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Abstract: ZnO nanoparticles (NPs) were prepared by green synthesis using plant leaf extraction of
Ochradenus baccatus and characterized by XRD, FESEM, HRTEM, and Raman spectroscopy techniques.
Since elevated CO levels have been associated with inflammatory conditions, cardiovascular diseases,
and respiratory disorders and the methane gas primarily produced by gut microbiota and linked to
gastrointestinal disorders and other abnormal methane levels in breath samples, the nanoparticles
were applied for gas sensor fabrication. Thus, the gas sensors fabricated using ZnO nanoparticles
were investigated for CHy, Hy, CO, and NO, gases. The gas sensing was performed for the fabricated
sensors at various operating temperatures and gas concentrations. Interestingly, leaf-extracted green
synthesized ZnO NPs were more sensitive to CHy, CO, and NO, gases than to H,. The results of
sensing studies revealed that the nanoparticles exhibit a selectivity toward gas depending on the gas
type. The sensor response was also studied against the humidity. These findings bridge between the
laboratory and industry sectors for future gas sensors development, which can be used for exhaled
breath analysis and serve as potential diagnostic tools for highly sensitive contagious diseases.

Keywords: exhaled breath analysis; gas sensor; nanoparticles; CO; CHy; NOy; plant extraction;
diagnostic; contagious diseases

1. Introduction

A substantial surge in environmental contamination, driven by rapid industrialization,
population expansion, the combustion of vehicular fuels, the widespread use of pesticides
and insecticides in agriculture, and the release of toxic chemicals and gases, poses a
significant and alarming threat to the ecosystems within our biosphere [1]. Over recent
decades, there has been considerable interest in transition metal oxide materials, owing
to their distinctive physical and chemical characteristics, which have created promising
opportunities for their utilization in environmental surveillance and catalysis [1-3]. Within
the realm of transition metal oxides, zinc oxide (ZnO) stands out as a highly promising
material for environmental applications, primarily due to its exceptional thermal and
chemical stability [4]. ZnO has garnered considerable attention in the context of chemical
sensor development. This is attributed to its distinctive physical and chemical attributes,
wide spectrum of radiation absorption, and exceptional photostability, rendering it a
versatile material [5]. In the field of materials science, ZnO is categorized as a semiconductor
within the II-VI group, exhibiting covalent characteristics that straddle the boundary
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between ionic and covalent semiconductors. Its wide energy bandgap of 3.37 eV renders
Zn0O an attractive candidate for potential applications in electronics, optoelectronics, and
laser technology [6,7].

Since the pioneering use of ZnO nanostructures in gas sensor applications, a sub-
stantial body of literature has emerged, detailing investigations into the synthesis and
properties of ZnO nanostructures. For instance, multiple techniques for the growth of
ZnO nanostructures have been reported. Various methods are employed in diverse ZnO
nanostructure growth using an electrochemical approach [8], template-based growth, and
sol-gel processing [9,10]. Another effective solution-based method is the hydrothermal
process, allowing for the growth of these nanostructures at relatively low temperatures.
Furthermore, ZnO nanostructures have been synthesized through alternative means such
as electrospinning [11], a two-step mechanochemical-thermal process [12], chemical vapor
deposition (CVD) [13], sonochemical synthesis [14], microwave-assisted combustion [15],
anodization [16], and precipitation [17].

Despite the commonly used synthesis procedure mentioned above, there are some
concerns related to the cost, time, and energy consumption and the generation of multi-
ple hazardous chemicals by-products. Therefore, a green route for the synthesis of ZnO,
which could be non-toxic, environmentally friendly, and cost-effective, is highly desired.
Furthermore, the ZnO nanoparticles prepared using the green route are water-soluble, as
there is no requirement for organic solvent, and the synthesis can be carried out at ambient
temperature and pressure; thus, complex reaction systems are not needed. Among green
synthesis routes, the plant extraction method using various green sources including leaf ex-
tracts, fruits, and other plant species is highly promising [18-20]. While all these fabrication
methods contribute to the development of gas sensors based on nanostructures, they still
pose significant challenges, particularly in terms of cost and reproducibility. The pressing
need for straightforward, cost-effective fabrication techniques is driven by the quest for
novel chemical sensors with enhanced performance attributes, particularly concerning
selectivity, sensitivity at very low concentrations, stability, and operational temperature.
Consequently, the scientific community and researchers have increasingly focused on re-
fining these aforementioned factors. Extensive research was conducted to identify the
ideal morphology and crystallographic configuration of zinc-oxide-based chemical sensors,
employing various synthesis methods [21-24]. Research findings have demonstrated that
ZnO exhibits remarkable sensitivity to various gases [25-32].

