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Abstract
A gas sensor utilizing  V2O5/Pd thin films has been successfully created by pulse laser 
deposition on porous silicon substrate, demonstrating rapid response times and superior 
sensitivity for detecting gases at low temperatures. The investigation of sensor response, 
selectivity, and stability demonstrates the impressive sensing capabilities of the thin films. 
Vanadium pentoxide films doped with palladium  (V2O5/Pd) are fabricated through pulsed 
laser deposition technique, with varying laser pulse energy (600, 800, and 1000) mJ/pulse, 
for the purpose of sensing applications related to Hydrogen Sulfide  (H2S) and Nitrogen 
Dioxide  (NO2). The ablation procedure entails the utilization of a Q-switched Nd:YAG 
laser that operates at a specific wavelength of 1064 nm. The laser system exhibits pulse 
duration of 10 ns and a repetition rate of 1 Hz when operating on a porous silicon n-type 
Si (111) substrate. The X-ray diffraction, UV–Vis Spectroscopy, Raman scattering, Photo-
luminescence spectroscopy, and field emission-scanning electron microscopy techniques 
were employed to investigate the crystal structure, optical structure, and morphologi-
cal properties of the  V2O5/Pd NPs. As the energy of the pulse laser grows, the presence 
of well-defined peaks in the  V2O5/Pd thin film indicates an enhancement in its crystal-
line structure. The size of the surface grains exhibit an augmentation, accompanied by an 
increase in the energy gap, leading to an elevated level of homogeneity. This study aimed 
to evaluate the influence of Pd on the development kinetics of vanadium pentoxide nano-
particles. The findings of this investigation demonstrated that the addition of Pd resulted 
in several notable effects, including improved sensitivity, reduced operational temperature 
requirements, and the capacity to maintain high sensitivity levels even at room temperature.
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1 Introduction

