably, in com-
parison with the sensor based on pure In,O3; Additionally, the response value greatly
improved while the response recovery time did. Simultaneously, the detection limit of
the sensor based on 0.5 mol% Au/In,O3 was boosted significantly. The detection limit
of the sensor based on pure In;O3 was 50 ppb NO, and the response value was only 10.
The detection limit of the sensor based on 0.5 mol% Au/In,O3 was 10 ppb NO, and had
a response value of 10.4. Moreover, the response values of the sensor based on 0.5 mol%
Au/InyO3 were positively correlated with increasing concentrations of NO,, as displayed in
Figure 6¢. The transient response of the sensor based on 0.5 mol% Au/In,O3 to10 ppb NO,
is shown in Figure 6d, where the response and recovery time is 390s and 270s, respectively.
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To sum up, although low concentrations of NO,, the sensor based on 0.5 mol% Au/In,O3
shows excellent gas-sensing properties. The above test and evaluation results prove that
0.5 mol% Au/In;O3 has good stability and a low detection limit, and that the detection
range for NO; is very wide.
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Figure 6. The dynamic response curve of sensors based on pure In,O3 and 0.5 mol% Au/In, O3 at
100 °C (a,b); response value of sensor based on 0.5 mol% Au/InyOj3 (c); sensor based on 0.5 mol%
Au/InyO;3 vs. 10 ppb NO, transient curve (d).

Reproducibility and long-term stability jointly determine whether a sensor can be
applied to practical indicators; these two performance parameters directly affect the service
life and maintenance frequency of the sensor, which are very important in practical appli-
cations. The reproducibility of the sensor based on 0.5 mol% Au/In,O3 was evaluated in
500 ppb NO; five times, as is represented in Figure 7a. In the five-cycle experiment, the
sensor based on 0.5 mol% Au/In,O3 was continuously and alternately exposed to 500 ppb
NO; and air, which showed the settled response and recovery properties. Figure 7b signals
the response values of the sensor based on 0.5 mol% Au/In;O3 to 500 ppb NO; in the five-
cycle experiment, and it can be noticed that the response values did not change evidently
throughout the five tests; meanwhile, the response characteristics were basically consistent.
According to the above results, the sensor based on 0.5 mol% Au/In,O3 was provided with
great reproducibility. The long-term stability of the sensor based on 0.5 mol% Au/In, O3
is exhibited in Figure 7c. The response values of the sensor based on 0.5 mol% Au/In,O3
at 500 ppb NO, presented no downward trend in 2 weeks and the variation was within
5%, which can prove that the sensor based on 0.5 mol% Au/In;Os has good stability. Fur-
thermore, the selectivity of the sensor based on 0.5 mol% Au/In, O3 is shown in Figure 7d,
where the response values of the sensor based on 0.5 mol% Au/In,O3 to CO, CO,, Hy, CHy,
NHj; of 500 ppm, as well as SO, and H,S of 10 ppm, were lower than that of 10 ppb NO,.
It is worth noting that the response value of the sensor based on 0.5 mol% Au/In,O3 of
10 ppb NO, was 6-10 times of that other interference gases (R ppb NO2 /Rs00 ppm NH3 = 10,
R10 ppb No2/R10 ppm H2s = 6), which shows that the sensor based on 0.5 mol% Au/In,O3
has bodacious selectivity to NO,. In view of the test and evaluation results reproducibility,
long-term stability and selectivity, it is shown that the sensor based on 0.5 mol% Au/In,O3
has certain practical application value. This article provides a new type of gas-sensing
material for NO, sensors.
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3.3. Gas-Sensing Mechanism

The sensing mechanism of the sensor based on In;O3 is a process in which the target
gas reacts with the adsorbed oxygen on the In,O3 surface to change the resistance [19].
Iny O3 is a typical n-type semiconductor oxide, and when the sensor based on In,O3 is in
the air, oxygen molecules combine with electrons in In,O3 to form active oxygen (O, 7), as
shown in Equations (1) and (2) [37]. When the sensor based on In,O3 makes contact with
NO,, the reaction is as follows: NO, not only reacts with the active oxygen on the surface
of In,O3, but also occupies the electrons in the conduction band of InyO3. In short, NO; is
paired with O, and e, and the reaction is shown in Equations (3) and (4) [38,39]. When
the sensor based on Iny O3 is separated from NO;, it returns to the initial state, as shown in
Equation (5) [29].

