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Abstract: Green synthesis is becoming increasingly important as an environmentally friendly
alternative to conventional production processes due to its growing industrial applications. In this
study, aloe Vera leaf extracts were used to synthesize Fe,O; nanoparticles. The micro powder was
converted to nanoparticles after mixing with aloe Vera, followed by calcination and annealing.
Pulsed laser deposition (PLD) was then used to deposit Fe,Os; nanoparticles on glass substrates at
laser energies of 200 and 400 m]. The structural, morphological, energy band gap and hydrogen
sulfide sensitivity of the Fe,O; nanoparticles were studied. The Fe,O; nanoparticles exhibited a
polycrystalline structure, and structural results derived from the Scherrer equation, AFM, and
FESEM indicated that the grain size increased with increasing laser energy, resulting in densely
packed, spherical-like nanoparticles. UV-Vis spectroscopy results show that the energy gap
decreases from 2.3 eV to 2 eV with increasing laser power. This sensor was developed to detect
H,S gas sensitivity at different temperatures: Room temperature, 60 °C, and 100 °C. The
Fe,Os/glass sample showed the highest sensitivity (88%) to H,S gas at laser energy of 200 mJ and
an operating temperature of 100 °C. The sensitivity of the material decreased as the laser energy
increased to 400 mJ. However, the response and recovery times for both laser energies were
average and decreased with increasing operating temperature.
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1. Introduction

In recent decades, a variety of materials, including organic and inorganic conductive materials,
such as metal oxide semiconductors, have been used to develop gas sensors [1]. Iron oxide (Fe;Os),
with a band gap of 2.2 eV, is one of the most important transition metal oxides. It has received
significant attention due to its positive intrinsic physical and chemical properties, including low
cost, high stability under various conditions, and environmental friendliness [2]. These
characteristics allow for a wide range of uses for Fe,O; nanostructures, including gas sensors [3]. A
wide range of gases and vapors, including NO,, NH3, CO, H,S, C;H,OH, C;HsOH, and CH;0H, can
be detected by a-Fe,O; nanostructures acting as a sensor [4,5]. Controlling public safety and
protecting the environment both depend on accurate monitoring of gas exposure levels. The
development of gas sensor properties, such as low cost, quick reaction, high sensitivity, ease of use,
good time recovery, and selectivity, is currently the focus of significant attention [6,7]. The use of
metal oxide semiconductors as sensor materials is essential to gas sensing. Target gas molecules
interact with oxygen compounds like O- on the surface of the sensor material; this changes the
sensor's resistance and electrical conductivity, allowing us to detect the gas by measuring the
electrons that are released or captured during this interaction [8,9]. One of the most important
features of semiconductor gas sensors is their high sensitivity, high selectivity, and low cost,
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enabling rapid on-site detection [10]. The colorless gas known as hydrogen sulfide (H.S) is
extremely dangerous, combustible, and smells like rotten eggs. It can be created by the
decomposition of organic materials and human and animal waste, including sewage and trash
dumps, and it is found naturally in natural gas and crude petroleum. Since H,S is heavier than air,
it can be gathered in enclosed, low-lying spaces with inadequate ventilation, such as underground
[11]. Sewer pipes, manholes, basements, and electrical/telephone vaults [12]. There are several
techniques used to prepare Fe,O; films, including pulsed laser deposition (PLD) [13], reverse micro
emulsion method [14], thermal evaporation [15], and green method [16]. The green technique is a
good way to get low-cost, high-quality results. However, as Figure 1 illustrates, this approach takes
more time than physical and chemical approaches [17]. In the quickly expanding field of
environmentally friendly industrial technology, there is a greater need for green synthesis of
nanoparticles. In the quickly expanding field of environmentally friendly industrial technology,
there is a greater need for green synthesis of nanoparticles [18]. Because it may be utilized to create
vast quantities of contamination-free nanoparticles with a well-defined size and morphology, the
green technique is more significant than conventional methods. Therefore, new techniques for
creating ecologically acceptable, low-cost, ambient-temperature-formed nanoparticles are being
considered [19,20]. Previous studies on Fe,Os-based H,S sensors mostly focus on a single synthesis
method, without systematically comparing how different fabrication routes affect structural
features and sensing performance. As a result, the connection between preparation strategy and
sensor behavior remains unclear, which this work aims to clarify.

