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Received: 2 March 2025 Spray pyrolysis synthesized Ag nanoparticles decorated with a thin ZnO Films on a
Revised: 5 June 2025 glass substrate. The samples created were examined using several characterization
Accepted: 6 August 2025 methods to assess their phase formation, surface appearance, and elemental
Available online: 31 August 2025 composition. According to X-ray diffraction studies, ZnO and Ag,O Crystallize

hexagonally and cubically, respectively. Based on FE-SEM analyses, the average
particle size was 68 nm, with coral-like formations occurring. In a 0.1 Ag/ZnO Ratio,

gey wo;r;ls: Ae/ZnO thin fil . the bandgap decreased by 4.6%. Based on FTIR analysis, ZnO and Ag>O Display

e oxide, £gen thin films, gas sensing, distinctive spectral lines centered at 453 cm™' and 510 cm!, respectively. UV-vis

spray pyrolysis spectroscopy revealed a red shift as Ag concentrations increased. Detection limits of 10

to 100 parts per million have been achieved using ZnO and Ag/ZnO in gas sensor

experiments. Alternatives include NO2 Sensors, which respond much faster when

heated to 573°K. Due to this, the NO> sensor uses the available resources efficiently.

1. INTRODUCTION to its high electrical conductivity [7]. When ZnO and AgO
are mixed, the resulting nanocomposite can exhibit improved
Silver oxide, Ag20 is effective in gas sensing due to; High gas-sensing performance over either material alone. This is
surface reactivity—Ag atoms catalyze gas due to the formation of a heterojunction between the two
adsorption/desorption  reactions. AgO is  p-type materials, which creates a region of high electric field
semiconductor ~ behavior—enhances charge carrier sensitive to molecules [8]. CdO to AgO can also improve
modulation during gas exposure. In addition to good the sensor selectivity, meaning it can be more specifically
conductivity and redox properties, AgoO can exchange designed to detect a particular gas. For example, an Ag/ZnO
electrons rapidly with target gases, improving sensitivity and sensor optimized for detecting O may respond lower to other
response time [1]. Several factors affect the gas sensing gases such as HoS or NO; [9]. It is an essential application
process in conductometric semiconducting metal oxide where it is necessary to distinguish between different gases,
sensors. Such as surface reactions, chemical components, such as in environmental monitoring or industrial safety [10].
surface modification, microstructures of sensing layers, Ag/ZnO nanocomposites offer a promising platform for
temperature, and humidity, as these factors significantly developing next-generation gas sensors [11]. The
affect the sensitivity of Ag/ZnO gas sensing devices [2]. Due combination of high sensitivity and selectivity ZnO improves
to industrialization and rapid economic growth, toxic, the stability and tunability of Ag,O, making them well-suited
explosive, flammable, and hazardous gases have significantly for a wide range of applications [12]. The sensors can be
increased [3]. Zinc oxide (ZnO) is a wide-bandgap worked at relatively low temperatures, saving energy, and
semiconductor with excellent electrical and optical properties. extending the sensor's lifespan. The sensors are relatively
It has been extensively investigated for gas sensing inexpensive to fabricate and can be mass-produced [13].
applications due to its high sensitivity, low cost, and stability Ag/ZnO gas sensors are still under development, but they
at elevated temperatures [4]. ZnO sensors can detect gases have the potential to revolutionize the way that detect and
such as NO2, CO, NH3, and Hz [5]. Silver dioxide (Ag20) is monitor gases in our environment [14]. Ag/ZnO thin films
another material considered for gas-sensing applications. were deposited via several techniques such as spray pyrolysis
Like ZnO, it is a semiconductor, and its properties can be [15], Sputtering [16], electron-beam evaporation [17], PLD
tailored to enhance its gas-sensing capabilities [6]. As a result [18], ALD [19], Sol-Gel [20], spin coating [21], and others
of their gas-sensing properties, ZnO and AgO have been the [22]. The synthesis method of Ag/ZnO nanocomposites using
subject of several investigations. In contrast, ZnO has a larger spray pyrolysis has gained much attention due to its
bandgap and is less vulnerable to environmental changes due simplicity, reproducibility, and scalability [23]. ZnO has a
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wide bandgap semiconductor and has been widely studied for
gas sensing applications due to its high sensitivity, selectivity,
and stability in detecting various gases [24]. However, to
improve ZnO sensing properties, Ag doping has been
proposed [25]. Thus, the Ag/ZnO nanocomposites
synthesized using spray pyrolysis have immense potential in
gas sensing applications due to their high sensitivity,
selectivity, and stability [26]. Ag/ZnO nanocomposites have
shown promising results in gas sensing applications due to
their increased surface area, enhanced catalytic activity, and
high electron mobility [27]. The present study aims to
investigate the Ag/ZnO gas sensing for NO, with Ag varying.

