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Enhancing Hydrogen Sulfide Gas Detection:
Tailoring ZnO Films Through a Novel Sol-Gel
Approach with Ultra-Sonication
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Mohamed H. Mahmoud®, Nasser M. Abd El-Salam’, and H. Fouad®

In this study, nano-sized Zinc Oxide (ZnO) particles were synthesized using a novel sol-gel process with
Zn(NO,), solutions, specifically tailored for the development of a highly efficient Hydrogen Sulphide (H,S) gas
sensing element. The impact of ultra-sonication on the properties crucial for H,S detection was systematically
investigated. The resulting ZnO materials exhibited a well-defined crystalline structure along (100), (002),
(101), and (102) planes, confirming the formation of the hexagonal wurtzite phase of ZnO. Significantly, an
increase in sonication treatment time led to a reduction in particle size. The gas sensing properties for H,S
were meticulously analyzed in relation to the varying sizes of ZnO films. Remarkably, the ZnO film fabricated
with a 30-minute ultra-sonication treatment demonstrated the highest response to H,S gas at 423 K. The
ZnO-thick films exhibited notable sensitivity, coupled with rapid reactivity and recovery times upon exposure
to H,S gas. Importantly, our findings establish a direct correlation between the sensitivity of the ZnO sensor
and the particle size.

Keywords: ZnO Films, Sol-Gel Technique, Hydrogen Sulphide Gas Sensing, Ultra-Sonication, Particle Size, Gas
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1. INTRODUCTION

In the intricate landscape of industrial processes and nat-
ural occurrences, the presence of hazardous gases is an
ever-looming concern [1-4]. The hazardous gases not only
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contaminate the environment but also severely affect the
quality of life on the planet [5-7]. Thus, several gas sen-
sors to detect numerous gases were fabricated based on
the utilization of variety of functional nanomaterials and
reported in the literature [8—11]. Hydrogen Sulfide (H,S), a
colorless and toxic gas, is a byproduct of natural gas, vol-
canic emissions, and various industrial practices, including
food processing, paper manufacturing, rayon production,
and petroleum refineries [12]. Recognizable by its pun-
gent odor reminiscent of rotten eggs, H,S poses multi-
faceted risks to both human health and the environment.
Exposure to this compound can result in skin irritation,
eye discomfort, respiratory issues, and more severe con-
ditions like convulsions, coma, headaches, dizziness, and
weakness. Beyond its immediate health hazards, H,S con-
tributes to environmental degradation and climate change,
necessitating robust monitoring and detection systems in
workplaces where hydrogen sulfide is prevalent [12]. The
imperative to ensure the safety of individuals working in
environments with potential H,S exposure has led to an
escalating demand for advanced gas detection systems.
These systems play a pivotal role in swiftly detecting
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and quantifying the concentration levels of H,S, enabling
timely responses to potential threats. In this context, the
exploration of materials suitable for efficient gas sensing
has become paramount, and several nanomaterials such as
nickel oxide, manganese oxide, tin oxide, silver oxide, and
so on were used for the electrode and reported in the liter-
ature [13-16]. Among these materials, Zinc Oxide (ZnO)
has emerged as a promising candidate [17]. While pure
ZnO has demonstrated commendable gas-sensing capabil-
ities, ongoing research endeavors are dedicated to refin-
ing its efficiency [18]. One avenue of exploration involves
reducing the particle size of ZnO, with the aim of enhanc-
ing its gas-sensing properties. The unique chemo-resistive
properties of ZnO, coupled with its classification as an
n-type semiconductor, make it particularly suited for gas
sensor applications [2]. The working principle of ZnO sen-
sors revolves around the retention of oxygen atoms on the
sensor’s surface when exposed to free atmospheric oxy-
gen. This mechanism induces the formation of a depletion
region between Zn—0O, leading to fluctuations in the resis-
tance of the sensor element based on the concentration of
gases [1, 2]. The effectiveness of ZnO-based gas sensors is
intricately linked to the method employed during their syn-
thesis. Various synthesis methods have been explored, each
imparting distinct morphological structures to the result-
ing ZnO [1, 2]. Hydrothermal processes, involving spe-
cific conditions such as temperature and duration, have
produced structures ranging from flower-shaped nanopar-
ticles to nanowires. Other methods, including spray pyrol-
ysis, microwave treatment, and solvo-thermal processes,
have yielded diverse nanostructures like hollow spheres,
nanoplates, nano-sheets, and nanorods [1, 2].

