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Abstract

Efficient synthesis routes for zinc oxide nanoparticles (ZnO NPs) that are rapid and non-
toxic and operate at room temperature (RT) are essential to expand accessibility, minimize
environmental impact, and enable integration with temperature-sensitive substrates. In this
work, ZnO NPs were synthesized by probe ultrasonication at RT for durations from 30 s to
10 min and benchmarked against our previously reported water bath sonication method. A
10-min probe treatment yielded highly uniform ZnO NPs with particle sizes of 60-550 nm
and a specific surface area of up to 75 m? g1, compared to ~38 m? g~ ! for bath sonication.
These features were largely preserved after calcination at 500 °C. When integrated into
chemiresistive devices, the resulting ZnO (P(10))-based sensors exhibited pronounced
selectivity toward styrene, showing reversible responses at low concentrations (10-50 ppm)
and stronger signals at higher levels (up to 200 ppm, with resistance changes reaching
2930%). The sensors demonstrated stable operation across 10-90% relative humidity, and
consistent performance from —20 °C to 180 °C. Flexibility tests confirmed reliable sensing
after 100 bending cycles at 30°. Overall, RT-probe ultrasonication offers a rapid, scalable,
and eco-friendly route to ZnO NPs with tunable properties, opening new opportunities for
flexible gas sensing.

Keywords: flexible; gas sensor; room-temperature synthesis; printed; styrene; zinc oxide

1. Introduction

Zinc oxide nanoparticles (ZnO NPs) have garnered significant attention due to their
unique combination of physical, chemical, and biological properties. These include a
broad direct band gap (~3.3-3.37 eV), high exciton binding energy, strong UV absorption,
and notable photoluminescence, which make them ideal candidates for applications in
electronics, optoelectronics, sensors, and UV-blocking products [1]. Their high surface area
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and catalytic activity further enhance their performance in photocatalysis and antibacterial
applications. At the same time, their excellent thermal stability (melting point close to
1975 °C) and mechanical robustness make them suitable for high-temperature and durable
devices [2]. Additionally, ZnO NPs exhibit significant biological effects, such as antibacte-
rial, anticancer, and anti-inflammatory activities, primarily due to their ability to generate
reactive oxygen species (ROS) and disrupt microbial membranes, which is valuable in
biomedical and food packaging fields [3]. Their piezoelectric and semiconductor features
enable their use in sensors, actuators, and energy harvesting systems [4]. The adaptability
of ZnO NPs stems from their tunable morphology, strong chemical stability, and versatile
surface chemistry, supporting their integration into medicine, electronics, catalysis, and
environmental remediation [2].

A wide variety of synthesis methods have been investigated to produce ZnO NPs,
each offering distinct advantages and limitations (see Table S1). Chemical techniques such
as precipitation and sol-gel provide high yields and precise control over particle size and
shape but often involve toxic reagents and raise environmental concerns [5,6] Physical
methods like laser ablation and vapor deposition yield pure and uniform NPs but require
high energy and costly equipment, limiting their scalability [7,8]. In contrast, green or
biological synthesis using plant extracts or microbes is eco-friendly and biocompatible, as
it avoids toxic byproducts; however, it may suffer from batch variability and less control
over NP features [9,10]. Solvothermal and hydrothermal techniques enable excellent
control of crystallinity and uniformity but generally require high pressure or temperature
and longer reaction times [11,12]. Spark ablation produces highly crystalline, ligand-free
ZnO NPs through plasma vaporization between zinc electrodes, offering advantages like
precursor/waste-free operation, room-temperature scalability, and precise size control
(5-50 nm), though disadvantages include low yields (~mg/hour) and the need for inert
gas/post-calcination [13]. Among these methods, green synthesis at room temperature (RT)
has emerged as particularly promising for producing ZnO NPs with tailored properties,
offering superior structural integrity and enhanced optical characteristics ideally suited
for advanced applications [14]. Green synthesis refers to the eco-friendly production of
NPs using non-toxic or biological resources, which avoids hazardous reagents, minimizes
energy consumption, and reduces environmental impact [15].

Furthermore, the preparation procedure and synthesis parameters play a decisive role
in determining the properties and applications of ZnO NPs. For example, the pH of the
synthesis medium is another crucial factor (Table S52). Higher pH values generally favor the
formation of smaller, more monodisperse particles [16,17], which can enhance antibacterial
activity and improve performance in dye-sensitized solar cells [18-20]. The choice of Zn-
salt precursor (such as zinc nitrate (ZnNO3), zinc acetate (ZnAc, Zn(CH3COO),-2H,0), or
zinc sulfate (ZnSO4)) significantly influences nucleation and growth kinetics, as well as the
surface chemistry of the resulting NPs (Table S3) [21,22]. For example, ZnAc often leads
to well-defined nanorods or nanospheres [23,24], whereas ZnNOj can yield flower-like or
needle-like morphologies, which impact the optical, catalytic, and sensing properties of
ZnO NPs [25]. Next, assisted techniques such as ultrasound (sonication) and microwave
synthesis, are commonly used to control particle size, morphology, and dispersion. Probe
sonication delivers higher energy over shorter periods compared to bath sonication, re-
sulting in smaller, more uniform ZnO NPs with reduced agglomeration, an advantage for
gas sensors and photocatalysts [26,27] Microwave-assisted synthesis rapidly heats zinc
salt solutions using microwaves, accelerates nucleation and growth, enabling fast, energy-
efficient synthesis of ZnO with controlled size and morphology [28,29]. Beyond these,
other synthesis parameters, including precursor concentration, annealing temperature,
and doping, also critically influence ZnO NP properties [21,30,31]. For instance, a higher
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precursor concentration in green synthesis can decrease crystallite size, while increased
annealing temperatures typically enlarge particle size and purity but may also shift the
optical band gap. Doping with elements like silver or cerium can modify the band gap
and promote nanorod formation, and mechanochemical methods (such as longer milling)
can further reduce particle size [32-34]. These findings highlight the importance of the
synthesis method and its conditions are crucial for tailoring ZnO NP properties for specific
applications. By carefully tuning the synthesis approach, whether through sonication, pH
adjustment, or precursor selection, researchers can engineer ZnO NPs with desired size,
shape, and surface characteristics, optimizing them for a wide range of applications.

Our recent work has centered on developing a sustainable, reproducible, and room-
temperature fabrication route for ZnO NPs and flexible gas sensors, overcoming limitations
of aggregation, high-temperature operation, and inconsistent electrical baselines, while
demonstrating practical performance for styrene detection. Although styrene gas detection
was used as a representative application, the primary objective of this study is not the
detection of styrene itself but rather establishing clear relationships between synthesis
parameters, particle size, surface area, and structural properties to enable improved gas-
sensing performance. This framework can be extended beyond styrene to other analytes
and even to other metal-oxide systems.

To achieve this, we first investigated the room-temperature synthesis of ZnO NPs
with particular emphasis on how synthesis conditions, especially pH—govern NP size,
morphology, and surface characteristics. We demonstrated that precise control of pH
enables effective tuning of these properties, resulting in enhanced performance of flexible
gas sensors for styrene detection [17]. Styrene was selected because of its industrial rele-
vance and associated health risks, typically appearing at concentrations of 10-100 ppm in
real environments, consistent with established occupational exposure limits. Despite the
presence of common interfering gases such as benzene, toluene, xylene, ethanol, acetone,
ammonia, and aldehydes, our ZnO-based sensors showed pronounced selectivity toward
styrene within this relevant concentration range, highlighting their practical applicability.