Vanadium (V) is a widely recognized transition metal that has the ability to generate vari-
ous oxides. The primary oxides of vanadium consist of vanadium monoxide (VO, exhibit-
ing a violet colour), vanadium sesquioxide  (V2O3, displaying a green colour), vanadium 
dioxide  (VO2, characterized by a blue colour), and vanadium pentoxide  (V2O5, presenting 
a yellow colour) (Le et al. 2019; Mane et al. 2019). Among several phases, vanadium pen-
toxide  (V2O5) is considered to be the thermodynamically most stable oxide. Additionally, 
 V2O5 is known to occur in multiple polymorphs.  V2O5 exhibits a notable prevalence in 
natural occurrences, rendering it exceedingly plentiful. Moreover, this compound is char-
acterized by its relatively low cost, making it economically accessible. Additionally,  V2O5 
exhibits many oxidation states, specifically 7 and 8 (Laubach et  al. 2007; Rathika et  al. 
2020; Hou et  al. 2020).  V2O5 has been utilized in various applications, including water 
splitting, field effect transistors, supercapacitors, IR detectors, photodetectors, UV sensors, 
optical sensors, amperometric gas sensors, potentiometric sensors, electrochemical sen-
sors, cataluminescence sensors, resistance gas sensors, gasochromic sensors, and humid-
ity sensors, owing to its relatively open layered structure and unique properties (Slewa 
et al. 2020; Abd-Alghafour et al. 2017; Alam et al. 2020; Singh et al. 2018; Rajesh and 
Santhanalakshmi 2017; Aawani et  al. 2019). Nanostructured  V2O5 materials exhibit dis-
tinct electrical and chemical characteristics in comparison to bulk  V2O5. Their ultrafine 
dimensions result in a significantly increased surface area, hence rendering them highly 
advantageous for sensing investigations (Gross et al. 2018; Harb and Mutlak 2022a). Gas 
sensors have gained significant popularity in several fields due to their ability to detect 
toxic, dangerous, explosive, and greenhouse gases and vapours.There is a wide range of 
gas sensors. Resistive-based gas sensors employing metal oxides have gained significant 
popularity as the predominant gas sensing technology. This can be attributed to its distinc-
tive characteristics, including cost-effectiveness, heightened sensitivity, high stability, rapid 
response time, and straightforward manufacturing and operational processes (Yıldırım 
et al. 2019; Amiri et al. 2020; Mirzaei et al. 2016; Mounasamy et al. 2020; Jwied et al. 
2021a; Khudiar et al. 2021; Ahmed et al. 2022). Porous silicon (PS) possesses desirable 
attributes for the purpose of sensing investigations, primarily owing to its capacity to pro-
vide a substantial surface area and a porous configuration. Additionally, a chemical etching 
procedure can quickly fabricate it (Kh Hammad et al. 2023; Alber and Mutlak 1477, 2022; 
Jwied et al. 2021a; Mutlak 2014; Harb and Mutlak 2021; Ahmed et al. 2021; Abood and 
Mutlak 2020; Jwar et al. 2023). Hence, using composites comprising  V2O5 and PS holds 
significant potential for conducting gas sensing investigations (Ozdemir and Gole 2007). 
Prior research has established the capacity of dopants to function as catalysts or surface 
sites for gas absorption, hence augmenting the efficacy of the sensing mechanism. There-
fore, the facilitation of the interaction between the film and the target gas was achieved 
through catalysis. The effectiveness of the active sites present in the film was improved 
by the inclusion of specific metal additives, notably Pd, Ag, and Pt, as evidenced in the 
cited references (Fardindoost and Iraji zad A, Rahimi F, Ghasempour R.  2010; Naseri 
et al. 2013; Jolly Bose et al. 2016). Several approaches have been employed in the fabri-
cation of  V2O5 thin films, including vacuum evaporation (Lu et al. 2000), sputter coating 
(West et al. 1992), thermal oxidation (Kei et al. 1992), sol–gel (Matthe et al. 2018), spray 
pyrolysis (Bouzidi et al. 2002), and pulsed laser deposition (Shaikshavali et al. 2019; Eric 
et al. 2020). Pulsed laser deposition (PLD) is a fundamental physical deposition technique 
utilized to produce thin films that may be applied to various substrates. PLD has numerous 
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benefits over alternative techniques, including one-step production, simple operation, rapid 
reactive processes, absence of component differences, and production of high-quality films 
at lower substrate temperatures (Julien et al. 1999). In reality, the drop in deposition tem-
perature in the PLD process is compensated by the high energy of the ablated fragments in 
the laser-generated plasma plume. This versatile technique provides controllable thickness, 
stoichiometry, and composition, making it an excellent method for synthesizing thin films 
with superior structural and optical properties (Huotari et al. 2012). Deposition parameters 
such as laser energy, target-substrate separation, substrate temperature, and relative oxygen 
pressure affect PLD-grown V2O5 thin coatings (Huotari et al. 2013). The target material 
is regularly ablated using a pulsed laser, typically at ultraviolet (UV) wavelengths within 
a high vacuum environment (Mutlak et al. 2021, 2017; Rashid et al. 2021a, b; Jwied et al. 
2021b; Abed et al. 2021; Yousef and Ahmed 2021; Ahmed et al. 2018; Aswad et al. 1795). 
In most reports, the operating temperature is too high, with much longer response and 
recovery times (Birajdar and Adhyapak 2020). In this study, gas sensors utilizing a com-
posite material of  V2O5 and Pd were generated through the procedure of PLD on porous 
silicon substrates. The primary objective was to decrease the operating temperature of the 
sensor while simultaneously reducing the response and recovery time. Furthermore, the 
sensor’s extensive operational range in relation to gas concentration is also highly desir-
able. The synthesized target was subjected to examination in order to analyses its crystal-
linity, optical, and surface morphology properties. The investigations were conducted using 
X-ray diffraction (XRD), ultraviolet–visible (UV–Vis) spectroscopy, photoluminescence 
(PL), Raman spectroscopy, and field emission scanning electron microscopy (FESEM).

2  Experimental details

The  V2O5 and Pd powders, with a high purity of 99.9%, were acquired from Sigma Aldrich. 
These powders were then subjected to compression utilizing hydraulic type (SPE CAC) 
masking pellets. The powders were pressed by a 15 Tons hydraulic compressor for 3 min 
into a pellet. The hydraulic compressor’s mold was washed with hydrochloric acid (HCl) 
and deionized water. The resulting target had a diameter of 3 cm. The primary objective 
of this endeavor should be to attain a significant level of thickness and uniformity in order 
to ensure the production of a deposit that is of high quality. The target synthesis process 
consists of three main steps. Photo-electrochemical etching (PECE) is a procedure char-
acterized by the deliberate elimination of material from a surface through the synergistic 
influence of light and electrochemical processes (Mutlak and Taha 2017). The used n-type 
(111) Si wafer had a thickness of (600 ± 25) μm, resistivity of (0.1–100) ohm.cm, and was 
sliced into (1.5 × 1.5)  cm2 sections. Following this, the fragments underwent a process of 
air drying, followed by purification utilizing a solution consisting of hydrofluoric acid (HF) 
and ethanol at a ratio of 2:1. Furthermore, the provided sample was subjected to etching 
utilizing a diode laser with a wavelength of 532 nm, a current density of 20 mA/cm2, and 
an etching period of 12 min. The experiment was carried out using an electrolyte solution 
consisting of 48% hydrofluoric acid and 99.9% ethanol. Teflon cells, which are renowned 
for their high resistance to hydrofluoric acid (HF), have the capability to induce anodi-
zation etching. Following this, the utilization of Nd: YAG pulsed laser deposition (PLD) 
is implemented for the production of  V2O5/Pd nanoparticles. The objects underwent laser 
ablation at laser strengths of 600 mJ/pulse, 800 mJ/pulse, and 1000 mJ/pulse, employing a 
laser wavelength of 1064 nm. A total of 300 shots were provided to the targets composed 
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of porous silicon with an n-type doping. The shots were delivered at a repetition rate of 1 
Hz. Subsequently, the targets were subjected to a secondary ablation procedure utilizing a 
palladium (Pd) plate via PLD; ensuring uniform energy levels were maintained for all tar-
gets. The present study investigated the deposition of a  V2O5/Pd thin layer on PS substrate 
using pulsed laser deposition. The substrate was porous silicon, which was placed inside 
the pulsed laser deposition system and maintained at a 5 ×  10–2 mbar vacuum pressure. The 
separation between the  V2O5, Pd pellets, and the substrate was 12 cm. The target was then 
ablated using a Q-switched Nd:YAG pulsed laser with the following parameters: 1064 nm 
wavelength, 10 ns pulse duration, and 1 Hz repetition rate. The laser energy was varied 
from 600 to 1000 mJ/pulse for 300 laser pulses to achieve sufficient laser fluence, estimated 
at 1.5 mm spot size using a 120 mm focal length planoconvex lens focused on the  V2O5 
and Pd targets. The incident angle of the laser beam onto the  V2O5 and Pd targets was fixed 
at 45°. The  V2O5/Pd thin film deposition occurred at room temperature. The schematic dia-
gram for depositing the  V2O5/Pd layer on the porous silicon substrate is depicted in Fig. 1.

