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Abstract

The presence of nitrogen dioxide (NO,), a hazardous gas emanating from various sources including vehicles, industrial power
plants, indoor combustion appliances, and tobacco smoke, underscores the importance of effective monitoring. Early risk
assessment and continuous vigilance are vital to mitigate potential respiratory and cardiovascular consequences associated
with prolonged exposure. To address this need, we have developed a cost-effective metal-organic framework (MOF)-derived
Sn0,-Zn0O-based gas sensor for NO, detection. Different combinations of SnO,-ZnO were synthesized by varying the Sn/
Zn molar ratio. The sensor SZ 1-0.5, having Sn/Zn = 1/0.5, demonstrated a superior response (R /R, = 7.37) compared to
bare SnO, and ZnO towards 100 ppm of NO, at 225°C. The fabricated SZ 1-0.5 sensor showed a good response time of
100 s with outstanding selectivity, cyclability, and repeatability. The enhanced gas-sensing characteristics of the sensor are
attributed to the formation of heterojunctions. The gas-sensing mechanism is discussed in detail.
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Introduction

In recent years, environmental and health challenges
have escalated due to air pollution originating from vari-
ous sources such as vehicles, industrial activities, etc. The
primary culprits contributing to this air pollution include
carbon monoxide (CO), nitrogen dioxide (NO,), sulfur
dioxide (SO,), ozone (O;), and particulate matter (PM, s,
PM, ). Continuous exposure to these harmful gases through
inhalation presents a significant health concern, leading to
various health disease conditions related to the respiratory
and cardiovascular system such as lung failure, stroke, and
exacerbation of asthma.'™ The World Health Organization
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(WHO) has set the recommended air quality guidelines that
include permissible 24-h limits for NO, (25 ug/m?), SO,
(40 pug/m?), and CO (4 ug/m?).> Additionally, the National
Ambient Air Quality Standard of India has set permissible
annual average limits for NO, (80 ug/m?), SO, (60 ug/m?),
and CO (2 ug/m?).5 Among these harmful gases, Nitrogen
dioxide (NO,) is a prevalent noxious gas. It originates from
different sources such as gas exhaust of vehicles and the
burning of coal, wood, and oil, etc. Prolonged exposure to
NO, poses significant health risks, leading to respiratory
ailments such as bronchitis, asthma, pulmonary edema, and
others.”'? In addition, the presence of NO, in the atmos-
phere is also accountable for acid rain and ozone depletion. '
Hence, there is a requirement for a very precise NO, gas
sensor with the capability of detecting it at parts per million
(ppm) concentrations. Furthermore, in medical applications,
the precise detection of small quantities of NO, helps in
diagnosing chronic lung disease.'*!*

For NO, detection, various sensing materials, includ-
ing metal—oxide semiconductors (MOS) (ZnO,' Sn0,,'¢
In203,17 etc), carbon-based materials (CNT,18 graphene,lg’20
graphene oxide,?! reduced graphene oxide,?>?? etc.),
polymers (polypyrrole,'®* polymethyl methacrylate,*
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polyaniline,?® etc.) have been investigated. These materials
employ the chemiresistive method for NO, gas detection.
Among these, MOS-based sensing materials are widely
explored for NO, sensing and are further categorized into
two groups based on their electrical properties: n-type MOS
and p-type MOS. For gas-sensing applications, n-type MOS
materials are usually preferred over p-type MOS due to their
significant thermal stability and ability to operate well under
lower oxygen partial pressures, whereas p-type MOS mate-
rials are thermally unstable and tend to exchange lattice
oxygen more readily when exposed to air.2” Among n-type
MOS, tin oxide (SnO,) and zinc oxide (ZnO) stand out as
promising options due to their cost-effectiveness, non-toxic
nature, and ease of synthesis. However, both SnO, and ZnO
encounter various challenges such as low response levels,
poor selectivity, and slow response recovery times in prac-
tical NO, gas detection applications.”!! Addressing these
limitations is crucial for enhancing the overall effectiveness
and reliability of these MOS in NO, gas detection. In recent
years, different strategies such as morphological tuning,?%%°
ion doping,30'31 noble atom decoration,’>>? and the creation
of heterojunctions®*~® in metal oxides have been employed.