Building on this foundation, we extended our efforts to a comparative evaluation
of sonication-assisted synthesis routes. Specifically, we contrasted bath sonication with
high-energy probe sonication to elucidate how different sonication modes influence the
structural and functional properties of ZnO NPs. Notably, the probe-sonication method
can be regarded as a green route, as it operates at room temperature, uses benign pre-
cursors, and relies solely on mechanical energy rather than chemical reducing agents.
This comprehensive assessment provides an optimized pathway for ZnO NP synthesis
tailored for gas-sensing applications by correlating pH conditions, synthesis parameters,
and NP performance.

2. Materials and Methods

2.1. Chemicals and Reagents

ZnAc, methanol (CH30OH), and sodium hydroxide (NaOH), graphite (Gt) flake powder
(flake size < 20 pm), polystyrene (PS, Mw = 154,000 g/mol), and ACS-grade xylene were
all purchased from Sigma-Aldrich (St. Louis, MO, USA). All solutions were prepared using
deionized nanopure water (DI) with a resistivity greater than 18 MQ)-cm.

2.2. Synthesis of ZnO NPs

ZnO NPs were synthesized at RT following the method described in [17]. To begin, 4 g
of zinc acetate salt was dissolved in 100 mL of deionized water, and the pH was adjusted to
13 by gradually adding NaOH. The solution was subsequently exposed to probe sonication
at RT for varying durations, 30 s (30s), 1 min (1m), 5 min (5m), and 10 min (10m) with a
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Fisher Scientific Model 500 sonic dismembrator (0.5-inch tip, 30 W), which facilitated the
formation of uniform colloidal precipitates. These precipitates were collected by filtration,
thoroughly washed multiple times with water and MeOH, and subsequently air-dried
overnight. A portion of the resulting powder was reserved for characterization, while the
rest was calcined at 500 °C for 2 h in air.

The subsequent calcination step at 500 °C was included only for comparison purposes,
as calcination is a widespread practice in metal oxide synthesis. By comparing ZnO NPs
before and after calcination, we evaluated differences in morphology, chemical composition,
surface area, particle size, electrical behavior, and sensing performance.

The ZnO samples were designated as P(x) and P(x).C, where “x” represents the
sonication time used. The suffix “C” indicates that the sample underwent calcination at
500 °C. For example, P30s refers to ZnO synthesized from ZnAc using probe sonication
for 30 s, and after calcination, it is labeled as P30s.C. For comparison, ZnO NPs were also
synthesized using bath sonication for 2 h, following the procedure outlined in our previous
report [17]. The resulting samples were designated as B2h for the as-prepared ZnO and
B2h.C for the sample subjected to calcination at 500 °C for 2 h, representing the materials
before and after thermal treatment, respectively.

Although methanol (and later xylene solvent in the section of ink preparation) was
used in small amounts during dispersion and washing, both solvents are highly volatile
and fully evaporate during processing, leaving no residues in the ZnO NPs. The overall
synthesis route remains greener than conventional methods because it operates at room
temperature, avoids toxic precursors, and relies on mechanical energy input rather than haz-
ardous reagents. Future work will aim to replace these solvents with more environmentally
benign alternatives to further enhance sustainability.

2.3. Characterization

The surface morphology of the samples was examined using scanning electron mi-
croscopy (SEM, Hitachi SU-8230, Minato-ku, Tokyo, Japan). Raman spectra were collected
in the 100-1000 cm ! range at RT in air with a Renishaw inVia Raman microscope, utiliz-
ing a 532 nm excitation laser. Thermal properties were evaluated by thermogravimetric
analysis (TGA, TA Instruments, TGA Q500, New Castle, DE, USA), with samples heated
from 30 °C to 1000 °C at a rate of 10 °C per minute in ambient air. Particle size distribution
was measured by dynamic light scattering (DLS) at 633 nm using a Malvern Zetasizer
Nano S90 (Malvern, Worcestershire, UK), which is equipped with a 4 mW laser and an
avalanche photodiode detector (APD). The specific surface area of the ZnO NPs was de-
termined by the Brunauer-Emmett-Teller (BET) method, employing a BET surface area
and porosimetry analyzer (TMAXCN, Xiamen Tmax Battery Equipments Limited, Xiamen,
China) with nitrogen adsorption. Surface functional groups on ZnO were characterized
using Fourier transform infrared spectroscopy (FTIR, Thermo Scientific Nicolet 4700, Madi-
son, WI, USA). Optical absorbance spectra and bandgap measurements were performed
with a UV/VIS/NIR spectrophotometer (PerkinElmer Lambda 750, Waltham, MA, USA).
The optical bandgap (Eg) was calculated from the UV absorption data using the Tauc plot
approach (Equation (1)) [17].

ohv = Athv — E)" (1)

Here, A represents a constant, and “n” is the Tauc exponent, which varies based on the
type of electronic transition. Typically, n equals 1/2 for direct allowed transitions and 2
for indirect allowed transitions. To determine the material’s band gap energy (Eg), a plot
of (ahv)? against photon energy (hv) is created, and the linear segment is extrapolated
to intersect the x-axis. This approach is particularly useful for evaluating the optical
characteristics of disordered or amorphous semiconductors.
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2.4. Ink Formulation and Preparation of Chemiresistive ZnO NPs-Based Sensors

The fabrication procedure for the ZnO-based gas sensor follows the same steps as
previously reported [17], where a schematic illustration of the process is provided. Briefly,
ZnO NPs were dispersed with Gt flakes in xylene, centrifuged, and then mixed with a PS
solution to yield a uniform paste. This paste was deposited onto flexible, pre-screen-printed
carbon electrodes on PET substrates using the doctor blade method, followed by drying at
60 °C for one hour. Sensors were fabricated using both pre- and post-calcined ZnO NPs,
consistent with our earlier work. This preparation method aligns with our prior work on
sensing nanocomposites [35-37].

2.5. Evaluation of the Sensing Performance of the ZnO NPs-Based Sensors

The chemiresistive gas sensing performance, including sensitivity and selectivity,
was assessed using a Nextron microprobe station equipped with a Peltier-type sample
stage [17]. Detailed specifications and features of the station are provided in the Supporting
Information [17]. Electrical resistance of the sensing thin films, placed between two closely
spaced carbon electrodes, was continuously recorded as the films were exposed to various
gases such as acetone (C3H¢O), ammonia (NHs), triethylamine ((C;Hs)3N), acetic acid
(CoH40y), alcohols (CH3OH, ethanol (C,H50H), isopropanol (C3H;OH)), aldehydes (in-
cluding dimethyl-6-octenal (C19H;130), hexanal (C¢H1,0), acrolein (C3H40), butyraldehyde
(C4HgO), formaldehyde (CH,0), pentanal (C5H;90), acetaldehyde (CH3CHO)), and aro-
matic compounds (benzene (C¢Hp), styrene (CgHg)). Gas exposures were generated using
a custom-built organic solvent vapor generator; further details on its working principle are
available in the Supporting Information [17].