This work aims to suggest a dependable method for making iron oxide nanoparticles that are
similar in size and to improve understanding of how these nanoparticles are created and grow.
Although Fe,O;-based materials have been widely investigated for H,S gas sensing, most reported
studies rely on a single fabrication method, leaving the role of synthesis strategy in governing
sensing performance insufficiently clarified. This work addresses this gap by employing two
fundamentally different preparation routes—green synthesis and pulsed laser deposition—and
directly comparing their structural characteristics and H,S sensing behavior under identical
conditions. The results provide clear insight into how the fabrication route influences surface
activity and sensor response, establishing a rational basis for optimizing Fe,Os-based gas sensors.

2. Fe,0; synthesis

Nanostructured Fe,O; was synthesized using Aloevera extract. Two to three Aloevera leaves
were washed thoroughly with distilled water, and the gel was collected, finely ground with an
electric blender while gradually adding 10 mL of distilled water, then heated for 10 min and
filtered. A 0.1 M solution was prepared by dissolving 3 g of ferrous sulfate heptahydrate
(FeSO47H,O, Panreac AppliChem, Spain) in 300 mL of deionized water and stirred for 10 min at
room temperature to achieve homogeneity. Then, 20 mL of Aloevera extract was added and
continuously stirred until the solution turned yellow. Sodium hydroxide (1 M, BDH, Spain) was
added drop wise until the solution turned gray after 25 min of continuous stirring. The mixture was
centrifuged at 5000 rpm for 12 min, and the supernatant was washed repeatedly with deionized
water. The resulting black-red nanoparticles were dried at 100 °C for 5 h and calcite at 400 °C for 4
h. The obtained nanoparticles were pressed into a pellet with a thickness of 1 cm and width of 2 cm,
which was used as a PLD target. Fe,O; thin films were deposited using a Nd:YAG laser (A = 1064
nm, pulse duration 10 ns, repetition rate 10 Hz) with a target-substrate distance of 5 cm in a
background of high-purity oxygen (10 mTorr) at a substrate temperature of 200 °C for 30 min,
producing a uniform nanostructured film of ~150 nm thickness. The sensor was fabricated on a
glass substrate in the Al/Fe;Os/glass configuration, with aluminum contacts deposited by thermal
evaporation (Edwards E306A) under vacuum (~10.5 Pa). Structural characterization was performed
using X-ray diffraction (Philips PW 1710, Cu Ka, A = 1.5406 A), atomic force microscopy, and
FESEM (NOVA NANOSEM 450) to study morphology and particle size, while UV-Vis
spectroscopy (Shimadzu UV-3600) was used to examine optical properties. Gas sensing

2



Journal of Ovonic Research, 2026, 22, 2

measurements were carried out in a controlled chamber equipped with temperature and humidity
control, with sensor resistance recorded using a digital multimeter (UNI-T UT81B) connected to a
PC. H,S gas (47.7 ppm) was generated by diluting a certified 100 ppm H,S cylinder with dry air

using mass-flow controllers at a total flow of 200 sccm. Sensitivity (S) was calculated as S =

x 100%, where Ry, and R, are the sensor resistances in H,S and air, respectively.
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Figure 1. (a) Shows the synthesis of Fe,O; nanoparticles; (b) Applied gas sensor.
3. Result and discussion
3.1. Structure properties

3.1.1. XRD analysis

X-ray diffraction (XRD) was performed to investigate the structural properties of Fe,O;
nanoparticles synthesized using two different laser energies. The patterns, recorded from 20° to 80°
20 (Figure 2), show well-defined peaks at 24.35°, 33.27°, 41.10°, 43.27°, 49.39°, 54.09°, and 57.22°,
corresponding to the (012), (104), (110), (113), (116), (018), (214), and (300) planes, in agreement with
JCPDS card No. 33-0664, confirming the formation of the a- Fe;Os; phase and high phase purity.
These findings are comparable to those of Ahmed et al. [21]. We note from the figure that when the
laser power increases, the crystallinity of the material increases from 12.7 to 22.3 nm.

The FWHM of the main peak at 33.27° decreased from 1.43 to 0.69 as laser energy increased
from 200 m] to 400 mJ, indicating improved crystallinity. The calculated crystallite size increased
from 12.7 nm to 22.3 nm. This enhancement is attributed to higher thermal energy at elevated laser
powers, promoting atomic diffusion, grain growth, and reduced lattice defects. The improved
crystallinity and larger crystallites are expected to enhance charge transport and provide stable
adsorption sites, positively influencing the gas-sensing performance of the sensor.
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Figure 2. Displays X-ray diffraction patterns of Fe,Oj; at laser energy (200, mJ 400 m]).

