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Revolutionized modern industries have evolved to develop tremendously potential chemi-resistive gas sensors to
safeguard human health, prevent food spoilage, and improve air quality. Binary metal oxide semiconductors hold
significant promise as a sensing layer in chemi-resistive gas sensors but fall short in terms of real-time flexibility,
including cross-selectivity, lower operating temperature, and limit of detection. To overcome these hindrances,
ternary metal oxide spinel as sensing layers have garnered significant attention due to their superior physico-
chemical properties, dual cationic nature, and different valence states, etc. This work presents the deposition of
pristine and silver-doped bismuth vanadate thin films using the facile chemical spray pyrolysis method. As
deposited thin films were scrutinized through powder X-ray diffraction, UV-Vis spectroscopy, Raman spectros-
copy, atomic force microscopy, morphological analysis, and finally their gas sensing performances were evalu-
ated. A higher dislocated network (9.1 x 10~%), narrowed bandgap (2.71 eV), increased surface roughness (1127
nm), enhanced oxygen vacancies (32.20 %), and smaller crystallite size (32.99 nm) facilitated enhanced gas
molecule diffusion on the 5 wt.% Ag-doped BiVO,4 (BVA5’s) film. Among various volatile organic compounds,
ammonia (NH3) is molecularly smaller in size, the presence of lone pairs of electrons in nitrogen atoms, and the
catalytic effect through silver doping contribute to a high sensor response (S = Igas/Ioir = 159 @ 1 ppm) at room
temperature (~30 °C and RH = ~52 %), demonstrating its potential for ammonia gas sensing devices.

1. Introduction has several applications in refrigeration, fertilizer production, explosives

manufacturing, textile processing, and polymer synthesis. However, its

Foodborne illness affects human health, causing over 6 million cases
and 400,000 deaths annually [1]. Consumers are also increasingly
concerned about food quality, as consuming deteriorated food can cause
numerous health problems due to the presence of viruses, toxins, para-
sites, and bacteria. Protein-rich foods like milk, seafood, and meat are
particularly susceptible to spoilage due to the rapid growth of pathogens
and microorganisms [2]. Proteolytic degradation of proteins leads to the
release of ammonia and biogenic amines. Sensitive and accurate
detection of these compounds provides a valuable tool for the food in-
dustry to ensure product safety and quality. Similarly, ammonia (NH3)
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high toxicity poses a risk of irritation to the skin, eyes, and respiratory
system upon contact or inhalation. To address all these potential health
risks posed by ammonia, it is crucial to monitor and control ammonia
levels in our environment [3].

Semiconductor-based metal oxide thin films are the preferred choice
for chemi-resistive gas sensors [4]. Their tunable electronic properties,
simple working mechanisms, and stability in harsh environments make
them strong candidates in gas sensing applications [5]. Binary metal
oxide based chemi-resistive gas sensors are often designed with inbuilt
micro-heaters to enhance their sensing performance. However, elevated

Received 3 March 2025; Received in revised form 18 October 2025; Accepted 10 December 2025

Available online 11 December 2025

2468-0230/© 2025 Elsevier B.V. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


https://orcid.org/0000-0002-1394-6685
https://orcid.org/0000-0002-1394-6685
mailto:usharani.m@vit.ac.in
www.sciencedirect.com/science/journal/24680230
https://www.sciencedirect.com/journal/surfaces-and-interfaces
https://doi.org/10.1016/j.surfin.2025.108306
https://doi.org/10.1016/j.surfin.2025.108306

S. Nallakumar et al.

operating temperatures can lead to grain growth, which significantly
contributes to baseline drift, cross-selectivity issues, and affects the
long-term stability of the sensor [6]. Although the cost of micro-heaters
is minimal, higher temperature operation increases power consumption.
Hence, room-temperature sensing is preferred, as it helps maintain
structural stability, minimize baseline drift, reduce energy consumption.
Significant efforts have been made to develop metal oxide thin film
sensors that can operate at room temperature. However, binary metal
oxide thin films have a few shortcomings in long-term stability,
cross-selectivity, higher operating temperature, etc [7]. On the other
hand, ternary metal oxide shows promise in detecting hazardous gases
due to their unique physiochemical attributes, dual cations with various
charge states, and leading to abundant active sites [7,8]. Monoclinic
BiVO4 material has attracted many researchers interest due to its high
catalytic nature, narrow bandgap, and impressive potential in applica-
tions such as photocatalysis, solar cell, water splitting, and gas sensors
[9,10]. Literature surveys suggest that these materials hold promise for
detecting various hazardous chemicals in gas sensing applications.
However, their sensing performance still needs significant improvement
to be effective as gas sensors with high sensitivity and selectivity.

Doping is an intentional addition of impurities into a material’s
crystal lattice, that can effectively modify its physicochemical properties
[11]. In this present work, we employed a strategy to introduce Ag metal
ions into the lattice planes of the BiVO4 material. Silver (Ag) metal
atoms, with their strong affinity for oxygen species, and the spillover
effect, can significantly enhance surface reactivity. The chemical spray
pyrolysis method was adopted to deposit both pristine and Ag-doped
BiVOy thin films. The deposited films were scrutinized through struc-
tural, optical, morphological, and elemental analysis to confirm the
formation of the desired material. Further, gas sensing assessments
revealed that the 5 Wt.% Ag-doped BiVO4 thin film exhibited an
enhanced sensor response (S = Igas/Ioir = 159 @ 1 ppm) and good
linearity at room temperature.

