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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 NOj; 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/In;O3 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/InyO;3 for NO; is 10 ppb, and the response value is 10.4. In addition, the sensor based on 0.5 mol%
Au/In; O3 also has high selectivity to NO, among CO, CO,, H, 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/In,O3 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 In,O3; 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 pg/ 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

Chemosensors 2023, 11, 289. https:/ /doi.org/10.3390 /chemosensors11050289

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


https://doi.org/10.3390/chemosensors11050289
https://doi.org/10.3390/chemosensors11050289
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/chemosensors
https://www.mdpi.com
https://doi.org/10.3390/chemosensors11050289
https://www.mdpi.com/journal/chemosensors
https://www.mdpi.com/article/10.3390/chemosensors11050289?type=check_update&version=1

Chemosensors 2023, 11, 289

20f12

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 InyO3 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 InpO3 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 In,Os. In order to enhance the gas-sensing properties of the
NO; sensor based on In,O3, 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 In,O3z-based NO, sensors. In addition, the relevant
literature and reports regarding In,Os-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 In,Os.

Materials Temp. (°C) Conc. (ppm) Response DL (ppm) Ref.

In; O3 microspheres 80 0.5 737.8 0.05 [26]

Iny, O3 microtubes 92 10 193 0.05 [27]

Iny O3 nanowires RT 5 740 0.01 [28]

In,S3/Iny O3 nanoflower 160 10 251 2 [16]

Rb-doped flower-like In,O3 75 5 1502 0.1 [29]

Iny O3 nanoparticles on GO 225 40 78 10 [30]

Au-loaded mesoporous In;O3 65 0.5 472.4 0.01 [24]
Flower-like 0.5 mol% Au/In, 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/In;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/InyO3. 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 In,O3 was synthesized
by a hydrothermal method. In a typical process, InCl3-4H,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 NazC¢H507-2H,0O (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 InyOs.

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 HAuCl,-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 InyO3 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 26 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 In,O3 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 InpO3 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/InyOs is shown in Figure 2¢,d. Obviously, the
morphology of 0.5 mol% Au/InyO3 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/Iny,Os
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.
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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/InyOj; are presented in Figure 3a,b,
which show that the flower-like structure of 0.5 mol% Au/InyO3 has independent dis-
persion. HRTEM images of 0.5 mol% Au/In;Os clearly show crystal lattice stripes in
Figure 3c,d, which can prove that 0.5 mol% Au/In,Oj3 has high crystallinity. In addition,
the lattice spacing of 0.28 nm and 0.27 nm was obtained from HRTEM images, which
match with In,O3 (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;Os, as shown
in Figure 3e-h. The elemental mapping of 0.5 mol% Au/InyO3 can further testify that
Au-loaded Iny O3 is developed successfully.

10 nom

o [n] @ o]

500 nm 500 nm 500 nm 500 nm

Figure 3. TEM and HRTEM (a-d) elemental mapping (e-h) of 0.5 mol% Au/InyOs.
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The chemical compositions of InpO3 and 0.5 mol% Au/InyO3 were characterized by
XPS, as shown in Figure 4a,b. The In 3d spectra of pure InpOs3 and 0.5 mol% Au/Iny;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/Iny O3 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/In, O3, 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 InyO3 and 0.5 mol% Au/InyO3 are compared in Figure 4d,
where the content of OL, OV and OC in pure In,O3 and Au/In-0.5 are 65.87%, 21.56%,
12.57% and 51.8%, 30.5%, 17.7%, respectively. Compared to pure In,Oj3, the contents of OV
and OC in 0.5 mol% Au/In;O3 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 4f7,, and Au 4f5, [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/InyO3 (c); oxygen species content of pure InyO3 and 0.5 mol% Au/Iny O3 (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/InyO3 and pure In;O3 arel1624 and 117 to 1 ppm NO; at 100 °C, respectively,
and the response value of sensors based on 0.5 mol% Au/InyOj3 is 14 times that of those
based on pure InyOs3. 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 In,O3 [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,Os
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/InyO3 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 InyO3 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/Iny;O3
shows excellent gas-sensing properties. The above test and evaluation results prove that
0.5 mol% Au/InyO3 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/InyO3 at
100 °C (a,b); response value of sensor based on 0.5 mol% Au/In,Oj3 (c); sensor based on 0.5 mol%
Au/InyO3 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/InyO3 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/InyO3 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/Iny,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/InyO3 has good stability. Fur-
thermore, the selectivity of the sensor based on 0.5 mol% Au/Iny O3 is shown in Figure 7d,
where the response values of the sensor based on 0.5 mol% Au/Iny,O3 to CO, CO,, Hp, CHy,
NH; 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 (Rig ppb N02/R500 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/Iny,O3
has certain practical application value. This article provides a new type of gas-sensing
material for NO, sensors.
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Figure 7. Five-cycle transient curve and its corresponding response values of sensor based on
0.5 mol% Au/InyO3 at 100 °C (a,b); long-term stability and selectivity (c,d).

3.3. Gas-Sensing Mechanism

The sensing mechanism of the sensor based on In,Oj 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,Oj is in
the air, oxygen molecules combine with electrons in In,O3 to form active oxygen (O, ™), 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 InyO3, but also occupies the electrons in the conduction band of InyOs. 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 In, O3 is separated from NO, it returns to the initial state, as shown in
Equation (5) [29].

O3 (gas) — O (ads) (1)
O, (ads) + e~ — O, (ads) )

NO, (gas) + e~ — NO, ™~ (ads) 3)

NO; (gas) + O~ (ads) + 2e~ — NO,~ (ads) + 20" (ads) 4)
NO, ™ (ads) +20~ (ads) — NO, (gas) + O, (gas)+ 3e~ )

The reaction process of flower-like 0.5 mol% Au/In,Os 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/InyO3 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/Iny;O3 has better dispersion
than peach-pit InyO3, 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/Iny0O; is significantly higher than that in pure InyO3. The increase in OC content may
make In,Os3 have more reactive oxygen [38,41],which makes the oxidation reaction on the
surface of InyO3 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/In;O3 to NO,.

4. Conclusions

In summary, peach-pit In,O3; 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 In,O3 were prepared for the evaluation of gas-sensing performances. Among
those sensors, sensors based on 0.5 mol% Au/In,O3 exhibited excellent gas-sensitive prop-
erties. The specific performance is as follows: The response value of sensors based on
0.5 mol% Au/InyOs3 is 1624 to 1 ppm NO, at 100 °C, which is 14 times higher than pure
InyO5. Furthermore, the response value is 10.4 of sensors based on 0.5 mol% Au/Iny,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 In,O3 is 50 ppb, and the response value is only
10. In the meantime, the sensor based on 0.5 mol% Au/In,O3 also has good selectivity
(R10 ppb N02/R500 ppm NH3 = 10, R10 ppb NO2/R10 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/InyO3. 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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