The choice of an optimal synthesis method is pivotal
in the development of pure nano-sized ZnO gas sensors
[1]. Extensive literature reports showcase the successful
utilization of nano-sized pure ZnO as a gas sensor ele-
ment [1]. Building upon this foundation, the present work
aims to elevate the field by developing pure ZnO as a gas
sensor, emphasizing its functionality at low operating tem-
peratures. Additionally, the study hones in on the influence
of ultra-sonication treatment on the synthesized ZnO. This
treatment is envisioned to prevent material agglomeration,
thereby contributing to the optimization of the gas sensor’s
efficacy.

This research addresses the critical need for advanced
gas sensors, particularly for H2S detection. By exploring
the gas-sensing properties of nano-sized pure ZnO and
investigating the influence of various synthesis methods
and ultra-sonication treatment, the study endeavors to con-
tribute significantly to the development of highly efficient,
cost-effective gas sensors. The ultimate goal is to enhance
workplace safety, mitigate environmental risks, and fortify
our ability to respond to potential gas-related threats with
speed and precision.

2. EXPERIMENTAL DETAILS

2.1. Synthesis of Powder and Paste Preparation

In the pursuit of precision and scientific rigor, the synthe-
sis of Zinc Oxide (ZnO) nanostructures and the prepara-
tion of thixotropic adhesive paste were carried out with
meticulous attention to detail. Analytical-grade chemi-
cals were employed to ensure the accuracy and reliability
of the experimental outcomes. The process commenced
with the disintegration of Zinc nitrate hexahydrate [Zn
(NO;),.6H,0] in distilled water, resulting in a 0.15 M
solution. Gradually, a 0.5 M water-based solution of
Sodium hydroxide [NaOH] was introduced dropwise into
the aqueous solution, with continuous stirring. The ensu-
ing white solution underwent a 12-hour storage period at
75 °C, followed by a natural cooling phase at room temper-
ature for an additional 12 hours. Subsequently, the white
solution was carefully collected in a beaker.

To enhance the characteristics of the synthesized ZnO
nanostructures, sonication was employed using a Sonicator
obtained from Oscar Ultrasonic Pvt. Ltd. Various durations
of sonication—10 minutes, 20 minutes, and 30 minutes—
were applied to distinct samples. After sonication, the final
product was obtained through centrifugation, followed by
thorough cleaning with alcohol and distilled water. The
cleaned product was then dried for two hours at 80 °C
in a vacuum oven [19, 20]. Additionally, to ensure the
removal of any impurities, the synthesized powder under-
went a heat treatment in a muffle furnace at 800 °C for 8
hours, resulting in a highly pure ZnO nanostructure with
a proportionally higher yield. The synthesized ZnO nano-
structures were categorized based on the duration of son-
ication: 0 min ZnO (S0), 10 min ZnO (S1), 20 min ZnO
(S2), and 30 min ZnO (S3).

To facilitate the preparation of thixotropic adhesive
paste, organic compounds, including 2-(2-Butoxyethoxy)
ethyl acetate, 3-methoxybutyl acetate, and DEG monobutyl
ether, were blended with the synthesized pure Zinc oxide.
The mixture was further enriched with ethylated cellulose
powder, carefully proportioned to achieve the desired con-
sistency and properties for the subsequent preparation of
thick films.