Gas sensors have emerged as promising tools in disease diagnosis, leveraging their
ability to detect specific volatile organic compounds (VOCs) associated with various med-
ical conditions. The potential applications of gas sensors were applied for diagnosing
diseases through the detection of carbon monoxide (CO) and methane (CHy), highlighting
their role as non-invasive biomarkers [33]. Carbon monoxide is a gaseous molecule pro-
duced during heme degradation, and its levels can vary in different disease states. Elevated
CO levels have been associated with inflammatory conditions, cardiovascular diseases, and
respiratory disorders [33]. Gas sensors designed to detect CO concentrations in exhaled
breath or bodily fluids hold promise for non-invasive disease diagnosis. Carbon monoxide
has been described as one of the highest common sources of death, making up 31% of
toxic poisoning cases. Carbon monoxide causes accidental death associated with breath-
ing at high levels, as it is both odorless and tasteless [34]. Carbon monoxide is absorbed
unchanged by the lung, where 90% is bound to hemoglobin (Hb), 10% to myoglobin, and
10% to cytochromes. About 1% of CO is dissolved in plasma, and less than 1% of CO is
oxidized to carbon dioxide [34]. Methane, primarily produced by gut microbiota, has been
linked to gastrointestinal disorders. Abnormal methane levels in breath samples have been
identified in conditions such as irritable bowel syndrome (IBS) and other gastrointestinal
diseases [35-38]. Gas sensors sensitive to methane can potentially aid in the early diagnosis
and monitoring of such disorders.

In this study, ZnO nanoparticles were prepared by a green route, using the plant
extract of Ochradenus baccatus as a biotemplate, and utilized as gas sensors to test various
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reducing gases, namely CHy, H, CO, and oxidizing NO; gas. To the best of our knowledge,
the synthesis of ZnO nanoparticles using leaf extraction of Ochradenus baccatus and their
utilization in the gas sensing of oxidizing and reducing gases simultaneously has not been
reported. The gas sensor measurement was performed by resistance measurements of
systematically conducted variants across a range of temperatures, specifically at 200, 250,
300, and 350 °C. The sensing results revealed that the fabricated nanoparticles exhibit
heightened sensitivity towards CHs and CO gases. Conversely, nanoparticles display supe-
rior sensitivity at 200, 250, and 300 °C, demonstrating exceptional performance, particularly
in the detection of reducing gases of CO, CHy4, and oxidizing NO; gas. The nanoparticle
gas sensor exhibited high repeatability and stability. The humidity effect on the sensor
response was also demonstrated.

2. Materials and Methods
2.1. Preparation of ZnO Nanoparticles

Analytical-grade reagents were used throughout the study. Zinc nitrate (99.999%)
was procured from Sigma-Aldrich (St. Louis, MO, USA). The synthesis procedure was
executed using a household microwave oven (Samsung, 750 W, Suwon-si, Republic of
Korea). For the extraction of Ochradenus baccatus plant, the leaves of Ochradenus baccatus
were collected from mature plants available. The extraction was carried out using a speed
extractor (Buchi, E-914, Essen, Germany), and a metal frit and cellulose filter were inserted
at the bottom of the stainless-steel cell. Then, 5-10 g of Ochradenus baccatus leaves was
cleaned thoroughly with ultrapure water and ethanol several times, and then the leaves
were cut into small pieces and dried in an oven at 60 °C overnight and then crushed into
a fine powder. The obtained fine powder was then transferred to the cell extractor and
run for two cycles for 45 min each, and the temperature was kept fixed at 60 °C. For the
utilization of leave extract, 50 mL of water was filtered, and the concentrated water extract
was obtained and used. In a typical experimental setup, an aqueous solution of zinc nitrate
(0.05 M) in 100 mL of distilled water was prepared, and then 10 mL of Ochradenus baccatus
leaf extract was introduced, forming a mixed solution within the flask. Subsequently, the
flask was positioned in a common household microwave oven and run for 15-20 min.
The solution was cooled to bring the temperature to 25 °C. The precipitate formed was
separated via centrifugation. Precipitate was washed repeatedly with deionized water and
absolute ethanol and then oven dried for 24 h at 80 °C. Ultimately, the product underwent
calcination at 800 °C for 2 h.

