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Abstract

The green synthesis of zinc oxide nanoparticles (ZnO NPs) using Retama raetam leaf extract
via microwave irradiation was investigated. The biosynthesized NPs were characterized
using scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS),
X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and UV-Vis spec-
trophotometry. An XRD pattern confirmed the formation of a hexagonal wurtzite structure.
An FTIR analysis indicated the interactions of the NPs with bioactive molecules involved
in their synthesis. SEM and STEM imaging determined the morphology of the NPs with an
average size of 14 nm. Furthermore, the biosynthesized ZnO NPs were used as a sensitive
layer for detecting volatile organic compounds (VOCs) at low concentrations ranging from
0.5 to 5 ppm. The response sensor measured at an optimum operating temperature of
250 ◦C and 50% relative humidity (RH). The sensor exhibited a strong response to 5 ppm
ethanol (325%), a detection limit as low as 4 ppb and an excellent stability across varying
humidity levels.

Keywords: green synthesis; Retama raetam; ZnO NPs; VOCs; low concentrations; gas sensor

1. Introduction
The monitoring of volatile organic compounds (VOCs) is essential to maintaining

indoor air quality (IAQ). Higher concentrations of VOCs such as acetone, isopropanol,
and ethanol are often detected, as these are the main components of cleaning agents, dis-
infectants, and solvents [1,2]. Formaldehyde is predominantly emitted from common
household sources, including flooring, wooden furniture, and paint [3]. Long-term expo-
sure to VOCs could cause severe damage to the respiratory and immune systems, causing
conditions such as cancer, neurological disorders, and other chronic and life-threatening
diseases [4]. Consequently, a sensitive VOC sensing system becomes a key tool for public
safety in environments like classrooms, homes, offices, and factories. Most gas sensors
operate on the principle of changing the concentration of a target gas present in the atmo-
sphere into an electrical signal, which is conventionally measured as change in voltage,
current, or resistance. Metal oxide semiconductors for gases have gained a lot of research
attention thanks to their high sensitivity, low cost, simple fabrication process, and ex-
tremely good compatibility with modern electronic technologies [5]. ZnO, in particular, is
widely used in gas detection applications due to its advantageous properties, including
a wide bandgap, high chemical stability, favorable band positioning, and non-toxicity [6].
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These characteristics make ZnO a great material for the fabrication of efficient and reliable
gas sensors [7].

Various methods for the preparation of ZnO have been established, including sol–
gel [8], hydrothermal [9], spray pyrolysis [10], and microwave-assisted techniques [11].
Among these methods, the microwave-assisted method offers several benefits over con-
ventional heating, such as faster reaction rates, uniform particle size distribution, and
higher yield [12]. For ZnO NP synthesis, most conventional methods rely on a variety of
chemical precursors and additional reagents; however, green synthesis offers a one-step,
cost-effective, eco-friendly, and pollution-free alternative [13]. This method is efficient in
terms of time, energy consumption, and chemical safety, while also producing uniform
nanostructures with high yield compared to other techniques.

Plant extracts provide biomolecules that are safe, green, cheap, and naturally avail-
able [14,15]. The biomolecules found in the extracts act as both reducing and stabilizing
agents due to the presence of phytochemicals such as polyphenolic compounds, vitamins,
alkaloids, amino acids, and terpenoids [16,17], which affect the properties and morpholo-
gies of the resulting nanomaterials [10].

ZnO NPs have been biosynthesized from several plant extracts (PEs) such as
Elaeagnus angustifolia [18], Pistia stratiotes [19], Acacia caesia [20], Allium sativum [21],
Moringa oleifera [22], Cayratia pedate [23], Melia azedarach [24], Opuntia ficus-indica [25], and
Ocimum tenuiflorum [26].

