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In this study, we investigate the impact of hydrogen plasma treatment on the gas-sensing properties of iron
vanadate (FeVO4) nanostructures. The FeVO4 nanoparticles were synthesized via a sol-gel method, followed by
surface modification using hydrogen plasma. Both hydrogen plasma-treated (hp-FeVO,4) and untreated (FeVO4)
samples were systematically characterized using X-ray diffraction (XRD), scanning electron microscopy (SEM),
and X-ray photoelectron spectroscopy (XPS) techniques. Gas sensing experiments revealed that hp-FeVO4
nanostructures exhibited a response to 50 ppm NHj3 that was twice as high as that of untreated FeVO4 samples,
highlighting the significant enhancement achieved through plasma surface engineering. Notably, the hp-FeVO4
sensor exhibited a response time of 72 s and a recovery time of 292 s, operating at a reduced temperature of 380
°C, possibly due to increased band bending on the plasma-treated surface. Moreover, the sensor exhibited
promising repeatability, selectivity, and long-term stability without the need to incorporate noble metals. These
findings highlight the strong potential of hydrogen plasma-modified iron vanadate for advanced gas sensing

applications.

1. Introduction

Ammonia occurs naturally as organic matter decomposes and
through the metabolic activities of specialised bacteria in the nitrogen
cycle, as well as from volcanic activity [1,2]. It is typically colourless and
has a sharp, pungent odour [3]. There is substantial use of ammonia in
the chemical industry, commonly as a refrigerant, and also in certain
clinical diagnostic procedures. Moreover, the majority of global
ammonia production serves as a precursor in the chemical synthesis of
nitrogen-containing compounds in chemical engineering, or in the
production of fertilizers for the agricultural sector, which is essential to
ensuring global food security [4,5]. However, it should be approached
carefully due to its possible harmful effects on human health [6]. In
particular, the Occupational Safety and Health Administration states
that being exposed to 35 ppm of ammonia for 10 min is the upper safety
limit for humans [7,8]. Regardless of the relatively low ammonia
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content in the atmosphere which is between 0,001-0,005 ppm [9], the
risk of pollution in the air and aquatic environment caused by the usage
of ammonia should be monitored by the agricultural and industrial
sectors [10]. Ammonia-containing waste generated by the agricultural
sector is caused by contaminants, animal excrement, or the release of
fertilizers into seas or oceans, which greatly threatens aquatic life [2].
When it comes to the harmful effects of the substance on the human
body, ammonia can be fatal depending on the level of exposure.
Ammonia is corrosive to skin, eyes, and visceral organs; hence, it may
cause deep burns, blindness, and even internal bleeding and coma,
which may lead to death at high levels, while at lower concentrations it
remains harmful, at least as an irritant. [11]. As the world fosters
alternative energy sources, ammonia is proposed as a strong candidate
as an intermediary fuel source for hydrogen. Apart from advancing the
existing transport and global storage systems due to its importance as a
fertiliser, it is predicted to double production in the next decade and
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even rise up to 100 times as energy demands are anticipated to scale up
significantly in the longer term [12]. Additionally, ammonia feedback
sensors are in widespread usage in diesel engines, which minimises the
hazardous nature of NOx emissions by selective catalytic reduction since
it is a good source of hydrogen [8,13]. Considering such crucial aspects
in this research direction, it becomes a requirement to detect ammonia
accurately in the environment and other potential industrial
applications.