A programmed multimeter, interfaced with a PC via an Arduino card, was used
to collect resistance data from the sensors. The response of the sensors to gas, relative
humidity (RH), and temperature was calculated according to Equation (2). For gas response
measurements, Ry denotes the initial resistance under ambient conditions (RT and 30-40%
RH), while R; is the resistance after exposure to the target gas under the same environmental
parameters. After reaching equilibrium in the presence of the gas, the sensors were allowed
to recover by returning to the initial conditions (RT and 30-40% RH) with the chamber lid
open. Response and recovery times were defined as the intervals needed to achieve 90% of
the total resistance change upon gas exposure and subsequent air exposure, respectively.

The influence of temperature and RH on sensor performance was also examined.
Temperature response tests were conducted from —20 °C to 180 °C at ~10% RH, while
RH response was evaluated across RH levels from 10% to 90% at 20 °C. For temperature
variation studies, Ry represents the resistance at 20 °C and 10% RH, and R; is the resistance
after changing the temperature (with RH held at 10% and no gas exposure). For RH
response, R; is measured at 20 °C and 10% RH, and R; is recorded after adjusting the RH
(with temperature constant at 20 °C and no gas exposure).

Response(%) = (RZI; Rl) x 100 ()

2.6. Evaluation of the Mechanical Flexibility of the ZnO NPs-Based Sensor

The mechanical flexibility of the sensors was assessed by subjecting them to repeated
bending cycles at a controlled rate of 5° per second, using a specific critical bending angle of
30°, to evaluate their resistance to mechanical stress and strain. Resistance measurements
were continuously recorded using a programmed multimeter interfaced with a PC through
an Arduino card, ensuring precise and real-time data acquisition. All experiments were
conducted under ambient conditions, and the results are presented as changes in electrical
resistance, calculated according to Equation (2).
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3. Results

The SEM images in Figure 1 provide a clear visualization of how both sonication
methods and durations, as well as calcination, impact the morphology and aggregation state
of ZnO NPs. The NP size was determined by measuring at least 50 well-resolved particles
across multiple SEM micrographs using Image]J software (version 1.52). Diameters were
extracted from regions where particles were distinguishable to calculate the average size.
These values were further cross-validated with DLS measurements to ensure consistency,
as can be seen in the next section.

Figure 1. SEM images of ZnO NPs synthesized using different sonication methods and durations. The
first set of images corresponds to ZnO NPs prepared by water bath sonication for 2 h (B2h), shown
before and after calcination at 500 °C for 2 h. The subsequent images show ZnO NPs synthesized via
probe ultrasonication for 30 s, 1 min, 5 min, and 10 min, also presented before and after calcination
under the same thermal conditions. Each image is labeled with its corresponding synthesis condition
for clear identification.

The sample synthesized by water bath sonication for 2 h (B2h) exhibits large, irregular,
and highly aggregated structures, with individual particles difficult to distinguish, and
the overall morphology is dominated by dense clusters. The estimated primary particle
size in B2h is broadly distributed, typically ranging from about 200 nm up to 600 nm, with
some aggregates exceeding 1 pm. After calcination (B2h.C), these aggregates become even
more compact and fused, with smoother surfaces, indicating significant grain growth and
sintering. The primary particle size increases, now ranging from approximately 300 nm to
800 nm, but still lacks clear particle boundaries.
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In contrast, the samples produced by probe ultrasonication show a marked reduction
in aggregation and particle size, even at the shortest duration (P30s). Here, the particles
appear more separated, with less dense packing and more defined edges, although some
irregularity and clustering remain. The primary particle size in P30s is mostly in the range
of 120-250 nm. After calcination (P30s.C), similar observations to the B2h.C sample were
recorded with compact, fused, and smooth surfaces, and the particle size increases to
about 180-350 nm, indicating significant grain growth and sintering, and still lacking clear
particle boundaries.

As the probe sonication time increases to 1 min (P1m), the ZnO NPs become more
uniform and better dispersed, with the primary particles appearing smaller and more
distinct, typically in the range of 100-200 nm. After calcination (P1m.C), these particles
show some increase in size and slight fusion, reaching about 150-270 nm, yet maintain
a higher degree of separation and clearer boundaries compared to the B2h.C and P30s.C
samples. The trend continues with longer probe sonication times. At 5 min (P5m), the
NPs are even more finely divided and well-separated, with a noticeable reduction in
aggregate size and a more consistent, near spherical or slightly faceted morphology. The
primary particle size in P5m is estimated at 80-150 nm. Calcination (P5m.C) leads to a
modest increase in particle size, to about 120-200 nm, but overall dispersion and uniformity
are retained.

The 10-min probe sonication sample (P10m) displays the most pronounced effect: the
NPs are highly uniform, small, and well-dispersed, with minimal aggregation and clear,
rounded shapes. The particle size in P10m is consistently in the range of 70-120 nm. After
calcination (P10m.C), the particles remain discrete and maintain their uniformity, with only
a slight increase in size due to sintering, now in the range of 100-160 nm. These SEM results
demonstrate that increasing the duration of probe ultrasonication significantly enhances
the dispersion, uniformity, and size control of ZnO NPs, and that these improvements
are largely preserved even after calcination, in stark contrast to the persistent aggregation
observed in water bath sonicated samples.

DLS analysis (Figure 2A) reveals clear differences in particle size and distribution
width depending on the sonication method, duration, and subsequent thermal treatment.
For the water bath sonicated sample (B2h), the DLS curve reveals a broad and polydisperse
distribution ranging between 310 nm and 750 nm, indicating the presence of both primary
particles and substantial aggregates in the suspension. After calcination (B2h.C), the DLS
profile shows a bimodal size distribution, now exhibiting two distinct populations: one
between 100 nm and 360 nm, and another extending from 360 nm up to 750 nm. This
shift suggests a partial breakdown of larger aggregates and some reorganization of particle
size due to thermal treatment, likely because of grain growth and sintering processes.
These DLS findings are in good agreement with the SEM observations. The reduction in
average particle size after calcination, as detected by DLS, reflects the rearrangement and
densification of the ZnO particles, supporting the morphological evolution seen in the
SEM images.

In the case of probe ultrasonication for 30 s (P30s), the DLS profile shows a particle
distribution between 80 nm and 610 nm, indicating a substantial reduction in the primary
particle size. After calcination (P30s.C), the size distribution shifts toward larger values,
with the main peak now starting at 610 nm and a tail extending to 1500 nm (1.5 um), reflect-
ing significant particle growth and the persistence of aggregation upon thermal treatment.
This observation partially agrees with the SEM images, with noticeable clustering and
fused domains after calcination. The DLS data thus highlights that while short-duration
probe ultrasonication effectively reduces the average particle size and enhances dispersion,
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it does not fully eliminate aggregation, especially after calcination, as also evidenced by the
SEM analysis.
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Figure 2. (A) DLS analysis of ZnO NPs synthesized using various sonication methods and durations.
Solid curves represent the particle size distribution before calcination, while dotted curves show the
distribution after calcination at 500 °C for 2 h. The data illustrate the combined effects of sonication
technique and thermal treatment on NP size and distribution. (B) BET surface area analysis of the
same ZnO NPs before and after calcination. The results reveal the impact of sonication duration and
calcination on the surface area and porosity of the ZnO NPs.