2.2. Thick Film Preparation for Measurements

The next phase involved the application of the prepared
ZnO in the form of thick films on a glass substrate,
employing the screen printing technique. Following this,
the thick films underwent a critical exposure for 6 hours
at 500 °C. This exposure, often referred to as the firing
process, served the dual purpose of removing the organic
binder and inducing crucial chemical reactions on the sur-
face of the film [21]. The reactions during the firing pro-
cess played a pivotal role in determining the physical and
electrical properties of the thick films. For further char-
acterization and electrical connectivity, silver paste was
meticulously applied at both ends of the thick films, cre-
ating robust electrical contacts.
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2.3. Specifications of the Gas Sensing Unit

A bespoke system was designed and assembled to com-
prehensively study the gas-detecting characteristics of the
fabricated thick film in the presence of test gases [21].
This innovative system facilitated not only the evaluation
of sensing responses but also the creation of a realistic
environment akin to a working gas sensor. The system fea-
tured a gas chamber, a sample holder, a voltage source
cum pico ammeter, a temperature controller, and a gas
injection system employing a mass flow controller (MFC).
This set-up allowed for the controlled variation of atmo-
spheric composition, precise electrical measurements, and
regulated sample heating.

2.4. Characterization Techniques

To gain a comprehensive understanding of the synthe-
sized samples, various characterization techniques were
employed, including X-ray Diffraction (XRD), Energy
Dispersive Spectroscopy (EDS), and Transmission Elec-
tron Microscopy (TEM). These techniques played a piv-
otal role in elucidating the crystal structure, crystal size,
purity, and morphological properties of the synthesized
ZnO nanostructures.

2.5. Measurement of Thickness

The thickness of the prepared ZnO films was a cru-
cial parameter influencing their structural and electrical
properties. Employing the Marutek TF32 Measurement
System, the thickness dimensions of all pure ZnO thick
film samples were meticulously measured. The observed
thicknesses fell within a narrow range of 31 to 35 wm,
demonstrating a consistent and uniform thickness across
all prepared films. This precise control over thickness pro-
vided a solid foundation for subsequent characterizations
and analyses.

3. RESULTS AND DISCUSSION

3.1. Structural and Morphological Characterizations
XRD Analysis: X-ray diffraction (XRD) was employed
to delve into the crystal structure, crystalline size, and
purity of the synthesized Zinc Oxides. The XRD patterns,
depicted in Figure 1, exhibited distinct peaks indicative
of the hexagonal wurtzite structure of ZnO. The greater
peak intensities observed in the XRD patterns suggested
enhanced crystallinity in the synthesized ZnO samples.
XRD patterns of ZnO nanostructures with different son-
ication time show parallel results. Using PDXL software
which provided with Rigaku Minflex 600 model, confirms
that material does not contains any impurity. In quantita-
tive analysis of S, it found that phase name of material
is zinc oxide. The Scherrer equation, mentioned below,
was applied to estimate the crystalline size, revealing the
approximate mean crystallite size for each sample [22],
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Fig. 1. Typical XRD pattern for the prepared S, S,, S, and S; samples.

where A is the wavelength of radiated beam (1.5406 A°),
B is the FWHM of the curve in radians, 0 is the diffraction
angle and Scherrer constant (k). The mean crystallite size
was estimated from (101) peak. As illustrated in Table I,
the crystallite size decreased with an increase in sonication
time, indicating a correlation between sonication duration
and particle size reduction.

TEM Analysis: Surface Topography: Transmission elec-
tron microscopy (TEM) was employed for a detailed inves-
tigation of the surface topography of the synthesized ZnO
powders. As depicted in Figure 2(a), the TEM image illus-
trated the presence of nanospheres forming larger crystals.
The ZnO powder exhibited a combination of nanoparticles
and nanospheres, showcasing an average crystallite size
of less than 50 nm. The TEM analysis provided valuable
insights into the morphology of the synthesized ZnO, high-
lighting the efficiency of the sonication process in creat-
ing nanospheres and nanoparticles. The average crystallite
size, as revealed by TEM, complemented the information
obtained through XRD analysis, providing a comprehen-
sive understanding of the structural features of the synthe-
sized ZnO materials.

EDS Analysis: Energy dispersive spectroscopy (EDS)
was conducted on the S3 sample for elemental analysis and
observed results are shown in Figure 2(b). The EDS inves-
tigation revealed a lack of impurity elements in the ZnO-
thick film. The non-stoichiometric nature of ZnO films
was evident from the elemental analysis, showcasing an
excess of zinc and a distorted band structure. This devia-
tion from stoichiometry contributes to the formation of an
n-type semiconductor, influencing the conductivity of the

Table I. Crystallite size for S, S,, S, and S; samples.