In recent research, two-dimensional transition-metal dichalcoge-
nides (TMDCs) have demonstrated how engineered nanosheets and
heterostructures provide faster charge transport and enable contempo-
rary sensor platforms that approach real-time detection with high
selectivity at room temperature, although this material requires a multi-
step synthesis procedure [14-16]. However, it is well established that
semiconductor materials yield great performance in gas sensing opera-
tions thanks to their high thermal and electrical stabilities [17,18].
Considering a relatively wide band gap (~2.2 eV) and better stability
properties, vanadium oxides have drawn more attention recently
[19,20]. In particular, iron vanadate (FeVO4), which is a promising n-
type semiconductor material, has shown excellent applicability in areas
such as catalysts [21], solar water splitting [22], lithium-ion batteries
[23], and is one of the well-studied materials in gas sensing applications
since it possesses a uniquely sensitive electrical property [24]. As with
the boost in surface area is generally directly linked to advanced gas
sensing properties, nanosized particles have been shown to yield better
performance compared to the bulk form of the material. In this impli-
cation, some studies have been conducted regarding the gas sensing
property of FeVOy; Kaneti et al. [25] states that the porous FeVOy4
nanorods synthesized by the hydrothermal method give the best results
in n-butanol gas sensing at 270 °C. Similarly, Lehnen et al. [26] prepared
a film by using FeVO4 nanorods and concluded that the material is also
favorable for oxygen sensing. FeVO4 has also been used for ammonia
detection before by Qi Lu et al., who analysed Ag-decorated FeVO4
particles as sensing electrode material in ammonia sensing and obtained
great results in terms of repeatability, selectivity, and stability at 550 °C
[27]; They have also studied the FeVO4 material by doping different
molar ratios of metal oxides (NiO, SnO5, WO3). These modified materials
were used as a YSZ-based mixed potentiometric sensor, and the 20 mol.
% NiO modified FeVO4 showed the best detection range of 53-83 mV
versus 100 ppm NHj3 [28]. This means that, to date, very few reports
exist on the use of metal vanadate nanomaterial sensors to detect
ammonia. Moreover, their sensitivity in potentiometric applications had
to be elevated using noble metal nanoparticle decorations. However, the
sensing properties can also be enhanced by the presence of oxygen va-
cancies on the material’s surface. Conventionally, oxygen vacancy or
surface defect density can be engineered by hydrogen or oxygen plasma
treatment, which is a feasible and well-established technology. Thus,
plasma treatment can be performed to increase oxygen vacancies
[29,30].

Indeed, the plasma treatment technique is a reliable method for
modifying the features of nanomaterials [31,32]. This method modifies
the surface properties of the nanostructure without disturbing the
single-crystal structure [33]. For example, different plasma gases (oxy-
gen, hydrogen, nitrogen, and argon) treated tin oxide thick film gas
sensors were studied and the oxygen plasma-treated sensor was found to
have the highest relative response towards tested gases, but it was
poorly selective, whereas hydrogen plasma treated sensor showed good
selectivity and sensitive to CO gas [34]. The SnO,, gas sensors that have
been subjected to plasma treatment became sensitive to propanol at
ambient temperature, and the relative response improved over time as
they were exposed to oxygen and hydrogen gaseous plasma [35]. The
reduction of graphene oxide by hydrogen plasma at ambient tempera-
ture led to the creation of a carbon dioxide gas sensor [36]. It has also
been proven that the hydrogen plasma effect improves the photo-
electrochemical performance [37].

Unlike the above-mentioned recent potentiometric approaches, the
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chemiresistive principle for gas sensing is probably the most straight-
forward and feasible sensor design. To the best of our knowledge, there
are no reports available on the use of purely FeVO,4 based nanomaterial
as a chemiresistive sensor for ammonia gas. Moreover, we hypothesise
that the material is prone to sensitivity enhancement by hydrogen
plasma, which may be more favourable than the incorporation of noble
metals or other nanodecorations on its surface. Therefore, in this work,
the chemiresistive sensing layer of FeVO4 was synthesised directly on
the substrate using the sol-gel method and then treated with hydrogen
plasma. The gas sensing properties of FeVO4 and plasma-treated sensor
FeVO4 (hp-FeVO4) were measured towards ammonia gas in the air. The
hp-FeVO,4 exhibited significantly improved sensing characteristics,
including a high response rate to NH3 gas detection, low operating
temperature, and high relative response (relative change from the sen-
sor’s initial resistance, given in %). Finally, a plausible sensing mecha-
nism for the proposed hp-FeVO4 sensor to NHj is also discussed. This
work demonstrates the great potential of hydrogen plasma-treated iron
vanadate for mainstream ammonia detection.