2.2. Characterizations

Phase purity analysis of the resulting product was conducted using X-ray diffraction,
employing a Rigaku (Miniflex-2) X-ray diffractometer with Cu K« radiation (A = 1.5406 A).
This instrument functioned at a voltage of 40 kV and a current of 15 mA. For the assessment
of particle size and surface morphology, high-resolution transmission electron microscopy
(HRTEM; JEOL/JEM-2100F version) at 200 kV was utilized. For the examination of surface
morphology, we utilized a field emission scanning electron microscope (FESEM; JEOL-
7600). Raman spectroscopy was performed using a LabRAM HR800 confocal micro-Raman
spectrometer, outfitted with a multichannel charge-coupled detector. A He-Cd laser, with a
wavelength of 442 nm and an output power of 20 mW, was utilized as the excitation source.
The Raman spectrometer incorporated 1800 lines per millimeter (1/mm) gratings. Raman
spectra were captured under backscattering geometry, ensuring a spectral resolution of
0.8 cm~! at ambient room temperature.

2.3. Gas Sensor Preparation and Characterizations

Considering that the sensing materials were in powder form, the process of sensor
fabrication proceeded as follows: Firstly, two gold electrodes were deposited onto a glass
substrate using DC sputtering and using a mechanical mask with a 400 um gap. Secondly,
a screen-printing method was employed to coat the substrate with the sensing materials,
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resulting in a thickness of approximately 50 um. The screen/mask was homemade from
Stainless Steel 304 grade 0.05 mm in thickness and 100 mm? in area, which was preprocessed
with fiber laser to make a hole of 7 x 7 mmZ2. For sensor fabrication, the slurry was made
by taking 90% of the sensing material and 10% of the polyvinylidene difluoride (PVDF)
binder in an agate mortar and mixing by 1-methyl-2-pyrrolidone (NMP) solvent drops into
a fabricated paste. Then, a layer was coated on the gold electrode using the stainless-steel
mask. The sensor was then dried overnight at 80 °C and then calcinated at 400 °C for
two hours, since the sensor will work at high temperatures.

The detected gases were balanced in the cylinders as follows: CHy (1%) was balanced
with synthetic air, CO (1%) was balanced with nitrogen to avoid transformation to carbon
dioxide, NO, (50 ppm) was balanced with synthetic air, and H; (1%) was balanced with
synthetic air. For gas sensor testing, a controlled flow of dry synthetic air blended with gases
such as H,, CO, CHy, and NO; was introduced into the measurement chamber at a flow
rate of 200 mL /min with the HORIBA MFCs-N100 series. Electrical measurements were
performed using a computerized data acquisition instrument (multichannel LXI-Agilent
34972A), as shown in Figure 1a,b. The operational temperature of the sensor ranged from
200 °C to 350 °C and was controlled by the temperature-controlled chamber of Linkam
model HFS 600 E—PB 4 probe thermal stage. The sensor response was characterized as the
ratio of electrical resistance change, represented as AR/Rg (for reducing gases) and AR/R,
(for oxidizing gases), where R, signified the resistance in synthetic air, and Rg represented
the resistance in the presence of the target gas.
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Figure 1. Scheme of (a) the gas sensing measurement system and (b) dimensions of the sensor.

