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Ultra-responsive and highly sensitive 1D ZnO
nanotubes for detecting perilous low levels of
NO, gasf¥
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1D ZnO nanotubes were synthesized using a combination of chemical bath deposition (CBD) and
thermal methods. The resulting ZnO nanotubes maintained a hexagonal crystal structure with an
average length of 500-700 nm. The 1D ZnO nanotube sensor developed in this study exhibited remark-
able responses of 84% for 5 ppm and 20% for 1 ppm NO, at a relatively low operating temperature of
200 °C, significantly below the exposure limit of 20 ppm. Additionally, the 1D ZnO nanotube sensor
demonstrated rapid response times of 1 second for 1 ppm NO, and 2.85 seconds for 5 ppm NO,. The
superior performance of the 1D ZnO nanotube sensor, when compared to those of nanoparticles and
broken nanotubes, can be attributed to its higher surface area, enhanced charge transport, and
improved sensitivity in gas sensing applications. Impedance spectroscopy was employed to investigate
the mechanism responsible for the increase in resistance due to NO, gas molecule adsorption on ZnO
nanotubes. Consequently, 1D ZnO nanotubes exhibit significant potential for the development of

rsc.li/materials-advances advanced gas sensing devices.

1. Introduction

Rapid industrial expansion and vehicle emissions have led to
the release of various hazardous gases into the environment,
resulting in a range of health consequences.'® Some of the most
common polluting gases include hydrogen disulfide (H,S), nitro-
gen dioxide (NO,), acetone, and ammonia (NH;).”*° These gases
have considerable health repercussions and are significant con-
tributors to lung diseases like emphysema, respiratory irritation
syndrome, and chronic obstructive pulmonary disease."*™ In
particular, NO, is a highly toxic gas and is a major contributor to
air pollution."*"® Prolonged exposure to high levels of NO, can
cause respiratory problems, such as bronchitis and asthma,
and may even lead to lung cancer."*'®™*® The World Health
Organization (WHO) has conducted extensive research on the
health risks associated with NO, emissions and has included
NO, as one of the harmful pollutants in its air pollution
standards for higher concentrations.’® Exposure to high levels
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of NO, can lead to respiratory problems and other health issues,
underscoring the importance of being able to detect and moni-
tor its concentration in air.° The allowable NO, exposure level is
5-25 ppm, as per the most recent Occupational Safety and
Health Administration regulations.”?"** In the environment,
NO, may mix with oxygen, water, and other compounds to create
acid rain."** This can have detrimental effects on the stability of
ecosystems. Therefore, there is a critical need for efficient NO,
gas sensors that can identify and measure low amounts of NO,
in the atmosphere.

Metal oxide semiconductor (MOS) resistance gas sensors are
commonly used as sensing devices due to their simplicity,
compact size, rapid and dependable response and exceptional
sensitivity."***® Various MOS materials have been reported as
NO, sensors, including Nb,05,%® Cu0,*” Ni0,*® Sn0,,* In,0;,*°
Ce0,,*" WO3,*>** and Fe,0;.>* However, their selectivity and
response were poor at a working temperature of 200 °C. Among
the range of MOS materials, ZnO emerges as a standout candi-
date for sensing applications. Its advantages include a large
band gap (3.37 eV), widespread availability, and straightforward
synthesis. Additionally, ZnO shows good electron mobility,
inherent sensing capabilities, and robust electrical properties
and offers the most diverse range of nanostructures.*>*!
Furthermore, it has drawn the attention of many researchers
due to its excellent ability to detect NO, gas. A comparison of
NO, responses of ZnO-based sensors with those of other
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Table 1 NO, responses of ZnO-500 nanotubes compared to those of other materials described in the literature

Operating NO, concentration Response Recovery
Materials Synthesis method Morphology temperature (°C) (ppm) Gas response (%) time (s) time (s) Ref.
WO; Hydrothermal Nanoflowers 200 1 6.78 32
SnoO, Thermal evaporation Nanoparticles 200 5 31 9.0 135 29
NiO Chemical spray pyrolysis  Pores 200 20 57.3 — — 28
Nb,Os-SE Sol-gel method Spherical grains 780 50 14 26
CuO Electrospinning method  Nanofibers 150 1 4 18 3 27
ZnO Hydrothermal Nanosheets 170 50 10.2 36 4 90
ZnO Chemical Nanoneedles 200 200 89 41 125 91
CuO-ZnO Chemical Flakes 200 5 8 13 5 46
ZnO Chemical bath deposition Nanotubes 200 1 20 1 30 Present
5 84 2.85 59 work

materials demonstrates that ZnO-based sensors are capable of
detecting NO, gas, as shown in Table 1.