2. Experimental section
2.1. Materials synthesis

The FeVO4 nanoparticles were synthesised using the sol-gel method.
Iron nitrate, Fe(NO3)3.6(H0) dissolved in distilled water, and ammo-
nium metavanadate NH4VOs, dissolved in warm distilled water, were
mixed together and stirred for 2 h using a magnetic stirrer. The resulting
orange precipitate was repeatedly washed with distilled water and
ethanol. A tube furnace was used to calcine the solid precipitate in air at
600 °C for 2 h. The resulting material was used for characterisation and
sensing measurements.

2.2. Characterization techniques

The crystalline phases of both samples were characterized by powder
X-ray diffraction (XRD) using a STOE STADI MP device with Mo-Ka
radiation (1 = 0.07093 nm). The surface morphology and particle size
of the materials were examined using a scanning electron microscope
(FE-SEM). The chemical bonding state of elements present in powders
was investigated by X-ray photoelectron spectroscopy (XPS) using an
ESCA M—probe Spectrometer (Surface Science Instruments), at a pres-
sure in the 10° mbar range, equipped with a monochromatic Al Ka
excitation source (1486.6 eV). The powders were loaded onto standard
powder sample holders and always left in a preparation chamber for
degassing for several hours prior to measurement. The resolution step
size was set to 0.25 eV for the survey spectra, while the high-resolution
spectra were recorded at a step of 0.05 eV. The Photoelectron pass en-
ergy is set to 158.3 eV for the survey scans and it is set to 55.2 eV for
narrow scans of high resolution measurements. An electron flood gun
was used to reduce the surface charging of the sample. The position of
the adventitious carbon C1 s line was used to determine the binding
energies (BE). For insulating samples, the related inaccuracy of the
correction (BE estimation) method ranges from 0.1 eV to 0.2 eV [38].
Spectral calibration and peak fitting were performed using CasaXPS
software. The backgrounds were corrected with a Shirley line shape.

2.3. Sensor fabrication and ammonia detection

The prepared powder material was mixed with an a-terpinol solution
by 10 wt%, and ultrasonic treatment was performed for 30 min using a
VWR Ultrasonic Cleaner device (model USC300T). An amount of 10 pL
from the mixed solution was carefully dropped onto the 4-pin TO39
sensor structure (UST Umwelt Sensor Technik GmbH) sensor structure.
At least three sensors were prepared with the same method for each
material, and all sensors were dried for 24 h to ensure a smooth surface.
In order to obtain long-term stability, the sensors were sintered at 500 °C
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for 45 min. For SEM analysis, see Fig. S11 in the supplementary
document.

For hydrogen plasma treatment, one of the sintered FeVO,4 sensors
was exposed to an RF plasma chamber equipped with a power generator
of 200 W. The sensors were placed for 20 min under the constant flow of
20 scem Hy gas.

Gas detection measurements of the prepared samples were carried
out on custom-built gas detection equipment connected to a computer
with the required control units. Resistivity measurements were per-
formed using LabView software operating in an interface with a Keithley
2400 source measuring device. The sensor temperature was controlled
using another custom-developed LabView software for using the power
supply (ES-PS 3065-03B- Elektro Automatik) with a predefined voltage
curve. Another Lab View application is developed for operating the
airflow system and collecting experimental data. The samples were
placed in a stainless-steel chamber with two connections (inlet/exhaust)
with a volume of 250 ml. The mass flow control (Aera FC-7700C) was
used to keep the accurate gas flow rate in the chamber. A dry air cylinder
(certified for 0 % humidity) supplied by Air Products and Chemicals,
Inc., was used to prevent the exposure of the sensor surface to ambient
moisture. Ammonia (NH3 — 0.05 % + 99.95 N,) was used for the
analysis of the sample, and other reference gases methane (CH4 — 0.1 %
+99.99 N,), carbon monoxide (CO — 0.1 %, 99.99 N,) were used to test
the relative response against different gases. All pre-mixed analyte gases
supplied by Air Products and Chemicals, Inc. (certified for 0 % humidity)
and by combining the flow of the target gas with the flow of dry air, the
desired concentrations as tested below were achieved.