3. Results and Discussion
3.1. Structural and Morphology of ZnO NPs

Figure 2 shows the X-ray diffraction (XRD) patterns of ZnO nanoparticles. All diffrac-
tion peaks were indexed using POWDER-X software (ver. 2017) as the ZnO wurtzite
structure, closely aligning with the standard data (JCPDS, 36-1451) for ZnO nanoparticles.
Notably, these patterns distinctly reveal that the material exhibited a single-phase pattern,
displaying the hexagonal wurtzite structure. Following refinement, the prepared ZnO
was found to have lattice parameters of a = 3.253 A and ¢ = 5.246 A, respectively. These
values closely match those within the standard database (JCPDS, 36-1451). Furthermore,
the enhanced peak intensities of all diffraction peaks in the product’s XRD patterns signify
the high crystallinity exhibited by the obtained ZnO nanoparticles.
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Figure 2. X-ray diffraction (XRD) patterns of ZnO nanoparticles.

The crystal size of the product was determined by analyzing the broadening of X-ray
diffraction lines, employing Scherer’s equation [39]:

D =0.89A/(f3 cos 0) 1)

where A is the wavelength (Cu K«), 3 is the full width at the half maximum, and 6 is
the diffraction angle. The average crystallite size of ZnO nanoparticles was found to be
~56 nm.

Figure 3a,b exhibit FESEM images of ZnO nanoparticles. FESEM images with low
and high magnifications showed the particle size distributed between 50 and 110 nm.
According to the TEM images, a homogeneous distribution of particle size of approximately
~78 nm was observed (Figure 3c), confirming that the particles observed in the SEM image
gathered 2—4 grains or crystallites. The agglomeration phenomenon is attributed to the
compacting effect induced by the narrow inter-particle spacing, facilitated by the equivalent
distribution of oxidized metal anions within the network’s three-dimensional structure.
Notably, TEM micrographs, as shown in Figure 3d, reveal a morphology of mixed spherical
and elongated rod-shaped particles. The inset of Figure 3d shows the HRTEM image of
the ZnO nanoparticles. This HRTEM image reveals distinct lattice fringes, signifying the
presence of the crystalline wurtzite structure of ZnO, as evidenced by d-spacing values
consistent with established standard data for ZnO.

ZnO, possessing a wurtzite structure and classified as the simplest uniaxial crys-
tals, falls within the Cg,* (P63 mc) space group. Within the context of an ideal ZnO
crystal, the optical phonons located at the I' point within the Brillouin zone participate
in first-order Raman scattering. Group theory anticipates the following optic modes:
T'opt = Ay + 2B; + E; + 2E;. Under this paradigm, both A; and E; modes demonstrate po-
larity and subdivision into transverse optical (A1’ and E;'©) as well as longitudinal
optical (A1© and E;"°) components. The E; mode includes two phonon modes with vary-
ing frequencies, specifically E,!°% and E,M8h linked with the vibrational movement of the
respective Zn sublattice and oxygen atoms. Following the Raman selection rule [40,41], all
aforementioned modes are classified as Raman-active modes of the first order. Furthermore,
the B; branch remains inactive, while the frequencies for the B1!°% and B;M&" modes have
been computed as 260 and 540 cm ™!, respectively [42,43]. Figure 4 displays the Raman
spectrum of ZnO nanoparticles. Under the Raman selection rule, the B; modes are typically
inactive in Raman spectra and referred to as silent modes [43]. The fundamental phonon
modes of hexagonal ZnO for ZnO nanoparticles have been identified and correspond to
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Eor, Eprp, and A1(LO)/E1(LO). Furthermore, multiple phonon scattering modes are evident
and can be attributed to 3Eyy-Epp, 2(Epp-Epr), and A1(TO) + E{(TO) + Epyp, respectively.
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Figure 3. Surface morphology of (a) low- and (b) high-magnification FESEM images of ZnO nanopar-
ticles, (c) histogram of particle distribution from FESEM images, and (d) a TEM micrograph with the
inset showcasing the corresponding HRTEM image.
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Figure 4. Raman spectrum of ZnO nanoparticles at room temperature.