ZnO-based gas sensors have shown to have rapid recovery/
response rates, making them ideal for real-time detection of
changes in NO, concentration.*” This feature is particularly
important for ensuring that appropriate measures are taken to
reduce exposure to NO, and prevent potential health hazards.
ZnO-based sensors can be utilized not only in industrial and
outdoor air pollution monitoring, but also in applications such as
indoor air quality monitoring, automotive emission control, and
environmental monitoring.*** With the continuous advance-
ments in ZnO-based gas sensing technology, the development of
even more efficient and reliable NO, sensors is expected. For
instance, Patil et al.*> reported a hierarchical ZnO nanostructure
sensor using a catalyst-free thermal evaporation method and its
recovery and response times for 1 ppm NO, were 180 and
48 seconds, respectively, at 200 °C. Chen et al.*® reported CuO-
ZnO nanocomposites synthesized using a chemical method. The
gas response to 5 ppm NO, was 8% at 250 °C, with response and
recovery times of 5 and 13 seconds. Patil et al.*’ reported ZnO
nanorods for gas sensing applications using a hydrothermal route
and found that the response/recovery times for 10 ppm NO, were
70 and 30 seconds at 200 °C. Based on the results mentioned
above, it appears that the NO, gas sensors reported in the study
may meet some of the desired criteria but not all of them. Ideally,
a satisfactory sensor should exhibit fast response, have high
selectivity, and demonstrate short response/recovery times.
Furthermore, gas sensing selectivity can be enhanced by incorpor-
ating specific receptor materials that selectively interact with
target gases.*® Additionally, tailoring the sensor’s surface proper-
ties and optimizing its operating conditions further contribute to
its heightened selectivity in gas detection.*®*°

Gas sensing properties are influenced not only by the
chemical composition, but also by the morphology of the sensing
material.®® To date, various ZnO nanostructures, including one-
dimensional (1D),>"** two-dimensional (2D),”> and three-
dimensional (3D)** structures, have been successfully synthesized
for gas sensing applications. Among them, 1D nanostructures,
especially nanotubes, have received a lot of interest due to their
rapid gas diffusion, which significantly improves their gas sensing
performance.’>® In contrast, ZnO nanotubes have emerged as
promising candidates for gas sensing applications due to their
unique structural and chemical properties.>*>” The scope of ZnO

© 2024 The Author(s). Published by the Royal Society of Chemistry

nanotubes in gas sensing lies in their high surface-to-volume
ratio and large specific surface area, providing ample sites for
gas molecules to interact, leading to enhanced sensitivity.”>
Additionally, their tubular morphology facilitates efficient charge
transport and rapid response to changes in the gas environment.
However, the limitations include challenges in reproducibility
and scalability of the synthesis methods, which may hinder
large-scale production.’® Advantages of ZnO nanotubes include
their intrinsic semiconducting nature, making them suitable for
detecting a variety of gases.”® Nevertheless, these sensors may
suffer from selectivity issues, as they can be sensitive to multiple
gases simultaneously.’® Compared to other oxide materials, ZnO
nanotubes exhibit improved sensitivity and response time,
owing to their unique nanostructure.’>”® The tubular geome-
try provides more active sites for gas adsorption, enhancing the
overall performance. Moreover, ZnO nanotubes can outperform
2D materials in certain aspects due to their three-dimensional
structure, offering a larger surface area for gas interaction.> This
structural advantage contributes to a higher sensitivity and a
lower detection limit, making ZnO nanotubes a preferable
choice for gas sensing applications when compared to some
conventional oxides and 2D materials.

In this investigation, we synthesized 1D ZnO nanotubes
using a combination of chemical bath deposition (CBD) and
thermal methods. The resulting ZnO nanotubes exhibited
excellent gas sensitivity and an ultrafast response to NO, gas,
especially at 200 °C working temperature. Models of ZnO
nanotubes were proposed to explain the mechanism behind
their gas sensitivity. Our findings demonstrate that ZnO nano-
tube sensors showed a high sensitivity of 84% towards 5 ppm
NO, gas and 20% towards 1 ppm NO, gas, with ultrafast
response times of 1 to 1.21 seconds for detecting both 1 and
5 ppm NO, gas.

2. Experimental section

2.1. Precursors

The ZnO nanostructured films were synthesized on pre-cleaned
glass substrates using 99.99% zinc nitrate hexahydrate
[Zn (NO;),-6H,0] (AR grade) as the precursor. The pH of
the solution was adjusted by adding ammonia (NH;) (SD fine
chemicals) and hydrogen peroxide (H,0O,) (Thomas Baker) was
used as the oxidising agent.

Mater. Adv,, 2024, 5, 2826-2840 | 2827
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2.2. Preparation of ZnO nanostructures

Fig. 1 depicts a schematic representation of the fabrication
process of ZnO nanostructures using the CBD method. To
prepare the reaction mixture, 2.97 g of Zn (NOj3),-6H,O was
dissolved in 50 ml of double distilled water at room tempera-
ture. Subsequently, NH; solution was added dropwise to adjust
the pH to 12, and 2-3 ml of H,0, was added to the solution,
which was stirred for 20 minutes. The resulting mixture was
transferred to a 100 ml cleaned beaker, where cleaned glass
substrates were inserted vertically using a hanging system. The
beaker was then placed in another large glass vessel containing
paraffin oil, and the entire setup was placed on a magnetic
stirrer with a temperature-controlled hot plate at 100 rpm.
Sample deposition was carried out at an operating temperature
of 70 °C for a duration of 3 hours, followed by 24 hours of
drying at room temperature. The produced films were then
calcined for 1 hour in air at 100, 200, 300, 400, 500, and 600 °C
to obtain the zinc oxide products, indicated as ZnO-100, ZnO-
200, Zn0-300, Zn0O-400, ZnO-500, and ZnO-600. The calcination
temperature can affect the crystal structure, surface area and
morphology of ZnO nanostructures, which can influence their
sensing properties.

