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Chemoresistive gas sensors play an important role in detecting toxic gases for air pollution monitoring.
However, the demand for suitable nanostructures that could process high sensing performance remains
high. In this study, hollow ZnO nanorices were synthesized by a simple hydrothermal method to detect
NO, and SO, toxic gases efficiently. Material characterization by some advanced techniques, such as
scanning electron microscopy, transmission electron microscopy, X-ray diffraction, and Raman
spectroscopy, demonstrated that the hollow ZnO nanorices had a length and diameter size of less than
500 and 160 nm, respectively. In addition, they had a thin shell thickness of less than 30 nm, formed by
an assembly of tiny nanoparticles. The sensor based on the hollow ZnO nanorices could detect low
concentration of NO, and SO, gasses at sub-ppm level. At an optimum operating temperature of
200 °C, the sensor had response values of approximately 15.3 and 4.8 for 1 ppm NO, and 1 ppm SO,
respectively. The sensor also exhibited good stability and selectivity, suggesting that the sensor can be
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1. Introduction

Air pollution caused by the emission of highly toxic nitrogen
dioxide (NO,) and sulfur dioxide (SO,) gases from automobiles,
fossil fuel combustion, and forest fires is threatening modern
societies.'* NO, and SO, gases are extremely hazardous because
they could directly affect the health of humans and animals.™*
Exposure to low concentrations of NO, or SO, gas can increase
the incidence of respiratory diseases, decrease lung function,
and increase the risk of respiratory infections. The exposure
limits of NO, and SO, for the human respiratory system are 4
and 5 ppm, respectively. Therefore, high-performance and low-
cost gas sensors are crucial for the real-time detection and
monitoring of these toxic gases at low concentrations of ppb
levels.®”

Substantial research has been conducted on the fabrication
of gas sensors for application in monitoring NO, and SO,
gases,*** and chemiresistive sensors are believed to be the most
effective one because of its simple structure, high sensitivity,
low manufacturing cost, and easy integration with silicon
technology.’*¢ Different sensing materials could perform
different sensing capabilities for gas sensors;'”** thus, many
scientists have been working hard to synthesize various
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applied to NO, and SO, toxic gas detection in ambient air.

materials to increase the sensing performance of gas
sensors.'®?° As a typical n-type semiconductor, ZnO with a wide
bandgap (~3.37 eV),>* has been proven to be suitable for gas
sensor applications**** because of its low cost and capability to
detect several toxic gases, including of NO,,** SO,,** CO,* and
NH;.*”” In recent years, ZnO nanostructures with different
morphologies, such as nanoparticles,”® nanowires,” nano-
plates,*® nanobelts,** and nanorods,** have been synthesized for
gas sensors. For instance, Vanalakar et al** fabricated ZnO
nanorods for the detection of NO, gases with a concentration
ranging from 20 ppm to 100 ppm. Jiao et al.** synthesized three
different ZnO nanostructures, including dense nanorods, dense
nanowires, and sparse nanowires, for gas sensors and found
that the sparse nanowires are effective for the detection of NO,.
Liu et al.** prepared vertically aligned ZnO nanorods for NO, gas
sensors, and the response value was reported to be approxi-
mately 200 toward 5 ppm NO, at 250 °C. Zhou et al.** used ZnO
nanoflowers for SO, sensors, and a response value of 15 was
reported for 30 ppm SO, at an optimum working temperature of
260 °C. The ZnO, and CdO-ZnO nanorices were prepared for
formaldehyde gas sensing applications,*® where the materials
have a big size with a length and diameter of about 3 pn and
130 nm, respectively, without the hollow structure, leading to
low adsorption sites for gas adsorption. Clearly, the gas sensing
properties of ZnO are determined by its (i) crystal size, (ii)
porosity, (iii) assembly, and (iv) characteristics. Thus, ZnO
nanostructures with a porous structure, small crystal size, and
large specific surface area are desired to enhance its gas
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responsivity.** However, to the best of our knowledge, no study
has reported on the synthesis and gas sensing characteristics of
ZnO hollow nanorices even though nanostructured ZnO with
various morphologies have been extensively investigated. In
addition, the development of a scalable and facile method for
synthesis of ZnO nanostructures to achieve low-cost sensor
fabrication and detection of highly toxic NO, and SO, gases at
low concentrations remains as a big challenge.