With increasing probe sonication time to 1 min (P1m), the DLS data reveal a particle
size distribution with a broader peak ranging from 130 nm, extending up to 750 nm.
This indicates the presence of a significant population of small, alongside a fraction of
larger aggregates, resulting in a broader and less uniform size distribution compared
to the P30s sample, which had a more pronounced separation between small and large
particle populations. After calcination (P1m.C), the distribution shifts, with the broad
population now spanning from 150 nm to 1100 nm (1.1 um). This shift suggests that
calcination promotes the growth and partial fusion of smaller particles into larger domains,
while some degree of aggregation persists. These DLS findings align well with the SEM
observations, which show that, despite some increase in particle size and minor aggregation
after calcination, the P1m and P1m.C samples still exhibit better dispersion and more
distinct particle boundaries than those prepared by water bath sonication (B2h and B2h.C)
or shorter probe durations (P30s and P30s.C).

For 5 min of probe sonication (P5m), the DLS curve reveals a peak between 70 nm
and 600 nm, reflecting a uniform and narrow size distribution. After calcination (P5m.C),
the peak slightly shifts to a range between 120 nm and 800 nm, indicating a slight increase
in particle size and some aggregation but overall maintaining a narrow distribution. This
closely matches the SEM images, which show finely divided, well-separated NPs with only
modest growth and aggregation after calcination.

The most dramatic improvement is observed for 10 min of probe sonication (P10m).
Here, the DLS data displays a single peak ranging between 60 nm and 550 nm. After
calcination (P10m.C), the peak maintained the exact range with a substantial reduction
in the primary particle size to 30 nm, suggesting excellent size retention and minimal
aggregation even after thermal treatment. The DLS analysis quantitatively supports the
morphological trends observed by SEM.

The BET results, as illustrated in Figure 2B, reveal a clear relationship between son-
ication method, duration, calcination, and the specific surface area of ZnO NPs. For the
non-calcined samples, the specific surface area increases steadily from approximately
38 m? g~! for the water bath sonicated sample (B2h) to about 75 m? g~ ! for the sample sub-
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jected to 10 min of probe ultrasonication (P10m). This trend demonstrates that increasing
the intensity and duration of sonication, particularly with probe ultrasonication, effectively
reduces particle aggregation and size, thereby exposing more surface area. The marked
enhancement in surface area with longer probe sonication is consistent with the improved
dispersion and reduced particle size observed in both SEM and DLS analyses.

Upon calcination, the specific surface area of all samples decreases significantly, with
values ranging from around 14 m? g~! for B2h.C to approximately 37 m? g~ for P10m.C.
This reduction is attributed to particle growth, sintering, and partial pore collapse during
the high-temperature treatment, which is a well-documented phenomenon in ZnO sys-
tems [38]. However, even after calcination, the trend of increasing surface area with longer
probe sonication is preserved. The calcined P10m sample retains the highest surface area
among all calcined samples, indicating that the benefits of extended probe sonication are
partially retained after thermal processing [39].

These BET findings are in strong agreement with the morphological trends seen in SEM
and DLS data, confirming that probe ultrasonication, especially for extended durations, is
highly effective for maximizing the accessible surface area of ZnO NPs. Enhanced surface
area benefits catalysis and gas sensing, where surface-dependent phenomena are critical.
The observed values also compare favorably with literature reports for ZnO synthesized
under similar conditions, further validating the effectiveness of the sonication-assisted
synthesis approach.

The UV-Vis absorption spectra (Figure 3A) and corresponding Tauc plots for bandgap
determination (Figure 3B) provide valuable insights into the optical properties of ZnO NPs
synthesized under different sonication conditions and the effects of calcination on their
electronic structure.

Intensity (a.u.)
(ahv)?

250'360'350'460'4‘.50'560'550'660‘65:0'760'750 800 1.5 20 25 ' 3.0 ) 3.5 ' 40 45 50
Wavelength (nm) hv (eV)

Figure 3. (A) UV-Vis absorption spectra and (B) corresponding bandgap measurements of ZnO NPs

synthesized using various sonication methods and durations, shown before and after calcination at

500 °C for 2 h. The results highlight the influence of sonication conditions and thermal treatment on

the optical properties and bandgap energy of the ZnO NPs.

The UV-Vis absorption spectra (Figure 3A) reveal distinct absorption for each sample,
with notable variations based on both the sonication method and duration. The typical
bandgap of ZnO NPs reported in the literature generally falls within the range of 3.2 to
3.4 eV for undoped, pure ZnO NPs [40]. The water bath sonicated sample (B2h) displays
an absorption edge at 362 nm, corresponding to a direct bandgap of approximately 3.0 eV,
as shown in the Tauc plot (Figure 3B). For the probe ultrasonicated samples, a clear trend
of blue-shifting absorption edges is observed as the sonication duration increases. The
P30s sample exhibits an absorption peak at 355 nm, with a bandgap of 3.22 eV. With
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further increases in probe sonication time (P1m, P5m, and P10m), the absorption edge
shifts to 352 nm for all three, corresponding to band gaps of 3.2 eV for PIm and P5m, and
3.0 eV for P10m. This blue shift and bandgap widening are consistent with the reduction
in particle size and improved uniformity observed in SEM and DLS analyses, reflecting
quantum confinement effects in the smaller, more dispersed NPs produced by longer
probe sonication.

Calcination induces significant changes in the optical properties across all samples.
After thermal treatment, the absorption edges are generally red-shifted, indicating a de-
crease in bandgap energy. For example, the B2h.C sample shows a red shift from 362 nm
to 377 nm, though the bandgap remains at 3.0 eV, suggesting that particle growth and im-
proved crystallinity during calcination offset the quantum confinement effect. The P30s.C
sample exhibits a red shift from 355 nm to 375 nm, with a notable bandgap reduction from
3.22 eV to 2.85 eV. Similarly, P1m.C shows a shift from 352 nm to 375 nm, with the bandgap
decreasing from 3.2 eV to 2.85 eV. The P5m.C and P10m.C samples each display a red
shift from 352 nm to 372 nm, with their band gaps decreasing from 3.2 eV and 3.15 eV,
respectively, to 3.0 eV after calcination.

These results demonstrate that increasing the probe sonication time leads to smaller,
more uniform ZnO NPs with blue-shifted absorption and wider band gaps due to quantum
confinement. However, calcination reverses this trend, causing the absorption edges to
red-shift and the bandgap energies to decrease, consistent with particle growth and re-
duced quantum confinement as the NPs sinter and grow. The close agreement between
the optical data and the morphological observations from SEM and DLS confirms the
strong correlation between synthesis conditions, particle size, and the electronic struc-
ture of ZnO NPs. This tunability of optical properties through sonication and thermal
treatment is highly advantageous for tailoring ZnO NPs for specific optoelectronic and
photocatalytic applications.