During the CBD method, the cationic solution (containing
metal ions) and the anionic solution (containing a source of
anions such as hydroxide or nitrate) are mixed together.
Ammonia (NHj;) is often used as a complexing agent to form
metal-ammonia complexes, which are more stable and soluble
than metal ions. Ammonia also acts as an anionic precursor,
providing hydroxide ions (OH ) through its reaction with water.
These OH ™ ions then react with metal ions to form metal
hydroxide precursors, which can be further converted to metal
oxide nanostructures through thermal treatment. The chemical
reaction of ZnO nanostructures can be shown by eqn (1)-(4):

Zn(NO;), + 2NH,OH — Zn(OH), + 2NH,NO; (1)
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Zn(OH), + 2NH,OH — NH,ZnO,” + H' + H,0 2

NH4(Z1102_) +H" + H,O, — ZnO + NH4OH + %02 T (3)

ZnO + H,0, — ZnO + 20H" (4)

At lower temperatures, an excess portion of the Zn melted and
approached the surface, leading to increased crystal growth and
the formation of nanoparticles. As the calcination temperature
increased to 500 °C, crystal growth became even more pro-
nounced, and Zn dissipation was more efficient, resulting in
the creation of a greater number of nanotubes. However, at
higher calcination temperatures (600 °C), the nanotubes became
broken due to the high temperature. These results suggest that
careful control of calcination temperature can be used to tailor
the microstructure of ZnO nanostructures for sensor devices.

2.3. Characterization techniques

The characteristics of the ZnO nanostructures have been exam-
ined using X-ray diffraction analysis (XRD, Rigaku, Ultima IV,
Cu Ko/40 kv/40 mA), field emission scanning electron micro-
scopy (FESEM, FEI Nova Nano SEM 450), and X-ray photoelec-
tron spectroscopy (XPS, VG Multilab 2000, Thermo Scientific).
The vibrational modes of the materials were analyzed using a
Raman spectrometer (WITec-Alpha 300) with a laser wavelength
of 532 nm. The specific surface area and pore size distribution
of the materials were determined by performing BET analysis
using NOVA and Quantachrome instruments.

2.4. Gas sensing test

Gas sensing tests were performed on ZnO nanostructures in a
specialized 250cc gas sensor apparatus, and the ZnO nanostruc-
ture sensor’s response to different gases was measured over a
range of 100-300 °C. The target gases (H,S, SO,, ethanol, and NO,)

|/\

Prepared sample
_..
HOT PLATE

Fig. 1 Schematic representation of the various stages in the fabrication of 1D ZnO nanotubes using CBD.
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were sourced from certified cylinders with a purity level of 99%.
The gas sensing data were collected using a Keithley-6514 pro-
grammable electrometer.®® To find the optimum operating tem-
perature, the sensitivity of a ZnO nanostructure sensor to 1 ppm
and 5 ppm NO, was evaluated at various operating temperatures.
Additionally, the sensor response/recovery properties were
assessed by varying the concentrations of gas. The response
(S%) was calculated using eqn (5):****

Ry — R

Response, S (%) = 2% 100 (5)

a
where R, and R, represent the sensor resistance when exposed to
the gas and air.

3. Results and discussion

3.1. Characterization of synthesized ZnO nanostructures

XRD is a widely used analytical technique that can be used to
determine the crystalline structure. Fig. 2 shows the XRD
patterns of ZnO-100, ZnO-200, ZnO-300, ZnO-400, ZnO-500,
and ZnO-600 nanostructures, which reveal that all the samples
have the same hexagonal crystalline structure with the space
group P63mc and lattice constants of a = b = 0.32490 nm and ¢ =
0.52040 nm (ICSD 57450) (Fig. 2(a)). A pure phase with hex-
agonal crystal structure has formed, according to the Rietveld
refinement study of the XRD pattern of ZnO-500, as illustrated

View Article Online
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in Fig. 2(b). The lattice parameters were calculated using the
Full-Prof suite software. Fig. 2(c) shows the schematic unit cell
crystal structure obtained from output refinement data. The
VESTA software package was used to visualize the crystal
structure. The XRD analysis also provided information on the
dislocation density (), stacking fault (SF), and micro-strain (¢),
as indicated in Table S1 (ESIt).

6 — w 6)
. 1
0= 2 )
o
SF= G an o’ )

The ZnO nanostructures were found to be highly sensitive to
calcination temperature, as evidenced by changes in micro-
strain, dislocation density and stacking fault.