1.1. Experimental method and characterizations

Bismuth nitrate pentahydrate, ammonium metavanadate, and silver
nitrate are the primary metal precursors for the deposition of BiVO4 thin
films. An appropriate stoichiometric ratio of Bi (NO3)3.5H20 and
NH4VO3 metal precursors was dissolved into 15 ml of DI water and
stirred for 15 min. Silver doping was achieved by following a weight
percentage approach for incorporating Ag* ions into the BiVO4 matrix.
The weight ratios of Ag* to Bi®* used were 0:100 %, 1:99 %, 3:97 %, and
5:95 %, corresponding to BVAO, BVA1, BVA3, and BVAS films, respec-
tively. To improve the solution transparency of the prepared precursor,
the solution was reinforced by nitric acid. While deposition was taking
place, certain parameters remained unchanged: spray angle, hot plate
temperature, interval, spray time, and nozzle to substrate distance were
42°, 200 °C, 10 s, 2 min, and 30 cm, respectively. The XRD diffrac-
tometer determinations using D8 - Advanced Bruker instrument helps
analyse the crystal structure of the material. Raman spectrometer was
used to analyse the vibration bands of the desired material using Horiba
XploRA™ with a 532 nm laser source. The optical properties of the
deposited thin films have been acquired from the absorbance spectrum,
which was assessed through Carry UV-Vis-NIR Spectrometer. The sur-
face roughness profiles and morphology of the thin film sensor were
analysed using Nanosurf Easyscan and Carl Zessis-Sigma 300, respec-
tively. Elemental analysis of the deposited films was carried out using
Energy-Dispersive X-ray Spectroscopy (EDX) integrated with a Carl
Zessis-Sigma 300 system. The chemical states and oxidation states of the
constituent elements were analysed using X-ray Photoelectron Spec-
troscopy (XPS) performed on a Thermo Fisher Nexsa instrument
equipped with an Al Ka radiation source.
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1.2. Sensing layer preparation and measurements

The gas sensing efficacy was performed using a custom-built setup.
To establish electrical contacts on the pristine and Ag-doped BiVOs thin
films, silver conductive paste and low-resistance copper wires were
employed. The electrodes were fabricated with dimensions of 1.5 cm in
length and 0.25 cm in width. The distance between the electrodes,
which defines the active sensing region, was maintained at 1 cm. A
constant bias voltage of 5 V was applied during all sensing experiments.
The thin film sensor was connected to a Keithley 6517B electrometer,
and the sensing measurements were carried out using a custom-built gas
sensing setup. A 1-liter Borosil glass beaker was used as the test cham-
ber, inside which the sensor was positioned. All measurements were
performed at room temperature, as schematically illustrated in Fig. 1.

To ensure a stable baseline resistance, the sensor was initially
exposed to clean air before each gas measurement cycle. To introduce
the volatile organic compounds in the gas phase, a standard conversion
formula (shown in Eq. (1)) was utilized to determine the appropriate
liquid volume [12].

6 xVp xRxTx10°

C = 1
(ppm) M x Py x V3 M

Where, The density of the target molecule — §, The molecular weight
of the VOC - M, Net volume of DMA purged inside the chamber - Vr,
Chamber volume in liters - Vb, Universal gas constant — R, Absolute
temperature — T, Chamber pressure - Pb, respectively.

The calculated amount of volatile liquid was then injected into the
Borosil test chamber, where it rapidly vaporized and interacted with the
sensor film. This interaction led to a measurable variation in the elec-
trical current. The sensor response (S) was determined by calculating the
ratio of the current measured in the presence of the analyte gas (Ig,s) to
that measured in clean air (I,;). The response and recovery times were
defined as the duration required for the sensor to reach 90 % of the total
current change during the adsorption and desorption cycles, respec-
tively. To evaluate the sensor’s resistance to moisture interference, the
sensing film was also tested under varying relative humidity conditions.

2. Result and discussion
2.1. Structural analysis

The Fig. 2(a) illustrates the diffraction patterns obtained from the
spray-deposited pristine and Ag doped BiVO4 thin films. The typical
diffraction peaks observed at 18.91, 28.94, 30.56, 35.13, 39.96, 42.94,
46.91, 47.22, 50.26, 53.33 are close match with lattice planes of (011),
(121), (040), (002), (—112), (051), (132), (042), (202), (310), which
affirms the formation of standard monoclinic BiVO4 structure (ICDD.
No: 014-0688) [13]. To the successful integration of silver, 1-5 Wt.% of
Ag was incorporated as a dopant into the lattice sites of the BiVO4 thin
film. As a consequence, no secondary phase formation was observed in
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Fig. 1. Schematic illustration of precursor preparation, thin film deposition,
and gas sensing measurements for pristine and Ag doped BiVO, films.
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Fig. 2. (a) XRD patterns of pristine and Ag-doped BiVO, thin films; (b) enlarged section of the diffraction peaks in the 20 range of 26-33°.

the diffracted pattern. Subsequently, a slight lower angle shift was
observed in the Ag-doped BiVO;, thin film’s diffracted pattern (shown in
Fig. 2(b)), which is due to the difference in ionic radius between Ag 1+
(126 pm) and Bi 3+ (103 pm). A significant shift in peak position cor-
roborates the successful integration of Ag atoms and the formation of
monoclinic BiVO4 thin films. The deposited film’s lattice parameters,
cell volume, crystallite size, dislocation density, and microstrain were
calculated and are tabulated in the Table 1. The related formulas were
acquired from our previous publication [14]. The lattice constants of the
monoclinic BiVOy4 crystal system showed excellent agreement with those
of our deposited films. The introduction of dopant atoms into the BiVO4
material leads to significant lattice deformations, which in turn drive the
observed trend. The pristine BiVO4 film exhibited a higher crystallite
size and lower dislocation density. After the incorporation of Ag atoms
into the monoclinic BiVOy4 crystal system, dislocation density increased,
while crystallite size was reduced. The reduced crystallite size enhances
surface area by increasing the number of particles and their
surface-to-volume ratio [15,16]. Concurrently, increased dislocation
density creates a rougher surface with more irregularities, also
enhancing the total surface area of the material. This increased surface
area facilitates the diffusion of a greater number of gas molecules,
potentially enhancing the gas response.