2. EXPERIMENTAL PART

The Ag/ZnO films were deposited onto glass slides using a
standard spray pyrolysis setup under ambient atmospheric
conditions. High-purity substances from Sigma-Aldrich were
used to prepare an aqueous stock solution of Zn-acetate and
Ag-acetate, which were then combined in various ratios to
fabricate thin films of ZnO and Ag/ZnO. The stock solutions
used in the deposition process were prepared with double-
distilled water to ensure high purity. These solutions were
subsequently delivered onto preheated substrates via a
custom-designed glass nozzle.

During the spraying process, the droplets rapidly
evaporated, leading to solute condensation and subsequent
thermal decomposition, thereby yielding a uniform thin film
composed of ZnO and Ag/ZnO. Several preparative
parameters were systematically optimized during synthesis to
achieve uniform, adherent, and pinhole-free films. The key
pamameters controlled included solution volume (30 mL),
spray rate, nozzle-to-substrate distance (30 cm), and carrier
gas flow, which was kept ata pressure of 5 bar. The substrate
temperature remained constant throughout all depositions.

The complete spraying process was conducted over
approximately 20 minutes. To tailor the film properties,
various atomic ratios were investigated, with particular
emphasis in an AgZn ratio of 2:1 for this study.
Microstructural characterization was conducted via X-ray
diffraction (XRD) wusing a Shimadzu XRD 6000
diffractometer, with diffraction patterns collected in the 26
range of 30°-60°. Optical properties were assessed using a
Shimadzu SP-8001 computerized spectrometer, covering
wavelengths from 190 to 1050 nm (UV to NIR region).
Surface morphology was examined through field emission
scanning electron microscopy (FESEM, JEOL JSM-7600F),
and stoichiometry was figured out by energy-dispersive X-
ray spectroscopy (EDX). Fourier-transform infrared (FTIR)
spectra were obtained using a Shimadzu IR Prestige-21
spectrophotometer.

Due to gas sensing studies, mesh-patterned aluminum
electrodes were thermally evaporated onto the thin films
using an Edwards Coating System. Gas detection
experiments were carried out in a sealed, temperature-
controlled chamber fitted with thermocouples. An oxidizer
was introduced as the oxidizing agent within the gas-filled
chamber. Sample resistance was continuously monitored by
connecting a laptop to a multimeter, with resistance
measurements recorded at specified intervals. The chamber
atmosphere was precisely controlled to keep the desired gas
concentration, thereby simulating specific experimental
conditions.
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3.RESULTS

The crystallinity of thin films was characterized by X-ray
diffraction. The XRD patterns of thin films were analyzed to
determine the crystal structure, phase composition, and
orientation of the crystallites. The results revealed a high
degree of crystalline phases, as presented in Figure 1. A
polycrystalline hexagonal phase was observed in the
deposited samples for ZnO and a cubic phase for AgO.
Figure 1 shows the data indicates that the reflection peaks of
ZnO primarily occur along directions related to the
crystallographic planes 100, 002, 101, 102, and 110. These
planes correspond to reflection angles of 31.77°, 34.54°,
36.41°, 47.87°, and 56.96°, respectively. The XRD results
agreed with Naqvi et al. [28] and Cai et al. [29]. XRD
patterns were examined to match the crystallography card
No. (96-210-7060) for ZnO [30]. Meanwhile, XRD analysis
of the mixture 0.1 Ag showed 26 = 36.41° and 55.30° at
planes 200 and 220, respectively. While at mixture (0.2 Ag)
showed 20 =32.67°, 37.76°, and 54.51°) at planes 111, 200,
and 220, respectively. The CdO samples aligned with
crystallographic diffraction data No. (96-101-0605) [31]. A
decent similarity exists between the observed and reported
values of d-spacing. The collected d-spacing values were
observed with about 98% accuracy in calculations that agree
with Ling et al. [7] and Yang et al. [9]. Crystallite size (D)
was determined from the FWHM of the XRD spectrum using
the Debye-Scherrer formula [32].

"0 00)
- (220)

T : : . T : T : T
30 40 50 60
20

20

Figure 1. XRD patterns for ZnO and (0.1, 0.2) A0
deposited films

Regarding Figure 1, expression data is listed in Table 1.
Data were recorded and plotted on the same intensity scale
20°-60° to highlight differences between planned patterns,
along with full-width half maximum, d-spacing, crystallite
size, and crystal planes (hkl).
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Assuming A is the wavelength of the X-ray beam, Bragg's
angle 0, and B is the FWHM of diffracted X-rays in radians.
Figure 2 shows the morphology of a ZnO thin layer that
was examined via FESEM. Meanwhile, the average particle
size of ZnO is around 68 nm. Figure 3 displays the

morphology of the ZnO and Ag/ZnO. It is worth noting thata
distinct nanostructure was detected at Ag (0.1).