From the morphological tuning perspective, nowadays
metal—organic framework (MOF)-derived metal oxides have
a strong appeal for gas-sensing applications. MOFs are a
promising class of functional materials, having organic
ligands and metal ions/clusters interconnected through coor-
dination interactions. Their notable attributes, including high
porosity, extensive surface area, diverse composition, and
well-defined porous nanostructures, have garnered signifi-
cant attention from researchers. The metal oxides derived
from MOF retain the characteristics of MOF even after cal-
cination, and provide higher and richer active sites and path-
ways for gas adsorption and diffusion into the sensing mate-
rial, which enhances their gas-sensing performance.’’™*?
In this direction, Bulemo et al. synthesized MOF-derived
hollow spheres of SnO,, which showed a highly selective
response (R,/R, = 20.8) towards 5 ppm of acetone at 350°C.
This heightened selectivity was attributed to the extensive
surface area and improved porosity of the SnO, hollow
spheres synthesized from MOF.* Ren et al. engineered
porous ZnO nanoparticles by utilizing 2-methylimidazole
as cross-linkers within a MOF. The resulting ZnO nano-
particles exhibited an increased surface area and featured
pores that facilitated gas accessibility. This unique structure
contributed to an improved response in the detection of NO,
gas, evidenced by a notable response (R,/R, = 51.41) toward
1 ppm of NO, at a working temperature of 200°C.** Another
strategy to enhance the gas sensing characteristics of MOS
is the formation of heterojunctions employing n—n-, p—p-, or
n—p-type metal oxides. Zhang et al. synthesized an MOF-
derived Sn0O,-ZnO composite, the composition of which
was varied by adjusting the different molar concentrations

(5-20%) of SnO, to ZnO; 6% Sn0,-ZnO showed the high-
est response (R,/R, = 140.27) at 240°C towards 10 ppm of
acetone, which is 40% higher than bare ZnO.* The n—n het-
erostructure facilitated the electron transfer, which resulted
in a superior sensing response. Cheng et al. synthesized an
MOF-derived SnO,-ZnO nanocomposite. This nanocompos-
ite demonstrated an amplified response (R,/R, = 51) when
exposed to 100 ppm of ethanol at an operational temperature
of 160°C, which was five times greater than that observed
with the unmodified SnO,. The enhanced performance was
attributed to the synergistic effects of combining SnO, and
ZnO in the nanocomposite structure.’’ GuO et al. synthe-
sized a Pt-ZnO-In,0; composite involving an MOF-based
synthesis route. The gas-sensing response (R,/R, = 57.1)
towards 100 ppm of acetone at 300°C was improved by the
formation of p—n (PtO,-ZnO) and n—n heterojunctions (ZnO-
In,0;), compared to bare In,0; and ZnO-In,05 alone.*

In this direction, we have synthesized an SnO,-ZnO
nanostructure by utilizing 2-methylimidazole as cross-link-
ers. To assess the impact of different Zn mole ratios to Sn
on the gas-sensing properties of SnO,-Zn0O, we prepared
various combinations of SnO,-ZnO through solution phase
synthesis, by varying different Zn molar ratios to Sn. The
Sn0O,-Zn0O (SZ 1-0.5) having Sn/Zn in the molar ratio of
1/0.5 showed the highest response toward NO, gas at a tem-
perature of 225°C.

Experimental
Materials

Tin chloride (V) pentahydrate (SnCl,.5H,0; Himedia,
98.0%), zinc nitrate hexahydrate (Zn(NO;),-6H,0; Loba
Chem, 98%), and 2-methylimidazole (2-HmIm; Loba Chem,
98%) were used as precursors. Methanol (Rankem, 99%)
was used as a solvent, and a-terpineol (Alfa Aesar, 99%)
was used as a binder.

Synthesis of MOF-Derived Sn0,-ZnO Nanostructures

For the synthesis of the SnO,-ZnO nanocomposite, typi-
cally, 24.7 mmol of SnCl,-5H,0 was combined with specific
quantities (0, 6.175 mmol, 12.35 mmol, 18.52 mmol, and
24.7 mmol) of Zn(NO;),-6H,0 in the molar ratios of Sn/Zn
of 1/0, 1/0.25, 1/0.50, 1/0.75, and 0/1, in 60 ml of methanol.
After proper mixing of the precursor, 98.7 mmol of 2-HmIm
(2-methylimidazole) was added to the solution, resulting in a
light transparent solution. The solution was allowed to mixed
for 2 h. After the stirring stopped, the solution was allowed
to age for 20 h, which changed the transparent solution into
a whitish solution. The resultant precipitate was thoroughly
washed with methanol multiple times and subsequently
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dried at 60°C for 12 h. Following the drying process, the
metal-MOF complex was ground in a mortar and pestle and
subsequently annealed at 450°C in an air furnace for 3 h.