TGA was performed to assess the thermal stability, decomposition behavior, and
residual organic content of ZnO NPs synthesized using different sonication methods and
durations, both before (Figure 4A) and after (Figure 4B) calcination. Figure 4A shows
that all as-synthesized ZnO samples display a gradual weight loss as the temperature
increases from RT to 1000 °C, with the most significant loss occurring below 500 °C. This
weight loss is primarily attributed to the evaporation of adsorbed moisture, the removal of
surface-bound organics, and the decomposition of residual precursor materials. Water bath
sonicated sample (B2h) exhibits a total weight loss of about 4% up to 500 °C, indicating
the presence of moderate organic and volatile content. Probe ultrasonicated samples show
a close amount of organic and volatile content, like B2h. Still, the highest weight loss
(5.2%) was achieved with shorter sonication durations (P30s), while the other samples
(P1m, P5m, P10m) demonstrated a weight loss between 4.5% and 4.8%. After 500 °C, the
weight loss plateaus for all samples, indicating that most of the labile components have
been removed by this temperature. The residual weight loss at higher temperatures is
minimal, confirming the good thermal stability of the ZnO framework.

Following calcination at 500 °C (Figure 4B), all samples show a marked improvement
in thermal stability, with significantly reduced weight loss across the entire temperature
range. The total weight loss values are now much lower (i.e., B2h.C: 3%, P30s.C: 4.5%,
PIm.C: 1.8%, PSm.C and P10m.C: 0.7%). The weight loss for the calcined samples is
mainly due to the desorption of physically adsorbed water and minor surface species. The
negligible weight loss above this temperature range indicates that the calcination process
has effectively removed most organics and residual precursors. Notably, the P5m.C and
P10m.C samples exhibit the lowest residual weight loss (0.7%), suggesting the highest
purity and thermal stability among all samples.
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Figure 4. TGA analysis of ZnO NPs synthesized using various sonication methods and durations,
shown (A) before and (B) after calcination at 500 °C for 2 h. The results highlight the thermal stability,
decomposition behavior, and residual organic content of the ZnO NPs, as influenced by sonication
conditions and subsequent heat treatment.

These TGA results are consistent with the morphological and surface area trends
observed in SEM, DLS, and BET analyses. Longer probe sonication durations facilitate
better dispersion and more complete reaction, resulting in ZnO NPs with less trapped
organics and higher thermal stability. Calcination at 500 °C further purifies the samples,
but the initial sonication conditions remain a key factor in determining the final purity
and stability.

The XRD patterns of ZnO NPs (Figure 5) synthesized using various sonication methods
and durations, before and after calcination at 500 °C, provide essential insights into their
crystalline structure, phase purity, and orientation. All samples exhibit diffraction peaks
that match the standard hexagonal wurtzite structure of ZnO, with dominant reflections
observed at 20 ~ 31.8°, 34.5°, and 36.3°, corresponding to the (100), (002), and (101)
planes, respectively. This confirms the successful formation of phase-pure ZnO under all
synthesis conditions.
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Figure 5. XRD diffractograms of ZnO NPs synthesized using various sonication methods and dura-
tions, shown before and after calcination at 500 °C. The results highlight the structural, vibrational,
and crystallographic changes induced by different sonication conditions and thermal treatment.
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Notably, the relative intensities of these peaks vary significantly depending on the
sonication method, duration, and thermal treatment, offering valuable information about
preferred orientation and the evolution of crystallinity. Before calcination (solid diffrac-
tograms as seen in Figure 5), all samples show relatively similar peak intensity ratios,
particularly those treated by probe ultrasonication, suggesting an initial random or weakly
oriented polycrystalline structure. However, the water bath sonicated sample (B2h) shows
disproportionately higher intensity at (002) and (101), hinting at aggregation-induced
texture development. After calcination (dotted diffractograms as seen in Figure 5), the
intensity of the (100) and particularly (002) peaks decreases for many samples (e.g., B2h.C
and P30s.C), while some probe-sonicated samples (especially P5m.C and P10m.C) retain
stronger and more balanced intensities across all three planes. This change in relative peak
intensity reflects both a shift in preferred orientation and improved crystallinity due to the
thermal treatment.

The decline in relative peak intensity after calcination for most samples can be at-
tributed to grain coarsening, reduction in surface defects, and partial texturing loss as
particles fuse and recrystallize. These observations are consistent with SEM and DLS
results, which show significant particle growth and sintering effects post-calcination, es-
pecially in B2h.C and P30s.C. For example, the normalized intensity of the (100) plane in
B2h drops from 66.7% to 53.2% after calcination, indicating a marked shift in crystallo-
graphic orientation. Similarly, the (002) peak decreases from 78.9% to 52%, reinforcing the
conclusion of aggregation-driven orientation loss.

On the other hand, samples synthesized with longer probe sonication durations
(P5m and P10m) retain more balanced intensities and exhibit only modest changes post-
calcination. This suggests a more stable crystallographic structure, in line with their
superior dispersion, higher surface area (as shown in BET results), and minimal aggregation
as observed in SEM and DLS data. In particular, the P10m.C sample exhibits well-preserved
peak intensities across all three planes, reflecting enhanced structural stability and isotropy.

FTIR and Raman spectroscopies were employed to probe the chemical structure,
bonding environment, and crystallinity of the ZnO NPs. The combined analysis of these vi-
brational techniques offers valuable insights into the presence of organic residues, hydroxyl
groups, and lattice ordering. The Raman spectra (Figure 6A) provide further confirma-
tion of structural ordering and phase purity. Wurtzite ZnO exhibits a well-known set of
phonon modes, among which the E, (high) mode at ~437 cm~! is the most prominent
and is commonly used as a signature for crystallinity and lattice symmetry. In the B2h,
P30s, and P1m samples, the E;, (high) peak appears broad with a low-intensity shoulder at
380 cm~! (A1(TO)), reflecting low crystallinity and the presence of structural defects, such
as oxygen vacancies and lattice distortions. These characteristics are consistent with their
broad DLS distributions, low BET surface area, and high organic content. With increasing
sonication time, especially in the P5m and P10m samples, the E; (high) peak becomes
sharper with a lower-intensity shoulder at 380 cm~! (A1(TO)), indicating a progressive
improvement in crystallinity and reduction in lattice defects. This trend continues after
calcination, where the P10m.C and P5m.C samples show the most intense and narrow E,
(high) peaks. These observations strongly support the SEM and XRD findings of more
defined and well-dispersed particles with uniform morphology, as well as the UV-Vis
results indicating a narrowing of bandgap due to enhanced lattice ordering.

Other Raman-active modes, such as E; (LO) and 2-E;(M), are observed in the samples
subjected to shorter sonication times, but these modes, especially E;(LO), become weaker
or even suppressed in samples that have undergone extended sonication and subsequent
calcination. This attenuation of Raman features with increased sonication and thermal
treatment provides further evidence of the profound impact these processes have on the
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phonon structure and phase purity of the ZnO NPs. The reduction in intensity of these
modes suggests improved crystallinity and a decrease in structural defects, underscoring
the critical role of sonication duration and calcination in tailoring the vibrational properties
and overall quality of the ZnO NPs.

P10m B | g
P10m.C \ / P10m
" P10m.C

Intensity (a.u.)

Intensity (a.u.)

L] L) | ] L) L) 1
100 200 300 400 500 600 700 800 900 10004000 3500 3000 2500 2000 1500 1000 500
Raman Shift (cm™) Wavenumber (cm™)

Figure 6. (A) Raman spectra and (B) FTIR spectra of ZnO NPs synthesized before and after calcination
at 500 °C. The results highlight the structural, vibrational, and crystallographic changes induced
by different sonication conditions and thermal treatment, providing insight into the evolution of
functional groups of the ZnO NPs.