Raman spectroscopy is indeed a powerful technique for
identifying and characterizing vibrational modes in molecules.
The ZnO-500 nanotubes exhibit four Raman-active modes: E;
longitudinal optical (LO), E, (high), E, (low), and A; (TO)
modes, as shown in Fig. 2(d). The E, longitudinal optical (LO)
mode, which involves the displacement of Zn and O atoms in
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- ——Zn0-100 T JCPDS#36-1451e  Observed
- o
o JCPDS # 36-1451 Z7n0-200 Caleulated
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Fig. 2 Crystal structure determination. (a) XRD spectra of ZnO nanostructures produced on a glass substrate: ZnO-100, ZnO-200, ZnO-300, ZnO-400,
ZnO-500 and ZnO-600 nanostructures. (b) Rietveld-refined XRD pattern of ZnO-500 nanostructures. (c) The crystal structures of ZnO-500 were
determined by fitting data and visualized using the VESTA software. (d) Raman spectra of ZnO-500 nanostructures.
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opposite directions along the c-axis, occurs at ~578 cm *.*
The E, (high) mode, also known as the A; (longitudinal) mode
or the Raman active mode, occurs at ~441 cm™* and involves
the in-plane vibration of O atoms. The E, (low) mode occurs at
~379 em™!' and involves the out-of-plane vibration of Zn
atoms; this mode is also known as the E; (transverse) mode
or the Raman inactive mode. Finally, the A; mode occurs at
~332 ecm™' and involves transverse optical vibration of the
oxygen atoms along the c-axis. This mode is also known as the E
mode or the R; mode.

FESEM characterization was utilized to analyze the surface
morphology of all ZnO nanostructure samples. ZnO-100 dis-
played a flake-like, porous structure (Fig. 3(a)), which is con-
sistent with previous reports.®>** Fig. 3(b) and (c) show that the
porous morphological structure becomes more prominent in
the ZnO-200 and ZnO-300 nanostructures. The FE-SEM image
of Zn0-400 in Fig. 3(d) shows the transformation of the porous
structure into nanoparticles, which have dimensions ranging
from 55.8 to 45.0 nm. Furthermore, the nanotube-like structure
of Zn0-500 observed in Fig. 3(e) has a unique morphology with
a nanotube length of approximately 400-700 nm, a diameter of
150 nm, and walls that are approximately 46 nm thick. The high
aspect ratio of these structures has the potential to provide a
large surface area, which could be useful for gas sensing
applications. The rough and porous surface of the ZnO nano-
tubes observed at high magnification (as shown in the inset of
Fig. 3(e)) can increase the surface area of the nanotubes. This
enhanced surface area can create additional sites for gas
adsorption and reaction, which can ultimately lead to improved
sensitivity in gas sensing. The porous structure can also allow
for better gas diffusion and access to the interior of the
nanotubes, leading to more efficient gas sensing performance.
However, higher calcination temperatures of Zn0O-600 lead to
the breakdown of these nanotubes, as shown in Fig. 3(f). The
diameter of the broken holes ranges from 505 to 605 nm, which
can restrict their suitability for gas sensing applications.
Fig. 3(g) presents a histogram of 1D ZnO-500 nanotube size
distribution, with an average nanotube length of 500-700 nm.
Additionally, Fig. 3(h) shows EDS mapping of the nanotubes,
confirming the successful synthesis of ZnO.

EDS analysis was performed to obtain elemental mapping of
Zn and O in ZnO-100, Zn0-200, Zn0O-300, Zn0O-400, and ZnO-
600 nanostructures, as depicted in Fig. S1 (ESIT). The results
demonstrate that Zn and O are the primary elements present in
the prepared samples, indicating the formation of ZnO nanos-
tructures. Moreover, the chemical composition and purity of
Zn0-100, Zn0O-200, Zn0O-300, Zn0O-400, ZnO-500, and ZnO-600
nanostructures were analyzed using EDS spectra, which are
displayed in Fig. 4(a)-(f). The inset tables in Fig. 4(a)-(f) provide
the atomic and weight % and intensities of Zn and O in each
sample. The data suggest that the calcination process caused
some variation in the atomic and weight percentages, which
could be attributed to heat agitation in the prepared samples.

The BET surface area measurement is a widely used method
for determining the specific surface area of a material. It relies
on analyzing the adsorption isotherm of a gas onto a solid

2830 | Mater. Adv, 2024, 5, 2826-2840
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Fig. 3 FESEM images of ZnO nanostructures. (a) ZnO-100 shows a
porous and flake-type structure, (b) ZnO-200 shows a porous structure,
(c) ZnO-300 shows a porous structure with a high porosity, (d) ZnO-400
shows nanoparticles, (e) ZnO-500 shows nanotubes, (f) ZnO-600 shows
broken nano-holes. (g) Histogram plot showing the length distribution of
ZnO-500 nanotubes and (h) EDS mapping of ZnO-500 nanotubes.

surface, with the amount of gas adsorbed being proportional to
the surface area of the material. Fig. S2 (ESIf) depicts the
surface areas and nitrogen physical adsorption-desorption
isotherms of different ZnO nanostructures. Surface area is a
critical structural property greatly influenced by morphology.
The BET surface areas of Zn0O-300 (porous structures), ZnO-400
(nanoparticles), ZnO-500 (nanotubes), and ZnO-600 (broken
nanotubes) are 30.4527, 40.8447, 56.9546, and 50.5161 m”> g ',
respectively. These BET findings show that nanotubes have a
greater surface area than porous structures, nanoparticles, and
broken nanotubes. This suggests that the cylindrical shape of
the nanotube structure is responsible for its larger surface area
when compared to other structures. Nanotubes are cylindrical

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 EDS spectra and elemental composition of ZnO nanostructures. (a) ZnO-100, (b) ZNO-200, (c) ZnO-300, (d) ZnO-400, (e) ZnO-500, and (f) ZnO-600.