Sr. No Illustration 26 (°) FWHM Value (°) Crystallite Size (nm)
1 S, 36.25 0.1022 85.46
2 S, 36.41 0.1235 70.76
3 S, 36.45 0.1485 58.85
4 S5 36.33 0.1795 48.67
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Fig. 2. (a) Typical TEM image and (b) EDS spectra of Prepared S,
thick film.

material. The elemental composition of the ZnO-thick film
(S3) is detailed in Table II.

The integration of XRD, EDS, and TEM analyses
facilitated a multi-faceted characterization of the synthe-
sized ZnO nanostructures. The results underscored the
impact of sonication on crystallite size, affirmed the non-
stoichiometric nature of ZnO films, and provided a detailed
view of the morphology at the nanoscale. These findings
contribute to advancing the understanding of ZnO mate-
rials for potential applications in gas sensing and related
fields.

3.2. Impact of Ultra-Sonication on Particle Size
The investigation into the impact of ultra-sonication
on particle size focused on understanding how varying

Table II. Composition of ZnO thick film (S;-Sample).

Element Atomic number Mass% At. wt.%
Zn 30 74.84 69.44
(¢} 8 25.16 23.55

sonication periods influenced the mean crystallite size [19-
23]. As detailed in Table III, an intriguing correlation
emerged, demonstrating a clear reduction in the mean crys-
tallite size with an increase in sonication time.

The X-ray diffraction (XRD) patterns depicted in the
study revealed that ultrasonic radiation treatment did not
significantly alter the diffraction peaks. This observation
suggests that the bombardment of ultrasonic radiation,
while not inducing noticeable changes in the diffraction
pattern, had a substantial impact on the crystallite size. The
mechanical influence of radiated ultrasonic radiation cre-
ated an immiscible state and induced stirring effects. These
effects, detailed in Table III, highlighted the preventive role
of ultra-sonication in the growth and aggregation of crys-
tals [23]. The reduction in crystallite size can be attributed
to the disruptive forces introduced by the ultrasonic radi-
ation, preventing the crystalline structures from reaching
larger sizes and promoting a more dispersed state. The
results underscore the efficacy of ultra-sonication in con-
trolling and reducing the crystallite size, offering valuable
insights into the potential applications of this technique in
tailoring the properties of ZnO materials for specific pur-
poses, such as gas sensing.

3.3. H,S Gas Sensing Properties
The assessment of H,S gas sensing properties involves the
critical examination of gas response or sensitivity (S), a
pivotal metric represented by the ratio of the change in
sensor current upon exposure to the target gas (I,) to the
initial current recorded in ambient air (I,), as expressed by
below Equation:
s_ 12
Ia
This parameter is fundamental in understanding the sen-
sor’s dynamic response to the introduction of H,S, cru-
cial for its effective operation. Furthermore, the concept
of selectivity, which gauges the sensor’s ability to discern
and react to the target gas in the presence of other gases,
is explored. The selectivity coefficient, denoting the max-
imum retaliation of the target gas concerning other gases
under optimal conditions, provides insights into the sen-
sor’s specificity.

3.4. Thick Films of Pure ZnO: Sensing Performance

In the exploration of the sensing performance of the
pure ZnO thick films, a comprehensive analysis was con-
ducted on all fabricated samples under a standardized

Table III. Comparison of crystallite size with sonication time.