Here, we prepared hollow ZnO nanorices by the hydro-
thermal method without the use of surfactants for NO, and SO,
gas sensors. The hollow ZnO nanorices are advantageous for gas
sensing applications because of (i) the ultrathin shell of the ZnO
nanorices formed by the assembly of tiny nanoparticles with
diameters approximately twice the Debye length and (ii) the
hollow structure providing the large specific surface area. The
fabricated sensor showed an excellent response to low concen-
trations (250 ppb) of NO, and SO, with the values of 4.8, and 2,
respectively.

2. Experimental

2.1. Synthesis of hollow ZnO nanorices

The materials used in this study, including of zinc chloride
(ZnCl,, 99.9%), p-glucose (CsH1,06-6H,0, 99.5%), ammonium
solution (35%), ethanol (C,HsOH), and deionized (DI) water,
were analytical grade. Hydrothermal method was used to
prepare the hollow ZnO nanorices. Progresses for the prepara-
tion of hollow ZnO nanorices are illustrated in Scheme 1. In
briefly, 1.36 g of ZnCl, and 1 g of p-glucose were dissolved in
80 ml of deionized water (DI), and the pH of the solution was
adjusted to 10 by adding ammonium solution. Then, mixture
solution was poured into a 100 ml Teflon-lined stainless-steel
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autoclave and sealed. The sealed autoclave was placed in an
electric oven and maintained at 160 °C for hydrothermal reac-
tion for 16 h. After the reaction, the electric oven was turned off
and led to cool down to room temperature naturally, and the
precipitated product was washed by DI water, followed by
ethanol. Lastly, the product was collected by centrifuging, and
air-dried at 75 °C overnight before use for sensor fabrication
and material characterization.

2.2. Sensor fabrication and characterization

For gas sensing measurement, the thick film technique was
used to fabricate the gas sensor.’” Specifically, 5 mg of ZnO
powders was dispersed in ethanol solution by bath ultrasonic
vibration for approximately 5 min. Then, solution was dropped
onto Pt interdigital electrodes, and then heat treated at 550 °C
for 2 h in air to stabilize the sensor. To measure the sensor's gas-
sensitive characteristics, the sensor was placed on the surface of
a heating plate to control the working temperature of the
sensor. The resistance of the sensor was continuously measured
using the Keithley instrument (Model 2602), while the ambient
was changed from air to tested gas. Here, the analysis of NO,
and SO, and the gas concentration was controlled by changes in
the mixing ratio of the standard gas (100 ppm, NO,; 100 ppm,
SO,) with dry air using a mixing system.*® We difined the sensor
response S = Ryaq/Rair for oxidizing gases (NO,, SO,) and S =
Rair/Ryas for reducing gases (H,, CO, NH;, CO,). Ry is the
resistance of the sensor in dry air, whereas Ry, is the resistance
of the sensor in tested gas.

2.3. Material characterization

The crystal structure of the synthesized material was studied by
X-ray diffraction (XRD, Bruker D8 Advance), operated at 40 kV

g Hydrothermal
160°C/16h

Stirring 20 min
e

Transferring

N\V\V/\/ Glucose

Zn0

Wash with
DI water & Ethanol
—
Motor
Drying
75°C/24h
Calcination

5 °C/min to 550°C for 2h

Hollow ZnO nanorices

Scheme 1 Processes for the hydrothermal synthesis of hollow ZnO nanorices.
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and 40 mA using Cu-Ko, radiation (A = 1.54178 A) in the 26 range
of 20°-80°. The morphology of the synthesized material was
investigated by field emission scanning electron microscopy
(FE-SEM; JEOL model 7600F) and transmission electron
microscopy (TEM, JEOL 2100F). The atomic composition of the
sample was analyzed by energy-dispersive X-ray (EDX) spec-
troscopy. Raman spectra were measured at room temperature
(Renishaw, InVia, excited laser 328 nm). The specific surface
area of the synthesized material was calculated on the basis of
the isothermal nitrogen adsorption/desorption curve through
the BET equation, whereas the pore size of material was deter-
mined by the Barrett-Joyner-Halenda (BJH) method applied to
the desorption branch of the gravitation isotherm curve.*®