Retama raetam is a spontaneous shrub belonging to the Fabaceae family, commonly
known as R’tem in Tunisia. This plant has been traditionally utilized for the treatment
of various ailments across many regions of the Mediterranean Basin and is one of the
most widely applied species [27,28]. From the qualitative examination of PEs, it is obvious
that the extracts contain phenolics, alkaloids, and flavonoids and boast strong antioxidant
activity [29,30]. These findings motivated us to select R. raetam for the present study. To our
knowledge, this is the first report on the green synthesis of ZnO NPs mediated by R. raetam.

In this study, we report the green approach for ZnO nanoparticle synthesis utilizing a
leaf extract of R. raetam with a low-cost, efficient, simple, and rapid microwave-assisted
combustion method. The synthesized ZnO NPs were characterized with a variety of tech-
niques, including UV-Vis spectrometry, FTIR, XRD, SEM, EDX, and STEM. These techniques
authenticate the structural and functional characteristics of the nanoparticles, implying that
R. raetam is a potential sustainable resource in green nanoparticle synthesis. The developed
sensor was tested for its electrical sensing performance under low concentrations of ethanol,
isopropanol, acetone, and formaldehyde.

2. Materials and Methods
2.1. Preparation of the Extract

Fresh leaves of R. raetam were collected from Tataouine, Tunisia, in March 2024. The
leaves were thoroughly cleaned and air-dried at 25 ◦C. Following drying and fine chopping,
20 g of the leaves was heated in 200 mL of distilled water (DW) at 80 ◦C for 10 min, after
which the mixture was filtered to remove plant residues and impurities and the filtrate
stored for subsequent use.

2.2. Green Synthesis of ZnO NPs

The ZnO NPs were synthesized via an eco-friendly green microwave-assisted combus-
tion method utilizing the extract of R. raetam. Initially, the plant extract was prepared as
described in previous protocols. Subsequently, 20 mL of the extract was transferred to a
beaker and heated to 80 ◦C. Then, 3 g of zinc acetate dihydrate (Zn(CH3COO)2·2H2O, 99%)
was introduced. The reaction mixture was agitated continuously with a magnetic agitator

https://doi.org/10.3390/chemosensors14020042

https://doi.org/10.3390/chemosensors14020042


Chemosensors 2026, 14, 42 3 of 18

until the precursor was completely dissolved. Then, the solution was placed in a domestic
microwave oven operating at a fixed maximum power of 800 W for 3 min, which was
sufficient to complete the reaction and obtain reproducible products. While the solution
was nearing spontaneous combustion, it vaporized instantly and converted into fine and
dry crystalline oxide powder where enormous amounts of gas were generated. Eventually,
the powder obtained after this was calcined in a muffle furnace at 500 ◦C for 4 h under air.
Figure 1 outlines the key steps of the green synthesis protocol employed in this study.

Figure 1. Schematic description of the green synthesis of ZnO NPs using the R. raetam leaf extract
and zinc acetate dihydrate.

2.3. Sensor Fabrication and Sensing Tests

In 2.25 mL of DW, 250 mg of the synthesized nanopowder sample was dispersed,
and the mixture was sonicated for 15 min in ultrasound to achieve a homogenous and
well-dispersed solution. This homogeneous solution was subsequently deposited by spray
coating onto alumina substrates (Al2O3). The sample substrate consisting of a pair of
interdigitated gold electrodes (IDEs) and a platinum microheater (Figure 2a) was subjected
to annealing in a muffle furnace set at 300 ◦C for 1 h in atmospheric air. This annealing
step ensured the stability and adhesion of the deposited films. Detection tests were carried
out using a custom-built gas detection measurement system. As shown in Figure 2b,
the gas sensing performance was measured via continuous measurement of electrical
resistance under air and the target gas conditions. The target gas (0.5, 1, 2.5, and 5 ppm)
was introduced into the chamber for 10 min, followed by a 20 min purge with synthetic
air. All tests were conducted under controlled conditions with 50% RH, maintained by
bubbling the gas through DW.