structures that provide a very large surface area per unit mass.
The walls of the nanotubes are also very thin, typically only 46 nm
in thickness, which means that a significant fraction of the atoms
in the material are located on the surface. This leads to a very high
surface area and makes nanotubes attractive for gas sensing. On
the other hand, the lower surface area of ZnO-300 porous struc-
tures can be attributed to their irregular and disordered morphol-
ogy, which leads to a lower surface area per unit mass. The same is
true for ZnO-400 nanoparticles, which have a relatively low surface
area due to their small size and spherical shape. ZnO-400 (nano-
particles) has a higher surface area compared to ZnO-300 because
the nanoparticles have a smaller size and higher surface-to-volume
ratio, resulting in a larger surface area per unit mass. ZnO-600
broken nanotubes, although they have a similar morphology to
nanotubes, have a lower surface area compared to ZnO-500,
possibly due to structural defects that may have occurred during
the breakdown process. The breakdown of the nanotube structure
reduces the overall surface area of the ZnO-500 sample.

XPS was employed to clarify the compositions and electronic
states of ZnO nanostructure samples. In the ESI, T Fig. S3(a)-(f)
shows a wide region survey spectrum of ZnO nanostructures,

© 2024 The Author(s). Published by the Royal Society of Chemistry

which indicates the presence of oxygen (O), zinc (Zn), and
carbon (C) elements in the ZnO-100 to ZnO-600 nanostructures.
The peak observed at around 537-528 eV indicates the presence
of oxidized metal ions O-Zn in ZnO. In Fig. 5(a), high-
resolution XPS spectra of ZnO-100 nanostructures show the
absence of elemental Zn in ZnO nanostructures, as evidenced
by a shift in the binding energy (BE) over 1021 eV. The peak at
1021.3 eV is associated with Zn 2p;/, species in stoichiometric
Zn0.%® The additional peak at 1025 eV corresponds to groups of
—-OH connected to Zn ions on the nanostructures’ surfaces or
Zn-deficient areas.®>®* The Zn 2p;,, XPS spectra generated two
satellites at 1045.1 and 1050.1 eV, corresponding to Zn 2p,, in
the ZnO matrix and the ~OH impurities bound to Zn ions.®* As
shown in Fig. 5(b), the ZnO-500 nanostructures displayed two
peaks in the Zn 2p spectrum at around 1043.69 and 1020.68 €V,
respectively. These peaks corresponded to Zn 2p,, and Zn
2p3/2.2>%® The XPS data suggest that a low calcination tempera-
ture of 100 °C (ZnO-100 porous nanostructures) shows groups
of ~-OH connected to Zn ions on the nanostructures’ surfaces,
while a higher calcination temperature of 500 °C (ZnO-500
nanotubes) exhibits pure ZnO nanostructures.

Mater. Adv,, 2024, 5, 2826-2840 | 2831
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Fig. 5 XPS spectra of the Zn 2p peak of ZnO nanostructures of (a) ZnO-100 and (b) ZnO-500 samples.

3.2. Gas sensing studies

3.2.1. Working temperature effect. Determining the opti-
mal working temperature is crucial for the performance of gas
sensors. The sensor response values are typically influenced by
the sensing temperature due to temperature-dependent gas
adsorption and diffusion phenomena.®”’*® In this study, tests
were conducted to determine the optimal working temperature
of the ZnO-500 sensor. The sensor response values were mea-
sured as a function of the working temperature, as depicted in
Fig. 6(a) and (b). It was observed that the sensor responded to
NO, gas concentrations of 1 ppm and 5 ppm at all sensing

20

N
o
[l

1 ppm

-
(3]
L

Response (%)
S

temperatures; nevertheless, its response was noticeably impacted
by the sensing temperature. The lower temperatures may not offer
enough energy to achieve effective NO, gas adsorption, which can
result in higher desorption rates relative to adsorption rates at
higher temperatures. According to the test results, it was observed
that the gas sensor made using ZnO-500 nanotubes demonstrated
the best responses of 20% and 84% at 200 °C for 1 and 5 ppm
concentrations. However, the response rates decreased at 250 °C
and 300 °C. The efficiency of gas sensing can be significantly
impacted by the sensing temperature as the processes of
desorption, diffusion, and adsorption are all dependent on
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selectivity responses of ZnO-100, ZnO-200, ZnO-300, ZnO-400, ZnO-500 and ZnO-600 nanostructures sensors to various gases measured at 200 °C
at a gas concentration of 5 ppm NO,. (d) The response of the ZnO-500 nanotube sensor to various gases measured at different operating temperatures
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temperature. When the temperature falls below the optimal
range, sensor’s responsiveness decreases due to deactivation of
diffusion and desorption processes. Conversely, when the tem-
perature exceeds the optimal range, the sensing efficiency is
compromised because adsorption becomes inefficient, and
desorption takes place too rapidly.®® Therefore, the gas sensor’s
response decreases at 300 °C, which is above the optimal sensing
temperature for NO, gas sensing. In the case of the NO, gas
sensors discussed, it was observed that 200 °C is the optimal
temperature for reliable and accurate gas detection.