3. Results and discussion

3.1. Morphology and structure of hollow ZnO nanorices

The surface morphology of the synthesized materials after heat
treatment at 550 °C for 2 h in air was observed via FE-SEM
images, as shown in Fig. 1A-C. The survey FE-SEM image
shown in Fig. 1A reveals that the hollow ZnO nanorices have
a relatively uniform shape without other morphologies. The
average length of the hollow ZnO nanorice is about 500 nm,
while its diameter is approximately 160 nm. The surface of the
nanorices is not smooth due to the accumulation of tiny
nanoparticles. The high-magnification FE-SEM images (Fig. 5B
and C) demonstrate that the hollow ZnO nanorices have an
open end and a closed end, with a shell thickness of approxi-
mately 30 nm. The shell of the nanorice is not smooth but
composed of aggregated nanoparticles of less than 30 nm
(Fig. 5C). This study is the first to synthesize hollow ZnO

Fig. 1
fabricated sensor.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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nanorices with such thin shell thickness successfully. The
formation of hollow ZnO nanorices can be explained as follows:
(i) glucose molecules spontaneously agglomerate, acting as
a rice-shaped nuclei during the hydrothermal process. (ii) The
process of forming ZnO nanocrystals on the surface of
agglomerated glucose soft template. The precursors were
decomposed to form Zn** and OH ™ and increased during the
hydrothermal process at a high temperature of 160 °C. When
supersaturation exceeds the limit value, ZnO crystal nuclei
begin to form and grow on the rice-shaped agglomerated
glucose molecules. (iii) Upon heat treatment at 550 °C/2 h, the
glucose templates were completely burned to form the hollow
structure of the ZnO nanorices. The decomposition and
formation of ZnO crystal nuclei in a hydrothermal environment
can be represented by the following reactions:**

Zn** + 40H™ — [Zn(OH),*~ (1)
[Zn(OH),]>~ < Zn(OH), + 20H~ )
Zn(OH), < ZnO + H,0 3)
[Zn(OH)4*~ < ZnO + 2H,0 + 20H" (4)

Compositional analysis of the hollow ZnO nanorices was
conducted via EDX, as shown in Fig. 2D. Data reveal that the
sample comprises Zn and O elements. No impurity is observed,
indicating the high purity of the ZnO material. The elemental
ratio of [O]/[Zn] is 48.6/51.4, which is less than the stoichiom-
etry of ZnO material ([O]/[Zn] = 1.0), confirming the existence of
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(A) Low- and (B and C) high-magnification FE-SEM images and (D) EDX spectrum of hollow ZnO nanorices. Inset in (A) is a photo of the
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Fig. 2

the vacancies of oxygen in the lattice of the hollow ZnO nano-
rices. Therefore, the hollow ZnO nanorices are expected to show
n-type semiconducting behavior for gas sensing applications.

A further investigation on the morphological and crystal
characteristics of the hollow ZnO nanorices was conducted
using TEM images, as shown in Fig. 2. The low-magnification
TEM image (Fig. 2A) shows that the obtained material is sha-
ped like a nanorice with a hollow structure. The shell of the
nanorice has the porous nature of an assembly of nanoparticles
with many small pores with a size of a few nanometers (Fig. 2B).
The high-magnification TEM image (Fig. 2C) on the shell of the
hollow ZnO nanorices. The selected area electron diffraction
(SAED) pattern (Fig. 2D) reveals the polycrystalline nature of the
hollow ZnO nanorices. The results confirm that the shell of the
hollow nanorice is assembled from tiny ZnO nanocrystals.