 

Figure 2. Schematic description of: (a) the sensor substrate and (b) the gas sensing system.
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2.4. Characterization

Structural characterizations of the biosynthesized ZnO nanoparticles were performed
on a Panalytical Empyrean diffractometer (Almelo, The Netherlands), with diffraction
patterns acquired across a 2θ range of 17◦ to 75◦. The morphological features of the
synthesized ZnO NPs were examined using an S4800II Hitachi field emission scanning
electron microscope (Waltham, MA, USA) coupled with energy dispersive X-ray analysis
for elemental composition. The STEM analysis was conducted using the SEM-FEI Apreo
S (Tokyo, Japan). In this instance, the micrographs were acquired at 30 kV, utilizing a
copper–carbon grid as the sample holder, by employing bright-field imaging mode. Optical
properties were assessed by obtaining UV-Vis absorbance spectra using a Shimadzu UV-
3101PC spectrophotometer (Kyoto, Japan). Additionally, the functional groups present in
both the R. raetam leaf extract and the biosynthesized ZnO NPs were analyzed using an FTIR
spectrometer (PerkinElmer, Waltham, MA, USA). The Raman spectroscopy measurements
were performed on a Horiba LabRAM HR (Kyoto, Japan) using a 532 nm laser.

3. Results and Discussion
3.1. X-Ray Analysis

The crystal structures of the biosynthesized nanoparticles (NPs) were examined
through XRD. As shown in Figure 3, the diffraction pattern for ZnO exhibits distinct
peaks, listed in Table 1, that are assigned to the hexagonal wurtzite structure of ZnO
(JCPDS: 36-1451). The sharp and intense nature of the peaks indicates the high degree of
crystallinity of the NPs. Additionally, the observed peak broadening in the XRD pattern
suggests the presence of smaller crystallite sizes within the sample. The average sizes of
ZnO NPs were determined by the Debye–Scherrer equation [31]:

D =
kλ

β cos θ
(1)

where D refers to the dimension of the crystallites, K is the shape factor (generally 0.9), λ is
the wavelength of the incoming X-rays, β is the FHWM, and θ is the angle of diffraction.

 

Figure 3. X-ray Diffractogram of the ZnO NPs.
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Table 1. The particle size of the ZnO NPs was determined at various diffraction angles.

No. of Peaks Miller Indices 2 Theta (◦) FWHM (◦) Particle Size (nm)

1 (100) 31.562 0.472 17.458
2 (002) 34.,234 0.509 16.321
3 (101) 36.033 0.541 15.430
4 (102) 47.321 0.641 13.529
5 (110) 56.356 0.636 14.149
6 (103) 62.640 0.740 12.558
7 (200) 66.336 0.994 9.539
8 (112) 67.727 0.710 13.471
9 (201) 68.815 0.682 14.100

Average size 14.062

The average crystallite size calculated for the ZnO NPs happens to be 14 nm, confirm-
ing their nano-scale dimensions (see Table 1). Additionally, the lattice parameters a and c
were calculated from the diffraction peaks corresponding to the Miller indices (100) and
(002) using the following relationships [32]:

a =
λ√

3sin θ(100)
(2)

c =
λ

sin θ(002)
(3)

For the biosynthesized ZnO NPs, the lattice was determined to be a = b = 3.270 Å
and c = 5.234 Å. The c/a ratio was found to be 1.6, consistent with an ideal close-packed
hexagonal structure [33].