The implementation of this methodology led to the synthesis of  V2O5/Pd. The X-ray 
diffraction measurements were performed utilizing a Philips PW 1050 X-ray diffractom-
eter with reference to JCPDS card No. 96–90-2222. The value of Cu-kα is determined 
to be 1.54 Å. The UV–Vis spectrophotometer, the Shimadzu 1800 model from Japan, is 
employed for the purpose of quantifying the transmittance and absorption characteristics 
of  V2O5/Pd. The emission spectra of photoluminescence within the wavelength range of 
400–700 nm were measured using a fluorescence spectrophotometer. The Raman micros-
copy technique was employed in order to analyze and investigate the vibrational spectra 

Fig. 1  A schematic illustration experimental setup for the pulse laser deposition system
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of the  V2O5/Pd target and thin layers within the frequency range spanning from 100 to 
3500   cm−1. When conducting gas sensing measurements, various aspects are taken into 
account, such as the sensitivity of the gas sensor detector, the response time, the recovery 
time, and a bias voltage of 6 V. Furthermore, the laboratory produced  H2S and  NO2 gases. 
In the case of  H2S, a commonly employed method in laboratory settings is the use of a 
Büchner flask to treat ferrous sulfide with a potent acid. On the other hand, the production 
of  NO2 is achieved through the reduction of concentrated nitric acid using a metal, such as 
copper.

The temperature range of the samples exhibited fluctuations ranging from 30 to 250 °C. 
The masks underwent vacuum evaporation using an Edward coating machine type 306, 
with porous silicon substrates serving as the underlying material. The mask employed in 
this work consists of aluminum foil with aluminum electrodes with a thickness of 300 
nm. The spacing between each electrode is precisely 0.5 mm. The investigation involved 
manipulating the temperature of the samples within the range of 30°C to 250°C in order to 
assess the sensitivity, response time, and recovery time of the specimen. The experiment 
involved the use of a blend of 3%  H2S or  NO2 and 97% air, with the concurrent application 
of a bias voltage of 6 V. The tests were performed for atmospheric air as well as for gases 
such as hydrogen sulfide  (H2S) and nitrogen dioxide  (NO2). The true sensitivity is obtained 
by feeding the mixed gas through a conduit over the sensor within the test chamber. The 
following is to test the gas sensor device: The gas is examined under a volumetric concen-
tration of 50 ppm gas-to-air ratio, and needle valves are utilized to regulate the gas flow.

3  Results and discussion

3.1  Microstructure characterizations

Thin films of vanadium pentoxide and palladium  (V2O5/Pd) were effectively produced on 
porous silicon (PS) films grown on n-type silicon (100) substrates using the pulsed laser 
deposition (PLD) process. Figure  2 presents an analysis of an  X-ray diffraction (XRD) 
study on thin films of  (V2O5/Pd) at varying laser energy levels. The 2θ readings demon-
strate a significant degree of agreement with the recognized standard (Reference: JCPDS 
No. 041–1426). The user has presented a series of numerical values, including (200), 
(001), (101), and (111).

Moreover, there are four diffraction peaks at 2θ = 16°, 20°, 21°, and 34°., which align 
with the (200), (001), (101), and (111) crystal planes, respectively. The primary peak cor-
responding to the (111) plane of the orthorhombic  V2O5 phase was observed at an angle of 
34 degrees.