O; (gas) = O, (ads) @

O (ads) + e~ — O, (ads) @)

NO; (gas) + e~ — NO, ™ (ads) 3)

NO; (gas) + O, (ads) +2¢~ — NO, "~ (ads) + 20~ (ads) (4)
0, (ads) +20~ (ads) — NO; (gas) + O, (gas)+ 3¢~ )

The reaction process of flower-like 0.5 mol% Au/In, O3 after contact with NO, is shown
in Figure 8. The reasons for the remarkable improvement in gas-sensing performances
based on 0.5 mol% Au/In,O3 can be attributed to the following three points: The first
reason is that they can benefit from the specific morphology and structure. According to
SEM and TEM images, the morphology of 0.5 mol% Au/In,O3 becomes a flower-like and
is stacked by nanosheets. Moreover, flower-like 0.5 mol% Au/InyOs has better dispersion
than peach-pit In,O3, and there is no obvious aggregation of flower-like morphology
and structure. The size of the small flowers is relatively uniform and well dispersed.
In addition, abundant gaps are clearly displayed between adjacent nanosheets, which
facilitates gas diffusion and enables sufficient reaction between the target gas and the
sensing material. Therefore, dispersive and uniform morphology may provide a lot of space
for the diffusion of gas molecules [39,40], which may promote gas-sensing performances;
The second reason is due to the high catalytic activity of the noble metal Au. When In,O3-
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based sensors come into contact with NO,, they undergo an oxidation reaction on the
surface of InpO3. Due to the inherent characteristics of In,O3 with insufficient surface
activity, the reaction is not intense enough, resulting in poor gas-sensing performance.
Owing to the high catalytic activity of Au, the activation energy of the chemical adsorption
reaction of gas molecules can be reduced, and the chemical reaction rate can be increased.
Accordingly, the gas-sensing performances of the sensor is enhanced [37]. The third reason
can be attributed to the fact that 0.5 mol% Au/In,O3 has more OV and OC than pure
In,O3. Based on the XPS characterization results, the content of OV and OC in 0.5 mol%
Au/Iny O3 is significantly higher than that in pure In,O3. The increase in OC content may
make In,O3 have more reactive oxygen [38,41],which makes the oxidation reaction on the
surface of InpOj3 easier. As such, this may be another reason for improving gas-sensing
performances. In consideration of the above three reasons, the performance of Au/In,O3-
based sensors have been significantly improved, providing reliable gas-sensitive material

for NO, detection.
NO,(gas) + e~
C NO, (ads)

C NO,(gas) + O, (ads) + 2e~
NO,™ (ads) + 20 (ads)

O(ads)+e™

In,0, Au
Figure 8. Diagram of gas-sensing mechanism of sensor based on 0.5 mol% Au/Iny;O3 to NO,.

4. Conclusions

In summary, peach-pit InpO3 and flower-like 0.5 mol% Au/In,O3; were successfully
prepared by the hydrothermal method and wet impregnation. The sensors based on differ-
ent Au-loaded InyO3 were prepared for the evaluation of gas-sensing performances. Among
those sensors, sensors based on 0.5 mol% Au/InyO3 exhibited excellent gas-sensitive prop-
erties. The specific performance is as follows: The response value of sensors based on
0.5 mol% Au/In;Oz is 1624 to 1 ppm NO; at 100 °C, which is 14 times higher than pure
In;O3. Furthermore, the response value is 10.4 of sensors based on 0.5 mol% Au/In,O3
to 10 ppb NO,, which can prove that this sensor has a low detection limit. The detec-
tion limit of the sensor based on pure InyOj3 is 50 ppb, and the response value is only
10. In the meantime, the sensor based on 0.5 mol% Au/InyOj3 also has good selectivity
(Rlo ppb NOZ/RSOO ppm NH3 = 10, RlO ppb NOZ/Rl() ppm H2S = 6) and reliable repeatability. The
sensitization mechanism is discussed through XRD, SEM, TEM, and XPS characterization
analysis, and the improvement in the sensor based on 0.5 mol% Au/In,O3 performance
can be attributed to the unique flower-like morphology, high catalytic activity of Au and
the increase in oxygen species. The above reasons play a positive role in the diffusion and
adsorption of NO, molecules for the sensor based on 0.5 mol% Au/In;O3. In conclusion,
this work provides a new type of gas-sensing composite via a simple experimental method
for NO; sensors and proves that this composite has potential application value.
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Abstract: Volatile organoamines are important industrial raw materials and chemicals. Long-term
exposure to amines could be harmful to human health and even cause serious pollution. In this
study, SnO, decorated g-C3N, material was fabricated and used as a sensor material for the detection
of ethanolamine (EA). The structures, morphology, surface chemical states, and band structure
were characterized, and gas sensing was studied. The results showed that SnO;, nanoparticles
were dispersed on g-C3Ny, and band structure was dependent on g-C3Ny doping. Notably, the
interface heterojunction was conducive to electron transferring and O, molecule adsorption; the
formed reactive oxygen species enhanced the reaction between oxygen and EA, thus leading to high
sensitivity to EA. This composite exhibited a high response that was 2.6 times higher than that of
pure SnO,, and the detection limit reached 294 ppb. A g-C3N4/SnO,-based sensor displayed a high
selectivity to EA with a fast response time (1 s) and recovery time (20 s) at low operating temperatures.
In particular, this sensor exhibited a linear relationship between the response and concentration,
which is required for quantitative analysis.