3.1.2. Atomic force microscope (AFM)

Atomic force microscope (AFM) image of a Fe;Os sample at various laser energy are displayed
in Figure 3. The images demonstrate that as the laser energy rose, the grain size grew from 15 nm to
32 nm and the roughness dropped from 4.10 nm to 3.24 nm. The average particle size is known to
be significantly influenced by laser energy. The size of the nanoparticles grows with laser energy.
This outcome is comparable to the findings of Jihad [12]. As the laser energy increases as Figure
3(b), the particles' kinetic and thermal energy also increases, which raises the impact velocity of the
nanoparticles and provides them with substantial surface mobility [22]. As a result, in order to
lower the system's high surface energy, big clusters of particles form; consequently, the clusters
cause the nanoparticles' overall grain size to grow [23,24]. The increase in grain size with rising
laser energy is accompanied by a decrease in surface roughness due to enhanced atomic mobility
and grain coalescence. At higher laser energies, smaller grains merge into larger, more uniform
grains, filling surface valleys and smoothing the film. This results in larger crystallites with a more
even surface, which can improve charge transport and provide stable adsorption sites for gas
sensing.
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Figure 3. AFM topography of Fe,Os thin film deposited by PLD at laser energy. (a) 200 m]; (b) 400
m].

3.1.3. FESEM analysis

FESEM pictures were utilized to examine the material's morphology, including the size and
form distribution of the particles, as well as the chemical makeup of the thin Fe,O; layers made
using two distinct methods, as seen in Figure 4. According to the images shown, the Fe,O;
nanoparticles feature smooth spherical grains. In detail, the spheres in Figure 4(a) appear wrinkled,
dense, and tightly packed. This observation may indicate active surface interaction and charge
separation for gas sensing function. As the laser energy increases as Figure 4(b), the crystallinity of
the material improves, forming a somewhat open and interconnected network. By Image j program,
the average diameter of the Fe,O; spheres deposited at laser energies of 200 m] and 400 m] was
found to be 42 nm and 60 nm, respectively.
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Figure 4. FESEM image of Aloevera-modified Fe,O; nanoparticles at laser energy. (a) 200 mJ;
(b) 400 m].

3.2. Optical properties

The optical band gap of iron oxide films at laser energies of 200 and 400 m] was estimated from
the following relationship [25]:

ahv = (hv— )2 1)

The above relationship was used to find the band gap values and energy types for the
prepared films, which had a direct-type band gap energy allowed. Figure 5 showed an energy gap
of 2.3 eV which is good consistent with Jihad [12, 26] and the figure shows that the band gap value
decreases with increasing laser energy to 400 m], to about 2 eV. The decrease in the band gap is
attributed to the increase in crystal size [27, 28], which can be understood by comparing the FESEM
and AFM results.
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Figure 5. Displays energy gap of Fe,O; at laser energy 200 m], and 400 m].

3.3. H,S gas sensor

Figure 6 shows the variation of the sensor’s current (A) of H,S agents time (s) at different
temperature (RT, 60 °C and 100 °C). The plots exhibit a distinct external behavior, which is
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characteristic of metal oxide sensors. The increase in current with increasing operating temperature
of the a-Fe;O; sensor indicates the semiconducting nature of the metal oxide, i.e., thermal energy
excites electrons from the valence band to the conduction band [29]. When H.,S gas, a reducing gas,
is applied to the Fe,O; sample, the current increases and then rapidly decreases when the gas is
turned off, indicating that the sample exhibits n-type conductivity. The electrical conductivity of
Fe,O; samples is affected by the absorption of oxygen in the surrounding atmosphere. In addition,
the absorption of oxygen ions removes conduction electrons, reducing the conductivity of the iron.
The mechanism of action of the Fe,Os; nanosensor is that when exposed to a reducing gas such as
H,S at any temperature, it induces a reaction between the target gas and the surface oxygen
molecules of the Fe particles, reducing the concentration of -O- ions and increasing the electron
concentration. In polycrystalline materials with many grain boundaries, the charge state change
occurs only at the grain boundaries or porous surfaces [30]. Consequently, the electron transport
properties change significantly due to gas adsorption. Figure 6 shows the current-time relationship
for a Fe;O; film at 200 m] laser energy at RT, 60 °C, and 100 °C. Table 1 show that the prepared film
exhibits a sensitivity of 62% at RT. The sensitivity increases with the gradual increase in operating
temperature, reaching about 88% at 100 °C, the optimum temperature. This is likely due to the
significant increase in the response rate of the target gas surface. Figure 6(b) shows the sensitivity of
iron oxide to hydrogen sulfide gas at laser energy of 400 mJ. A sensitivity of 29% was achieved at
RT, which is lower than that achieved at laser energy of 200 m]J. This decrease in sensitivity may be
attributed to the increased grain size, as shown by the SEM and AFM results. It is known that
increasing the particle size leads to a decrease in the surface-to-volume ratio, which leads to a
decrease in the number of gas absorption sites.
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Figure 6. Current of H,S versus time of Fe,O; at laser energy 200 mJ, and 400 mJ. (a) 200 m]; (b)
400m].