According to the results obtained from the study conducted by PS, it is apparent that 
the peak observed at an angle of 28.28° exhibits distinct peaks corresponding to the (111) 
crystallographic orientation. We have tried to clarify in the XRD other peaks via cutting 
the peak of the PS as shown in Fig. 2a, b. The observation indicates the occurrence of Pd 
at its maximum intensity, observed at an angle of 40.5° (2θ), corresponding to the (111) 

(1)FeS + 2HCl → FeCl2 + H2S

(2)4HNO3 + Cu → Cu
(
NO3

)
2
+ 2NO2 + 2H2O
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crystallographic lattice planes. The diffraction peak seen in the experiment may be pre-
cisely correlated with the crystal structure of face-centered cubic (fcc) Pd, as evidenced 
by the (JCPDS card No. 05–0681). The results suggest that the laser parameters can be 
adjusted in order to manipulate the size and structure of the particles. The X-ray diffrac-
tion (XRD) peak’s position stays unaltered by variation in laser energy, while the peak’s 
intensity may be impacted. The apparent existence of both PS and V2O5/Pd nanocrystal 
diffraction peaks in Fig. 2 indicates that V2O5/Pd nanostructure integrated into the porous 
structure of PS. At higher energy levels, the films also demonstrate a clear inclination 
towards a crystalline arrangement. The main determinant responsible for the morphologi-
cal alteration observed is most likely the dynamic interplay of energy at the boundaries of 
the islands and the repulsive contact between these boundaries. The efficacy of pulsed laser 
deposition (PLD) as a deposition technique for producing vanadium pentoxide thin films 
on porous silicon has been successfully proven. Debye–Scherrer’s formula is expressed as 
follows (Harb 2018).

where D represents the nanocrystallite size in nm, 0.89 is the Scherrer constant, λ is the 
X-ray wavelength in nm, � full width at half maximum and θ is the Bragg angle. The 
crystallite size of V2O5/Pd NPs was calculated at the (200), (001), (101), and (111) peak 

(3)D =
0.89�

�cos�

Fig. 2  X-ray diffraction patterns for  V2O5/Pd thin film using an Nd: YAG laser at 1064 nm with different 
laser deposited energy a 600 mJ/pulse, b 800 mJ/pulse, and c 1000 mJ/pulse
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intensity. The XRD patterns did not indicate any subordinate or contaminant phase devel-
opment. Hence, it may be noticed that the porous structure did not influence the orthorhom-
bic form of the wurtzite structure.

Table.1 show the laser intensity increases, a reduction in the full width at half maxi-
mum (FWHM) value has been observed, as well as an increase in the size of the crystalline 
structure.

At room temperature, the optical absorption spectra were captured using a quartz plate 
with an optical path length of 6 mm. Figure 3 shows the absorbance spectra of  V2O5/Pd 
samples created by PLD. A 1064 nm laser with energy of 600 mJ/pulse, 800 mJ/pulse, 

Table 1  The X-ray diffraction measurements for  V2O5 /Pd thin film with different laser pulse energy

Laser energy 
(mJ/pulse)

Miller indices 2θ (deg.) FWHM (rad) crystallite size (nm) dhkl (Å)

600 200 16.81 0.00621 22.173 1.054
001 20.80 0.00907 15.520 0.853
101 21.88 0.00765 20.166 0.811
111 34.68 0.00692 21.043 0.516
111 40.28 0.00901 16.095 0.447

800 200 16.6 0.00551 24.989 1.066
001 20.8 0.00622 22.728 0.853
101 23.28 0.00556 25.451 0.763
111 34.4 0.00696 20.846 0.521
111 40.4 0.00765 19.305 0.445

1000 200 16.64 0.00556 25.193 1.064
001 20.72 0.00812 28.919 0.856
101 21.84 0.00417 33.850 0.812
111 33.88 0.00419 34.579 0.528
111 40.56 0.00487 30.340 0.444

Fig. 3  UV–Vis absorption 
spectra of  V2O5/Pd obtained at 
different laser ablated energy 
via Nd: YAG laser at 1064 nm 
wavelength
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and 1000 mJ/pulse was used in the PLD process. The absorption spectrum of vanadium 
pentoxide and palladium extends 220 nm to 340 nm, with films exhibiting strong peaks 
in the ultraviolet (UV) region. A parallel change in the peak’s location towards a shorter 
wavelength happened as energy levels increased. It is also noted that the absorption peak at 
1000 mJ/pulse has a higher level of sharpness. Regarding the different particle sizes within 
the examined range, the observed absorbance values showed a linear relationship. The abil-
ity to create particles of bigger size is enabled by the use of increased energy levels. The 
UV–Vis absorption spectra of composed  V2O5:Pd NPs were investigated in the wavelength 
between (200–1100) nm. These NPs were synthesized using the PLD. UV–Vis spectra of 
 V2O5:Pd NPs NPs, which were synthesized through PLD at 300 pulses with varying laser 
energy (600, 800, 1000) mJ/pulse. The spectra show strong absorption between (220–340 
nm) and shifts towards shorter wavelengths (blue shift) with increasing the laser energy 
due to reducing the size of the nanoparticles. A significant decrease in the absorption 
below 360nm is observed and the absorption edge is shifted toward longer wavelengths 
with increasing the laser energy. Moreover, the intensity of absorption peaks is increased 
with laser energy due to the high concentration of nanoparticles. This can be explained as; 
by delivering more energy to the target leads to produce intense plasma plume and ablating 
larger amount of material so that the nanoparticles become denser on substrate.