The FTIR spectra (Figure 6B) exhibit distinct features associated with hydroxyl groups,
organic moieties, and Zn-O vibrations, which vary noticeably depending on the sonication
conditions and the calcination state of the samples. All non-calcined samples display
broad absorption bands centered around 3400 cm~! and 1630 cm ™!, corresponding to the
O-H stretching and bending vibrations of adsorbed water and surface hydroxyl groups,
respectively. These features are particularly pronounced in the B2h and P30s samples,
indicating a high degree of surface-bound moisture and hydroxylation, likely due to
their higher aggregation and surface area exposure to atmospheric RH. Upon calcination
at 500 °C, these bands are significantly reduced or even completely suppressed across
all samples, confirming the removal of physisorbed water and hydroxyl functionalities.
However, the FTIR spectra for P5m and P10m show identical spectra before and after
calcination, suggesting effective surface cleaning at high sonication times. This means that
the broad peaks 3400 cm ™! and 1630 cm~! correspond mainly to physisorption of water
molecules on ZnO NPs. This aligns with the TGA findings of minimal residual weight loss.

Peaks observed in the 2900-1400 cm~! range, associated with C-H stretching and
C=O0 vibrations, are evident in the B2h and P30s samples before calcination. These features
indicate the presence of residual organic compounds, possibly from incomplete precursor
decomposition or surface contamination. These peaks also diminish or disappear post-
calcination. Once again, the P5m.C and P10m.C samples show identical spectra pre- and
post-calcination, corroborating their higher chemical purity and superior thermal stability,
as confirmed by TGA and BET.

The Zn-O stretching vibrations, typically located in the 400-600 cm ™! region, are
present in all samples. After calcination, these peaks become sharper and more intense,
especially in the P10m.C and P5m.C samples, indicating enhanced crystallinity and well-
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formed Zn-O bonds. These improvements reflect the grain growth and lattice ordering
induced by thermal treatment, consistent with XRD, Raman, and UV-Vis results.

For sensor fabrication and gas sensing evaluation, the ZnO NPs synthesized using
10 min of probe ultrasonication (P10m) and their calcined counterpart (P10m.C) were se-
lected due to their superior physicochemical properties observed across all characterization
techniques. Among all synthesized samples, P10m exhibited the smallest and most uniform
particle size, minimal aggregation, and the highest surface area, as confirmed by SEM, DLS,
and BET analyses. These attributes are critical for enhancing gas sensing performance, as
they maximize the accessible surface area for gas adsorption and facilitate more efficient
electron transfer pathways. Moreover, the P10m.C sample, which underwent calcination at
500 °C, demonstrated improved crystallinity (XRD and Raman), reduced surface-bound
organics (FTIR and TGA), and greater thermal stability, all of which contribute to better
sensor stability and responsiveness. These combined features made P10m and P10m.C
ideal candidates for evaluating the impact of NP morphology, surface chemistry, and
thermal treatment on gas sensing behavior, particularly in detecting styrene gas with high
sensitivity and selectivity.

The baseline electrical resistance of the sensors, measured by multimeter, consistently
~100 kO). The Gt thin film governed this value, while the formulation of ZnO NPs into
pastes and deposition via the doctor blade method ensured reproducibility across devices.
Consequently, variations in sensing response are attributed to the micro/nano structure of
the ZnO layers rather than changes in bulk resistivity.

The gas-sensing selectivity of the fabricated ZnO-based sensors, evaluated using
the P10m, P10m.C, B2h, and B2h.C samples, is presented in Figure S1A,B for a diverse
range of gases, including alcohols, aldehydes, ketones, amines, and aromatic hydrocarbons.
Among all the tested gases, styrene (CgHg) consistently elicited the strongest response
across all sensor samples, underscoring the material’s pronounced selectivity for aromatic
hydrocarbons, well aligned with our observations in our previous work [17]. Figure 7A
highlights that the P10m sensor, in particular, exhibited an exceptionally high response
of approximately 2930%, followed by B2h (~590%), B2h.C (~450%), and P10m.C (~400%).
This ranking confirms the critical influence of both the sonication method and calcination
on sensor performance. The marked enhancement in the response of the P10m sensor can
be attributed to its improved surface area and crystallinity, which together enhance charge
mobility and the density of active surface sites available for gas interaction.
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Figure 7. Resistance response curves of sensors based on P(10) (before calcination) and P(10).C
(after calcination): (A) Response to styrene gas, demonstrating the selectivity of the sensors; (B) The
dynamic sensing behavior to stepwise increases in styrene gas concentration, validating their sensi-
tivity, as well as response and recovery times. In the schematic diagram, downward-pointing arrows
symbolize the injection of gas into the system, whereas upward-pointing arrows represent the venting
of gas.
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Furthermore, the higher response of the P10m sensor compared to its B2h counterparts
reflects the significant role of probe ultrasonication in reducing particle size, improving NP
dispersion, and increasing the accessible surface area. These factors collectively facilitate
more effective gas-surface interactions, leading to heightened sensitivity. Figure S1B further
highlights that, although the B2h and B2h.C-based sensors exhibit measurable responses to
a variety of volatile organic compounds, including acetone, ammonia, and several alcohols,
the P10m and P10m.C-based sensors demonstrate markedly superior selectivity toward
styrene. These latter sensors show lower responses to non-aromatic gases compared to
their B2h and B2h.C counterparts, underscoring their exceptional specificity for styrene
detection. This pronounced selectivity distinguishes the P10m and P10m.C sensors from
those prepared by bath sonication, and emphasizes the effectiveness of probe sonication
and optimized processing conditions in enhancing the sensor’s ability to discriminate
styrene from other volatile compounds.

Figure 7B illustrates the dynamic sensing performance of the P10m and P10m.C
sensors in response to varying concentrations of styrene gas (10-200 ppm). Notably, the
P10m sensor consistently exhibits a stronger and more pronounced response compared to
the P10m.C sensor, reinforcing the critical role of increased surface area in promoting gas
adsorption and enhancing surface reactivity. The stepwise escalation in sensor response
with rising styrene concentration demonstrates a sensitive yet reversible behavior at lower
concentrations (up to 80 ppm), indicative of a predominantly physical adsorption process
that temporarily perturbs the electronic structure of the sensing film, leading to increased
electrical resistance.

However, at higher styrene concentrations (100 and 200 ppm), both sensors display
a substantial and largely irreversible increase in resistance, suggesting a transition in the
sensing mechanism. At these elevated concentrations, the interaction between styrene
molecules and the sensing film likely involves stronger chemical reactions, which result in
permanent modifications to the film’s chemical structure and hinder the sensor’s ability
to fully recover its original conductivity. This irreversible behavior at high styrene levels
highlights a shift from a reversible, physisorption-dominated mechanism at low concentra-
tions to a chemisorption-driven process at higher concentrations, ultimately affecting the
long-term stability and reusability of the sensor. These findings underscore the importance
of optimizing sensor materials and operating conditions to balance sensitivity, selectivity,
and reversibility for practical gas sensing applications.