Fig. 3 depicts four distinct vibrational modes (212.07, 331, 369.2,
and 821 cm™!) are correspond to monoclinic BiVOy4, which are aligned
with earlier reports [13,17]. The prominent vibrational mode is situated
at 821 cm™! and is associated with symmetric V-O stretching modes [18,
19]. Similarly, two weaker vibrational modes at 331 and 369.2 cm!are
related to the asymmetric and symmetric vibrations of the VO4* ion,
respectively [18-20]. Subsequently, another vibrational band at 212.07
cm ! can be attributed to external translation/vibrational modes [1 8,
20]. As the concentration of Ag atoms increased, the Raman intensity
decreased linearly and exhibited a gradual shift toward lower wave-
number. This reduction may be attributed to dopant-induced lattice
strain and defect formation within the system [21], which is in accor-
dance with the XRD analysis.

Table 1
Ilustrates data sets from pristine and Ag-doped BiVO, thin films.
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Fig. 3. Depicts the vibrational modes of pristine and Ag-doped BiVO4
thin films.

2.2. Optical analysis

UV-Vis spectroscopy was employed to investigate the optical prop-
erties of the deposited thin films. As depicted in Fig. 4, the absorbance
spectra of BVAO, BVA1, BVA3, and BVAS thin films exhibit a clear trend
of a decrease in absorbance with increasing Ag doping concentration.
The deposited films had a rise in absorbance edge is 430, 442, 449, and
457 nm, for BVAO, BVA1, BVA3, and BVAS5 films, respectively. The
optical bandgap of the deposited film, which corresponds to the energy
separation between the valence and conduction bands, was estimated
using the Tauc method.

Eq. (2) describes the relationship between a material’s absorption
coefficient (a) and its optical bandgap (Eg) as follows.

(ahv)™ = K(hv — Eg) (2)

Sample Lattice constant (A) Cell volume (AS) Micro strain Dislocation density Crystallite size (nm)
(line 2m™*) (nm~?)
(a) (b) (] (x1072) x107%
BVAO 5.0421 11.5460 5.0889 296.26 1.7 7.5 36.33
BVA1l 5.0480 11.5588 5.0895 296.94 1.8 7.9 35.43
BVA3 5.0568 11.5693 5.0905 297.81 2.1 8.7 33.89
BVAS 5.0622 11.5778 5.1058 299.24 2.4 9.1 32.99
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Fig. 4. Illustrates the absorbance spectrum of pristine and Ag-doped BiVO, thin
films (the tauc plot from the inset image depicts the optical bandgap of the
pristine and Ag-doped BiVO, thin films).

Where, Photon energy (hv), bandgap energy (Eg), Allowed direct
transition (m = 2) and Constant (K). The estimated bandgap energies
were found to be 2.88 eV, 2.80 eV, 2.76 eV, and 2.71 eV for BVAOQ, BVA1,
BVA3, and BVAS films, respectively. The bandgap energy is influenced
by several parameters, which includes crystallite size, carrier concen-
tration, lattice strain, and the presence of impurities [22,23]. Among
these, oxygen vacancies play a significant role in altering the electronic
structure of a material by introducing localized energy levels within the
bandgap. These localized states facilitate electron transitions with lower
energy requirements, thereby effectively narrowing the optical bandgap
[24]. In this work, the optical bandgap energy decreases from 2.88 eV
(BVAO) to 2.71 eV (BVADS). This reduction is mainly attributed to the
hybridization between O 2p (valence band) and V 3d (conduction band)
states. Upon Ag doping into BiVO,, the Ag 4d and 5 s orbitals interact
with O 2p orbitals, introducing additional localized states near the
valence band maximum (VBM). This interaction raises the valence band
edge, resulting in a reduced bandgap energy, as the energy difference
between the conduction band minimum (CBM) and the modified VBM
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becomes smaller [25,26]. Furthermore, Regmi et al. [27] reported a
red-shifted absorption in the range of 430-457 nm upon Ag incorpora-
tion into BiVO4. This phenomenon can be ascribed to the surface plas-
mon resonance (SPR) effect of silver nanoparticles, which originates
from the collective oscillation of free conduction-band electrons excited
by incident electromagnetic radiation. The localized plasmonic field
enhances visible-light absorption and introduces additional electronic
states near the valence band, effectively narrowing the bandgap and
causing a redshift in the absorption edge.

2.3. Topographical analysis

Contact mode - Atomic Force Microscopy (AFM) was employed to
investigate the surface topographical profiles of pristine and Ag-doped
BiVOy thin films to understand their influence on the material’s sensi-
tivity at 50 x 50 um (shown in Fig. 5 (a-h)) [28]. The surface roughness
(Sa) and root mean square (RMS) roughness (Sq) values of chemically
sprayed BVAO, BVA1, BVA3, and BVAS thin films are 568.64 nm, 635.51
nm, 814.88 nm, 1127.8 nm and 693.37 nm, 773.72 nm, 1064.9 nm,
1525.9 nm, respectively. These observations revealed a non-uniform
distribution of grains, accompanied by an increase in surface rough-
ness with increasing Ag concentration. Surface irregularities, such as
surface roughness and RMS roughness, can enhance the diffusion of
target gas molecules [29]. These features increase the effective surface
area available for gas interaction, potentially enhancing the gas
response of the BVAS thin film.