Sr. No Sample Crystallite size (nm) Sonication time interval (min)
1 SO 85.46 0
2 S1 70.76 10
3 S2 58.85 20
4 S3 48.67 30
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concentration of 100 ppm H,S gas. This investigation
encompassed a range of operational temperatures, scruti-
nizing the dynamic behavior of these ZnO-based sensors.
Figure 3 graphically illustrates the nuanced relationship
between gas response and working temperature for each
thick ZnO film sensor element in the presence of H,S
gas. The depicted graph elucidates a compelling trend: as
the operational temperature ascends, the gas sensitivity of
the ZnO-based sensor elements towards H,S gas under-
goes a discernible augmentation. This escalation reaches
a pinnacle, representing the optimal operating tempera-
ture, beyond which the sensitivity gradually diminishes.
Notably, the S3 sample emerges as a standout performer,
exhibiting the maximum gas response to H,S among all
other samples. The superiority of the S3 sample’s perfor-
mance can be attributed to its distinctive characteristics,
notably its high surface-to-volume fraction facilitated by
the smallest crystalline size among the samples. This is
a pivotal observation as the heightened surface-to-volume
fraction translates to an increased availability of active
regions crucial for the gas sensing mechanism [24, 25].
The corroboration of these findings is evident in both XRD
graphs and TEM images of the S3 sample, emphasizing
the coherence between structural attributes and sensing
efficiency. This insightful analysis underscores the intricate
interplay between structural properties, operational condi-
tions, and gas response. The optimal performance at a spe-
cific temperature threshold highlights the delicate balance
required for efficient gas sensing applications. The promi-
nence of the S3 sample not only accentuates its poten-
tial for enhanced sensing capabilities but also underscores
the significance of tailored structural design in optimiz-
ing sensor performance. These findings contribute valuable
insights to the burgeoning field of gas sensing technolo-
gies, steering advancements toward more efficient and tai-
lored sensor designs.

45
40
35
30
25
20

=—S0
=-S5l
15 )

10 =53

5 1
—)

Gas Response

250 300 350 400 450 500 550 600 650
Operating Temperature (K)

Fig. 3. H,S gas response towards ZnO thick films.

3.5. Effect of Gas Level at Room Temperature: H,S
Gas

In-depth scrutiny of the S3 thick film sensor’s gas response
unfolds as Figure 4 delineates its behavior across varying
concentrations of H,S gas at room temperature (423 K).
This analysis provides a comprehensive depiction of the
gas response fluctuations within the ppm range (100-
600 ppm), with particular emphasis on the S3 thick film’s
performance. The graph vividly portrays the character-
istic gas response variations of the S3 thick film sen-
sor concerning different H2S concentrations. Notably, a
remarkable surge in response values is observed, peak-
ing at 400 ppm. This distinctive pattern delineates the
active range of the S3 thick film sensor, showcasing opti-
mal sensitivity within the concentration bracket of 100
to 400 ppm. The underlying principle for this response
behavior lies in the accumulation of an unimolecular
layer of H,S gas molecules on the sensor’s surface. This
concentration-dependent interaction generates a height-
ened gas response, indicating a robust sensitivity of the S3
thick film within its active range. However, as H,S con-
centrations escalate beyond 400 ppm, a saturation point
is discerned. At higher concentrations, a multi-layered
assembly of gas molecules occurs, resulting in dimin-
ished responsiveness. Excess gas molecules, unable to
reach the surface’s active sites, remain unutilized, curtail-
ing a substantial increase in the response. This observed
response pattern aligns with established theories in gas
sensing literature [26, 27], underlining the nuanced dynam-
ics between gas concentrations and sensor reactivity. The
delineation of the S3 thick film sensor’s active range
not only elucidates its optimal operating parameters but
also provides critical insights for potential applications in
environments with controlled H,S concentrations. These
findings contribute substantively to the comprehension of
gas sensing mechanisms, offering practical considerations
for optimizing sensor performance within defined con-
centration thresholds. The detailed analysis underscores
the importance of understanding concentration-dependent

100
90
80
70
60
50
40
30
20

Gas Response

0 100 200 300 400 500 600 700

Gas Concentration in ppm

Fig. 4. Gas response of S, thick film sensor as a function of H,S gas
concentration at 423 K.
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response dynamics, fostering advancements in gas sensing
technology and tailored sensor applications.

3.6. Selectivity for H,S Against Other Gases

Figure 5 illuminates the selectivity profile of the S3-thick
film, shedding light on its discerning responsiveness to var-
ious gases under scrutiny, with a particular emphasis on its
heightened sensitivity to H,S gas. The results underscore
the S3-thick film’s noteworthy selectivity, showcasing a
more pronounced response to H,S in comparison to other
investigated gases.