Figure 7(a) shows the relationship between grain size of AFM and sensitivity of H.S gas at
laser energy of 200 and 400 m] at different temperatures. Particle size can affect the response of a
material by influencing the chemical adsorption of the gas to the surface. Previous experiments
have shown that the smaller the particle size, the higher the specific surface area. This is likely due
to the possibility of increasing the effective surface area, which increases the number of adsorption
and active sites, thus increasing the reactions that occur at the surface of the material [31].
Therefore, we observe a decrease in the sensitivity of the material as the grain size of the material
increases, as mentioned in Table 1. We also observe an increase in the sensitivity of the material
with increasing temperature. This is a general characteristic of semiconductors, where the
conductivity of the material increases with increasing temperature. The reduced grain size also
increases the boundary of the particles, providing a large surface area for oxygen and oxygen
adsorption [32, 33]. Thus, the large difference in barrier and resistance can enhance the reaction at
low temperatures, which contributes to obtaining good sensitivity at room temperature. Figure
7(b,c) shows the changes in the response and recovery time of the H,S gas sensor based on Fe,O;
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nanostructures at laser energy 200 and 400 m] with different operating temperatures at a gas
concentration of 47.7 ppm. The figure shows that as the operating temperature increases, the
response and recovery times decrease. This may be due to several reasons, mainly because
adsorption and desorption are thermal reactions that are sensitive to temperature [34]. In addition,
at higher operating temperatures, electrons transfer between the conduction band and the Fermi
level of the surface, which enhances the adsorption reaction and shortens the response and recovery
times. Table 1 shows that at an operating temperature of 100 °C, the best response times for laser
energies of 200 and 400 m] are 8.0 and 6.5, respectively.
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Figure 7. (a) Shows the relationship between grain size of AFM and sensitivity; (b and c) shows
the changes in the response and recovery time of the HS gas sensor.

Table 1. Sensitivity parameter of H,S gas sensor at 200 mJ and 400 m].

Sensor working
Fe;0O; Sensitivity (%) Response time (s) Recovery time (s)
temperature (°C)

200 m] RT 60 100 62 80 88 8.1 8.8 8.0 7.3 52 8.3

400 mJ RT 60 100 29 34 61 12.8 8.5 6.5 10.8 8.4 54




Journal of Ovonic Research, 2026, 22, 2

The PLD-prepared sensor demonstrates faster response and recovery, while the
green-synthesized sensor shows comparable performance to typical Fe,Os-based H,S sensors,
highlighting the effect of fabrication method on sensor behavior.

The present study is limited to laboratory-based H,S sensing measurements under controlled
conditions and a restricted set of test parameters. Further investigations on long-term stability and
environmental effects are required to fully assess the practical applicability of the proposed sensors.

4. Conclusion

Two different methods (green and PLD) were used to prepare Fe;Os; nanostructures. The X-ray
diffraction (XRD) pattern showed that all films were polycrystalline in nature and that the average
crystallite size increased with increasing laser energy. Morphological studies using FE-SEM and
Atomic Force Microscopy (AFM) revealed a smooth surface, high density, and large crystallite
aggregates in the form of nanoparticles. The average particle size was found to increase with
increasing laser power. With increasing laser power, a red shift was observed in the optical
analysis, along with a decrease in the energy band gap pattern. A thin Fe,O; sensor film was
prepared, and it showed a significant dependence on the laser power value and increasing
operating temperature. The sensitivity and response time decreased significantly with increasing
operating temperature.
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