The XRD of the sample obtained after heat treatment at 550
°C/2 h is shown in Fig. 3A. All diffraction peaks are perfectly
indexed to the hexagonal (wurtzite) structure of ZnO with lattice
parameters @ = b = 3.2498 A, ¢ = 5.2066 A, o« = § = 90°, y =
120°, space group P6zmc (JCPDS card no. 36-1451).*' The
diffraction peaks at 20 = 31.8°, 34.5°, 36.4°, 47.5°, 56.7°, 62.4°,
66.7°, 68.0°, 69.2°, 72.6°, and 76.9° correspond to reflections
(100), (002), (101), (102), (110), (103), (200), (112), (201), (004),
and (202), respectively. The intensity of peak (101) is the high-
est, indicating the preferred growth direction of ZnO nano-
crystals. The average crystallite size of the ZnO nanorices
calculated by the Scherrer equation using diffraction peak (101)
is approximately 31.52 nm.** This result shows that the hollow
ZnO nanorices are formed from assembled nanocrystals to form
nanorice shells. The hollow structure with the thin thickness of
the nanorice shell is advantageous for gas sensor applications

33616 | RSC Adv, 2021, 11, 33613-33625

(A) Low- and (B and C) high-magnification TEM images, and (D) SAED pattern of the hollow ZnO nanorices.

because the inner and outer sides of the nanorices can be
exposed to the analytic gas in sensor characterization, leading
to the sensor response.

Fig. 3B presents the Raman spectrum of the hollow ZnO
nanorices measured at room temperature using the excited
laser lines (532 nm). All observed spectroscopic peaks at 332,
380, 437, and 586 cm™ ' can be assigned to the active Raman
modes of the ZnO wurtzite structure with a C,s point group
symmetry.*** The active Raman mode observed at 437 cm ™"
has the strongest intensity assigned for the E,(H) mode, which
shows that the synthesized hollow ZnO nanorices have a good
quality crystal with perfect hexagonal wurtzite crystal structure.

The nitrogen adsorption/desorption isotherm of the hollow
ZnO nanorices is shown in Fig. 4. The nitrogen adsorption/
desorption isotherm of the hollow ZnO nanorices exhibits
a typical type-IV mesoporous material, which has the charac-
teristic of a hysteresis loop, representing monolayer and
multilayer adsorption with capillary condensation.*® The BET
surface area of the hollow ZnO nanorices is approximately 9.44
m? g . This value is approximately 1.4 folds higher than that of
the ZnO nanoflowers (6.71 m> g~ *).* The pore size distribution
estimated from the isothermal desorption branch by the BJH
method using the Halsey equation® is shown in the inset of
Fig. 4. The results show that the pores have a hierarchical
structure in the range of 30-60 nm, with the main peak at
approximately 27.6 nm. The pore size distribution is consistent
with that observed in the FE-SEM images.

3.2. Electrical and gas sensing properties

Fig. 5A shows the current-voltage (I-V) plots of the hollow ZnO
nanorice sensor. The I-V curves measured in dry air show that

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the approximate current is linearly proportional to the magni-
tude of the applied bias voltage (from —7 V to 7 V) over
a temperature range of 100-400 °C. This result reveals that the
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contact between the hollow ZnO nanorices and the Pt electrode
is ohmic. Ohmic contact is crucial to the electrical properties of
hollow ZnO nanorices with the electrode because the electrical
properties of the sensor when exposed to the test gas are
properties of the material, not an effect of contact between the
hollow ZnO nanorices and the Pt electrode. In the study of
Wang et al.,*” the I-V characterization of the sensor based on
ZnO nanorod arrays with Ag electrode also showed linear results
in the applied voltage range from —10 V to 10 V.

Fig. 5B plots the sensor resistance versus temperatures
measured in dry air, calculated from the I-V curves in Fig. 5A.
The decrease in resistance of the sensor with increasing
temperature occurs because some electrons receive a thermal
excitation energy greater than the band gap energy and it jumps
from the valence band to the conduction band, the conductivity
increases. As the temperature increases, the electron density on
the conduction band increases: thus, the conductivity of the
semiconductor increases with temperature, and the resistance
of the sensor decreases. This result is consistent with the study
of Srivastava et al.** on ZnO nanorods.