The difference in response at low and high styrene concentrations arises from the
sensing mechanism of ZnO NPs. At low concentrations, limited adsorption-desorption of
styrene molecules leads to minimal electron transfer (physical sensing mechanism), causing
the response to plateau. At higher concentrations, increased adsorption enhances the
styrene molecule’s reaction with ZnO NPs (chemical sensing mechanism), yield significant
response change. This mechanism explains why the sensor functions effectively as a
threshold detector to styrene concentration below 80 ppm rather than a quantitative sensor.
While the limit of detection is typically defined as the lowest concentration at which a
measurable response is observed, the plateauing behavior in the 0-80 ppm range, a precise
value is difficult to indicate.

The response time (T90) was determined as the time required for the sensor signal to
reach 90% of its final value upon exposure, while the recovery time (T90) was defined as the
time required to return to 90% of the baseline after gas removal. At styrene concentrations
< 80 ppm, where physisorption dominates, the P10m sensor exhibited a response time
of approximately 90 s and a recovery time of 155 s (Figure 7B). At higher concentrations
(100-200 ppm), the recovery curve did not return fully to baseline due to chemisorption
effects, and therefore, a recovery time could not be meaningfully defined.
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Table 1 presents selected figures of merit for flexible ZnO-based sensors. We acknowl-
edge that the information shown is limited to maintain clarity, readability, and relevance
to the discussion in the manuscript. While many authors report additional metrics such
as response/recovery times, power consumption, or photoactivation, our focus here is on
presenting the most representative parameters for flexible devices. Sensitivity is reported as
the response to specific gas concentrations, a method we have consistently used to ensure
comparability. The limit of detection is typically defined as the lowest concentration at
which the sensor shows a measurable response. However, as discussed, the plateauing
behavior in the 0-80 ppm range complicates its precise determination.

Table 1. Summary of recent ZnO-based gas sensors, including target gases, sensitivity or detection lim-
its, application areas, sensor flexibility, and corresponding literature references. The table highlights
the diversity of ZnO nanostructures and their performance in detecting various gases, with emphasis

on flexible sensor platforms and the ZnO sensor developed in this work for styrene detection.

Sensor Material

Flexible

and Structure Target Gas Sensitivity/Detection Limit =~ Application Area Sensor Ref
ZnO hollow Excellent response; high Environmental
nanofibers Acetone sensitivity monitoring No [41]
Mesoporous . . Response: 43.8 (at 50 ppm); .
700 nanosheets Triethylamine DL: 1 ppm Industrial safety No [42]
Ag/ZnO
hierarchical H, 479% at 300 ppm (250 °C) Hydrogen leak No [43]
nanostructures detection
Au-modified Response: 49.9 (at 100 ppm); Industrial VOC
ZnO Ethanol 3.2x pure ZnO detection No [44]
ZnO
nanofibers/ poly(styf\eﬁlf LOD: 3.2 ppm; dynamic Livestock/industrial No [45]
sulfonate) 3 linear range to 100 ppm air monitoring
composite
Noble metal (Ir, . oo
Ru) decorated Multiple VOCs ngh. §e1e§t1V1ty, 100% ML H.aza.rdf)us 8as No [46]
700 thin films classification discrimination
i:r%—pla telets H, ;?SSIUVHY: 80% (60 ppm, Industrial safety No [47]
Zn0O nanorods ~90% at 5 ppm; DL: 0.5 ppm  Wearable/flexible
on PET substrate HpS (RT) sensors Yes [48,49]
ZnO nanowires o e Flexible
on flexible NO, (NRl,lS,;) o at 1 ppm; DL: 50 ppb environmental Yes [50,51]
polyimide Sensors
ZnO nanosheets 100% at 40 ppm; reversible Flexible gas
on flexible PDMS NH; at RT detectors Yes [52]
ZnO quantum . e ) .
dots in flexible VOCs (mixed) ngh sensitivity; sub-ppm; Wearable/ flexible Yes [53]
polymer rapid response Sensors
700 NPs (probe High selectivity; reversible F!ex1ble, .

L Styrene at low conc.; pronounced at  high-performance Yes This work

sonication)

high conc.

£as sensors

Compared to the ZnO-based gas sensors reported in the recent literature (Table 1),
our probe-sonicated ZnO NP sensors demonstrate several notable advantages. Many
conventional ZnO sensors, such as those utilizing nanorods, nanosheets, or noble metal
modifications, exhibit high sensitivity and selectivity toward gases like nitrogen dioxide
(NO»), hydrogen (H;), ammonia (NHj3), hydrogen sulfide (H,S) and various VOCs but
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often require elevated operating temperatures or rigid substrates, which can limit their
applicability in flexible or wearable devices.

In contrast, our sensors, fabricated using ZnO NPs synthesized via rapid, room-
temperature probe ultrasonication, combine high selectivity toward styrene with robust
mechanical flexibility and environmental stability. While literature examples report im-
pressive detection limits and response values for gases such as HyS, NO,, and C3HgO
(acetone), few studies address styrene detection or focus on flexible sensor platforms. Our
sensors provide a reversible and pronounced response to styrene at low and high con-
centrations, respectively. This positions our ZnO NP-based sensor as a competitive and
versatile solution for next-generation flexible gas sensing applications, bridging the gap
between gas detection and the practical demands of flexible, wearable, and environmentally
resilient devices.

The environmental stability of the sensors was evaluated by examining their responses
to changes in RH and temperature using a Nextron probe station. To ensure that the
measurements reflected the intrinsic properties of the ZnO/Gt/PS nanocomposite thin film,
the sensors were first calcined at 180 °C for 10 min to remove any low-molecular-weight
PS residues, as shown in our previous reports [17,54]. In the subsequent tests, the (P10m)-
based sensor displayed a noticeable increase in electrical resistance as the temperature
dropped from 20 °C to —20 °C, but this resistance promptly returned to its original value
when the temperature was raised back to 20 °C, as seen in Figure 8A. Between 20 °C
and 110 °C, only minor changes in resistance were observed, while a further increase in
temperature from 110 °C to 180 °C led to another rise in resistance, which again was fully
reversible upon cooling (Figure 8A). This cyclical behavior was consistent during repeated
temperature variations. In contrast, the calcined (P10m.C)-based sensor exhibited much
more stable performance, with significantly negligible changes in electrical resistance from
20 °C to —20 °C, as illustrated in Figure 8A. Interestingly, both the P10m and P10m.C
sensors exhibited nearly identical increases in electrical resistance when the temperature
was raised from 110 °C to 180 °C, despite the P10m.C sensor having undergone calcination.
This similarity in thermal response between 110 °C and 180 °C is likely attributed to
the thermoplastic properties of the PS component used in the sensing film [54]. As the
temperature rises within this range, PS undergoes softening due to its thermoplastic nature.
This softening disrupts the physical and electrical connections between the Gt flakes and
ZnO NPs, thereby impeding efficient charge transfer throughout the sensing thin film. As
a result, the overall electrical resistance of the sensor increases, reflecting the diminished
conductivity caused by the reduced interparticle connectivity within the composite matrix.
This behavior is consistent with previous findings, where temperature sensors composed
solely of Gt and PS exhibited comparable resistance changes at elevated temperatures [54].
Therefore, it can be inferred that the thermoplastic nature of PS plays a significant role in
the observed resistance increase for both the P10m and P10m.C sensors when subjected to
high temperatures, regardless of the calcination process.