3.2. Gas Sensing Properties of ZnO NPs

The sensing characteristics of ZnO nanoparticle (NP) sensors were systematically
examined across various operating temperatures, focusing on their response to reducing
gases such as CHy, CO, Hj, and oxidizing NO; gas. Figure 5 depicts the variation in
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resistance exhibited by the NP sensor when exposed to 1.0% CHy, 0.1% CO, and 5 ppm
NO,, respectively. It is noteworthy that upon exposure to reducing gases, the sensor re-
sistance decreases, while with exposure to 5 ppm NO;, the sensor resistance exhibits an
increase indicating that the ZnO-assembled nanostructures exhibited n-type semiconductor
behavior. It is important to mention that no response from the sensors was observed at tem-
peratures below 200 °C, and a very low signal toward H, was observed (not shown here).
At 200 °C, the significant shift in the sensor’s reaction can be ascribed to the heightened
surface activity associated with higher temperatures, as the sensing phenomenon primarily
occurs at the surface. In simpler terms, the chemical reactions involving adsorbed oxygen
molecules on the oxide’s surface transform, as previously reported by Ruhlan et al. [44], as
illustrated in the chemical equations.

- — o
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— — — o
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Figure 5. Sensor signals towards (a) CHy, (b) CO, (c) NO,, and (d) H, gases at various operating
temperatures.

It is firmly established that reducing gases demonstrate a higher tendency to react with
atomic oxygen ions (O~) compared to oxygen molecule ions (O?>~) on the oxide surface.
This phenomenon is primarily responsible for the rise in sensor resistance in the presence
of air, as it involves the trapping of electrons, leading to a reduction in the electron density
within the n-type crystals. Consequently, when reducing gases interact with the oxide
surface, they interact with O~ ions, producing neutral compounds (such as H,O and CO,,
contingent on gas type) [45—47]. This interaction subsequently injects electrons back into
the crystals, resulting in a reduction in resistance attributed to the increased density of
conduction electrons.

The gas sensing response of ZnO nanoparticles (NPs) to 1% CHy4 gas exposure was
measured under typical operating temperatures ranging from 200 °C to 350 °C, as depicted
in Figure 5a. With the increase in temperature within this range, both the sensing perfor-
mance and the response and recovery times exhibited enhancement. The observed decline
in sensor resistance during CHy exposure was also attributed to the methane molecule dis-
sociation [47-49]. This dissociation leads to a reaction with adsorbed oxygen ions, releasing
trapped electrons and consequently resulting in a reduction in resistance. The proposed
reaction mechanism can be summarized as:

CHy + 40(; ds) COs(gas) + 2H20 ) + 4e™ (full reaction) 5)
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The gas sensing signal of ZnO NPs when exposed to 0.1% CO gas within the operating
temperature range of 200-350 °C is given in Figure 5b. An increase in operating temperature
results in an enhanced sensing response [50]. A mechanism for the interaction of reducing
gases such as CO with oxygen species on an oxide surface can be succinctly summarized
as follows [50]:

CO+04) =+ COn(gas) +~ 6)

Following the interaction of CO gas with the ionic species, an electron is liberated
into the oxide’s conduction band, consequently enhancing its conductivity, as illustrated in
Figure 5b. Remarkably, the ZnO nanoparticles (NPs) synthesized in this study exhibited no
response to Hy gas, as shown in Figure 5d. The fundamental reaction between H; gas and
the surface of oxide can be elucidated as a single-step process, involving the interaction of
hydrogen molecules with pre-adsorbed oxygen species [51], as demonstrated below:

H; + O@ds) — Hzo(gas) +e (7)

In this reaction, the final product is gaseous H,O, leading to the accumulation of
electrons at the surface. This electron accumulation is responsible for the observed increase
in conductivity, which was not observed well here.

Figure 5c exhibits the sensor signal towards NO, gas. Contrary to the behavior in
reducing gas, the sensor resistance in oxidizing gas increased when exposed to the gas.
The increase in resistance of oxide upon exposure to NO; can be ascribed to the formation
of NO, ™ or O™. It was reported that at a low temperature, the resistance of n-type oxide
increases because of the following reaction [44,52]:

NOy(g) +e~ = NOy ™~ 8

As this reaction is activated by thermal energy, the sensor response increases. When
NO; is removed, the reverse of this reaction does not occur, and the following reaction leads
to desorption of NO, ™. This increased Fermi energy and led to a decrease in resistance.