2.4. Morphological & elemental analysis

The morphological characteristics of chemically sprayed pristine and
Ag-doped BiVO4 thin films were investigated using field emission
scanning electron microscopy (FE-SEM), as illustrated in Fig. 6. FE-SEM
images of BVAO, BVA1, BVA3, and BVAS thin films are presented in
Fig. 6 (a, d, g, and j) and Fig. 1 (a-d) of the Supporting Information. This
scrutinization revealed that spray-deposited pristine and Ag-doped
BiVOy thin films exhibited well-crystallized, irregular nanograins with
a uniform morphology. As the Ag composition increases, the
morphology of the irregular nanograins becomes more truncated. This
leads to the formation of smaller, more numerous nanograins. The
average particle sizes of the deposited films with varying Ag concen-
trations were quantified and are presented in Fig. 6 (b, e, h, and k). The
average particle sizes of the BVAO, BVA1, BVA3, and BVAS thin films are

X=49.5 pm

Fig. 5. Illustrates the 2D and 3D topographical profiles of BVAO (a & B), BVA1 (c & d), BVA3 (e & f), and BVAS5 (g & h) thin films, respectively.
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Fig. 6. (a, d, g and J) depicts the FE-SEM morphology of the deposited spray BVAO, BVA1, BVA3, and BVAGS films, (b, e, h and k) average particle size of BVAO, BVA1,
BVA3, and BVAS films from ImageJ software, and (c, f, i and 1) elemental quantification of BVAO, BVA1, BVA3, and BVAS films through EDAX, respectively.

92.87 nm, 88.27 nm, 66.55 nm, and 60.35 nm, respectively (shown in
Table 2). In comparison with the other deposited films, the BVA5 thin
film exhibited a smaller particle size. This suggests that the BVA5 film
possesses a higher surface area, which facilitates enhanced interaction
with target gas molecules.

The Energy-dispersive X-ray spectroscopy (EDX) analysis, including
elemental colour mapping, was performed on BVAO, BVA1, BVA3, and
BVAS thin films to determine their elemental composition. The results
are presented in Fig. 6 (c, f, i, and 1) and Fig. 7 (a-p). The pristine films

Table 2
Presents the bandgap, root mean square (RMS) roughness, surface roughness,
and average particle size for pristine and Ag-doped BiVO, thin films.

Sample  Band RMS Surface Average particle size
gap roughness  roughness (nm)
(eV) (Sq) (Sa)

BVAO 2.88 693.37 568.64 92.87

BVA1 2.80 773.72 635.51 88.27

BVA3 2.76 1064.90 814.88 66.55

BVAS 2.71 1525.90 1127.80 60.35

exhibited the presence of Bi, V, and O, consistent with monoclinic BiVO4
thin film. EDX analysis revealed Ag atom weight percentages of 0.63,
2.82, and 4.43 for 1, 3, and 5 wt.% Ag doping, respectively, confirming
the successful integration of Ag atoms into the monoclinic BiVO4 thin
film. These values are consistent with the expected experimental
concentrations.

The X-ray photoelectron spectroscopy (XPS) was employed to scru-
tinize the surface elemental composition and the chemical states of the
spray-deposited pristine and Ag-doped BiVO4 thin films [30], shown in
Fig. 8 (a-h). The survey spectrum (Fig. 8a) of the BVAO and BVAS5 films
reveals the presence of Bi, V, O 1 s, and Ag elements. Two prominent
peaks were observed at 158.81 eV and 164.10 eV (in Fig. 8b), corre-
sponding to the Bi 4f 7,5 and Bi 4f 5,5 core levels, respectively. The
resulting spin-orbit splitting energy of 5.3 eV is characteristic of the Bi**
oxidation state [31].

Fig. 8d exhibits two characteristic peaks centred around 516.44 eV
and 523.67 eV, which are primarily attributed to V 2p 3,5 and V 2p 15,
respectively. The observed spin-orbit splitting energy of 7.23 eV is
indicative of the V °>* oxidation state [32]. Fig. 8 (c and e) shows the
high-resolution scans of Bismuth (Bi 4f) and Vanadium (V 2p) for
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Fig. 7. (a-p) presents the FE-SEM EDAX elemental color mapping images, which disclose the uniform distribution of Bi, V, O and Ag elements in spray deposited

BVAO, BVA1, BVA3, and BVAS5 thin films.

BVAS5’s film, respectively. Peaks at 158.95 and 164.35 eV correspond to
the core levels of Bi 4f 7/2 and Bi 4f 5/2, while peaks at 517.09 and
524.40 eV correspond to the core levels of V 2p 3/2 and V 2p 1/2. The
corresponding orbital energy difference of 5.4 eV for Bi 4f and 7.31 eV
for V 2p corroborate the oxidation states of Bi > and V 5> respectively
[31,32]. Furthermore, the observation of two extra peaks (160.10 and
165.58 eV) alongside four deconvoluted peaks in the Bi 4f spectrum
(Fig. 8b) might be attributed to changes in crystal polarization due to the
surface charge effect [33]. The successful integration of Ag atoms is
evidenced by the presence of Ag 3d 5,2 and Ag 3d 3/, core level peaks at
368.20 and 374.03 eV, respectively, in the Ag 3d high-resolution scan
(Fig. 8f), confirming the presence of metallic silver [34]. Subsequently,
Ag atom integration did not alter the orbital energy difference of Bi 4f
and V 2p high-resolution scans, indicating that both BVAO and BVA5
films exhibit the same oxidation state and crystal structure, consistent
with the diffraction pattern. O 1 s spectra reveal core level oxygen
contributions in BVAO and BVAS films (Fig. 8g and h). The peaks at
529.48 eV in BVAO and 529.49 eV in BVAS indicate to lattice oxygen.
Similarly, peaks at 530.40 eV (BVAO) and 530.30 eV (BVAS5) are
attributed to defective oxygen (OD), while those at 532.68 eV (BVAO)
and 532.30 eV (BVAS) are assigned to hydroxide ions [14,35]. The BVA5
film exhibited a significantly higher proportion of defective oxygen
(32.20 %) than BVAO (25.78 %). These are known to be oxygen va-
cancies and act as active sites for the chemisorption of oxygen species,
thereby enhancing gas sensing performance [36,37]. The increased
concentration of defective oxygen in the BVAS film likely contributes to
its superior sensing capabilities toward the target gas.