Gas sensing mechanisms primarily hinge on two fun-
damental approaches: surface adsorption of atmospheric
oxygen and/or direct reactivity between lattice or intersti-
tial oxygen and test gases. The adsorption of oxygen ions
from the air diminishes the electrical current in semicon-
ductor materials, as expressed in the equation:

0,4+e~ — 20°

Conversely, ambient reducing gases (R) interact with
oxygen ions, capturing electrons and enhancing the semi-
conductor’s current:

R+0" - RO+e”

This interplay results in the dispersion of gaseous
molecules into ions across the semiconductor surface,
engaging with the oxygen ion lattice. The ionized reducing
gas, provided the activation energy is sufficient, perme-
ates the semiconductor’s surface. This intricate mechanism
involves interstitial oxygen ions and oxygen vacancies
within the defect structure, articulated through Kroger-
Vink notations [27]:

0, —> V™40~
R+0;” — RO +2e”

120

100

% Selectivity
N )
S S

I
[«

[
S

H2S LPG co2

Fig. 5. Selectivity of different gases against H,S gas at 423 K for S,
thick films.

Here, O, signifies oxygen at lattice position, V&* rep-
resents the lattice’s oxygen vacancy, and O; O, ~~ denotes
oxygen in between.

The current amplifies as the reducing gas reacts with
interstitial oxygen, yielding two electrons in the sensor
material. The ZnO sensor operates by adsorbing oxygen
onto an available surface site, and the reaction between the
deposited oxygen and the test gas H,S induces a change
in the sensor material’s current:

ZnO+H,S — ZnS+H,0

ZnS exhibits superior electronic conductivity compared
to ZnO. Pre-adsorbed oxygen ions from the sensor surface
may induce a decrease in sensitivity factor (R) at higher
temperatures [28, 29]. In comparative analysis, the S3
sample manifests a notably reduced response to LPG gas,
underscoring the distinctive sensing mechanisms inher-
ent in detecting different gases. These findings not only
enhance our understanding of gas sensing intricacies but
also contribute to the strategic development of sensors
with tailored selectivity and heightened sensitivity, foster-
ing advancements in diverse applications of gas sensing
technologies.

4. CONCLUSION

In summary, the investigation into synthesized ZnO
samples through a chemical route method followed by
sonication has yielded significant insights. The findings
establish the highly crystalline nature of the samples, char-
acterized by a hexagonal wurtzite structure. The ZnO-thick
films, meticulously prepared, exhibit a consistent thick-
ness falling within the range of 31 to 35 um. Utilizing
the XRD technique, the mean crystallite size of the S3
sample is determined to be 48.67 nm. The analysis affirms
the presence of Zn and O elements exclusively, attesting
to the purity of the synthesized material without any dis-
cernible impurities. Intriguingly, XRD analysis unravels a
compelling correlation: as sonication time increases, crys-
tallite size decreases. The EDS analysis of the S3 thick
film further corroborates the elemental composition, high-
lighting the exclusive presence of Zn and O. The TEM
image of the S3 sample’s powder unveils a distinctive
composition, characterized by a plethora of nanospheres
adeptly accumulating to form larger crystals. The aver-
age crystalline size measures less than 50 nm, underscor-
ing the nanoscale attributes of the synthesized material.
The sensor element derived from the S3 sample exhibits a
commendable gas response across various tested gases, a
characteristic attributed to its reduced crystalline size. Par-
ticularly noteworthy is its moderate gas response to H,S,
coupled with relatively moderate selectivity against CO,
gases. The active zone of the S3 sensor for H,S gas is dis-
cerned between 100 and 400 ppm, presenting a promising
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operational range. The systematic exploration and char-
acterization of ZnO samples, coupled with the develop-
ment of sensor elements, lay the groundwork for enhanced
understanding and application of gas sensing technologies.
The findings not only underscore the importance of synthe-
sis methodologies but also pave the way for tailored sensor
designs with improved selectivity and sensitivity, promis-
ing advancements in diverse gas sensing applications.
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