The NO, sensing properties of the hollow ZnO nanorices
were measured at different working temperatures, ranging from
150 °C to 350 °C (Fig. 6). The transient resistance versus time of
the sensor with exposure to different NO, concentrations are
shown in Fig. 6A. The sensor's resistance increases upon
exposure to NO, gas (100 ppb + 2 ppm) and recovers to the
based value when the sensor is refreshed with dry air. These
results indicate that the adsorption of NO, molecules on the
surface of the hollow ZnO nanorices is a reversible process. The
result is consistent with the study of Mingzhi et al.** on ZnO
nanorods based NO, gas sensor, confirming the n-type semi-
conducting properties of ZnO.

The response time (7g99,) and recovery (7199,) Of the sensor
were calculated from the resistance-time curves at 1 ppm NO,
concentration. The response and recovery time of the sensor at
different operating temperatures shown in Fig. 6B document
that the response and recovery time decrease as the working
temperature increases. The response/recovery time for 1 ppm
NO, at working temperatures of 150 °C, 200 °C, 250 °C, and
300 °C are 214 s/225 s, 194 s/173 s, 175 s/140 s, and 115 s/60 s,
respectively. The results are consistent with the finding by
Hamaguchi et al.,* where they reported that as the working
temperature of the sensor increases, the recovery and response
time decrease. The response and recovery time of few minutes
at all operating temperatures; thus, the sensor can be applied
for the real-time monitoring of NO, gas in ambient air. Here,
the NO, sensor based on ZnO nanostructures requires
a response and recovery time of a few minutes, but using light
irradiation could improve the response and recovery
characteristics.*®

Fig. 6C shows the temperature dependence of sensor
response for the detection of 100 ppb, 250 ppb, 500 ppb, 1 ppm,
and 2 ppm of NO, gas. The sensor exhibited the maximum
response value at 200 °C for a given concentration, indicating
the optimal working temperature. The bell-shape of sensor
response depending on working temperature is consistent with
other reports.>* The optimal working temperature value of the

RSC Adv, 2021, 1, 33613-33625 | 33617
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Fig. 5 (A) I-V curves of the sensor measured in air at different temperatures and (B) the temperature dependence of the sensor resistance.

hollow nanorice sensor in this study is approximately 100 °C
lower than that of the sensor using ZnO nanorods synthesized
by the hydrothermal method.** The plots of sensor response
versus NO, concentrations at different operating temperatures
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sensor.

Repeatability is an important characteristic of gas sensors in
practical applications. Fig. 6E shows the transient resistance of
the sensor to seven on/off cycle switching from dry air to 1 ppm
NO, and back to dry air. The sensor exhibits relatively good
repeatability after seven on/off cycles, without significant
reduction in response value. This result is appointed to the
reversible adsorption process of gas molecules on the surface of
hollow ZnO nanorices. Anyhow, the long-term stability of the
sensor needs to be further investigated so that it can be applied
in real measurement systems.

The gas sensing characteristics of the hollow nanorice
sensor for the detection of SO, gas at different temperatures
were also studied. The transient resistance versus time as
a function of SO, concentrations (250 ppb, 500 ppb, 1 ppm, and
2 ppm) measured at 150-300 °C is shown in Fig. 7A. Similar to
the response to NO, gas, the resistance of the sensor increases
when exposed to SO, gas and returns to the initial value when
exposed to dry air, indicating good response and recovery
characteristics. The response and recovery time of the sensor for