3.2. FTIR Spectroscopy

The FTIR spectroscopic technique is extensively utilized for the identification of
biomolecules in plant extracts and inorganic materials [34]. These biomolecules act as
reducing agents in the formation of NPs and are crucial for stabilizing the nanoparti-
cles. Figure 4 presents the FTIR spectra of R. raetam and ZnO nanoparticles biosyn-
thesized using R. raetam. The FTIR spectrum of the R. raetam leaf extract, as shown in
Figure 4a, presents a number of well-defined peaks all over the range. Absorption peaks at
1229 cm−1, 1365 cm−1, 1449 cm−1, 1634 cm−1, 1726 cm−1, 1738 cm−1, 2155 cm−1, 2855 cm−1,
2970 cm−1, and 3350 cm−1 were recorded. The 1229 cm−1 peak is due to stretching vibra-
tions of C-N bonds in aliphatic and aromatic amines and stretching vibrations of C-O [35,36].
The marked peaks at 1365 cm−1 and 1449 cm−1 are those of an aromatic ring [37]. The
absorption bands around 1634–1738 cm−1 are assigned to those of alkenes. Peaks observed
at 2855 cm−1 and 2970 cm−1 account for stretching vibrations of C–H of alkanes [38]. A
broad absorption near 3350 cm−1 was attributed to the stretching and bending vibrations of
OH bonds in adsorbed water molecules [39]. The interactions between the phytomolecules
existing in R. raetam and the surface of ZnO NPs are demonstrated in the FTIR spectra
shown in Figure 4b. The spectra exhibit several intense peaks consistent with numerous
functional groups of the R. raetam leaf extract, with minor shifts in peak positions and
variations in intensity. Additionally, the FTIR spectrum of the ZnO nanoparticles reveals
new peaks at 700 cm−1 and 600 cm−1, which are associated with the stretching vibrations
of the Zn-O bonds. The broad peak of the OH group was completely diminished after the
formation of ZnO NPs. As a result, the FTIR results confirm that phenolic and flavonoid
compounds obtained from the R. raetam plant extract are directly involved in reducing the
precursors of zinc and stabilizing the subsequent ZnO nanoparticles.
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Figure 4. FTIR spectra of (a) R. raetam plant extract and (b) ZnO NPs.

3.3. FE-SEM and STEM Analysis

The morphology of the green-synthesized ZnO nanoparticles was analyzed using FE-
SEM. As shown in Figure 5a, the ZnO NPs have a spherical shape and some agglomeration.
The average particle size measured using ImageJ software (version 1.54p, Figure 5b) ranged
from 10–50 nm while the mean diameter was approximately 24 nm. Meanwhile, the
Debye–Scherrer equation calculated crystallite size lower than that obtained using SEM,
because smaller nanoparticles tend to agglomerate to form larger ZnO NPs in the sample.
According to EDS analysis (Figure 5c), zinc (Zn) and oxygen (O) are present as the main
elements with weight percentages of 55.6% and 18.5%, respectively. Other elements such
as carbon, magnesium, aluminum, calcium and potassium were detected at 23.5, 0.2, 1.7,
0.2, and 0.3 weight percentages, respectively, suggesting the possible presence of organic
materials acting as capping agents during the synthesis process such as proteins, amino
acids, sugars, and polysaccharides as a result of X-ray emissions [40,41].

The high magnification of the STEM images (Figure 5d) was used to characterize
the size and shape of the biosynthesized ZnO NPs. The NPs have been recorded in
various morphologies including spherical and hexagonal shapes. Notably, the spherical
NPs were found to have a more homogeneous size distribution, averaging approximately
27 nm in particle size. As summarized in the comparative table (Supplementary Table S1),
green-synthesized ZnO nanoparticles reported in the literature generally display diverse
morphologies and a broad particle size distribution, typically ranging from 20 to 60 nm. In
contrast, the ZnO nanoparticles synthesized in the present work exhibit a predominantly
spherical morphology with a narrow size distribution of 24–27 nm, which is particularly
advantageous for gas sensing applications.
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Figure 5. (a) SEM analysis, (b) histogram depicting the particle size distribution derived from SEM
images, (c) EDS spectrum, and (d) STEM images of biosynthesized ZnO NPs.