To determine the relative response (100.AR) of the FeVO4 sensor
toward reducing and oxidizing gases, Eqs. (1) and (2), respectively were
used.

RelativeResponse(%) = 100 e AR =

Ra—Rg
Ra* 100 (€8]

RelativeResponse(%) = 100 e AR =

Rg—Ra 100 @
Ra

Here, Ra is the resistance of the sensor in the synthetic air, and Rg is the

sensor’s resistance to target gases. Tqg response and Tgg recovery time

are defined as the duration of time required for the sensor to reach 90 %

of the total resistance [39,40].

For the sake of clarity, mathematical simplicity yielding a straight-
line graphical representation, and conformity with the power-law
model adopted from the literature [41], the ratio of the sensor’s resis-
tance in synthetic air to that in the target gas (Ra/Rg) is used in the
corresponding text and figure in Section 3.2.

3. Results and discussion
3.1. Physicochemical properties

The XRD patterns of pristine FeVO,4 and hydrogen plasma-treated
exhibit (Fig. 1) diffraction peaks corresponding with the PDF file num-
ber 038-1372 with some minor visible crystalline impurities, which
might be due to the minor presence of metallic VO or FeOx phases. This
suggests the formation of FeVOy, in a triclinic crystal system with a P-1
(2) space group. The major diffraction peaks at 20 (2-theta) of 7.59°,
9.21°, 10.65°, 11.43°, 12.38°, 12.64°, 14.23°, 15.14° 15.99°, 16.83°,
17.59°, 19.02° and 19.55° matched the (1 1 0), (111), (210), (1 2 0),
(012), (220), (221), (1 2 1), (212), (132), (231), (330) and (322) hkl
crystal planes that verified the formation of FeVO4 [42,43]. The average
sizes (D) of the coherently diffracting areas were calculated with the
Debye-Scherrer equation D = kA/B cos0 [44]. Assuming approximately
isometric crystallites, the k value is set to 0.94. The values obtained for D
are 109 nm and 97 nm for the untreated control FeVO4 and plasma-
treated FeVO4 samples, respectively.

Applied Surface Science 722 (2026) 165537

—— hp-FeVO,

Intensity (a.u.)

PDF_038-1372

26 (°)
Fig. 1. The XRD patterns of FeVO4 and hp-FeVO, samples.

The average size of the FeVO4 nanoparticles is approximately 170
nm, and they exhibit an oblong shape with some agglomeration effects
as evident in the SEM micrograph in Fig. 2(a). The graphs of particle size
distribution are shown in the supplementary document’s Figs. S3 and
S4. The samples exposed to hydrogen plasma revealed that the nano-
crystals generally tend to be more separated, and also that the larger
aggregates appear to have broken down into smaller grains. The
measured average particle size after plasma treatment was approxi-
mately 130 nm (Fig. 2b), indicating a significant reduction in overall
particle size. The observed reduction in crystallite size is supported by
the average crystallite size D analysed from the XRD data. The hydrogen
plasma treatment can also help eliminate residual solvent molecules and
alter surface charges, reducing particle agglomeration and, as a conse-
quence, improving uniformity of the sensing surface, similar to these
physical effects discussed elsewhere [45]. It can also enhance surface
charge carrier concentration and facilitate more possible interactions
between the sensor material and gas molecules, thereby improving
detection performance [29,36].