Figure 4 shows the Raman spectra of  V2O5/Pd thin films deposited onto porous silicon 
substrates using PLD. The spectra were gathered from 200  cm−1 to 1800  cm−1, covering 
the entire spectrum.

Five characteristic peaks are seen at 292  cm−1, 519  cm−1, 953  cm−1, 1362  cm−1 and 
1588  cm−1. The main peak at 519  cm−1 is associated to the PS phonon mode (Richter et al. 
1981). The peak observed at a frequency of 992  cm−1 can be attributed to the stretching 
mode of terminal oxygen (V = O), which arises from unshared oxygen atoms. The observed 
peak at 292  cm–1 can be ascribed to the bending vibration of the (V = O) bonds. Further-
more, the lack of a discernible peak at 850  cm−1 suggests that the films under investigation 
are not hydrated  (V2O5.H2O), as the presence of such hydration would generally manifest 
as an impurity (Lee et al. 2016; Harb and Mutlak 2022b; Sanchez et al. 1982). The two 
peaks observed at 1362 and 1588  cm−1 are attributed to the presence of Pd (Fast sensing 
of imidacloprid residue in tea using surface-enhanced Raman scattering by comparative 
multivariate calibration. 2019). The spectral peaks have identical frequencies. The bands’ 

Fig. 4  Raman spectra of the 
 V2O5/Pd grown on PS substrate, 
with different laser ablated 
energy via Nd: YAG laser at 
1064 nm wavelength
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intensity undergoes shifts due to  variation in the energy of the laser pulse, as stated by 
the referenced source (Ahmed et  al. 2021). The augmentation in the energy of the laser 
pulse resulted in alterations in the spectral properties of the films, subsequently producing 
enhancements in the resolution and efficacy of the Raman bands. The observed evolution-
ary process leads to peak band alterations, leading to enhanced efficacy and specificity. The 
presence of well-defined peaks can be used as evidence to suggest an augmentation in the 
level of crystallinity.  The bands have exhibited enhanced strength and have achieved a 
greater level of differentiation. The identification of crystalline forms can be inferred from 
the dataset by examining prominent peaks.

Photoluminescence spectroscopy was employed to investigate the optical characteristics 
of  V2O5/Pd thin films fabricated using PLD at a wavelength of 1064 nm on PS substrate. 
In Fig. 5, the alterations in the intensity of photoluminescence (PL) are depicted in rela-
tion to frequency across different instances. The identification of the peaks corresponding 
to the PL wavelengths of 619 nm, 600 nm, and 593 nm was achieved with ease. Subse-
quently, the energy gap values were determined as 2.00, 2.06, and 2.09 eV, respectively. 
This analysis was conducted by employing laser pulse energies of 600 mJ/pulse, 800 mJ/
pulse, and 1000 mJ/pulse. The crystallized  V2O5/Pd composite has comparatively elevated 
energy gap of 2.09 eV. The emission detected at a wavelength of 590 nm could potentially 
arise from a transition between the conduction and valence bands. A comparison of the 
photoluminescence emission spectra of V2O5/Pd thin films deposited on porous silicon at 
room temperature with different laser energies at an excitation wavelength of 400 nm are 
presented in Fig. 5. The  V2O5/Pd exhibits an extreme PL emission band broadening cen-
tered at a visible wavelength of 619 nm, 600 nm, and 593, which reveals the excellent qual-
ity of the  V2O5/Pd structure. This blue shift in  V2O5/Pd /PS structure is the consequence of 
the radiative recombination of electron–hole pairs induced by photoexcitation and confined 
within Si nanocrystals. The quantum size effect changes the electronic spectrum due to 
this confinement. Moreover, we notice an increase in the emission of the intense  V2O5/
Pd/PS peak attributable to the surface oxidization caused by the V2O5 layer. However, 
the red emission regions of the  V2O5/Pd layer/PS exhibit a blue shift with increasing laser 
energy of the PLD technique. It may be due to nanostructure size and enhanced at the 