© 2021 The Author(s). Published by the Royal Society of Chemistry

the detection of 1 ppm SO, concentration at different temper-
atures is shown in Fig. 7B. The response/recovery time of the
sensor at working temperatures of 150 °C, 250 °C, 300 °C, and
350 °C are 331 s/430 s, 234 s/320 s, 152 s/184 s, and 97 s/117 s,
respectively. The response and recovery time of the sensor
decreases with the increase in working temperature, consistent
with the previous results for ZnO thin films for NO, and H,S>® or
porous In,0; spheres for H,.>* Fig. 7C shows the dependence of
sensor response (Rgas/Rair) ON temperature for the detection of
250 ppb, 500 ppb, 1 ppm, and 2 ppm SO, concentrations. The
sensor also exhibits the optimal working temperature of 200 °C.
At an optimum working temperature, the response value is 2.1,
3.1, 4.8, and 8.2 for 250 ppb, 500 ppb, 1 ppm, and 2 ppm SO,
concentration, respectively. Our results are relatively good
compared with other reports. For example, Zhou et al.,*® re-
ported that the sensor based on ZnO nanoflowers has
a response value of 6 for 5 ppm SO, at 250 °C. Zhou et al.** re-
ported that the NiO-ZnO nanodisk-based sensor exhibits
a response value of 7.5 for 5 ppm SO, at 240 °C. Clearly, the
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Table 1 Summary of NO, and SO, sensing performance of ZnO n-type semiconductors
Response
Materials Methods Concentration Gas Working temp. (S = Rair/Rgas) Ref.
ZnO nanoparticles Chemical 500 ppb NO, 250 °C 14 56
ZnO nanorods Ultrasonic spray pyrolysis 5 ppm NO, 250 °C 200 24
combined with hydrothermal
ZnO nanowire arrays Hydrothermal 5 ppm NO, 250 °C 3.3 57
ZnO nanorod arrays Chemical 20 ppm NO, 175 °C 7.5 33
ZnO nanosheets Hydrothermal 50 ppm NO, 170 °C 10.2 58
ZnO nanoneedles Chemical 8.5 ppm NO, 200 °C 0.81 59
ZnO nanorods Thermal evaporation 100 ppm NO, 200 °C 7.22 60
ZnO thin film Sol-gel 100 ppm NO, 200 °C 1.372 61
ZnO nanoflowers Hydrothermal 5 ppm SO, 250 °C 6 35
ZnO thin film Sol-gel 5 ppm NO, Room temperature 1.1 62
10 ppm SO, 1.35
NiO-ZnO nanodisks Hydrothermal 5 ppm SO, 240 °C 7.5 55
GO-ZnO nanorods Hydrothermal 5 ppm SO, 25 °C 2.97 63
Hollow ZnO nanorices Hydrothermal/calcination 250 ppb NO, 200 °C 3.5 This work
500 ppb 6.5
1 ppm 15.3
Hollow ZnO nanorices Hydrothermal/calcination 250 ppb SO, 200 °C 2.1 This work
500 ppb 3.1
1 ppm 4.8

hollow ZnO nanorice-based sensor has lower optimal working
temperature and higher response values. The hollow structure
of the ZnO nanorices may have increased the gas adsorption
capacity, which causes the higher response of our sensor.

The plots of sensor response versus SO, concentrations at
working temperatures of 150 °C, 200 °C, 250 °C, and 300 °C is
shown in Fig. 7D. The sensor response increases linearly with
SO, concentration (250 ppb to 2 ppm) in the measured range at
all working temperatures. This trend is advantageous in prac-
tical applications in preparing the sensor instrument because
linear electronic circuits can be used to measure SO, in the
above concentration range. Fig. 7E is the repeatability of the
sensor after eight on/off cycles from dry air to SO, and back to
dry air. The sensor also exhibits relatively good stability after
eight measurement cycles, indicating that the SO, adsorption
on the surface of hollow ZnO nanorices is a reversible process.

20
1831 1 ppm Hollow ZnO nanorices @ 200 °C
164 15.6

100 ppm 100 ppm 100 ppm 1000 ppm

4 13 12 1.05
NO, SO, H, co NH; CO,

Fig. 8 Selectivity of the sensor to different gases measured at 200 °C.
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To understand further the influence of the morphology and
characteristics of ZnO hollow nanorices on the NO, and SO,
responses, our results were compared with other reports using
different nanostructures, as summarized in Table 1. ZnO
nanoparticles demonstrate the highest response, followed by
hollow ZnO nanorices, nanorods, nanowire arrays, and thin
films.