The terms “response time” and “recovery time” are commonly used in the context
of gas sensors to describe the sensor’s ability to detect and recover from exposure to a
particular gas or concentration change. These parameters are crucial in understanding how
quickly a gas sensor can react to changes in its environment. The response time of a gas
sensor is the time it takes for the sensor to register a specified percentage (often 90%) of
the total change in the resistance after exposure to a gas. The recovery time of a gas sensor
is the time taken by the sensor to return to a specified percentage (again, often 90%) of its
baseline reading after exposure to the gas is stopped. The response and recovery times
are represented in Table 1 for the three gases of CH4, CO, and NO,. The response times
obtained were between 300-150 s, 290-180 s, and 611-235 s corresponding to 200-350 °C
for CHy4, CO, and NOs, respectively. The recovery times recorded, 35022 s, 279-11 s, and
142-16 s, correspond to 200-350 °C for CHy, CO, and NO,, respectively.

Table 1. The response (Tres) and recovery time (Trec) constants toward CHy, CO, and NO,.

Temp 200 °C 250 °C 300 °C 350 °C
T T, T, T, T T, T, T,
G res rec res rec res rec res rec
ases () s) ) ) (s) s) ) )
CHy4 300 350 140 109 137 41 130 22
CcO 290 279 160 58 158 33 160 11
NO, >600 142 200 27 204 22 235 16

Understanding and characterizing the temperature dependence of nanoparticles in a
sensor system is essential for optimizing the sensor’s performance and ensuring accurate
and reliable measurements. The curve involves characterizing the sensor’s behavior at
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different temperatures. If the sensor is detecting gases, the diffusion of gases through the
nanoparticle layer is temperature-dependent. This can affect the rate at which the sensor
responds to changes in the surrounding environment. Thus, the influence of operating
temperature on sensor response is a crucial parameter for characterizing gas sensors
and optimizing their performance. Figure 6 illustrates the reaction of the created sensor
constructed across a range of operating temperatures, spanning 200 °C to 350 °C. The
response was precisely computed for CHy, Hp, CO, and NO, gases. It is noteworthy that
for the NP sensor, the highest response towards CH,4 and CO gases is observed within
the temperature range of 200 °C to 250 °C; however, the sensor showed lower responses
towards NO, and H; gases.

204 ™ CH,(1%) NPs
—=— C0O(0.1%)
1= Ha(1%)
o 154 = NO2(5ppm) i
2
o
aQ
[%2]
)
= 10 §
o
n
c
0]
(2]
5 - §
._____./.\.
0 1 L = = u =

— T 1
180 200 220 240 260 280 300 320 340 360
Operating temp. °C

Figure 6. Dependence of sensor response on the operating temperature for various gases in the case
of nanoparticle sensors.

Achieving high selectivity is crucial for ensuring the reliability and accuracy of gas
measurements in various applications. Some gas sensors operate at elevated temperatures,
and the choice of operating temperature can influence the selectivity. Temperature modula-
tion can be used to enhance the response to specific gases while minimizing interference
from others. Figure 7 illustrates the sensor response to different gases under varying
operating temperatures, providing response values specific to NP sensors. The highest
response for CHy was observed at 250 °C, while for CO gas it was observed at 200 °C. The
sensor is less sensitive toward NO but exhibited a marginal increase in selectivity at 300 °C.
Notably, the sensor exhibits a higher level of selectivity towards CO and CHy gases with
temperature preferences.

Repeatability is an important performance characteristic of gas sensors and refers to the
ability of a sensor to provide consistent and reproducible measurements when exposed to
the same or similar conditions over a short period. In other words, a gas sensor is considered
repeatable if it produces nearly identical responses to the same concentration of a target gas
under consistent operating conditions. Enhancing the repeatability of gas sensors makes
them more reliable and accurate in various applications such as environmental monitoring,
industrial safety, and healthcare. Figure 8a shows that the sensor output is reliable, where
it shows repeated signals upon exposure to the gas. For NO; gas, it may be that the sensor
needs more time to recover, thus leading to a delay in full recovery as observed.
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Figure 8. (a) The sensor repeatability towards CHy (1%), CO (0.1%), and NO; (5 ppm) and (b) the
response signals of ZnO NPs at varying concentrations of CHy, CO, and NO; at 300 °C.