Fig. 5  PL spectra for  V2O5/
Pd thin films formed by PLD 
at 1064 nm with varied laser 
ablated energy
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 V2O5 layer interface between the Pd layer and the porous silicon substrate. Clearly, the PL 
spectra excitation value of 400 nm with a blue shift in PL spectra is the consequence of 
the radiative recombination of electron–hole pairs induced by photoexcitation and confined 
within Si nanocrystals. On the other hand, the line form of the PL spectra may be used to 
precisely identify the electronic state distribution and electronic structure. With increasing 
laser pulse energy 600 mJ/pulse to 1000 mJ/pulse, is obvious that the PL peak has shifted 
slightly blue, resulting in a little increase in the energy band gap (Eg) (2.00, 2.06, and 2.09) 
eV. The Moss–Burstein effect (Suresh 2016) describes how the value of the energy gap 
grows as laser energy increases owing to an increase in Fermi level (EF). For optoelec-
tronic applications, the move to shorter wavelengths is beneficial. Tables 2 and 3 display 
the gas sensor characteristics in  H2S and  NO2 gases of  V2O5/ Pd, respectively.

The surface morphology of thin films composed of porous silicon and  V2O5/Pd was 
investigated using Field Emission-Scanning Electron Microscopy (FE-SEM). The films 
were fabricated by the technique of Pulsed Laser Deposition PLD, employing varying laser 
energy. Field Emission Scanning Electron Microscopy is renowned for its high capacity to 
produce precise and clearly defined pictures at exceedingly high levels of magnification. 
Consequently, FE-SEM is considered a viable technique for estimating the average grain 
size of these particular surfaces. The given specimen exhibits a porous morphology that is 
distinguished by the presence of spherical particles composed of powder. When exposed to 
600 mJ/pulse of energy, the surface grains exhibited an average size of approximately 200 
nm. This size increased to around 250 nm when the energy exposure was increased to 800 
mJ/pulse, and further increased to approximately 300 nm when the energy exposure was 
raised to 1000 mJ/pulse. The aforementioned observation indicates the existence of a dis-
cernible surface grain attribute, as depicted in Fig. 6. The enhancement in the homogeneity 
of particle size and energy pulse resulted in a corresponding augmentation in the dimen-
sions of surface grains. This facilitated the amalgamation of adjacent tiny crystals, leading 
to the formation of larger surface grains. This suggests that the particular configuration of 

Table 2  The gas sensor characteristics result to  H2S gas of  V2O5/ Pd prepared using PLD with different 
laser ablated energy

Laser energy (mJ/
pulse)

T (°C) Sensitivity (%) Response time 
(sec)

Recover time (sec)

600 30 4.271 29.07 103.95
100 7.038 14.76 74.25
150 27.312 28.98 54.45
200 21.651 15.3 40.50
250 16.279 19.71 67.50

800 30 19.259 20.61 56.25
100 96.969 22.05 70.20
150 29.613 21.15 41.85
200 15.521 16.29 42.75
250 11.578 19.35 47.25

1000 30 31.818 26.11 90.90
100 34.693 27.63 66.60
150 60.012 22.41 63.90
200 28.378 23.04 68.85
250 22.962 32.04 55.35
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the film is anticipated to optimize the adsorption process of  H2S and  NO2 molecules. The 
observed affinity for  H2S and  NO2 molecule adsorption can be attributed to the structural 
properties of the film, which is characterized by a high density of tiny pores and a large 
surface area. This suggests that the aforementioned film demonstrates a positive inclination 
towards gases.

The weight percentages of vanadium (V), oxygen (O), and palladium (Pd) in the 
acquired samples were analyzed at various laser energy levels and laser wavelengths of 
1064 nm, as illustrated in Fig. 6. The measured percentages for vanadium (V), oxygen (O), 
and palladium (Pd) were found to be (21.35, 26.24, 30.56) wt% V, (27.41, 28.46, 20.32) 
wt% O, and (7.56, 8.35, 10.91) wt% Pd, respectively. The provided findings are consistent 
with the expected stoichiometry seen in the synthesized  V2O5/Pd on PS substrate samples. 
There were no further peaks observed that may be attributed to contaminants, suggesting 
that the  V2O5/Pd thin layer produced in this investigation is of high quality.

3.2  Gas‑sensing properties

The objective of this research is to examine the sensitivity fluctuations of a gas sensor that 
employs a precipitated  V2O5/Pd PS material when subjected to  H2S and  NO2 gases. The 
investigation will focus on analyzing the sensitivity variation of the sensor at its opera-
tional temperature. This analysis will involve subjecting the sensor to three distinct pulse 
laser deposition energies: 600 mJ/pulse, 800 mJ/pulse, and 1000 mJ/pulse. Figure 7, pre-
sent graphical representations of the sensitivity of the gas sensor measurement, as well 
as the rate of response and recovery time, across a wide range of operating temperatures, 
specifically ranging from 30 to 250 °C.

The utilization of mathematical formulae was helpful in determining the characteristics 
of these curves (Harb and Mutlak 2023).