Table 1. XRD parameters of deposited Zno at different Ag/Zno

20 (Deg) FWHM (Deg.) duwa(A) C.S(nm) hkl

31.77 0.7326 2.8067 113 100
34.54 0.7692 25892 108 002

ZnO 36.41 0.6960 2.4715 12.0 101
47.87 1.5751 1.9054 55 102

56.96 0.8791 1.6183 10.3 110

31.97 0.6594 2.8067 12.5 100

32.71 0.4762 2.7355 174 002

34.65 0.8059 2.4715 10.3 101

Zn0/(0.1)Ag 3637 0.9524 2.4680 8.8 101
47.58 1.1355 1.9095 76 102

36.41 0.6228 24656 134 200

55.30 0.8059 1.6811 1.1 220

31.97 0.6594 2.7965 12.5 100

34.61 0.9890 2.5892 8.4 002

36.37 0.9524 2.4680 8.8 101

47.58 1.1355 1.9095 76 102

n0/(0.2)Ag 5695 0.8059 1.6154 112 110
32.73 0.4029 27385 206 111

37.71 0.6594 23802 127 200

55.30 0.8425 16822 106 220

v
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Figure 2. FESEM image of ZnO of the deposited thin films
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Figure 3. FESEM image of ZnO 0.1 Ag;O and ZnO 0.2 AgO thin films
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The particle size distribution reveals that the particles fall
within a range of 67 nm, with an average diameter of 70 nm,
determined using ImagelJ software.

The deposited films exhibited thicknesses ranging from
195 to 200 nm, measured using the Fizeau method with a
green laser operating at a wavelength of 532 nm [33].
Absorption measurements were conducted to gather
information on Ag/ZnO. Meanwhile, Figure 4 shows the
optical absorption of the prepared sample. It was apparent
that redshift was taking place as the amount of AgO
increased.
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Figure 4. Absorption lines of ZnO and Ag/ZnO

Absorption Lines of ZnO and Ag/ZnO; the UV-Vis
absorption spectra of the synthesized thin films reveal
distinct optical transitions for ZnO and Ag-doped ZnO
(Ag/Zn0O) nanocomposites. The absorption edge of pure ZnO
appears around 309 nm, consistent with its wide direct
bandgap (~3.21eV), characteristic of wurtzite ZnO
semiconductors. Upon doping with Ag (0.1 and 0.2 molar
ratios), the absorption spectra exhibit a redshift, with
absorption edges shifting to longer wavelengths 319nm and
325 nm, respectively.

The reason for the shift in Transmittance Intensity with
Increasing AgoO Content due to the concentration of Ag>O in
the ZnO thin films increases, a decrease in transmittance
intensity is observed, particularly in the UV-visible range.
This behavior can be attributed to the following factors:
Increased light absorption due to plasmonic effects, bandgap
narrowing and redshift, increased defect states and scattering
centers, optical density increase [25].

Tauc formula [34] was employed to plot (ahv)? vs (hv) as
bandgap calculations that presented in Figure 5. This shift
indicates a narrowing of the optical bandgap, calculated via
Tauc plots to be 3.12eV for 0.2 Ag/ZnO and 3.07eV for 0.1
Ag/ZnO, compared to 3.21eV forundoped ZnO. The redshift
and bandgap reduction can be attributed to: Localized
Surface Plasmon Resonance (LSPR) effects from Ag
nanoparticles, Defect states and impurity levels introduced
into the ZnO band structure, Enhanced charge carrier
interactions at the Ag/ZnO heterointerface [35]. These
modifications in the optical absorption behavior suggest
improved light-matter interaction and potential enhancement
in charge transfer processes favomable for gas sensing

applications, especially in detecting oxidizing gases like NO.