Regular calibration against known gas concentrations is essential for maintaining and
improving sensor selectivity. A calibration curve for a gas sensor is a graphical representa-
tion of the relationship between the sensor’s response and the concentration of the target
gas. The purpose of creating a calibration curve is to establish a correlation between the
sensor’s output and the actual concentration of the gas being measured. This curve is
crucial for accurately converting sensor readings into meaningful gas concentration values.
Figure 8b portrays the signal response of the ZnO sensor under various concentrations of
CHy, CO, and NO, gases at the particular operating temperature of 300 °C. Upon exposure
to reducing gases, the response was found to increase upon increasing the concentration of
the gases. The concentration inserted into the sensor was between 0.1% and 1% for CHy4
gas and 50 ppm and 1000 ppm for CO. The sensor exhibited an ability to detect high and
low gas concentrations. The gas concentration of NO, ranged from 1 ppm to 15 ppm. From
Figure 8b, one can observe that even the sensor has a good response to low concentrations
and can still detect much lower concentrations of these gases. For NO,, the sensor does
not recover quickly to the baseline because it needs a longer time to recover. At high
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temperatures and in the existence of NO,, the surface of the sensor is sometimes poisoned,
causing the recovery time to increase [44]. The calibration curves for the gases are provided
in Figure 9. The sensor responses increased with increasing gas concentrations.

12 CH oas 8 | | : 5
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Figure 9. The calibration curve of NPs toward CHy, CO, and NO; at 300 °C.

The sensitivity and selectivity of this fabricated nanostructure by the green method are
proposed here. The sensor showed good sensitivity toward methane and carbon monoxide
and lower sensitivity toward low NO; concentration (1-5 ppm), as shown in Figures 8
and 9. We can point out that even the sensor response toward 1 ppm NO, gas seems as low
as ~1.0, which corresponds to 100% if we consider the percentage (AR/R x 100). This value
is still high, which means the sensor is sensitive to lower concentrations. For example, at
1000 ppm (=0.1%) for CO and CHy, the sensor response is 6.6 and 2.5, respectively. Also, at
50 ppm and 20 ppm of CO and NO,, the sensor response is 1.2 and 3.9, respectively. This
can explain the selectivity of ZnO toward CO compared to CHy and the selectivity toward
NO; oxidizing gas compared to reducing gases.

Figure 10 shows the effect of humidity on the conductivity of the sensor and the
response toward NO; gas, as an example. Humidity can impact the performance of ZnO
gas sensors, influencing their sensitivity [53,54]. The interaction between water molecules
and the ZnO surface could modify its electronic properties. Water molecules can adsorb
onto the surface of ZnO through physical adsorption or chemisorption. Chemisorption
may lead to the dissociation of water molecules into hydroxide (OH™) ions on the ZnO
surface. This process is influenced by the presence of defects, such as oxygen vacancies,
on the ZnO lattice [53,54]. Hydroxyl groups introduced on the surface may act as charge
carriers, increasing the conductivity. The inset in Figure 10 demonstrates that the sensor
resistance decreases when exposed to the water molecules. The sensor response toward the
only humidity is about 0.04 (4%) at 60%Rh. However, water vapor molecules can compete
with the target gas molecules for active sites on the sensor surface, reducing the sensor’s
ability to detect the target gases, as shown in Figure 10. In this figure, the sensor response
toward NO; was affected by increasing the humidity, where the response slightly decreased
from 2 to 1.45, which corresponds to 25% of the response in dry air.

Table 2 shows a comparison between the different structures of ZnO, including NO;,
CO, and CHy. It also appears that the operating temperature of the sensor ranges from
200 to 450 °C. The sensitivity range of NO, concentrations is 1 to 200 ppm, and the sensor
response ranges from 0.3 to 130. As for CO, the concentration of the gas ranges from
6 to 1000 ppm, and the sensor response ranges from 0.18 to 88. As for methane, the
concentration ranges from 0.3 to 1%, and the sensitivity ranges from 0.6 to 7. The sensor
response depends on the structure, operating temperature, and gas concentration, as shown
in Table 2. The ZnO sensor in this current study is considered to have good performance
compared to some previous sensors. The sensor also demonstrates that it has different
operating temperatures for the maximum response for each gas.