2.5. Gas sensing evaluation

The adsorption/desorption theory has been preconized as the pri-
mary mechanism underlying the operation of chemi-resistive gas sensors
[38]. Commonly, oxygen molecules (presence in the air) are readily
adsorbed on their surface and interfaces of the deposited sensing layer.
Those oxygen molecules interact with electrons from sensing material,
get ionized, and are converted into 0% (below 420 K), O™ (mid 420K -
670 K), and O5 (above 670 K). As a result, the number of holes in the
semiconductor (at the core) increased, leading to an increase in resis-
tance. NHj3 gas is introduced into the chamber, readily available surface
adsorbed ionized species react with the target gas (shown in below the
equation), as a by-product electrons were reinserted to the material.

NH; (gas)—NH; (surface ads) 3)

4NH3 (surface ads) + O (ionized species ads) —2 N, + 6H,0 + 3e~
C)]

Due to these actions, the hole concentration was reduced, resulting in
a corresponding decrement in the resistance [5,38,39]. In this current
work, we have deposited pristine and Ag-doped thin films to scrutinize
their gas sensing efficacy at room temperature. For a potential gas
sensor, a stable baseline current is imperative one. Hence, the saturated
baseline current of the prepared thin film sensors was exhibited at 3.64,
3.79, 3.85, and 4.07x107'° A for BVAO, BVA1, BVA3, and BVAS5,
respectively.

The pristine BVAO film’s gas sensing capabilities of the volatile
organic compounds like ethanol (S = Igas/Tajr = 3.0), acetone (S = Igas/
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Fig. 8. XPS survey spectrum and high-resolution scans of pristine (BVAO) and 5 wt.% Ag-doped BiVO, thin films (BVA5). (a) Survey spectra of BVAO and BVAS5 film;
(b, ¢) Bi 4f high-resolution spectra of BVAO and BVAS5 film, respectively; (d, €) V 2p high-resolution spectra of BVAO and BVAS5 film, respectively; (f) Ag 3d high-
resolution spectrum; (g, h) O 1 s high-resolution spectra of BVAO and BVAS5 film, respectively.

Lair = 4.13), 2-propanol (S = Igas/T,ir = 7.0), formaldehyde (S = Igas/Tair =
9.0), ammonia (S = Igas/Tair = 440), dimethylamine (S = Igas/Tair = 15.3),
and trimethylamine (S = Igas/Tair = 20.31) were tested for 10 ppm at
room temperature (~30 °C and RH = ~52 %). Subsequently, the BVA5
thin film sensor’s sensor responses are such as ethanol (S = Igas/Tair =
5.29), acetone (S = Igas/Tair = 6.29), 2-propanol (S = Igys/Tair = 13.5),
formaldehyde (S Igas/Tair = 14), ammonia (S = Igas/Tair = 637),
dimethylamine (S = Igas/I,ir = 18.46), and trimethylamine (S = Igas/Tair
= 29.92) were tested for 10 ppm at room temperature, respectively.
Interestingly, BVAS revealed the highest sensor response to ammonia
gas than other target gases, which is shown in Fig. 9(a). The BVAS film’s
highest sensor response to NHg gas can be attributed to the following (i)
The smaller size of NHs molecules compared to other target gases allows
for easier diffusion through the irregular nanograin morphology of the
sensing material. This enhanced diffusion facilitates the interaction of
ammonia molecules with the sensing material, leading to more efficient
electron transfer processes and a higher sensor response [40]. (ii)
Ammonia molecules readily donate electrons to the vanadium localized
sites (V °%) within the sensing material at room temperature. (iii) The
presence of a lone pair of electrons on the ammonia molecule enhances

its interaction with the sensing layer. This strong interaction contributes
significantly to the improved sensor response towards ammonia vapor
[41]. (iv) Compared to BVAO, BVA1, and BVAS3 films, the numerous
nanograins of the BVAS film provide a larger surface area and more
accessible sites for ammonia vapor adsorption, which in turn facilitates
greater oxygen molecule adsorption. (v) The integration of noble Ag
atoms significantly enhances the sensing response of the BVAS5 film. Ag
atoms exhibit high catalytic activity, which facilitates the oxidation
process at the sensor surface [42]. As a consequence, an increased
concentration of ionized oxygen species was generated and the excess
electrons were released during the catalytic reaction. Furthermore, Ag
atoms act as catalysts to form Oz ions during the adsorption and
desorption of oxygen (O3), increasing the overall surface coverage of
adsorbed oxygen species and promoting their conversion to readily
reactive forms. The abovementioned reasons are the primary factors
contributing to the enhanced sensing response of the BAVS5 thin film
sensor to ammonia at room temperature. The dynamic sensor response
of the BVAO, BVA1, BVA3, and BVAS films were tested to NH3 vapor at
different concentrations of 1-10 ppm at room temperature is shown in
Fig. 9(b) and Fig. 2- 4 in Supplementary information, respectively. The
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Fig. 9. Depicts the gas sensing performance toward NHs at room temperature (all gases tested at 10 ppm concentration): (a) selectivity of pristine BiVOs (BVAO) and
5 wt% Ag-doped BiVOa (BVAS) thin films toward ethanol (E), acetone (A), 2-propanol (1), formaldehyde (F), ammonia (N), dimethylamine (D), and triethylamine (T);
(b) transient response curve of the BVAS5 thin film; (c) response and recovery times of the BVA5 thin film; (d) sensor response of pristine and Ag-doped films as a
function of NHs concentration; (e) repeatability of the BVA5 thin film; and (f) cross-selectivity of the BVAS5 thin film under 1 ppm of interference from various volatile