X-ray photoelectron spectroscopy (XPS) analysis was performed to
confirm the presence of elements and their elemental binding state on
the surface. Fig. 3(a) demonstrates that the high-resolution spectrum of
Fe 2p shows two peaks corresponding to the orbital splitting into Fe 2p3,
2 and Fe 2p;,» at 711.5 eV and 725.4 eV, respectively. This can be
observed in both the FeVO4 and hp-FeVOy, although there seems to be a
very minor shift resulting in both the Fe 2p3,, and Fe 2p; 5 orbitals to
711.8 eV and 725.5 eV, leading to an energy separation (D ': 13.7 eV)
which is denotative of the formation of Iron (III) oxide [46]. This is well
within the expected error resolution of our instrument. These peaks
confirm the existence of Fe>" in both nanomaterials [27]. Moreover, the
evidence of the shoulder peak and minor satellite peaks in the hydrogen
plasma-treated sample is characteristic of the minor yet observable
occurrence of Fe>" centers. This could be due to the reduction of Fe*' to
Fe?* as described in this previously published work [47].

The C 1 s high-resolution spectrum in Fig. 3(b) has a broad peak that
can be deconvoluted into three peaks at 284.6 eV, 285.9 eV, and 287.9
eV for FeVO,4 and 284.8 eV, 286.3 eV, and 288.8 eV for hp-FeVO4
corresponding to C-C, C-OH/C-OR, and O=C-O, respectively [48]. In
Fig. 3(c) the high-resolution spectra of both FeVO4 and hp-FeVO4
confirm the vanadium in + 5 oxidation state, due to the orbital splitting
into V 2p3/» peak observed at 517 eV and V 2p; » peak observed at 524
eV accordingly [49]. The peaks at 522.6 eV and 520.3 eV before the
plasma treatment sample have shown peak broadening, probably
because of the Coster-Kronig effect [50]. The peak shifting from 524.4
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Fig. 2. The SEM images of (a) FeVO,4 and (b) hp-FeVO,4 nanoparticles.
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Fig. 3. High-resolution X-ray photoelectron spectroscopy scans of (a) Fe 2p b) C1s¢c) V2p d) O 1 s in FeVO,4 and hp-FeVO, samples.

eV, 522.6, and 520.3 eV to 524.6 eV is credited to hydrogen plasma
treatment. The untreated sample FeVO4 shows additional peaks at
522.6 eV and 520.3 eV, which generally indicate lower oxidation states
of vanadium, like V** and maybe V3+, as discussed in [51]. In contrast,
the hydrogen plasma-treated sample seems to show diminished lower
oxidation states of vanadium. This could be due to conserving

electroneutrality. The deconvoluted peaks for O 1 s plotted in Fig. 3(d),
for both FeVO,4 and hp-FeVO,4 samples, exhibit characteristic peaks
corresponding to lattice oxygen at binding energies of 530 eV and 530.2
eV, respectively. The second most pronounced signal O 1 s component at
higher-BE component (~531 eV) is conventionally denoted Oy, and is
associated to oxygen atoms in defect-rich or under-coordinated
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environments in the vicinity of oxygen-vacancy sites while XPS does not
probe the vacancy itself. A small O 1 s contribution at the higher BE
(above 532 eV) can be attributed the adsorbed oxygen species or re-
sidual hydroxides denoted as O,gs. The significant enhancement of the
hp-FeVO4 sensor’s oxygen vacancy concentration and the slight
decrease of the adsorbate component may lead to an improvement in the
relative response of the gas sensor [52].

3.2. Gas sensing properties

Gas sensing measurements were performed by measuring the elec-
trical resistance of the device under variable thermodynamic conditions,
such as temperature and gas concentrations. To determine the optimum
temperature, measurements were performed in both FeVO4 and hp-
FeVO,4 sensors exposed to 50 ppm NHs gas with a 20 °C step in the
temperature range between 340 °C- 440 °C. As the sensor reached a
stable baseline at each temperature level, ammonia-containing gas was
introduced into the chamber. The operating temperature strongly in-
fluences the response/recovery time of a semiconductor oxide sensor,
and the chemical activity of the sensor shall be fully stimulated at the
right operating temperature [53]. Fig. 4(a) shows that the relative
response of both FeVO,4 and hp-FeVO,4 sensors exposed to 50 ppm NHj3
(airflow = 200 sccm) gradually increases with increasing temperature.
The relative response of hp-FeVO4 reaches its maximum at 380 °C, with
subsequent temperature increases causing the relative response to
further diminish. The same effect was observed for the FeVO4 sensor
after 420 °C.