Keywords: g-C3N4/SnO,; heterojunction; band structure; ethanolamine; sensors

1. Introduction

Volatile organic amine compounds (VOACs) have a wide range of sources [1]. Natural
sources mainly include animal excrement, animal and plant remains, and microbial prod-
ucts; non-natural sources mainly include chemical production, industrial waste discharge,
and domestic waste. The harm inflicted on living organisms and the ecological environ-
ment by VOACs should not be underestimated. The excessive presence of VOACs will
cause biological poisoning and environmental deterioration [2]. In China, the emissions
from non-natural sources are much higher than those from natural sources [3]. It is not
enough to rely on the self-regulation of the ecosystem. Therefore, it is necessary to deal
with these harmful compounds artificially. Strengthening the monitoring of VOACs such
as triethylamine (TEA) and ethanolamine (EA) is an important means to control their
emissions and reduce their harm, so suitable detection methods and detection materials
are particularly needed.

VOCs are usually detected via spectrometry, chromatography, etc., which have the
advantages of low error rates and strong stability. However, their operation is complicated;
they usually need to be used in combination with other instruments, and these factors
restrict their portable applications. Therefore, it is necessary to develop sensing material to
quickly detect VOCs on a large scale. In this regard, semiconductor metal oxide materials,
due to their simple preparation and low cost, are recognized as materials with applications
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in chemical sensors [4-8]. Our previous research reported strategies for the application of
ZnO and SnO; via non-metal and metal doping, and we found that different, modified
oxides can respond to different amines, such as S-ZnO for EA [9] and Cr-SnO, for TEA [10].
Another case is CuO/SnO;: the heterojunction between the interface of CuO and SnO,
cause this composite to exhibit a high response to TEA [11]. For comparison, SnO; is also
a common sensing material [12-15]. For example, Zhang et al. prepared nanostructural
SnO, for ethanol detection and improved its performance [16]. Ma et al. prepared meso-
porous SnO; for the fast detection of formaldehyde [17]. Din et al. developed NiO/SnO,
heterojunction material to detect ethanol, and it exhibited a high performance [18]. Dai
et al. prepared rod-like Au-modified ZnO nanoflowers for EA detection [19]. However,
doped and oxide-modified SnO; is only efficient in the identification of TEA and other
VOCs. In order to improve its response to EA, we chose to disperse SnO; on a matrix and
construct a heterojunction by introducing non-metallic materials to this material.

Graphitic carbon nitride (g-C3Ny4), which possesses a two-dimensional structure and
is composed of carbon and nitrogen atoms, is a promising sensitization material [20]. It is
an n-type semiconductor material with many advantages, such as a high specific surface
area, excellent catalytic properties, remarkable two-dimensional material properties, and a
gas adsorption ability [21], so it has attracted the attention of many researchers. g-C3Ny has
been used in photocatalysis [22,23], energy storage [24], gas sensing [25], and optoelectronic
devices [26]. Because of its distinctive two-dimensional structure, it can be used to improve
the gas sensitivity of semiconductor metal oxides for applications in gas sensors.

g-C3Ny can form heterogeneous structures with semiconductor metal oxides, which
can not only cause metal oxide nanoparticles to have good dispersibility but also opti-
mize their gas sensitivity. Cao et al. [27] synthesized a SnO, compound material with
two-dimensional g-C3Ny nanosheets via a hydrothermal route, and the compound demon-
strated a high sensitivity to ethanol gas. The sensitivity to 500 ppm ethanol gas was 240 at
300 °C. Lu et al. [28] prepared a 2D /2D ZnO/g-C3Ny heterojunction material, and the
results showed excellent NO; sensing performance and a response to 7 ppm NO, that
reached 44.8. Niu et al. prepared mesoporous Co3O4 nanowires modified with g-C3Ny
nanosheets, and this composite displayed a high level of response to toluene gas [29]. The
high surface area and great electronic structure of two-dimensional g-C3Ny are beneficial
to improving the gas sensitivity of semiconductors. These composites have enhanced
response rates and selectivity compared to pure metal oxides.