Chemosensors 2024, 12, 28

12 of 16

6 . N —
53'7' Operating Temp. 300°C
£36-
£35-

S 0% Rh dry air

© 44 349 10% Rh

5 § 3.3 L %

s |3 60%

g 32 . . . . .

5 0 100 200 300 400 500

2 Time (s)

o 24

o Rh%

/‘ — 00— 10
) — 20 —— 40
gas or\: gas off “ 60
e
0 el e
0 200 400 600 800
Time (s)

1000

Figure 10. The effect of humidity on the sensor response toward 5 ppm of NO, at 300 °C. The inset is

the effect of different levels of humidity on the sensor’s resistance in the air.

Table 2. The performance of the ZnO sensor compared to previous published work.

ZnO Material Opera:(i)rég) Temp. Gas (Concentration) Responzeislinsitivity Refs.
NO; gas (ppm)
200 1.0 0.3 [55]

Nanorods

350 10 130.0 [56]
Nanowires 300 2 18.7 [57]
Nanobelt 350 10 0.81 [58]
Nanoneedle 200 200 0.64 [59]
Nanoparticles 200 100 0.37 [60]
Nanotetrapods 300 20 20.0 [61]
Thin film 450 200 90.0 [62]
5 1.9
0.9
Nanoparticles 300 5 1.7 Pvaesfl?t
10 3
20 39
CO gas (ppm)

Thin film 450 200 88.0 [62]
Nanoparticles 350 250 7.0 [63]
Nanoflowers 300 200 8.0 [64]

Nanorods 300 100 49.0 [65]
Nanoparticles 110 100 0.3 [66]

Nanotubes RT 6 0.18 [67]
Nanoparticles 250 80 2.8 [50]
Microspheres 150 100 14 [68]
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Table 2. Cont.

ZnO Material Operating Temp. Gas (Concentration) Response/Sensitivity Refs.
“Q) AR/R
200 1000 10.6
50 1.2
Nanoparticles 300 22 Present
300 work
500 3.3
1000 6.6
CHy gas (%)
Microstructure 314 0.5 1.8 [69]
Nanocrystals 250 1.0 0.87 [70]
Nanowalls 300 0.3 8.1 [71]
Thin film 350 1.0 0.6 [72]
Microspheres 200 0.5 7.0 [68]
250 1 14
0.1 2.5
Nanoparticles 05 3.2 Present
300 work
0.75 5
1 10

4. Conclusions

In summary, we have successfully prepared ZnO nanoparticles (NPs) using a plant
extract via a low-temperature green method. These NPs were subjected to thorough
characterization using XRD, FESEM, TEM, and Raman spectroscopy techniques. XRD and
Raman studies show that the green synthesized nanoparticles of ZnO are highly crystalline
and have a single-phase nature without any impurities. The gas sensing performance of
these sensors was systematically investigated in the presence of CHy, Hp, CO, and NO,
gases across various operating temperatures. The results of sensing studies revealed that the
nanoparticles exhibit heightened sensitivity at temperatures of 200 °C, 250 °C, and 300 °C
for CO, CHy, and NO,, respectively. This pointed out that the sensor achieved selectivity
under varying operating temperatures, depending on the gas type. The repeatability
studies of the fabricated sensor show excellent results for many cycles. The sensor showed
a selectivity toward CO compared to CHy4 and a selectivity toward NO, oxidizing gas
compared to all reducing gases. Enhancing the repeatability of gas sensors makes them
more reliable and accurate in various applications such as environmental monitoring,
industrial safety, and healthcare. A calibration curve was demonstrated upon exposure to
reducing gases. The humidity affected the sensor conductivity, where the oxygen vacancies
on the surface of ZnO can decompose water molecules to produce conductive ions, which
enhances the conductivity of the sensor. The sensor response was also affected by the
humidity due to the competition between water and gas molecules.
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