The selectivity of the sensor over the detection of different
gases (NO,, SO,, H,, CO, NH;, and CO,) measured at an
optimum working temperature of 200 °C is shown in Fig. 8. The
results show that the sensor exhibits the highest response to
NO, among the tested gases. At a concentration of 1 ppm and at
a working temperature of 200 °C, the response value for NO, is
15.3, whereas that for SO, is 4.8. However, the response values
for 100 ppm reducing gases, including that for H,, CO, NH;, and
CO,, are 1.4, 1.3, 1.2, and 1.05, respectively. Our research results
confirm that the sensor based on hollow ZnO nanorices can be
applied for NO, and SO, gas detection and measurement in air
pollution.

3.3. Gas sensing mechanism

To explain the increase in sensor resistance upon exposure to
NO, and SO, in comparison with that in dry air, we considered
the adsorption of tested gases and oxygen molecules on the
surface of hollow ZnO nanorices. During measurement in air as
reference, oxygen species adsorb on the surface of the sensing
material to form preabsorbed oxygen ions, such as (0O,—, O,
0>7) depending on the working temperature of the sensor. The
types of oxygen ions adsorbed on the surface of the sensing
material can be described by the following reaction equations:*

Ox(gas) — Ox(ads) (5)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Oj(ads) + e~ — O, (ads) (6)
0, (ads) + e~ — 20 (ads) (7)
O~ (ads) + e~ — O*(ads) (8)

The preabsorbed oxygen species captures electrons and
forms a depletion region on the surface of the hollow ZnO
nanorices. Given that NO, molecule has a higher electron
affinity (2.28 eV) than oxygen (0.43 €V),*® thus, upon exposure to
test gas, the NO, molecules can adsorb directly on the surface of
ZnO, or through the preabsorbed oxygen species. The adsorp-
tion of NO, gas on the surface of the ZnO material is complex
and can be expressed by the following equations:*®

NOs(gas) + ¢~ — NO, (ads) (9)
NO, (ads) + O, (ads) + ¢~ — 20 (ads) + NO, (ads) (10)
NO, (ads) + O (ads) + 2~ — 20” (ads) + NO(gas)  (11)
NO, (ads) + h* — NO,(gas) (12)

The NO, molecules capture more electrons and thus expand
the depletion region, as shown in Fig. 9, and result in the
increase in sensor resistance.

However, the adsorption of NO, molecule on the surface of
ZnO is more complex because it depends on the intrinsic
defects such as zinc interstitial (Zn;), zinc vacancy (V,), oxygen
interstitial (O;), oxygen vacancy (Vo), oxygen antisite (Oz,) and

© 2021 The Author(s). Published by the Royal Society of Chemistry

Illustration the NO, and SO, gas sensing mechanism of the hollow ZnO nanorices based sensor.

Zn antisite (Zne).** Mei Chen et al. studied the adsorption of
NO, molecule on the surface of ZnO material by diffuse reflec-
tance infrared Fourier transform spectroscopy, and X-ray
photoelectron spectroscopy,®” and they pointed out that the
intensity of the donors (Vo and Zn;) and the surface oxygen
species (O,  and O*7) determine the sensing performance of
ZnO. In such report, the oxygen molecule can adsorb on the
oxygen vacancy, whereas the NO, adsorbs on the zinc interstitial
causing the electron transfer. As a result, the sensor resistance
increases with exposure to NO, gas.

Here, the ZnO nanorices with thin shell and hollow structure
can provide large adsorption sites for gas adsorption and thus
can increase the sensor response. At an optimum working
temperature (200 °C), the response of the ZnO nanorice sensor
is 15.3 for 1 ppm NO, concentration. This value is approxi-
mately seven folds higher than that of the sensor based on ZnO
nanowire arrays at an optimum working temperature of 250 °C.
This result shows that the sensor using hollow ZnO nanorice
materials can improve the response and reduce the optimal
working temperature simultaneously. Therefore, the hollow or
porous nanostructures can improve sensor response and detect
gases at lower concentrations simultaneously.