As shown in Figure 8B, when the RH was increased from 60% to 90%, the (P10m)-
based sensor exhibited a minor rise in electrical resistance, which reversed when the RH
was decreased back to 60%. In contrast, the (P10m.C)-based sensor showed a much smaller
change in resistance over the same RH range and displayed greater stability in response
to RH variations. The response of the sensors suggests that physisorption, particularly
the adsorption of water molecules over the sensor’s thin film and held by weaker van der
Waals forces, plays a significant role in the observed increase in electrical resistance. The
fact that the sensors fully recover their initial resistance indicates that these physisorption
processes are fully reversible. This similarity in the sensors’ response to changes in RH
underscores that a 10-min sonication process is highly effective in minimizing residual
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organic impurities within the ZnO NPs. As a result, the sensors exhibit improved stability
and reliability when exposed to varying RH levels, demonstrating that extended sonication
alone can significantly enhance the environmental robustness of the sensing material.
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Figure 8. Resistance response curves of P(10) and P(10).C based sensors under different environmental
conditions: (A) Stepwise temperature increases and decreases from —20 °C to 180 °C; and (B) High
RH variation from 60% to 90%. In the schematic diagram, the background color marks the operational
ranges for temperature and RH, where the integrated sensors demonstrate responsive behavior to
variations in these environmental parameters.

Assessing the mechanical properties of these sensors is also vital, especially for appli-
cations in flexible electronics where both flexibility and mechanical durability are required.
The mechanical flexibility of the (P10m)-based sensor was evaluated by subjecting the
sensor to repeated bending cycles at a 30° angle (bending radius ~1 cm) under ambient
conditions (RT and RH of approximately 30-40%), as seen in Figure 9A. This specific bend-
ing angle was selected to facilitate a direct comparison of the mechanical flexibility of the
(P10m)-based sensor with our previous studies, ensuring consistency and enabling a clear
assessment of performance improvements across different sensor designs. Remarkably, the
sensor maintained its robustness and stability, with resistance changes remaining within 5%
even after hundreds of cycles, as depicted in Figure 9B. Previous studies have confirmed
that bare carbon electrodes maintain excellent mechanical flexibility with minimal resis-
tance changes under similar conditions, indicating that the observed resistance increase is
mainly due to deformation of the sensing layer rather than the electrode itself.
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Figure 9. (A) Evaluation of the sensor’s mechanical flexibility through repeated bending cycles at
a 30° bending angle. (B) Analysis of the sensor’s resistance response during the initial 50 bending
cycles at a 30° angle.
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4. Conclusions

This study establishes probe ultrasonication as a highly efficient and versatile strategy
for the synthesis of ZnO NPs at room temperature, clearly outperforming conventional
water bath sonication. Systematic variation in sonication duration revealed that extending
probe ultrasonication up to 10 min produced ZnO NPs with dramatically reduced particle
sizes (70-120 nm), enhanced uniformity, and minimal aggregation. These improvements,
confirmed by SEM, DLS, and BET analyses, were largely preserved after calcination at
500 °C, with only modest grain growth and aggregation, in stark contrast to the persistent
clustering observed in bath-sonicated samples. The higher specific surface area achieved
by probe sonication (up to 75 m? g~! before calcination and the highest values among
calcined samples) is particularly advantageous for surface-driven applications such as
catalysis and gas sensing. Optical and thermal studies further confirmed the high quality
of the synthesized materials, showing tunable bandgaps, efficient removal of organics, and
excellent thermal stability.

Building on these material properties, ZnO-based chemiresistive sensors fabricated
from P10m and P10m.C samples demonstrated exceptional performance for styrene de-
tection. The P10m sensor exhibited threshold-type sensing behavior with a plateauing
response at low concentrations (<80 ppm) due to dominant physisorption processes. At
higher styrene levels (100-200 ppm), the response became more pronounced but less re-
versible, consistent with a transition toward chemisorption and partial alteration of the
sensing film. These mechanistic insights highlight how particle size, surface chemistry,
and thermal treatment collectively influence sensor behavior. Importantly, both P10m
and P10m.C sensors also displayed outstanding mechanical flexibility, maintaining stable
resistance after hundreds of bending cycles, and strong resilience to humidity and tempera-
ture variations. Furthermore, the presence of the Gt thin film and the use of doctor blade
fabrication ensured consistent baseline resistance (~100 k(2) across devices, reinforcing the
reproducibility and reliability of the sensing platform for real-world applications in flexible
and wearable devices.

Overall, these findings highlight that room-temperature probe ultrasonication offers a
rapid, scalable, and environmentally friendly route to high-quality ZnO NPs with tunable
physicochemical properties. Beyond providing superior performance in styrene detection,
the resulting sensors combine high material quality with mechanical durability, environ-
mental stability and consistent electrical properties, establishing a versatile platform for
next-generation flexible gas sensors. More broadly, this approach provides a sustainable
pathway for producing ZnO nanomaterials that can be extended to other sensing modal-
ities and optoelectronic applications, reinforcing the promise of ultrasonication-assisted
synthesis in advancing practical nanotechnology solutions.

Supplementary Materials: The following Supporting Information can be downloaded at https:
//www.mdpi.com/article/10.3390/chemosensors14010005/s1, Table S1: Summary of Preparation
Procedures of ZnO NPs; Table S2: Summarizing various pH conditions used to prepare ZnO NPs, the
properties achieved, and their reported applications; Table S3: Summarizing various Zn-salt precursor
used to prepare ZnO NPs, the properties achieved, and their reported applications [5,21,22,55-66];
Figure S1: represents the resistance response curves of sensors based on P(10) (before calcination)
and P(10).C (after calcination) to various gases, demonstrating the selectivity of the sensors.
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Abbreviations

The following abbreviations are used in this manuscript:

ZnONPs  Zinc oxide nanoparticles

RH Relative humidity

SEM Scanning electron microscopy

DLS Dynamic light scattering

BET Brunauer-Emmett-Teller (surface area analysis)
TGA Thermogravimetric analysis

FTIR Fourier transform infrared spectroscopy
UV-Vis Ultraviolet—visible spectroscopy

Eg Band gap energy

PET Polyethylene terephthalate

PS Polystyrene

Gt Graphite

MeOH Methanol

DI Deionized (water)

ZnAc Zinc acetate

ZnNOj; Zinc nitrate
ZnSQOy Zinc sulfate

P(x) Probe-sonicated ZnO (x = sonication time)
P(x).C Probe-sonicated ZnO, calcined

B2h Bath-sonicated ZnO (2 h)

B2h.C Bath-sonicated ZnO, calcined

LO Longitudinal optical (phonon mode in Raman)
E1(LO) E; longitudinal optical (Raman mode)

E>(M) E; medium (Raman mode)

C3HgO Acetone

NHj; Ammonia

(CoHs5)3N  Triethylamine
C,H40, Acetic acid
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ppm Parts per million

°C Degrees Celsius

nm Nanometer

m? g1 Square meters per gram
mL Milliliter

pL Microliter

wt% Weight percent

kQ) Kilo-ohm (resistance)
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