3.2.2. Selectivity study. The performance of a sensor
depends significantly on its selectivity, which refers to the
sensor’s capacity to detect the target gas specifically and
exclude interference from other gases. In the case of the ZnO
nanostructure sensor, the selectivity was tested using a custom-
fabricated gas detecting unit for NO, gas at 5 ppm at 200 °C.
The ZnO-500 sensor demonstrated an exceptional response of
84% for 5 ppm concentration of NO,, while other sensors
displayed notably lower responses. The responses were 14%
for Zn0O-100, 21% for Zn0O-200, 34% for Zn0O-300, 50% for ZnO-
400, and 58% for Zn0-600, as illustrated in Fig. 6(c). The ZnO-
500 nanotube sensor responds to NO, more strongly than the
Zn0-100, Zn0-200, Zn0O-300, Zn0O-400, and ZnO-600 sensors.
This difference can be attributed to the particle sizes and the
gradual agglomeration of particles at low treatment tempera-
tures. As a result, the reduced specific surface areas negatively
impact the adsorption of NO, molecules on the sensing materi-
als’ surfaces, leading to a decline in their responses. In addi-
tion, 1D ZnO nanotubes have a very high aspect ratio, which

()
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means that their length (~700 nm) is much greater than their
diameter (~150 nm). The high aspect ratio of ZnO 1D nano-
tubes provides them with a high surface area-to-volume ratio,
which allows them to interact more effectively with the target
molecules. When exposed to a gas, the molecules adsorb
onto the nanotube surface, causing a change in its electrical
properties. This change can then be detected and used to
determine the presence and concentration of the target mole-
cules. The large surface area of ZnO 1D nanotubes is also
beneficial because it enhances their sensitivity and selectivity.
The increased surface area provides more opportunities for the
target molecules to interact with the nanotubes, resulting in a
greater sensor response. Moreover, the high aspect ratio of the
nanotubes provides better control over the orientation and
positioning of the target molecules, potentially leading to
improved selectivity of the sensor.”®

Furthermore, the selectivity of the ZnO-500 nanotube sensor
was tested using a custom-fabricated gas detecting unit for
various gases including ethanol, H,S, CO, NHj3;, SO, and NO, at
5 ppm and 1 ppm at 200 °C, as depicted in Fig. 6(d). The results
of the selectivity analysis demonstrate that the prepared ZnO-
500 nanotube sensor is more responsive to NO, gas compared
to other gases such as ethanol, H,S, CO, NH; and SO,.

3.2.3. Response and recovery time values. Fig. 7(a) illus-
trates the results of an investigation into the gas response of a
1D ZnO nanotube sensor for NO, gas concentrations between
1 and 5 ppm and results show that the sensor response
increases with an increase in gas concentration as illustrated
in Fig. 7(a). Fig. 7(b) shows the sensor’s 20% response at an NO,

~
()
N’

120
20 4 ~<— gas out 1 ppm 80 <— gas out 5 ppm
100 < 3 4
B $154 &
% 804 S\,’ 15 @ 60 =
o X : o 9
7] J @ 10+ Recovery Time 24 sec| @ ,, |
] o0 2 5 sk b Recovery Time 45 sec
2 40- S 54 2 18
¢ y 8204 ©
= Q 14
® 204 3 © 04 1
0 ‘ ! } Response Time 1.8 sec 04 -~ Response Time 3 sec
T T T v T v S5 v T v T v T v T v T T T v T
0 100 200 300 400 0 10 20 30 40 300 320 340 360 380
(d) Time (sec) (e) Time (sec) ® Time (sec)
100
| 5 ppm 854 75% Stability
S gso ] 80 4
- Ty
o. & 60
@ 2 754
5 S 40-
o T 70
e & 204
| 65
0+
T v T v T v T v T ' T T T b 60 v T v T v T v T
0 50 100 150 200 300 400 500 600 700 0 10 20 30 40
Time (sec) Time (sec) Time (day)

Fig. 7

(a) The response—recovery curves of ZnO nanostructures for NO, detection at various concentrations at an operating temperature of 200 °C. (b)

The response transient of ZnO-500 nanotubes for 1 ppm NO, was recorded at a working temperature of 200 °C. (c) The response transient of ZnO-500
nanotubes for 5 ppm NO, was recorded at 200 °C. (d) and (e) The reproducibility evaluated for 1 ppm and 5 ppm NO, gas. (f) A long-term stability test

conducted with 5 ppm NO; gas.
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concentration of 1 ppm, with a response time of 1 second and
30 seconds for recovery. At an NO, concentration of 5 ppm, the
1D ZnO nanotube sensor exhibited a maximum response of
84%, with a response time of 2.85 seconds and a recovery time
of 59 seconds as depicted in Fig. 7(c). Table 2 summarizes the
sensor response, response time, and recovery time of the 1D
ZnO nanotube sensor at different concentrations of NO,. The
response and recovery times vary with different concentrations
of NO,, as shown in Fig. S4 (ESI{). Compared to other NO,
sensors documented in Table 1, the 1D ZnO nanotube sensor
exhibits a faster response time and a shorter recovery period. In
contrast, the ZnO-500 nanotube sample has shown fast
response and recovery times for detecting low levels of NO,
gas, making it a promising material for practical applications
such as air quality monitoring, industrial emission control, and
automotive exhaust systems.”'””?