The SO, sensing mechanism of metal oxide-based gas
sensors is relatively complex because SO, simultaneously
oxidizes and reduces gas, depending on the tested conditions.
In a study reported by Tyagi et al.,*® the resistance of the SnO,
thin film (n-type) decreases when exposed to SO, gas. The SO,
gas molecules interact with the preabsorbed oxygen ion (0*7)
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on the surface of the SnO, film and return electrons to the
conduction band, resulting in the decrease in sensor resistance,
according to the following equation:

SO,(gas) + O~ — SOs(ads) + e~ (13)

However, in the report of Boudiba et al.,'* the n-type WO;
produces the opposite result, where the resistance of the sensor
increases when exposed to 5 ppm SO, at a working temperature
of 260 °C. In addition, according to a report® on a pure WO;-
based sensor, upon exposure to 800 ppm SO,, the sensor
resistance increases in the temperature range of 350-500 °C,
but it decreases when the temperature is higher than 500 °C.
Such results show that SO, gas acts as an electron acceptor
(oxidizing gas) or electron donor (reducing gas) depending on
the working temperature of the sensor. This result is similar to
that of the pure SnO,, and the 1% Cu-SnO, sensors,”® which
when exposed to 6 ppm SO,, the resistance of the sensor
increases in the temperature range of 225-275 °C and decreases
in the temperature range of 300-350 °C.

In our study, we believe that SO, exhibits oxidizing proper-
ties by directly adsorbing on the surface of the hollow ZnO
nanorices, which may be the main cause of the increase in the
resistance of the sensor when exposed to SO,. The process of
SO, adsorption and electron capture is described by the
following equation:*

SO,(gas) + e~ — SO, (ads) (14)

After being refreshed with dry air, the adsorbed SO, gas
molecules desorb from the surface of the hollow ZnO nanorices
and return electrons to the conduction band of ZnO, thus allow
the resistance of the sensor to recover to the initial value. The
desorption speed is faster at a higher working temperature. This
result is similar to our previous report’ on a sensor using CuO
(p-type) nanoplates. The resistance of the sensor increases when
exposed to SO, and returns to the based value when the sensor
is refreshed with dry air. To conclusion, in our study, the hollow
structure and thin shell thickness of the nanorice responses for
the high sensitivity of the sensor. As shown in Fig. 9, the
adsorption of NO,, and SO, molecules on the surface of ZnO
nanorices captures electrons from the conduction band and
thus change the depletion region compared with that in air.
Therefore, the resistance of the sensor increases significantly
with introduction of NO, and SO, gases.

4. Conclusion

For the first time, we have successfully fabricated hollow ZnO
nanorices by a simple hydrothermal method without using
surfactants for NO, and SO, gas sensor application. The hollow
ZnO nanorices have an average length and diameter of
approximately 500 and 160 nm, respectively. The nanorices
have a thin shell with a thickness of approximately 20 nm. The
surface of the hollow ZnO nanorices is not smooth due to the
accumulation of crystalline nanoparticles. The specific surface

area of the hollow ZnO nanorices is relatively large
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(approximately 9.44 m* g~ '), whereas the average pore diameter
is approximately 30 nm. The formation of hollow ZnO nanorices
can be attributed to the agglomeration of glucose molecules
into the soft-template with a rice-like morphology. During the
hydrothermal process, the precursors decomposed to form ZnO
crystals and assembled on the surface of the glucose template in
the shape of nanorices. After the removal of the glucose soft
template, hollow nanorices are obtained. Hollow ZnO nanorices
are suitable for fabrication of sensors to detect NO, and SO,
gases at the ppb level. Our results show that the fabricated
sensor based on hollow ZnO nanorices can be applied to the
monitoring, detection, and measurement of toxic NO, and SO,
gases in air pollution.
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