In this work, SnO,-decorated g-C3Ny materials were synthesized and characterized,
and the band structure was regulated by changing g-CsNj,. Gas-sensing performance was
studied based on the response to volatile organic compounds.

2. Experimental
2.1. Chemicals and Reagents

All reagents were analytical grade and were not further purified before use. Urea
was purchased from Tianjin Cameo Chemical Reagent Co., Ltd., Tianjin, China. Stannous
chloride was purchased from Tianjin Guangfu Technology Development Co., Ltd., Tianjin,
China. Thiourea was purchased from Tianjin Kaitong Chemical Reagent Co. Ltd., Tianjin,
China. EA was purchased from Tianjin FuchenChemical Reagent Co. Ltd., Tianjin, China.

2.2. Preparation of g-C3Ny

Graphitic carbon nitride (g-C3Ny4) was directly synthesized by pyrolysis urea in a
muffle furnace. First, 20 g urea was put into an alumina crucible with a cover, then kept at
550 °C for 4 h (heating rate v = 10 °C/min). The light yellow g-C3N4 sample was collected.
A certain amount of light yellow g-C3N4 powder was ultrasonically treated in deionized
water for 60 min and then dried.
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2.3. Synthesis of SnO; and g-C3N4/SnO, Materials

The procedure of material synthesis is shown in Scheme 1. In a typical synthesis
of g-C3N4/5n0O,-5, 16 mmol stannous chloride and 16 mmol thiourea were dissolved
in 120 mL deionized water and stirred for 50 h, resulting in a solution labeled A. The
theoretical content of 5 wt% g-C3Ny was stirred and mixed with 30 mL A suspension
for 30 min and then kept at 140 °C for 8 h. The g-C3N4/SnO;-5 sample was obtained
via centrifugation with deionized water and dried, followed by heat treatment for 2 h at
550 °C in air. According to the same procedure, pure SnO; and SnO; hybrid synthesized
by changing g-C3N4 amount, which were labeled as g-C3Ny/SnO»-x (x is the theoretical
mass fraction of g-C3Ny to SnOy, i.e., 2.5% and 10%).

g-C;N,/Sn0O,
Urea | r'! A P
5 Ultrasound
L1 A2,
Calcination R
L
-

Tin source

Thiourea s

£ N
Stirring Stirring  Hydrothermal Calcination

Scheme 1. Synthetic procedure of g-C3N, decorated SnO, materials.

2.4. Characterization of g-C3N4/SnO, Materials

The crystal structures of as-synthesized g-C3Ny4/SnO, materials were analyzed via XRD
(Shimadzu, Tokyo, Japan, XRD-6000, with high-intensity Cu Ko radiation, A = 0.15418 nm).
The morphology and microstructure were observed via SEM (Hitachi SU8010, Hitachi,
Japan) and TEM (JEOL, JEM-2100F, Tokyo, Japan) at the accelerating voltage of 5 kV and
200 kV, respectively. The specific surface areas of the materials were recorded via the
Bronner—-Emmett-Teller (BET) method, and the pore structures were analyzed using Nj
adsorption—-desorption technique (MicromeriticsTristar IT 3020, Atlanta, GA, USA).

2.5. Fabrication of Sensors and VOCs Detection

The gas sensors for the tests were fabricated as follows. Briefly, the SnO,-based
materials are dispersed by mixing the as-synthesized SnO; or g-C3N4/SnO, powder with
ethanol. A few drops of dispersion were coated thinly and evenly onto the surface of
alumina ceramic tube with Au electrodes, Pt wires, and Ni-Cr wire as heater (Scheme 2a).
Ceramic tubes coated with SnO;-based materials were dried at 80 °C for 1h and then heated
at 300 °C for 2 h. Finally, the element should be welded on the pedestal and then inserted
in the test circuit (Scheme 2b).

b

A Sensing material  Alumina tube

Ni-Cr heater

Au electrode

Scheme 2. The construction of gas sensor (a) and electric circuit of test device (b).
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The gas sensing properties were measured using WS-30A static test system (Winsen
Electronics Co. Ltd., Zhengzhou, China). The sensitivity (S) of sensor is defined as Ra/Rg,
where R, and R denote the resistance in air and target gas, respectively. The environment’s
humidity is about 35%.