organic compounds.

sensor response of the BVAO film (S = Igas/Tair = 440) was significantly
higher than those of BVA1 (S = Igas/Iair = 504), BVA3 (S = Igas/Lair =
574), and BVAS (S = Igas/Iair = 637), with enhancements of 1.14, 1.30,
and 1.44 times to 10 ppm, respectively. Hence, as the ammonia con-
centration increases, the sensor exhibits a good linearity in sensor
response, confirming its suitability for ammonia detection (Fig. 9(d).
The BVAS thin film has a higher dislocated network, larger surface
roughness, and reduced average particle size corroborates sensing layer

contains a higher number of active sites, which leads to achieve higher
sensor response than other sensing layers. An ideal gas sensor’s key
parameters are known as response time and recovery time, which are
illustrated in Fig. 9(c). The obtained response time and recovery times
for both BVAO and BVAS films are 235 s, 249 s and 11 s, 17 s, respec-
tively, corresponding to the gas concentration of 1 ppm at room tem-
perature. For a commercial gas sensor, imperative features are excellent
sensor response, prolonged stability, and a highly reversible one. The
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Fig. 9(e) illustrates the reproducibility plots of the BVAS5 thin film sensor
towards NH3 at 1 ppm (to room temperature) for continuous five cycles
to test their potential. Hence, the observed sensor response of the BVA5
films is 159, 157, 158, 159, and 156, respectively. The obtained values
remain almost the same, which confirms that the BVA5 thin film sensor
is highly repeatable. The prolonged stability of the gas sensor is a crucial
parameter for real-time applicability; So that, it’s mandatory to mention
that after 70th day BVAS thin film sensor displayed the sensor response
of 156 for 1 ppm to NH3 at room temperature (shown in Fig. 10a). There
is no considerable reduction in the sensor response, which are the solid
evidences for a commercial gas sensor.

Fig. 9(f) illustrates the cross-selectivity of various target gases to-
wards ammonia vapor. This plot depicts the BVA5 thin film sensor’s
overall efficacy towards NH3 target gas alongside mixtures of other gases
(DMA and TMA vapor) as interference. The BVAS film exhibited a sensor
response of about 158.5 for a 1 ppm concentration of NHg vapor alone.
When interfered with target gases such as DMA + NH3 and TMA + NH3
at 1 ppm, the sensor responses were shown to be (S = Igas/Tair = 156) and
(S = Igas/Tair = 159), respectively. These results demonstrate that the
observed sensor response was relatively stable, indicating that the BVA5
film exhibits high selectivity towards NHs at room temperature. The
ability of a chemi-resistive gas sensor to tolerate humidity is crucial for
its practical applications.

To evaluate the moisture-resisting traits of the BVAS5 thin film sensor
by varying humidity levels, saturated salt solutions were used to achieve
11 % (LiClD), 32 % (MgCly), 52 % (Mg(NOs)2), and 75 % (NaCl) relative
humidity (RH), respectively. The sensing measurements were performed
at RT under a constant 1 ppm concentration of ammonia (NHs) vapor
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(Fig. 10b). Under ambient conditions, oxygen molecules are chem-
isorbed onto the sensor surface, stabilizing the baseline current at
approximately 4.09 x 107'° A. Exposure to humid environments causes
hydroxylated water molecules to replace chemisorbed oxygen species on
the sensor surface, resulting in a slight increase in baseline current.

This rise is primarily attributed to the formation of a proton-
conducting layer induced by water adsorption, which enhances sur-
face conductivity of a BVAS sensor film [14,43]. Even at elevated hu-
midity levels, the sensor’s performance remained largely unaffected,
with only a minor increase in response and recovery times observed at
room temperature (Fig. 10d). Notably, across all tested humidity levels
(11-75 % RH), the sensor maintained a consistent response with fluc-
tuations limited to <3 % (Fig. 10c). At lower humidity levels (e.g., 11 %
RH), the sensor exhibited an enhanced response, which can be attributed
to the presence of water vapor acting as a reactive medium that facili-
tates catalytic interactions, thereby boosting the sensing signal. How-
ever, as the humidity increases, a gradual decline in sensor response is
observed. This reduction is likely due to the competitive adsorption
between water molecules and NH3 vapor, which limits the availability of
active sites for NHj interaction [44]. Additionally, under higher hu-
midity conditions, the response time becomes longer, primarily because
NHj3 molecules require more time to access and interact with the fewer
available active sites on the sensor surface [45]. These factors are likely
responsible for the observed variations in the performance of BVA5 film
sensing layer at room temperature.
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Fig. 10. (a) Shows the stability of the 5 wt.% Ag doped BiVO4 thin films (BVA5), (b) depicts the moisture resistance characteristics of the BVAS5 film; (c) variation in
baseline current and corresponding sensor response under different relative humidity (RH) levels; (d) influence of RH on response and recovery times of the