3.2.4. Reproducibility and stability studies. Reproducibility
refers to the ability of a sensor to produce consistent and
reliable results when tested multiple times under the same
conditions. In practical applications, the reliability and effec-
tiveness of a sensor depend significantly on its reproducibility
and stability. These factors are crucial for ensuring that the
sensor can produce consistent and accurate results over time.
The reproducibility of the 1D ZnO-500 nanotube sensor was
assessed by measuring its response to 1 and 5 ppm NO, at
200 °C for five testing cycles. The sensor showed excellent
reproducibility, maintaining its initial response after each
cycle, as shown in Fig. 7(d) and (e). Furthermore, stability of
the sensor was determined by measuring its response to 5 ppm
NO, concentration every five days for a period of 40 days, as
depicted in Fig. 7(f). The sensor’s response remained stable,
changing by less than 25% even after 40 days, indicating that
the sensor was highly stable. The 1D ZnO-500 nanotube sensor
has demonstrated outstanding reproducibility and stability in
detecting NO, gas, suggesting that this sensor has high
potential for practical applications as a reliable and long-
lasting device for detecting nitrogen dioxide gas.

3.2.5. Gas sensing mechanism. According to electron
depletion theory, when NO, gas comes into contact with the
surface of ZnO nanotubes, it reacts with the surface oxygen ions
to form nitrate ions and oxygen vacancies.”*”> This reaction
causes the depletion of electrons in the ZnO nanotubes, result-
ing in a decrease in the electrical conductivity of the nanotubes.
The magnitude of the decrease in conductivity is proportional
to the concentration of NO, gas in the environment. Therefore,
the change in the electrical conductivity of ZnO nanotubes can

Table 2 The sensing responses of a 1D ZnO-500 sensor were investi-
gated for 1-5 ppm NO, gas at 200 °C operating temperature

NO, concentration Response Recovery
(ppm) Response (%) time (s) time (s)
1 20 1 30

2 44 1.21 41

3 74 1.8 47

4 79 2.6 56

5 84 2.85 59
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be used to detect the concentration of NO, gas in the environ-
ment. The sensing mechanism of ZnO nanotubes to detect NO,
is depicted in Fig. 8. When the ZnO nanotube gas sensor comes
into contact with the air, O, molecules remove electrons from
the surface of the sensor, resulting in the production of oxygen
species (0>, O, and O7) and the formation of a layer on the
surface of ZnO depleted of electrons.”®””

OZ(gas) A Oz(adsorbed)7 [25 OC) (9)
Os(gas) T € <> 20s(adsorbed) (25_200 OC) (10)
Oz(gas) +e < Oz(adsorbed)_ (200—300 OC) (11)

As the experiments are conducted at 200 °C, the production
of O~? will occur (according to eqn (10)). Furthermore, when
exposed to NO, gas, the NO, molecules adsorbed onto the
surface of the ZnO nanotubes will interact with the oxygen
species that are also adsorbed onto the surface. This results in
the NO, molecules capturing more electrons from the conduc-
tion band of ZnO, causing the depletion layer to widen and the
resistance of the ZnO sensor to increase.”® The overall reaction
can be presented as follows:

NOj(gas) + € = NOpaqs)” (12)

NO, molecules capture electrons (e”) and are converted into
NO,  ions.

NOZ(gas)_ + Oz(ads)_ +2 — Noz(ads)_ + Zo(ads)_
(13)

NO, ™ ions react with O, ions and two electrons to produce
NO, and two O, ions.

In the absence of NO, gas, the resistance of the ZnO
nanotubes returns to its original value when exposed to air.
This is because the adsorbed NO, gas molecules gradually
desorb from the nanotube surface and return to the gas phase.
When the NO, gas molecules desorb from the surface of the
nanotubes, the electron density and hence the conductivity of
the nanotubes return to their original values. This is because the
existence of NO, gas alters the electron density of the ZnO
nanotubes, leading to a change in their electrical conductivity.
In contrast, in the gas adsorption process on ZnO nanotubes,
NO, gas molecules interact with the surface, capturing electrons

Sensor Exposed To Air Sensor Exposed To NO, Gas

0,- - 0,
o, 2 0, 0, [ NOq+e-

0,-
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o, (. 00 Nanatates ) ) | 00 Nanotubes O
N 2 //
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o, ‘ \
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Fig. 8 Schematic representation of the gas sensing mechanism of 1D
ZnO nanotubes in air and in gas.
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and leading to the widening of the depletion layer. This inter-
action increases the resistance of the nanotubes. Concurrently,
oxygen species present on the ZnO surface facilitate this adsorp-
tion mechanism. Conversely, during the desorption process, the
ZnO nanotubes are heated, prompting the release of the pre-
viously adsorbed NO, molecules. This heating-driven desorption
effectively restores the original configuration of the ZnO sensor,
preparing it for subsequent detection events.

The high surface area to volume ratio of ZnO nanotubes
provides an increased number of active sites for gas adsorption,
which enhances the gas sensing properties of ZnO nanotubes.
The unique tubular structure also provides a higher degree of
freedom for gas molecules to interact with the ZnO nanotubes,
leading to a more efficient gas sensing response. Additionally,
the tubular structure of ZnO nanotubes can offer mechanical
flexibility, which can help maintain the stability and durability
of the gas sensing device during sensing operations. Overall,
the tubular structure of ZnO nanotubes makes them promising
candidates for gas sensing devices.