Table 3  The gas sensor characteristics result to NO2 gas of  V2O5/ Pd prepared using PLD with different 
laser ablated energy

Laser energy (mJ/
pulse)

T (°C) Sensitivity (%) Response time 
(sec)

Recover time (sec)

600 30 9.090 28.98 153.0
100 17.187 17.73 97.20
150 18.247 26.19 161.10
200 17.307 19.98 189.00
250 14.838 17.19 48.60

800 30 23.694 21.33 153.00
100 32.885 29.16 187.20
150 34.174 24.03 180.00
200 22.330 18.02 61.20
250 15.662 17.10 52.20

1000 30 14.285 28.80 167.00
100 40.012 27.81 101.70
150 31.818 22.23 85.50
200 18.674 19.08 78.30
250 15.492 19.26 45.00
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(4)S =
R(on) − R(off )

R(on)
× 100%

(5)Response time = |t gas (on) − t gas (off)| ∗ 0.9

(6)Recover time = |t gas(off) − t gas (on)| ∗ 0.9

Fig. 6  FE-SEM images related to the samples  V2O5/Pd NPs on PS with laser ablated energy A 600 mJ/
pulse, B 800 mJ/pulse C 1000 mJ/pulse
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The study focuses on several factors, including sensitivity (S), pre-exposure resistance 
to  H2S and  NO2 gases (R on), and post-exposure resistance to these gases (R off).

This study provides evidence that sensors composed of  V2O5/Pd display reversible 
alterations in electrical resistance upon the activation and deactivation of  H2S and  NO2 
gas flow. The resistance values of the sensors exhibit a reduction in the presence of air as 
the operational temperature rises, a characteristic commonly found in ceramic materials. 

Fig. 7  The sensitivity, response time and recover time of a  H2S and b  NO2 gases of  V2  O5/Pd NPs prepared 
using PLD with different laser ablated energy via Nd: YAG laser at 1064 nm wavelength
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Following the introduction of gas into the test chamber, the resistance of the sensor exhib-
ited an increase, ultimately reaching a condition of saturation. Following the discontinu-
ation of the gas flow, a significant decrease in the resistance reported by the sensor was 
observed. The temperature dependence is attributed to two primary factors. One aspect to 
consider is that the processes of adsorption, desorption, and diffusion between the semi-
conducting oxide surface and the target gas are all thermally stimulated reactions. There-
fore, the reaction rate exhibits a positive correlation with the rise in temperature during the 
course of the experiment. In contrast, it is observed that electrons in oxide semiconductors 
have a higher probability of acquiring the necessary energy to transition from the valence 
band to the conduction band when exposed to higher temperatures. Consequently, there 
is a rise in the abundance of unbound electrons, resulting in a commensurate decrease in 
electrical resistance. The ideal temperature, at which the electrical resistance (and thus the 
sensing response), is highest, is achieved through a combination of the thermally activated 
process and the heightened likelihood of free-electron production with increasing tempera-
ture (Kim and Lee 2014; Ahlers et al. 2005).

Figure  7 illustrates the sensitivity of  V2O5/Pd sensors towards  H2S and  NO2 gases 
throughout a temperature span ranging from 30 to 250 degrees Celsius. The presented 
image illustrates the ability to detect Hydrogen Sulfide  (H2S) and Nitrogen Dioxide  (NO2) 
gases in the atmosphere under low-temperature conditions. The accompanying table and 
graph provide evidence of a significant sensitivity to both gases, even at room temperature. 
Specifically, at a temperature of 30°C and an energy level of 1000 mJ, the detection sen-
sitivity for  H2S was found to be 31%, while for  NO2, it was 23.69% at 800 mJ. Neverthe-
less, the maximum value was seen at temperatures of 150°C and 100°C. It was clear that 
increasing H2S gas sensitivity with increasing temperature up to 100°C and after decreas-
ing when increasing temperature, the increase in sensitivity as temperature rises could be 
due to grain growth of  V2O5/Pd nanoparticle, which leads to a decrease in open porosity. 
The maximum sensitivity 96.96 in laser pulse energy 800 mJ to concentration is 50 ppm 
but  NO2 test gas sensitivity 40% at 100 °C of energy 1000 mJ to concentration is 62 ppm.