BVAS film.
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2.6. NH3 mechanistic discussion

The sensing mechanism of semiconducting metal oxide based chemi-
resistive gas sensors is primarily governed by the grain boundary model,
which has been extensively studied over the years [5,39]. The schematic
representation of the gas sensing mechanism is illustrated in Fig. 11a. In
the air environment, oxygen molecules adsorb onto the surface of the
BVAS thin film sensor and extract electrons from its conduction band,
forming chemisorbed oxygen species (O3, O, 02’) [46,47]. This pro-
cess thickens the electron depletion layer (Fig. 11b), leading to an in-
crease in the sensor’s resistance. Upon exposure to ammonia, the NH3
molecules interact with negatively charged chemisorbed oxygen species
(i.e., O27) on the BVADS thin film surface, leading to the release of elec-
trons back into the conduction band. This electron injection reduces the
width of the electron depletion layer and subsequently decreases the
sensor’s resistance. As illustrated in Fig. 11a, the sensing mechanism at
room temperature primarily involves the reaction of NH3 with surface
adsorbed oxygen ions, generating Ny rather than NOo, which aligns with
Egs. (3 and 4). Notably, literature reports indicate that the oxidation of
NH;j into NO or NO, is negligible at room temperature and becomes
significant only at higher temperatures [3,35,48,49].

The incorporation of Ag atoms into the BiVO,4 lattice (BVA5)
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enhances gas sensing performance through catalytic and electronic ef-
fects. Ag facilitates faster surface redox reactions by accelerating elec-
tron transfer and promoting the formation of reactive oxygen species. It
also improves the adsorption and activation of oxygen molecules,
enabling efficient Oz~ generation during gas interactions [34]. These
effects collectively increase active surface sites and boost gas conversion
efficiency, leading to the improved sensor response and selectivity of
BVAS toward NHs at room temperature. In Ag doped BiVO4 (BVA5) thin
films, a similar sensing mechanism takes place, as described by Eq. (3).
When NHj3 vapors are introduced into the sensing chamber, the
ammonia molecules interact with the pre-adsorbed oxygen species (such
as O7) on the BVAS surface. This reaction results in the formation of
H50 and Ny, simultaneously releasing free electrons back into the con-
duction band [35,48]. As a consequence, the space charge region be-
comes narrower (Fig. 11c), leading to an increase in the electrical
conductivity of the BVA5 sensing layer. Among the fabricated sensing
layers, the BVAS sensor exhibited the most effective ammonia gas
sensing performance, which can be attributed to its distinctive irregular
nanograin morphology with an average particle size of approximately
60.35 nm. This architecture offers an extended percolation network that
promotes greater adsorption of ionized oxygen species and facilitates the
diffusion of NH3 molecules toward the active sites for redox reactions.
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Fig. 11. (a) Schematic representation of the NHs sensing mechanism in the BVAS film. (b) and (c) Illustrate the modulation of the space charge layer before and after

exposure to NHs, respectively.
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Moreover, the presence of well-defined and abundant grain boundaries
in the BVAS film enhances electron transport during gas interactions,
resulting in an elevated sensor response. These synergistic features
significantly contribute to the sensor’s improved sensor response and
selectivity to ammonia at room temperature. In comparison, the other
thin films exhibited lower sensing performance due to their larger grain
size and densely packed agglomerates, which limited gas diffusion and
reduced the availability of grain boundaries for NH3 adsorption. A
rougher surface topology provides a greater number of active sites,
thereby enhancing the adsorption of oxygen molecules involved in
surface reactions crucial for gas sensing process. In the case of the BVA5
film, the surface roughness was measured to be approximately 1124 nm,
which is significantly higher than other sensing layers. This pronounced
roughness contributes to the availability of numerous active sites,
further promoting gas-solid interactions. Additionally, the incorporation
of Ag ions as dopants contributes to improved sensing performance by
inducing morphological changes and reducing the crystallite size. XRD
analysis confirmed a reduction in crystallite size from around 36.33 nm
in the pristine BiVO4 (BVAO) film to approximately 32.99 nm in the 5
wt.% Ag doped BiVO4 (BVAS5) thin film sensor. This decrease in crys-
tallite size leads to an increased surface area, enabling more effective
contact between gas molecules and the sensing layer [50,51]. Conse-
quently, these structural and morphological features collectively
enhance the BVAS sensor’s sensor response at room temperature. XPS
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analysis revealed an increased concentration of oxygen vacancies in the
BVAS film, which significantly promote interactions towards target gas.
These vacancies serve as active sites for oxygen adsorption and facilitate
the diffusion of NHs gas molecules, thereby contributing to improved
gas sensing performance.

It is important to highlight that the incorporation of Ag atoms in the
BiVO, film (BVAS) results in several beneficial modifications, including
a smaller crystallite size (32.99 nm), reduced bandgap (2.71 eV), higher
surface roughness (1127 nm), abundant nanograin morphology with
reduced particle size (60.35 nm), increased oxygen vacancy concen-
tration (32.20 %), and enhanced catalytic activity. For comparison, the
overall gas sensing performance of previously reported sensors toward
NHj gas is summarized in Table 3, further confirming the superior
characteristics of the BVAS film. These combined factors significantly
promote NHj3 gas diffusion and charge transfer processes, thereby
improving the overall sensing performance of the BVA5 film and making
it highly suitable for room-temperature ammonia detection.