3. Results and Discussion

Figure 1la illustrates the synthetic route of SnO, nanoparticles anchored on the g-
C3Ny (g-C3N4/Sn0O,) by simple hydrolysis at room temperature, hydrothermal, and heat
treatment. Thiourea was used as the accelerant and stabilizer, and the yellow precursor
was obtained by hydrolysis, dehydration, and partial oxidation of stannum ion. This is
a slow process in which only a small amount of Sn?* is oxidized to tin dioxide. In the
stirring process, thioureas (CH4N,S), which produce amino (—NH3), imino(—NH), and
mercaptan (—SH), react with HCI generated via hydrolysis of tin tetrachloride (SnCly),
which accelerates the continuous hydrolysis process. Moreover, the coupling of Sn** with
sulfhydryl groups plays a stabilizing role, contributing to the formation of stable nanoscale
particles. During the hydrothermal process, g-C3Ny is agglomerated on the surface, forming
a sheet structure of g-C3Ny coated with tin dioxide precursor nanoparticles. Finally, the
g-C3Ny composite coated with SnO, nanoparticles was prepared via drying and calcination.
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» ®

Voo lo o EED oo, _— J
R P Ny :\,

@ Stannous chloride ™ g-C;N,

9 Thiourea Deionized water

Intensity (a.u.)
*

os

262

. Z

7

=

L

n

200 am -

T T

10 20 30 40 50 60
2 Theta (degree)

Figure 1. (a) Schematic diagram of the formation process; (b) XRD patterns of as-synthesized
g-C3N4/SnO; (* denotes SnO, characteristic peaks); () SEM image of g-C3Ny/SnO,-5 material.

The phase structure and crystal structure were characterized via XRD. Figure S1
shows (100) and (002) planes corresponding to g-C3Ny (JCPDS, No. 87-1526) at 13.0° and
27.6°, respectively. Figure 1b shows the XRD patterns of the pure SnO, nanoparticles
and g-C3N4/SnO, composites. The positions of 26.6°, 33.9°, 37.9°, and 51.8°, where the
diffraction peaks are located, corresponding to (110), (101), (200), and (211) plants of
the tetragonal rutile structure SnO, (JCPDS, No. 41-1445), respectively. However, no
other peaks of impurity, including g-C3Ny diffraction peaks, were detected in the XRD
patterns, which may be due to the trace amounts of g-C3Ny in the g-C3N,/SnO, composite
materials, which did not reach the detection limit of the XRD. It is also possible that the
diffraction peak of g-C3Ny near 27.6° and that of SnO, at 26.6°overlaps. There is no obvious
diffraction peak shift in the diffraction pattern, indicating that g-C3N4 and SnO, do not exist
independently, which means that n-n heterojunctions form on the contact interface between
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the two materials. Figure 1c shows the morphology of the g-C3Ny/SnO,-5 composite.
SnO, nanoparticles are dispersed on the nanosheets of g-C3Ny and form a supported
particle group (shown with a blue oval). The SEM images of g-C3Ny4, SnO,, and other
g-C3N4/5SnO, show layer, nanoparticles aggregation, and nanosheets-supported particle
group (Figure S2).

In order to analyze the chemical composition and state of g-C3N4/SnO,-5 mate-
rial, XPS characterization was performed. Figure S3 shows the full XPS spectrum of
g-C3N4/5Sn0O,-5 material, in which the peaks are related to C, N, O, and Sn. It indicates
the successful synthesis of g-C3N4/SnO, composite material, which indirectly proves the
existence of heterojunction between g-C3Ny and SnO;.

Figure 2a shows the high-resolution spectrum of C 1s, and the binding energies of
284.5,285.1, 286.2, and 286.9 eV belong to the C-C bond of spz, C-N, C-NHj, and C=NH in
the triazine ring, respectively [30]. Figure 2b shows the spectrum of N 1s, and the binding
energies of 399.7, 401.7, 402.00 eV and 402.65 eV belong to sp2 hybrid nitrogen (C-N=C),
tertiary nitrogen (N-(C)3), N-O and C-N-H structure, respectively [31]. It indicates the
existence of g-C3Ny in the g-C3N4/SnO,-5 composite. Figure 2c is the spectrum of O 1s,
and the peaks appear at 530.95 and 531.8 eV. The peak at 530.95 eV is attributed to the lattice
oxygen of SnO,, and the peak at 531.8 eV is attributed to defective oxygen. In Figure 2d,
the peaks of 495.5 eV and 487.15 eV correspond to Sn 3d3,, and Sn 3ds/,, indicating that
Sn exists in the form of Sn**. The results show that the material is composed of g-C3Nj
and SnO,.

a Cls b
£ | 28696V 286.2¢eV £ s0265ev ;
o \ g \ﬁ
% £ | 402.00eV /
I = i
292 288 284 405 402 399 396
Binding Energy (eV) Binding Energy (eV)
c Ols d Sn3d
= g
= 530.95 eV 5 487.15 eV
z 531.8eV Z 4955 eV
2 3
536 534 532 530 528 526 500 495 490 485 480

Binding Energy (eV) Binding Energy (eV)

Figure 2. XPS spectra of the C 1s (a), N 1s (b), O 1s (c), and Sn 3d (d) of as-synthesized g-C3N4/SnO;-5
nanomaterial.