The  V2O5/Pd sensors have a time-dependent response and demonstrate a high sensitiv-
ity towards detecting  H2S and  NO2 concentrations in the surrounding atmosphere. Follow-
ing the successful stabilization of the initial resistance, the introduction of gases into the 
enclosed chamber of the batch system occurred, and subsequent expulsion of the gas was 
carried out after a sustained duration of five minutes. At 1000 mJ/pulse and 250 °C, the 
 H2S gas sensor has a maximum reaction time of 32.04 s and a minimum recover time of 
40.5 s at 600 mJ and 200 °C. The gas sensor’s maximum reaction time for  NO2 is 29.16 s 
at a temperature of 100 °C and an energy level of 800 mJ/pulse. Similarly, at a temperature 
of 250 °C and an energy level of 1000 mJ/pulse, the sensor exhibits a minimum recov-
ery time of 45 s. The increased sensitivity can be elucidated by employing Field Emis-
sion Scanning Electron Microscopy (FESEM) images for thin films consisting of  (V2O5/
Pd). The increased intensity of laser energy pulses can  induce a higher quantity of grain 
boundaries, which are regions susceptible to gas sensitivity. As a result, an increased level 
of sensitivity may occur due to the impact of grain size. The microstructure and surface 
area are considered to be the key elements that influence the characteristics of the sensor. 
The presence of a porous structure facilitates an increased surface area, thereby providing 
a greater number of reactive sites for electrons, oxygen, and gases. Furthermore, the pres-
ence of a network of linked gaps and pores among the offers several pathways for gas diffu-
sion and electron transport, which is in contrast to the limited channels available in a dense 
film. Hence, the utilization of  V2O5/Pd exhibiting substantial porosity and a significant sur-
face area is imperative in order to augment the sensitivity of gas sensors. The gas sensing 
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characteristics of  V2O5 are significantly influenced by the porous structure within and the 
interface area (Bai et al. 2013).

Films that possess a porous structure have a notable abundance of atoms located at the 
boundaries and interfaces within the pores. This observation suggests that the microstruc-
ture of these films is highly suitable for gas-sensing applications. The increased sensitivity 
of a mesoporous sensor can be explained by the fact that all of the surface adsorption sites 
are exposed to the surrounding chemicals. Both adsorption and desorption are thermal pro-
cesses that are subject to temperature influences. The efficacy of the  V2O5/Pd NPs sensor’s 
recovery is maximized at lower temperatures, while its performance exhibits a progressive 
decline with increasing temperatures. In general, increased operating temperature led to 
lower response and recovery times. As the operating temperature rises, electron transfer 
between the conductor band and the surface Fermi level accelerates, aiding the adsorption 
process and, as a consequence, shortening the recovery time. In general, increased operat-
ing temperature led to lower response and recovery times. As the operating temperature 
rises, electron transfer between the conductor band and the surface Fermi level acceler-
ates, aiding the adsorption process and, as a consequence, shortening the recovery time. 
The utilization of  V2O5/Pd thin films holds great potential for the development of superior 
miniaturized chemical sensors. Moreover, present studies show that the PLD and param-
eters of synthesizing have an important effect on the performance of gas sensor devices, 
especially with increased laser-ablated energy. Hence, the optimization of the gas sensor, 
as well as good control of environmental factors (i.e., temperature) is extremely important 
for the sensitivity efficiency and performance of  H2S and  NO2 may vary the gas sensor 
properties devices. Finally, even though gas sensor devices are still far from reaching the 
market and need advanced technical development, the combination of these systems with 
new microfabricated gas sensors showcase great potential for the practical and low-cost in 
future industry applications.

4  Conclusions

In summary, the findings of this study demonstrate that gas sensors using a porous sili-
con layer combined with a  V2O5/Pd composite have enhanced sensitivity and selectivity 
towards  H2S and  NO2 gases when fabricated using the pulsed laser deposition (PLD) pro-
cess. The study investigated the effects of laser-ablated energy on elemental composition. 
The findings suggest that the modulation of laser settings has the potential to exert control 
over the thickness and shape of the film. The  V2O5/Pd prepared samples morphology and 
average grain size depended on the laser energy used during deposition. The distinction 
grain size measurements, was predicted because FE-SEM shows the grains without con-
sidering the presence of structural defects. In contrast, determines the extent of the defect-
free quantity at high laser energy. The study investigated the influence of laser-ablated 
energy on elemental composition. The utilization of ideal laser pulse energy promotes the 
fusion of neighboring tiny crystals, resulting in the formation of significantly larger sur-
face grains. The sensitive nature of the  V2O5/Pd thin layer was shown to increase as the 
pulse laser intensity was increased during the deposition process. The impact of Pd on the 
kinetics of  V2O5 nanoparticles’ growth was investigated, revealing that Pd has the ability 
to enhance sensitivity while concurrently reducing the operational temperature. In addi-
tion, the nanoparticles demonstrated significant sensitivity even at room temperature con-
ditions. The sensor exhibits a highly favorable reaction to gases within its detectable range, 
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achieving a response rate of 96% and demonstrating rapid response and recovery times of 
just a few seconds. The sensor exhibits enhanced sensitivity, rapid response, high stability, 
high selectivity, low temperature operability, and superior performance in comparison to 
the sensors documented in existing literature. Consequently, these films exhibit consider-
able potential as a straightforward, resilient, and economical approach for detecting   H2S 
and  NO2 gases at low concentrations.
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