The FTIR spectrum is illustrated in Figure 6, showing that
finding is consistent with the information provided by the
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study [36]. At 0.1 Ag, the bandgap decreased by 4.4%, which
is promising for thin film sensing applications. The
3607,3391 cm™ bands show stretching vibrations of the
hydroxyl groups as O-H is present in all samples [37]. The
C-H bond was reported to be in the stretching mode with a
frequency of 2880 cm™ [38]. A minor absorption peak at
2321 em™ Indicates the occurrence of -COH stretching bond
[39]. The bending vibration modes of H2O observed at 1690
cm-! as mentioned by Carpenter et al. [40]. An investigation -
products resulting from the chemical reactions emitted in the
form of NO;, which exhibited a vibrational frequency of
1602 cm™ [41]. Other by-products showed a C-O stretching
vibration at a wavenumber of 1176 cm, while C-O-O was
seen at 903 cm™ [42]. The targeted metal oxides have
appeared in the FTIR fingerprint region. Zn-O bond
materialized at 453 cm™as documented by Sowri Babu et al.
[43]. The metal oxides of interest have been noticed within
the fingerprint region of the FTIR. The formation of a Zn-O
bond is seen at a wavenumber of 453 cm™ As reported by
Sowri Babu et al. [43]. In contrast, a discernible fingerprint
corresponding to the Ag-O bond was detected at a
wavelength of 519 cm™! [44].
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Figure 5. Energy bandgap of ZnO and Ag/ZnO
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Figure 6. FTIR spectroscopy of ZnO and Ag/ZnO

As part of the sensing process, gas detection is influenced
by surface regulation. At the same time, chemisorbed oxygen
contributes to surface resistance. However, the reaction



mechanism involved is quite complex, involving multiple
intermediate steps. As displayed in Figure 7, ZnO and
Ag/ZnO samples react with NO>. The measurements were
carried out at three distinct operating temperatures 100, 200,
and 300°C, in conjunction with their corresponding response
and recovery durations. The gas sensing data were conducted
with low detection limits ranging from 10 to 100 ppm. The
results of the gas sensing examination are listed in Table 2,
showing the response time and recovery time at the operating
temperature. Furthermore, the sensitivity of the prepared
samples was calculated using Eq. (2) [45].

S% = ~ga=Ralr 1009,

air

@

According to the equation above, Rur and Rgas refer to the
deposited sample's resistance in air and an examining gas,
respectively.

Figure 7 illustrates the variation in resistance during the
gas examination. Based on the results in Figure 7, the 0.1
Ag/ZnO sample possesses the highest sensitivity among all
the specimens prepared.

The sensing explanation of limit of detection for NO: as
the manuscript mentions that the gas sensors based on ZnO
and Ag/ZnO thin films were tested with NO: concentrations
ranging from 10 to 100 ppm, but it does not explicitly state
the minimum concentration at which a reliable detection was
achieved. Where The 0.1 Ag/ZnO composition showed the
highest sensitivity (68% at 200°C), likely due to an optimal
balance between catalytic activity and charge carrier mobility .

Table 2. Gas sensing examination, sensitivity, response, and recovery time

Sample Temperature (°C) Sensitivity%o Response Time (s) Recovery Time (s)
100 16.7 20.0 60.0
ZnO 200 31.0 25.0 40.0
300 24.9 20.0 30.0
100 314 20.0 50.0
ZnO/(0.1) Ag 200 68.0 20.0 60.0
300 354 20.0 40.0
100 13.3 15.0 60.0
Zn0 /(0.2) Ag 200 25.8 22.0 80.0
300 28.2 30.0 70.0
I which explains the observed increase in sensor response,

—e— 0.1 Ag/ZnO
—4— 0.2 Ag/ZnO

70

60

Sensitivity%

T T T T T
100 150 200 250 300

Temperature (°C)

Figure 7. Sensitivity of samples vs. temperature

4. CONCLUSIONS

The present study successfully demonstrates the
fabrication and characterization of Ag-decorated ZnO thin
films using the spray pyrolysis technique, with a focus on
their gas sensing capabilities. The incorporation of AgzO into
ZnO matrices leads to notable modifications in structural,
optical, and morphological properties, as evidenced by XRD,
UV-Vis, FTIR, and FESEM analyses. Specifically, Ag
doping results in a measurable redshift in optical absorption
and a reduction in bandgap energy—factors that are
beneficial for enhancing charge carrier dynamics during gas
interactions. From a physicist’s viewpoint, the formation of
heterojunctions between AgoO and ZnO induces localized
electric fields and improves electron transfer at the interface,
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particularly at the optimized 0.1 Ag/ZnO ratio. The enhanced
sensitivity and selectivity to NO2 gas at 200°C underscore the
synergistic effects of Ag doping on ZnO’s semiconducting
behavior. The study provides valuable insights into the
interplay between material structure and electronic behavior
in nanoscale gas sensors. It reinforces the importance of
doping-induced band structure engineering as a tool to
modulate sensing performance. The findings suggest that
Ag/ZnO nanocomposites are viable candidates for the
development of energy-efficient, selective, and scalable gas
sensors suitable for environmental monitoring applications.
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