3.4. UV-Vis Spectroscopy

Optical characterization was performed by measuring the diffuse reflectance of the
samples at ambient temperature. Figure 6 displays the typical reflectance spectra of the
ZnO samples, showing a strong absorption edge from 200–800 nm. UV–visible reflectance
spectroscopy is a mechanistic technique that can be employed widely to determine material
band gaps. The diffuse reflectance sample (R) was analyzed by the Kubelka–Munk function,
F(R), which is expressed as [42,43]:

F(R) =
(1 − R)2

2R
(4)

where R represents the absolute reflectance value. The bandgap energy of the ZnO NPs
was determined by extrapolating the linear portion of the plot of [F(R)hν] 2 versus photon
energy (in eV) to F(R) = 0; the resulting intercept corresponds to the direct band gap energy.
The inset in Figure 6 illustrates the calculation of the band edge using the Kubelka–Munk
function for the ZnO sample. The calculated band edge value for the ZnO NPs was found
to be 3.23 eV.
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Figure 6. Reflectance spectra of ZnO NPs as a function of wavelength. The inset is an illustration of
an estimation of band gap energy of the ZnO NPs by the K-Munk function. The blue line corresponds
to the extrapolation of the linear region of the versus photon energy (eV) plot.

3.5. Raman Spectroscopy

Raman spectroscopy is a powerful tool for examination of microstructures and nanos-
tructures, providing information about their crystallization and structural disorder, as
well as defects. The Raman spectrum (Figure 7) shows several phonon modes typical of
hexagonal wurtzite ZnO. These peaks represent the observed modes at 96 cm−1 for E2L

and 433 cm−1 and 580 cm−1 for E2H and A1(LO), respectively. The sharp and prominent
E2H mode is a key indicator of the crystalline wurtzite structure. Furthermore, the peak at
328 cm−1 comes from E2H–E2L multiphonon scattering [44]. The A1(LO) mode is frequently
associated with crystal defects, thus suggesting the presence of either oxygen vacancies or
zinc interstitials [45].

 

Figure 7. Raman Spectrum of ZnO NPs.
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3.6. Gas Sensing Studies

In Figure 8a, the initial resistance of the sensor in air decreases with increasing temper-
ature. This behavior indicates semiconductor properties, where the electrons gain more
energy at high temperatures to transfer from the valence band of ZnO to the conduction
band, thus reducing the resistance.

 

Figure 8. (a) Temperature-dependent variation of the base resistance of the ZnO biosynthesized gas
sensor measured in air, and (b) Sensor response of the ZnO biosynthesized gas sensor with respect to
5 ppm of acetone, ethanol, isopropanol, and formaldehyde at different operation temperatures at
50% RH.

The response (S) of the sensor is expressed as follows:

S (%) =
Ra − Rg

Rg
× 100 (5)

where Rg and Ra are the electrical resistances of ZnO measured in the presence of target
reducing gas and air, respectively.

Therefore, the ZnO-NP-based sensors were tested with four different VOCs, ethanol,
acetone, formaldehyde, and isopropanol, at a concentration of 5 ppm and 50% RH to
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determine their optimal operating temperature. The measurements were carried out over a
temperature range of 200–300 ◦C. The temperature at which the sensors exhibited maximum
sensitivity to these gases is defined as the optimal operating point. Maximum responses
(Figure 8b) were observed at an operating temperature of 250 ◦C, which is the best for
sensor performance. At this temperature, the ZnO-based sensor revealed a greater response
to ethanol than to acetone, isopropanol, and formaldehyde gases.

The dynamic resistance responses of ZnO-based gas sensors to ethanol, isopropanol,
acetone, and formaldehyde are shown in Figure 9a–d. These results demonstrate that the
developed sensors can detect low concentrations of tested VOCs, with performance varying
depending on the specific gas. Upon exposure to each gas, the resistance of the sensor
decreases, confirming its n-type semiconductor characteristics. Then, electrical resistance
returns to its baseline after the VOC is released, demonstrating the excellent reversibility of
the ZnO-based sensor’s response.