Material Characterization

The crystal structure and composition of the synthesized
sample were analyzed using an X-ray diffractometer (XRD)
having Cu Ka; (1 =1.54 A) as the source. A field-emission
scanning electron microscope (FESEM; Nova Nano FESEM
450; FEI) was utilized to morphologically analyze the syn-
thesized sample. A Keithley source meter (SMU 2601b) was
used for resistance measurement and a Keithley 2260 for the
DC power supply.

Sensor Fabrication and Sensing Measurement

For sensor fabrication, aluminum interdigitated electrodes
(IDEs) were applied onto a SiO,/Si substrate, possessing a
thickness of 400 um and a gap of 200 ym between the elec-
trode fingers. The synthesized samples were transformed into
a slurry in a mortar and pestle, incorporating a few drops of
a-terpineol. Subsequently, this slurry was applied to the IDEs
and dried in an oven at 60°C for 6 h. Gas-sensing measure-
ments were conducted within a self-made testing chamber
regulated by the LabView program, which facilitated commu-
nication between the various components. The resistance of
the fabricated sensor was measured using the Keithley source
meter, while temperature control within the testing chamber
was regulated by the Keithley DC power supply. To regulate

MEC. The response of the fabricated sensor was then calcu-

lated using:*’ !

R,
Response = —
Ra

where R, represents the sensor resistance in a dry air atmos-
phere and R, represents the sensor resistance in the pres-
ence of the target gas. A schematic illustrating the synthesis
process of the material and gas-sensing measurement is
presented in Fig. 1.

Results and Discussion
Material Characterization

XRD analysis was utilized to investigate the crystal structure
and phase formation of the synthesized samples, as depicted
in Fig. 2. The observed spectra of bare SnO, (S1-0) and bare
ZnO (SO-1) matches the standard tetragonal phase of SnO,
(JCPDS 01-0657) and the hexagonal wurtzite phase of ZnO
(JCPDS 36-1451), respectively.*’*” This indicates the forma-
tion of pure phases in the bare samples, devoid of any impurity
phases. In the XRD patterns of the SnO,-ZnO samples (SZ
1-0.25, SZ 1-0.50, SZ 1-0.75), the diffraction peaks aligned
with those of bare SnO,. The dominance of SnO, diffraction
peaks is observed due to the smaller molar contribution of
ZnO compared to SnO,.

The average crystallite size of the synthesized samples was

calculated using the Debye—Scherrer equation:*’

the flow of both dry air (comprising 80% N, and 20% O,) and KA
the target gas, two mass flow controllers (MFCs) were used. " Pcos
The intended concentration of the target gas was attained by
mixing the 1000 ppm of the gas with the dry air using the
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Fig. 1 A graphical representation of SnO,-ZnO synthesis and gas-sensing setup.
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where 4 represents the wavelength of Cu Ko (4 = 1.54 A),
K is the shape factor constant (= 0.9), § is the full width
half-maxima, and 8 is the diffraction angle. The aver-
age crystallite size calculated 2.88 nm, 4.60 nm, 5.76 nm,
8.73 nm, and 16.69 nm for SZ 1-0, SZ1-0.25, SZ 1-0.50,
SZ 1-0.75, and SZ 0-1 respectively. The larger crystalline
size observed in the ZnO is attributed to its inherently higher

—SZ1-0
(211)
™, o
—8Z 1-0.25
o, -
’5 ——8Z1-0.50
!i _A.u..
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Fig.2 XRD spectra of MOF-derived SnO,-ZnO.

crystallinity, whereas the SnO,-based samples exhibit lower
crystallinity with broader peaks.

Furthermore, the morphological characterization
of SnO,, ZnO, and SnO,-ZnO was carried out through
FESEM, as shown in Fig. 3. The FESEM images of bare
SnO, (Fig. 3a) show a spherical shaped morphology
with a rough surface and have an average particle size of
0.74 pm, while the bare ZnO (Fig. 3b) shows an assembly
of smaller nanoparticles with an average particle size of
64.16 nm. The introduction of ZnO to the SnO, results in
mixed nanostructures having smaller nanoparticles on the
surface of large spherical nanostructures (Fig. 3c) with an
average particle size of 1.43 ym, suggesting an outer deco-
ration of SnO, with the ZnO nanostructures. These particle
sizes are different from the crystallite size observed in
XRD because the observed particle size being due to the
agglomeration of many crystallites. The material having
smaller crystallites has a large surface free energy, which
tends to agglomerate faster and grow into large grains.’?
The elemental mapping conducted on a small cross-sec-
tional area, depicted in Fig. 3d, reveals a consistent distri-
bution of Sn, Zn, and O elements across the surface, which
are consistent with the findings of XRD.