Figure 3a shows that SnO, and g-C3N4/SnO,-5 materials possess characteristics of
type IV isotherms, and the specific surface areas of SnO, and g-C3N4/SnO;-5 are 24.5
and 25.7 m? gfl, respectively. When the relative pressure P/P is between 0.4 and 1.0,
the adsorption capacity rises rapidly, showing a H3-type hysteresis loop, indicating that a
narrow-slit aggregate structure is formed between g-C3N4 and SnO, nanoparticles, and
there are abundant mesoporous structures. Figure 3b shows the pore size distribution of
SnO; and g-C3Ny/SnO,-5. It can be seen from the figure that both materials have smaller
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pore size distributions, and the average pore sizes of SnO, and g-C3N,/SnO,-5 are 8.2 nm
and 10.8 nm, respectively. The increased specific surface area is beneficial to improve the
gas sensing property.

15

% 507 2
% |8 E 1 b
S 404 &
£ 301 5°
=z —— SnO, = .
;20- —» g-C)N,/S10,-5 2
£ 104 Z3
&

0 04— . . . .

00 02 04 06 08 10 4 8 12 16 20 24

Relative Pressure (P/P) Pore diameter (nm)

Figure 3. N adsorption—desorption isotherms (a) and pore size distribution (b) of as-synthesized
g—C3N4/Sn0275.

The gas-sensing properties of these materials in the atmosphere were investigated.
The working temperature has a great influence on the reaction kinetics of gas molecules
and oxygen on the surface of the material, and it also has an effect on the gas-sensing
behavior of the material. The optimal working temperature of SnO, and g-C3Ny/SnO,
materials for detecting ethanolamine (EA) was explored. Figure 4a shows the response
of the sensor to 100 ppm EA gas in the test range of 200-280 °C. The optimal operating
temperature is 240 °C for the four samples obtained by changing the g-C3Ny content.
The response to EA increases with increasing temperature when the temperature is less
than 240 °C. The possible reason for this is that when the optimal working temperature is
lower than 240 °C, the activity of adsorbed oxygen on the surface of SnO,-based materials
gradually increases with the increase in temperature, and the sensitivity to EA shows an
upward trend. When the optimal working temperature is higher than 240 °C, the oxygen
molecules, which are adsorbed on the surface of SnO,-based materials, are rapidly desorbed
before reaction with EA molecules as temperature increases, resulting in a decrease in the
sensitivity to EA. It can also be seen that the sensitivity to EA increases first and then
decreases with the increase in g-C3Ny content in SnO;-based materials at the optimum
working temperature. The g-C3Ny4/SnO;-5 shows the best gas sensitivity. The responses
of pure SnO;, g-C3N4/Sn0;-2.5, g-C3N4/Sn0,-5, and g-C3N4/Sn0O,-10 to 100 ppm EA
are 16.5, 18.7, 23.3, and 22, respectively. The optimal amount of g-C3Ny doped in SnO,
is conducive to better dispersion of the composite. The formation of heterojunctions and
the increase in defects, which are between the 2D sheet g-C3Ny and SnO; nanoparticles,
provide more active sites for gas adsorption and reaction, and active sites improve the
gas sensitivity. However, when the content of g-C3Ny in the composite exceeds a certain
threshold (5 wt%), g-C3N4 nanosheets can be connected to form a micro-bridge on the
surface. The micro-bridge may result in the reduction of the resistance of the g-C3N4/SnO;
composite, finally leading to a decrease in the performance of gas sensing.

Selectivity is also one of the important parameters to measure the gas-sensing per-
formance of materials. At the optimum operating temperature of 240 °C, the sensing
properties of SnO,-based materials with different g-C3Ny contents to 100 ppm of volatile
organic compounds are tested. The results indicate good selectivity to EA (Figure 4b),
which may be due to the fact that the bond energy of the C-N bond in the EA molecule is
307 kJ mol 1, indicating EA has strong reducibility compared with other volatile organic
compounds. Therefore, as-prepared material exhibits better selectivity to EA. In addition,
selectivity is dependent on the type of oxides and structure of composites. This is the
reason that ZnO/g-C3Ny has no response to EA and only to DMA [21].
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Figure 4. (a) The response to 100 ppm EA at different temperatures; (b) selectivity to EA on exposure
to various volatile gases.