3.3. Impedance spectroscopy

Impedance measurements are a common method for studying
the electrical properties of materials and gas sensing devices.”®*?
In the case of the ZnO nanotube sensor, impedance measure-
ments were conducted to investigate the changes in electrical
properties before and after exposure to NO, gas as illustrated in
Fig. 9(a). The impedance graph shows a semi-circular curve that
ranges from low (20 Hz) to high frequencies (10 MHz) when the
imaginary component (Z") is plotted versus the real component
(Z). This is a characteristic feature of a parallel resistor-capacitor
(RQC) circuit, as shown in Fig. 9(b). The impedance data were
generated using an equivalent circuit model composed of three
parallel RC networks and one series resistor. The circuit model
parameters consist of R. and C, representing electrode contact
resistance and capacitance; R,, Ry, and Ry, represent initial, bulk
boundary and grain resistances; and Cg;, and Cy, represent grain
boundary and bulk capacitances.®®”*8%%488 Taple 3 presents the
simulated values of these parameters for both air and NO,
environments. The results show that R, Ry, and Ry, increased

() 54010

2.0x1074
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Table 3 Values of parameters of the equivalent circuit for fitting the

impedance spectra of the 1D ZnO nanotube sensor measured in air and
NO, ambient

Parameters R, (KQ) R. (MQ) Ry, (MQ) Ry, (MQ) C. (PF) Cyp, (PF) Cp (PF)

6.006
6.006

6.3153 7.8318 4.1111 17.10 21.68
14.8423 20.9534 15.7207 7.882 1.316

20.22
4.02

In air
In gas

when the ZnO nanotube sensor was exposed to NO, gas, while C,,
Cy, and Cy;, decreased. NO, gas adsorption on the surface of n-
type ZnO nanotubes results in an increase in resistance.*® The
process of adsorbing these gas molecules can lead to the trapping
of some free electrons within the conduction band. This reduces
the number of available free electrons and increases the resistance
of the material, making it harder for electric current to flow
through the nanotubes. As a result, the electrical conductivity of
the material is reduced, which can be measured as an increase in
resistance. The electrical properties of n-type ZnO nanotubes
undergo changes upon the adsorption of NO, gas molecules.
Fig. 9(a) demonstrates that the agreement between the experi-
mental data and the software simulation data indicates the
accuracy of the equivalent circuit model used to simulate the
impedance data. The model can be utilized to predict changes in
the electrical properties of the ZnO nanotube sensor when
exposed to NO, gas. It should be noted that the solid lines in
the figure represent the experimental data, while the symbols
represent the software simulation data.

The study investigates the gas sensing capabilities of 1D
ZnO-500 nanotubes through several tests, such as selectivity
response/recovery time and impedance spectroscopy, when
exposed to NO, gas at concentrations of 1 and 5 ppm. The
results show that the nanotubes exhibit gas responses of 20% at
1 ppm and 84% at 5 ppm when operated at a temperature of
200 °C. These sensitivity levels are higher than those of other
materials such as ZnO nanosheets,’® ZnO nanoneedles,”® a
bunch of ZnO nanowires,””> and CuO-ZnO flakes.*® These
findings imply that 1D ZnO nanotubes have the potential to
be employed as an NO, sensor device. In addition, 1D ZnO
nanotubes have been shown to exhibit response and recovery
times of 1/30 seconds and 2.85/59 seconds in the presence of

1.6x1074

1.2x10" 4 For Air

Z"(Q)

8.0x10°4
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—VWW—
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—{ I— I L
I I
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Fig. 9
ppm and a temperature of 200 °C. (b) Impedance fitting circuit.
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NO, concentrations of 1 ppm and 5 ppm. These times are faster
than those of other materials, including macro-to-mesoporous
Zn0,°*> ZnO nanowires,”® ZnO spheres,®® Pr doped ZnO
nanospindles,” and BiOI-ZnO microballs.”® Therefore, these
results suggest that 1D ZnO nanotubes are a promising mate-
rial for use in real-time monitoring applications, such as air
quality monitoring systems, that require swift detection and
response times to ensure public health and safety.”* %"

4. Conclusion

ZnO nanotubes synthesized using chemical bath deposition and
thermal methods show promising potential for NO, gas detection.
The resultant 1D ZnO-500 nanotube sensor demonstrated out-
standing sensitivity to NO, gas, operating at 200 °C with a
response sensitivity of 84% for 5 ppm NO, and 20% for 1 ppm
NO,. The NO, detection limit of 1 ppm is considerably lower than
the critical exposure limit of 20 ppm. The response and recovery
times for 1 ppm NO, were 1 and 30 seconds, respectively, while for
5 ppm NO,, the response and recovery times were 2.85 and 59
seconds, respectively. The sensor demonstrated outstanding sta-
bility, retaining 75% of its initial sensing performance over 40
days. Impedance spectroscopy results highlighted an increase in
resistance due to the interaction of gases with adsorbed NO, gas
molecules. The outstanding NO, gas-sensing ability may be due to
the synergistic effect, inherent structural properties of 1D ZnO-500
nanotubes and surface-adsorbed oxygen species. The NO, sen-
sor’s detection limit of 5 ppm meets the requirements of various
regulatory bodies, making it suitable as a potential sensor device
in real-world environments for NO, gas detection.
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