Fig.3 FESEM images of (a) bare SnO, (SZ 1-0), (b) bare ZnO (SZ 0-1), and (c¢) SnO,-ZnO (SZ 1-0.50), and (d) elemental distribution map-

ping of SnO,-ZnO (SZ 1-0.50) for elements Sn, Zn, and O.

@ Springer



5096

S.Kannan et al.

Gas-Sensing Results

The gas-sensing performance of the fabricated sensors was
assessed towards 100 ppm of NO, at different temperatures,
as shown in Fig. 4a. The molar ratio of Sn/Zn was found to
play a crucial role in the sensor performance towards NO,
gas. For bare SnO, (SZ 1-0) and ZnO (SZ 0-1), only their
outer surfaces react with NO,, resulting in a weaker sensing
response. When ZnO is introduced to SnO,, a Sn0O,-Zn0O
heterojunction was formed; however, the low proportion
of ZnO limits its contribution to sensing. Further, when
the ZnO contribution was increased with a molar ratio of
Sn/Zn = 1/0.5, the highest sensor response (R,/R,) of 7.37
was achieved at 225°C. This peak response was attributed
to optimized surface interactions of NO, with SnO,, ZnO,
and SnO,-ZnO heterojunctions. An increase in the molar
concentration of ZnO could lead to ZnO nanoparticles cov-
ering the SnO,, thereby diminishing the contributions from
both bulk SnO, and the SnO,-ZnO heterojunction, which
ultimately causes a decline in the sensing response. A prior
study conducted by Ren et al. also demonstrated that the
Zn0:Sn0, molar ratio influences the gas-sensing response,
with the optimal response observed at a ZnO:SnO, molar
ratio of 2:1.% The observed trend of sensor response with
temperature shown in Fig. 4a exhibits a rising trend as the
temperature increases to a particular temperature of 225°C,
after which it begins to decline. This could be attributed to
the lower temperature causing insufficient activation energy
for the NO, gas to react with the adsorbed oxygen species.
As the temperature rises, both the physical and chemi-
cal adsorption of NO, increases, leading to an enhanced
response up to 225°C. Beyond this temperature, the desorp-
tion rate of NO, gas surpasses its adsorption rate, result-
ing in a decrease in response. Furthermore, the variation of
baseline resistance of fabricated sensors with temperature
was examined, as shown in Fig. 4b. A consistent decrease in

(a) 10 —90—SZ10
. —9—S210.25
o 81 —0—SZ1-0.50
= —$21-0.75
x / —0—SZ0-1
o 61
2 ¥
8_ 4 \

(7]
8 g
%1 A — i
200 225 250 275

Temperature (°C)

resistance was observed across all the sensors as the temper-
ature increased. This trend could be attributed to fluctuations
in the number of charge carriers within the sensing mate-
rial. Elevated temperatures enhance the intrinsic excitation
of MOS semiconductors, resulting in a generation of more
charge carriers and subsequently leading to a decrease in
resistance.*8>*

Figure 5a depicts the change in baseline resistance in
both dry air and 100 ppm NO, environment at an operating
temperature of 225°C. The baseline resistance shows the
lowest resistance of bare SnO, (SZ 1-0). However, as ZnO
is introduced to SnO,, an increase in resistance is observed,
possibly due to the formation of a heterojunction. When
NO, gas is exposed, the most significant change in resist-
ance is found in SZ 1-0.5, suggesting that NO, efficiently
extracts electrons from the surfaces of SnO,, ZnO, and the
Sn0,-ZnO heterojunction, as previously discussed.>® The
dynamic resistance curve of the SZ 1-0.50 sensor at 225°C
is shown in Fig. 5b for a range of NO, gas concentrations
(25-100 ppm). Upon exposure to NO, gas, the resistance
of the sensor increased, which is the typical n-type semi-
conductor behavior in the presence of oxidizing gas.'> Fur-
thermore, as the concentration of the analyte gas rises, the
corresponding increase in resistance is observed. This phe-
nomenon can be attributed to the increased availability of
analyte molecules interacting with active sites on the sen-
sor's surface during periods of gas exposure, particularly
evident at higher concentrations compared to lower ones.*’
The response and recovery times of the sensor are defined
as the time interval to obtain 90% of the total signal changes
during the adsorption and desorption of the analyte gas.*’
The response and recovery times of the SZ 1-0.5 sensor
were found to be 100 s and 440 s, respectively, as shown in
Fig. 5c. The response and recovery times of gas sensors are
intricately linked to multiple factors. These factors include
the diffusion kinetics of analyte gas molecules within the