Figure 5a shows the transient response—recovery characteristics of SnO, and g-C3N4/SnO,
to EA in the concentration range of 1 to 100 ppm at 240 °C. The results show that materials
have a fast response and recovery ability for EA detection in a wide concentration range,
and the response increases with increasing concentration. Notably, these materials exhibit
an obvious response to 1-10 ppm of low-concentration EA (Figure 5b). Figure 6a displays a
good linear relationship between response and concentration of EA. The detection limit of
the g-C3N4/SnO,-5 sensor to EA is 294 ppb. To explore the stability of the g-C3N4/SnO5-5
sensor, the responses to low-concentration EA were recorded within nine days (Figure 6b),
and the response value to 100 ppm EA at interval of 2 days reaches around 50 after 5 days,
indicating g-C3N4/SnO;-5 sensor has better stability to EA.

25

i _ —=—SnO, b

i 2

> 751 —=— $nO, Z,201——g-C N /$10,-2.5
== 60] ——2-CN/Sn0,2.5 s ; ’ 10
<" 60 ECNSN049 50 ppm g 15|+ &CN/Sn05 ppm
8 45| T+ BGN/SnO,S § | &CXN/s10,10
5 . 2 d
B —v— gC,N,/310,-10 g 10 5 ppm
x 10 ppm "

15 5 ppm |

1 ppm
0 T T =T 1 0-
0 100 200 300 400 500 600 0 80 160 240 320

Time () Time (s)

Figure 5. Transient response-recovery profiles of composite material at 240 °C after exposure to
(a) different concentration EA and (b) low concentration (1-5 ppm) EA.
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Figure 6. (a) Linear relationships between response and concentration of EA; (b) stability of material
within nine days.
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The effect of band structure changes on sensing performance has been analyzed
by calculating the band gap energy of as-synthesized g-C3N4/SnO, from UV-vis results
(Figure S4 and Figure 7a,c), and the linear extrapolation formula is referred to as our
previous work [21]. The band gap energy is 2.92 and 2.86 eV for g-C3N, and SnO,, and
2.81 eV for g-C3N4/SnO,-5 (Figure 7b,d). The results show that less energy can drive
electrons to transfer from the valence to the conduction band, and the increased free
electrons are helpful in improving the response to EA.
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Figure 7. UV-vis DRS (a,c) and the band gap energy (b,d) of g-C3Ny4, SnO,, and g-C3N4/SnO,-5
materials (The dashed line is tangent extension line).

The sensing mechanism of n-type semiconductor materials conforms to the space
charge layer model. When the sensor is moved from air to VOCs gases, the electron
depletion layer formed on the surface of g-C3Ny/SnO;-5 changes, which can explain the
gas sensitivity of g-C3N4/SnO,-5 [30]. Therefore, the effect of different environmental
conditions on the depletion layer width of g-C3N4/SnO,-5 material is studied to explain
the resistance variation of g-C3N4/SnO,-5 sensor in air and EA. Figure 8 illustrates the
formation of the electron depletion layer of the g-C3N4/SnO,-5 sensor in air and EA gas.
When g-C3N4/SnO,-5 sensing material is in the air, oxygen molecules are adsorbed on the
surface of g-C3Ny4/SnO,-5 sensing material to form surface adsorbed oxygen (Figure 8),
which will capture free electrons from the conduction band of g-C3N4/SnO,-5 sensing
material to form surface adsorbed oxygen ions (O%* ™). There is a strong interaction between
gas and surface [32]. A wide electron depletion layer is generated on the surface of g-
C3Ny4/Sn0O,-5, which causes a decrease in the carrier concentration and an increase in the
resistance of the gas sensor. The formulas are as follows:

O, (gas) = O, (ads) (1)

O, (ads) + xe™ = 0%~ (ads) )

When the gas sensor is exposed to EA gas, it will react with chemisorbed oxygen
(Figure 8). The reaction is represented as follows [23]:

N(CH,;CH3); (gas) + O™ (ads) = CO, + HyO + Np + axe ™ 3)
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Figure 8. Schematic diagram of EA gas sensing mechanism of g—C3N4/SnO, material.

The captured electrons are released back into the conduction band of g-C3Ny/SnO,-5,
and the thickness of the electron depletion layer of g-C3N/SnO,-5 material decreases,
which results in an increase in the carrier concentration and decrease in the resistance of the
g-C3Ny/SnO;-5 sensor. When g-C3N4/SnO,-5 is exposed to air again, the chemisorption
oxygen is produced, and the electron depletion layer becomes wide. Compared with pure
SnO;y, g-C3N4/SnO;,-5 exhibits superior gas sensitivity to EA. The possible reason is that
g-C3Ny acts as a matrix to disperse SnO, nanoparticles and prevent aggregation of SnO,
nanoparticles, which facilitates the adsorption and diffusion of oxygen molecules and
EA molecules, and thus enhances the reaction of EA molecules with adsorbed oxygen
ions, which are dependent on types of nano or microparticles and structure of sensing
materials. In addition, the n-n heterojunction formed between the g-C3N4 and SnO,
interface. When EA molecules cross through this interface, the electrical properties change
at the heterojunction. The electrons transfer from the conduction band of g-C3Ny to
the conduction band of SnO,, and the electrons and holes separate and finally a high
potential barrier is created. The heterostructure between g-C3Ny4 and SnO; may inhibit the
recombination of electron-hole pairs and promote the rapid transfer of electrons from EA
to the surface of g-C3N4/SnO;. As a result, the electrical conductivity of the heterojunction
increases, which results in a high response.