Figure 9. Transient response of ZnO sensor working at 250 ◦C under different concentrations of
(a) ethanol, (b) isopropanol, (c) acetone and (d) formaldehyde.
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As shown in Figure 10, the ZnO sensor exhibits a linear response to increasing VOC
concentrations under operating conditions of 250 ◦C and 50% RH. Furthermore, its sensing
response to ethanol is much more pronounced than those for other tested VOCs. Specifically,
the sensor demonstrated responses of 69%, 124%, 229%, and 325% to ethanol concentrations
of 0.5, 1, 2.5, and 5 ppm, respectively. These results highlight the sensor’s strong and
consistent responsiveness to ethanol across a range of concentrations.

Figure 10. (a) Response of ZnO sensor toward various gas concentrations of ethanol, acetone,
isopropanol, and formaldehyde at 250 ◦C and (b) Linear fit to the data.

The sensitivity of the developed selective ZnO-based ethanol sensor, defined as the
slope of the calibration curve, is 55.18 ppm−1.

Figure 11 illustrates the responses of the ZnO-based gas sensor to 500 ppb of ethanol,
isopropanol, acetone, and formaldehyde gas at 50% RH and a temperature of 250 ◦C.
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As evident from the results, the ZnO sensor exhibits a significantly higher response
to ethanol compared to the other tested gases, highlighting its excellent selectivity for
ethanol detection.

Figure 11. Selectivity of ZnO-based sensor for 500 ppb of different target gases such as ethanol,
acetone, isopropanol, ammonia and formaldehyde at 250 ◦C and 50% RH.

The limit of detection (LOD) is considered to be that concentration at which the
response of the sensor can be distinguished prominently from that of the noise signal. It is
usually expressed as threefold standard deviation of the noise.

The sensor’s noise level was determined first by evaluating the transduction response
under baseline conditions before exposure to ethanol. The noise was quantified by taking
an average signal of ten consecutive baseline measurements and calculating the root mean
square deviation (RMSD) using the following equation [46]:

RMSD =

√
∑N

1 (S − Si)
2

N
(6)

where N represents the sequence of measurements at time points, Si refers to the measure-
ment response of the baseline reading. The determination of the LOD is performed using
the following equation:

LOD =
3.RMSD

Sensitivity
(7)

The ZnO-based sensor can detect ethanol at concentrations as low as 3.92 ppb, enabling
the early identification of ethanol leaks. In addition, the sensor exhibits low detection limits
of 5.56 ppb for acetone, 7.15 ppb for isopropanol, and 2.45 ppb for formaldehyde.

The response time of the sensor, defined as the time to reach 90% of the total resistance
change, is 94 s. On the other hand, recovery time takes approximately 981 s, which is
very long. Thus, the response time can be effective for ethanol detection, while the long
recovery time indicates that ethanol is desorbing from the sensor surface at a slower rate.
The response and recovery time differences could be attributed to the intense interaction of
ethanol molecules with the ZnO NPs.

Figure 12 shows the repeatability of the ZnO-based gas sensor tested for seven cycles
of exposure to 5 ppm ethanol gas at 250 ◦C. The sensing curves appear highly similar,
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with repeated response values, demonstrating a good repeatability and reliability of the
developed gas sensor.

Figure 12. Reproducibility tests of ethanol sensor (5 ppm concentration) at 250 ◦C.

Figure 13a shows the dynamic resistance responses of the developed ZnO-based gas
sensor to 5 ppm of ethanol gas under different humidity levels of 10%, 30%, 50%, 70%,
and 90%. The sensor’s resistance fell rapidly at first with the increasing humidity and
then started to rise exponentially. The baseline resistance of the sensor stayed relatively
constant from 30–90% RH, with little fluctuation (less than 24%) in response to changes in
humidity (Figure 13b).