10
(b)10 -9-SZ1-0
-0- 87 1-0.25
= a -0- SZ 1-0.50
S, el -0- 8Z1-0.75
3 10 :\O\—o— SZ0-1
c <
= 8 9
@ 10°; §9\3§§
§\§
107 — - : 7
200 225 250 275

Temperature (°C)

Fig.4 (a) Response variation, and (b) baseline resistance variation with temperature for the SnO,-ZnO sensor.
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Fig.5 (a) Resistance variation of the fabricated sensors in air and
100 NO, gas at 225°C, (b) dynamic resistance curve of SZ 1-0.50 for
NO, gas concentration (25-100 ppm) at 225°C, (c) response—recov-

sensing material, their affinity to interact with the sensing
material, the morphology and particle size of the sensing
material, and the experimental parameters such as atmos-
pheric conditions, operating temperature, and gas chamber
design (volume, gas flow direction, and flow type).>=’
In our case, the slow desorption of adsorbed gases due to
the thick deposited material, the agglomerated nature of
the sensing materials, which leads to increased resistance
to electron conduction at grain boundary contacts, and the
design of the gas chamber might be the reason for such pro-
longed response and recovery times.*”*®8 The repeatability
of the fabricated sensor is a crucial aspect for practical appli-
cations. To assess this, the cyclability of the SZ 1-0.5 sensor
was tested with 25 ppm NO, gas for 5 cycles, as illustrated
in Fig. 5d. The response of the sensor shows minimal vari-
ation, with a standard deviation of +0.41, underscoring the
excellent repeatability of the sensor.

Assessing the long-term stability of the sensor is para-
mount, and, in this context, the response of the SZ 1-0.50
sensor was monitored over 3 weeks, as shown in Fig. 6a.
The results exhibited a negligible change in response,
underscoring the excellent stability of the fabricated sensor
over a 3-week duration. To evaluate the selectivity of the
fabricated sensor, gas-sensing measurements of SZ 1-0.50

(b) 1400
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¢ 400+
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A7-
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mU)
T 5-
(7]
g 3
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1 y . y .
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ery of SZ 1-0.50 sensor at 225°C for 100 ppm of NO,, and (d) cycla-
bility of SZ 1-0.50 sensor towards 25 ppm of NO, at 225°C.

were conducted at 225°C using 100 ppm of various gases,
including hydrogen, ammonia, and ethanol, as shown in
Fig. 6b. The SZ 1-0.50 sensor showed a prominent response
(s = R /R,) of 7.37 when exposed to 100 ppm of NO,,
whereas it displayed notably lower responses to 100 ppm
of other gases, including ethanol (1.70), ammonia (1.28),
and hydrogen (1.30). The higher selectivity of SZ 1-0.5 for
NO, compared to other interfering gases is due to the higher
electron affinity of NO, as it is more inclined to extract elec-
trons from the SnO,, ZnO, and SnO,-ZnO heterojunction.*
Finally, for a better comparison of the findings, we com-
pared our data with recent literature, as shown in Table L.

Gas-Sensing Mechanism

The gas-sensing mechanism of SnO, and ZnO follows
n-type semiconductor behavior. Upon exposure of the
SZ 1-0 and SZ 0-1 sensors to the air, oxygen molecules
adsorb onto the surfaces of SnO, and ZnO, leading to the
formation of distinct oxygen species, namely O,” and O™.
In this process, electrons are extracted from the conduc-
tion bands of SnO, and ZnO, leading to the formation of a
depletion layer on their surfaces. Upon subsequent expo-
sure to NO,, the sensor extracts electrons from SnO, and
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Fig.6 (a) Long-term stability of SZ 1-0.50 towards 100 ppm of NO, gas for 3 weeks at 225°C, and (b) selectivity of SZ 1-0.5 sensor towards

100 ppm of NO,, H,, C,HsOH, and NH; at 225°C.