To obtain theoretical evidence of energy band structure and conduction, model con-
struction and calculation are conducted, and the details are put in Supporting Information
according to similar methods [30,33,34]. Figure 9a—c show the structure models of g-C3Ny,
Sn0O,, and g-C3Ny4/SnO, materials, and the calculated energy band structures are shown
in Figure 9d—f. The band gaps of the pure g-C3N,4 and SnO, are marked in Figure 9d—f as
1.26 and 1.00 eV, respectively. It can also be seen that the top of the valence band (VBT)
and the bottom of the conduction band (CBB) of g-C3Ny are centered at the I' point and
the A point, respectively (Figure 9d), while the VBT and CBB of SnO, are located at the S
and X point (Figure 9e), which imply that g-C3Ny is an indirect band gap semiconductor
and SnO, was a direct band gap semiconductor. [30] For the g-C3N4/SnO, material, it is
clear that the energy band curves are more fine and close after the heterojunction is formed
between SnO, and g-C3Ny (Figure 9f), leading to the electrons being reconstructed, and the
band gap is closed to 0.0 eV (Figure 9f), indicating that the conductivity of g-C3N4/SnO,
material has been improved significantly.
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Figure 9. The crystal structure of (a) g—C3Ny, (b) SnO,, and (¢) g—C3N4/SnO,. The calculated
energy band structure of (d) g—C3Ny, (e) SnO,, and (f) g—C3N4/SnO;.

To further explore the change in conductivity of g-C3N4/SnO; material, the total
density of states (TDOS) and partial density of states (PDOS) of g-C3Ny4, SnO,, and
g-C3N4/SnO, were calculated, and the results are summarized in Figure 10. The main
contribution of the valence band edge is C2p and N2p orbitals, and the conduction band
edge is C2p and N2p orbitals for pure g-C3Ny (Figure 10a). The top of the SnO; valence
band is Sn5s, 5p orbitals, and the bottom of the conduction band is Sn5p,4d and O2p
orbitals (Figure 10b). For comparison, the DOS peaks shift to the left, and the peak at
—15 eV increases. Notably, a new peak occurs near the Fermi level after SnO, modification
(Figure 10c,d), showing that there is a strong orbital hybridization between SnO, and
g-C3Ny, and there is significant electron exchange between them.
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Figure 10. TDOS and PDOS of (a) g—C3Ny, (b) SnO;, and (¢) g—C3N4/5n0O;. (d) TDOS comparison
of three materials.
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4. Conclusions

g-C3N4/SnO, material was synthesized via a hydrothermal and pyrolysis route. Struc-
tural and morphology characterizations show that g-C3Ny acts as a matrix of SnO; to
prevent the particles from agglomeration. As-obtained g-C3N4/SnO; exhibited higher
response and selectivity to EA compared with pure SnO,. The response to 100 ppm EA
reaches ca. 68 at 240 °C, and it is superior to that of SnO,. Enhanced sensing performance
is attributed to the morphology, energy band, and structure of composites consisting of
nanoparticles anchored on g-C3Ny layers, and the heterojunctions formed between SnO,
and g-C3Ny interface resulting in fast electron transfer and increasing interstitial lattice
defect sites, which can adsorb more O, molecules and provide more reactive oxygen species
to react with EA molecules. This research provides a strategy to prepare new composite
material for the effective detection of EA and other related organoamines released from
tobacco and chemical industries.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/chemosensors11050296/s1, Figure S1: XRD patterns of
g-C3Ny; Figure S2: SEM images of as-synthesized materials (a) g-C3Ny,(b) SnO,, (c) g-C3N4/Sn0,-2.5,
and (d) g-C3N4/SnO,-10; Figure S3: XPS spectra of the full range spectrum of g-C3N,/SnO,-5 mate-
rial; Figure S4: (a) UV-Vis absorption spectra of g-C3Ny4, SnO,, and g-C3N4/SnO, and (b) bandgap
energy of g-C3Ny, SnO,, and g-C3N4/SnO;.
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