Figure 13. (a) Dynamic response of ZnO-based sensor at different RH levels (10–90%) and
(b) Resistance as function of RH.
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This behavior is due to the adsorption of water molecules on the sensor’s surface,
which, at low humidity levels, enhances conductivity and reduces resistance. After that,
with increasing humidity, a thick layer of water would act on the interaction of the ethanol
gas with the sensor, thus resulting in reduced response and exponential resistance increase.
These observations mean that the sensor responds to humidity changes with reasonably
stable electrical properties and repeatable characteristics. Using ZnO nanoparticles, the
sensor is reliable for gas sensing, even when humidity varies. The sensing performance
of the sensor for VOCs developed in this work has been compared with that of results
reported earlier (Table 2). The results show that the sensor fabricated using ZnO NPs shows
better response. The sensor detects VOCs at a concentration as low as 5 ppm with a high
response value at around 325%. This result indicates the superior sensing capability of
the biosynthesized ZnO NPs compared to materials reported earlier, highlighting their
excellent promise as a candidate for use in sensor applications.

Table 2. Ethanol gas responses of ZnO-based sensors: Literature vs. Current Findings.

Materials Detection Range
(ppm) Synthesis Method Working

Temperature (◦C)
Gas

Response Refs

ZnO/Au NPs 20–100 Hydrothermal 270 86.9 a [47]

ZnO NSs 50–1000 Aqueous solution 270 2.27 b [48]

ZnO/CuO 100–500 Co-precipitation 300 228 a [49]

Ag-ZnO 50–3000 Biosynthesis 250 30.55 a [50]

ZnO NPs 25–100 Co-precipitation 250 51.13 a [51]

ZnO NPs
without IC 40–800 Precipitation 285 3.97 b [52]

CuO nanoplates 10–100 Hydrothermal 250 176 a [53]

NiO/ZnO 5–50 Vapor–liquid–solid 400 6.7 c [54]

NiO/ZnO 10–800 Atomic layer
deposition 400 2.88 b [55]

NiO 50–1000 Nanocasting 300 2.18 a [56]

ZnO NPs 0.5–5
Green

microwave-assisted
combustion

250 325 a This work

a: response (%) = ∆R/R × 100, b: response = Ra/Rg, c: response (%) ∆G/G × 100.

3.7. Gas Sensing Mechanism

The gas sensing mechanism for ZnO nanoparticles depends on the electrical resistance
of the sensing material. After the adsorption of the oxygen molecules from the atmosphere
onto the ZnO surface, these molecules take electrons from the material’s conduction band,
forming oxygen like ions O−

2 and O−. When a reducing gas is introduced onto the surface,
it interacts with the surface ions and releases the trapped electrons back into the conduction
band. Hence, the increase in charge carrier concentration will lead to a decrease in the
electrical resistance of the material, which can be measured.

Ethanol, as a small polar molecule containing a hydroxyl (–OH) group, can strongly
interact with surface-adsorbed oxygen species and active sites on the ZnO sensor through
hydrogen bonding and dipole–dipole interactions. These interactions enhance adsorption
efficiency and facilitate rapid surface oxidation, causing a pronounced release of electrons
into the conduction band and a significant change in electrical resistance.
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4. Conclusions
In this study, we developed a simple, low-cost and environmentally friendly green

method for producing ZnO NPs using a plant extract from R. raetam. FTIR analysis showed
that functional groups of R. raetam play a crucial role in the synthesis and stabilization
of ZnO NPs. The nanoparticles, characterized by SEM and STEM imaging, presented
a hexagonal wurtzite structure and were obtained in a high degree of purity and with
an average crystallite size of about 14 nm. Spectroscopic analysis indicated strong UV
absorption, with an estimated band gap energy of 3.23 eV. Gas sensing studies indicated that
the ZnO-based sensor has excellent response and reproducibility with low concentrations
of VOCs, particularly ethanol, under optimal conditions of 250 ◦C and 50% RH. The
sensor demonstrated good stability under varying humidity levels, and the detection limit
was below 4 ppb. These results present potential uses for the green-synthesized ZnO
nanoparticles in rapid and reliable monitoring of IAQ.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemosensors14020042/s1, Table S1: Comparative summary of
ZnO properties.
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