2.7. Post-mortem studies of BVA5 films

The interaction between the BVA5 sensing layer and the target gas
(NHs) at room temperature was investigated using X-ray photoelectron
spectroscopy (XPS). The results revealed distinct changes only on
elemental composition and especially in surface-adsorbed oxygen

thin film

Table 3
Comparison of NHs gas sensing performance between the present study and previously reported literature.
Material Synthesis Method Sensor Gas Operating Discussion References
response Concentration ~ Temperature
(O] (ppm) (9]
CrVO,4 nanoparticles Co-precipitation 32% 10 ppm 330°C The sensing mechanism is primarily a surface band [52]
bending phenomenon caused by the adsorption and
desorption of ammonia on the material’s rough surface,
which is created by aggregated nanoparticles.
Layered Bi,Se3/Bi,O3 Hydrothermal 8.5 180 RT The physisorption of NH3  on the Bi,Sej surface leads to [53]
heterostructure synthesis charge transfer, which modulates the potential barrier at
the p-n junction, changing the current and enhancing the
sensor’s performance.
Au-decorated V,05 Thermal 109 % 5 ppm RT Excellent response at low concentration; noble metal [54]
decomposition + decoration enhances the catalytic activity and charge
sputtering transfer, which makes it suitable for exhaled breath
analysis.
V505 Free-standing RF sputtering 1.2 5 ppm RT Modest response, but flexible and scalable fabrication [55]
nanosheets method; important for wearable and portable sensors.
Bi;03-GO nanocomposite ~ Microwave-assisted 81.23 50 ppm RT Graphene oxide improves adsorption and electron [56]
combustion mobility, enhancing detection at room temperature.
Bi;Mo00Oe/g-C3Ny Hydrothermal 13.6 10 ppm RT Heterostructure with enhanced oxygen vacancies [571
heterojunction synthesis improves selectivity and efficiency for NHs sensing at
room temperature.
Porous V,0s5/PLLA RF sputtering + R2R 17 75 ppm RT The sensing layer exhibited a threefold higher NHs [58]
nanosheets imprinting response (~17 at 75 ppm) with faster dynamics,
attributed to increased surface area from nanoimprint
patterning, highlighting its promise for wearable sensors.
Ag decorated p-AgVO3 Hydrothermal 25.4 % 1 ppm RT Good response at very low concentration (1 ppm); Ag [59]
nanorods synthesis decoration enhances catalytic properties and sensitivity.
NiO: BiVO4 Hydrothermal 97 % 136 RT The p-n heterojunction formed by p-type NiO and n-type ~ [60]
Nanocomposite synthesis BiVO, creates a depletion layer that modulates electrical
resistance. As a reducing gas, ammonia (NH3) donates
electrons to this interface, altering the sensor’s electrical
properties and resulting in a measurable response.
Porous structure and Hydrothermal 1421 270 RT The enhanced sensing performance is due to porosity and ~ [61]
oxygen vacancy synthesis oxygen vacancies. The porous structure increases the
engineered BiVO, surface area for rapid diffusion of NH3 molecules. Oxygen
vacancies provide active sites, improving NH3 adsorption
and boosting the sensor’s response.
Tetragonal scheelite Spray pyrolysis 58.20 25 RT A unique interconnected fibrous thin film morphology [35]
BiVOy, thin film tuning yields ultrahigh response with excellent
repeatability and durability.
5 wt.% Ag doped BiVO4 Spray pyrolysis 159 1 ppm RT Noble metal doping introduces defects and enhances This work

catalytic activity, leading to an improved sensor response
to NH3 gas with good repeatability and stability at room
temperature.
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species, as shown in Fig. 12 (a—d). After NH3 exposure, the XPS spectra
of BVAS exhibited Bi 4f, V 2p, Ag 3d, and O 1 s peaks, along with the
emergence of a nitrogen (N 1 s) signal [62,63]. A weak peak at 400.10
eVin the N 1 s spectrum (Fig. 12(b)) corresponds to nitrogen-containing
species formed via redox interactions between the BVAS5 surface and
N-H functional groups in NHj gas. This suggests chemisorption and
partial surface oxidation of NH3 molecules rather than complete cata-
lytic conversion into nitrogenous products (i.e., Np, NOy) at RT.
Furthermore, the surface-adsorbed oxygen component in the O 1 s
spectrum significantly decreased from 32 % to 17.22 %, indicating
active involvement of these oxygen species in the redox process (Fig. 12
(d)) [63,64]. However, no XPS evidence of additional
nitrogen-containing byproducts (e.g., NOx or Nj3) was observed,
implying adsorptive interaction with minor surface redox activity, but
not catalytic decomposition of NH3 at room temperature [62-64]. These
findings confirm strong surface adsorption and partial redox reaction
between NHj3 and the BVAS sensing film, which aligns well with the
observed sensor performance and long-term stability.

3. Conclusion

In summary, pristine and Ag-doped BiVO4 thin films were
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successfully deposited using a custom-built spray pyrolysis setup. The
films were comprehensively analyzed for their structural, optical,
morphological, and elemental characteristics to confirm phase forma-
tion and key physicochemical properties. The gas sensing performance
of the films was then evaluated against various volatile organic com-
pounds. Among them, the 5 wt.% Ag-doped BiVO4 film (BVA5)
demonstrated the highest sensor response (S = Igas/Iair = 159), along
with a good response time (249 s) and fast recovery time (17 s) for 1 ppm
of NHs at room temperature. This enhanced performance is attributed to
the synergistic effects of a higher dislocation network, narrower
bandgap, increased surface roughness, and abundant oxygen vacancies,
which together facilitate efficient gas adsorption and diffusion. The
sensor also exhibited excellent repeatability and stable performance
over a prolonged period (70 days). These results indicate that the BVA5
film is a promising candidate for reliable ammonia detection at room
temperature.
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