Table!l A comparison of

- Material Morphology ~ Working ~ Concen. (ppm) Response Response/ References
previous reported MOS temp (°C) recovery time
heterostructure-based NO, gas (s)
sensors

CuO/ZnO Nanowire 250 100 4.1% 25/150 59
TiO,/ZnO Nanowire 200 5 7° 65/98 60
Defect SnO-SnO, Nanosheet 150 50 100° 10.69/5.83 34
Sn0O,-Sn;0, Microsphere 150 50 940° 25/14 61
NiO-SnO, Nanoweb 300 10 36° 163/204 35
CuO-ZnO Nanowire 150 100 175¢ 14/197 62
ZnO-TiO, Nanorods 180 100 350° 14/6 63
SnO,-ZnO Microsphere 225 100 7.34° 100/440 This work

a=R/Ryb=RJR,c=R-RJR,d= |(Ra ~R,)/R,

ZnO, causing a further expansion of the depletion layer
and an increase in resistance, as illustrated in Fig. 7a.
During the recovery phase in air, electrons are transferred
back to the conduction band of SnO, and ZnO, restoring
the depletion layer to its initial state.®> This restoration
process brings the resistance back to its initial value. The
overall formation of the oxygen species is as follows:

0, -0,
0,+e” =0

02 +e - 20_

When the sensor is exposed to NO,, the sensing mecha-
nism is as follows:

@ Springer

% 100.

NO, + ¢~ — NO+ 0"
NOj + 05 +2e~ — NOj +20°

NO; + O™ +2e” > NO + 20"

The formation of heterojunctions between SnO, and ZnO
also contributes to the overall gas-sensing response. As both
SnO, and ZnO have different electron affinity (y = 4.5 eV
for SnO,, y = 4.3 eV for ZnO), band gaps (Eg =3.6 eV for
SnO,, Eg = 3.4 eV for ZnO), and work functions (¢ =4.9 eV
for SnO,, ¢ = 5.2 eV) and Fermi energy levels of SnO,
are higher than the Zn0.°*® So, when the nanograins of
SnO, and ZnO come into contact with each other an elec-
tron transfer takes place from a higher Fermi level (SnO,)
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Fig.7 (a) Schematic of gas-sensing mechanism of SnO,-ZnO in dry air and NO, environment, (b) schematic of energy band structure of

Sn0,-ZnO in dry air and NO, environment.

to a lower Fermi level (ZnO) until equalization of the levels.
This results in an increasing electron accumulation layer in
the ZnO side interface and an electron depletion layer in the
SnO, side interface. This charge layer discontinuity between
the SnO, and ZnO results in the formation of heterojunc-
tions accompanied by band bending, as shown in Fig. 7b.
Upon exposure to NO, gas, which is known for its strong
electron affinity and oxidative properties, electron extraction
begins from the electron accumulation side of ZnO resulting
in widening of the depletion layer, leading to an increase
in the resistance of the heterojunctions. In the presence of
dry air, oxygen molecules adhere to the surface, displacing
the previously adsorbed NO, molecules. This leads to the
release of electrons from trapped NO, molecules to SnO,,
ZnO0, and the SnO,-ZnO heterojunction and leads to a large
increase in the conductivity of SnO,-ZnO compared to the
bare SnO, and ZnO.

Conclusions

Our study demonstrates the effectiveness of an MOF-
derived Sn0O,-ZnO sensor in detecting a wide range of
NO, gas concentrations (25—-100 ppm). The mole ratio of
Zn to Sn was adjusted for optimal NO, gas detection, and
Sn/Zn with a molar ratio of 1/0.50 provided the maximum
response (Ry/R,) of 7.37 to 100 ppm of NO, gas at the
optimized operating temperature of 225°C. The response
and recovery times of the SZ 1-0.50 sensor were 100 s and
440 s, respectively. Additionally, it exhibits good cyclabil-
ity, selectivity, and long-term stability. These outcomes
underscore the importance of advancing MOF-derived
metal oxide semiconductors in the realm of NO, gas sens-
ing, offering heightened selectivity, stability, and endur-
ance. Consequently, our research contributes significantly
to the progress of affordable gas sensors, with potential

@ Springer



5100

S.Kannan et al.

applications spanning from industrial sectors to healthcare
settings.
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