When the sensor is operated at temperatures lower than the chosen
optimum of 380 °C. The reaction rate will be slow, and the response will
be low because the energy is insufficient to overcome the activation
energy. As the temperature rises, the electrochemical processes get
accelerated, and a higher response value is obtained. Further, when the
operating temperature exceeds the optimum value, the gas adsorption
capacity decreases, and the gas molecules can be released without
interacting with the sensor, resulting in a reduced response time
[27,54]. When the FeVO4 and hp-FeVO,4 sensors are compared, the
sensor without hydrogen plasma treatment reached a maximum relative
response of 28 % while the hp-FeVO, sensor, with the effect of hydrogen
plasma, showed a relative response of 54 %, which is approximately two
times higher at a relatively lower temperature. The baseline response to
dry air of both nanomaterials is also shown in Fig. 4(a), and as expected,
the baseline resistance (Ra) of both FeVO4 and hp-FeVO,4 decreases
when the temperature increases from 340 °C to 440 °C, which is in line
with the typical behaviour of semiconductor materials. It can be seen

a 50 ppm NH
(a) 0 PP 3

90'_ = FeVO,
L | ® hp-FeVO,

80 -

70

Baseline resistance , Ra (ohm)

60 -

o 38 W0 @ W0
- - Temperature ['C]

50 L e o
40

100-AR (%)
\
,
s

30t
20t o
10

340 360 380 400 420 440
Temperature [°C]
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that hp-FeVO,4 shows much higher baseline resistance, about 5 times
higher than FeVOy4. This hydrogen plasma treatment is known to modify
the electronic band gap structure as shown by Peng et al [55]. The
creation of vacancy clusters in our nanomaterial is conceivable to induce
mid-gap states, as discussed previously in this work by Andreas et al
[47]. Further potential plasma-induced grain boundary effects, as dis-
cussed by Aadesh et al [37], and a plausible polaron hopping mecha-
nism, as described in the literature by Anju et al [56], in combination,
seem to have widened the depletion-layer width and thereby increased
the baseline resistance [57]. It is worth noting that the increase in the
sensor’s baseline resistance due to plasma treatment is a promising
feature, assuming the sensor responds to the target gas by decreasing its
resistance. In order to clearly show the relative response variation, a
nonlinear fitting was drawn on both the sensing data to clearly observe
the peak response as the operating temperature. Therefore, further ex-
periments were conducted on the hp-FeVO4 sensor with the optimum
operating temperature of the sensor set to 380 °C as this factor allows for
optimum gas detection performance. Fig. 4(b) shows the transient
response of the sensor towards a pulse of 50 ppm NHjs. For the hp-FeVO4
sensor, when 50 ppm NHj gas is released into the system for 100 s, with
a total airflow of 200 sccm. The response and recovery times are 72 and
292 s making the total sensing cycle time 364 s.

The continuous response and recovery curves of the hp-FeVO4 sensor
to test its repeatability are given in Fig. 5(a) under the gas flow of 50
ppm NH; at 380 °C. The sensor showed a median Ty, response time of
51 s and a median Tqg recovery time of 523 s for 4 consecutive cycles,
indicating reasonable reproducibility. The related values and calcula-
tions are shown in Tables S1 and S2 in the supplementary document.

To verify whether the change in gas concentration affects the hp-
FeVOy relative response and to also investigate LOD (Limit of Detec-
tion), NH3 gas was introduced into the chamber with a constant increase
in the range of 5-80 ppm for 100 s and the results were recorded as
shown in Fig. 5(b). Measurements were taken by keeping the airflow
constant at 800 sccm in order to reach low ppm values as per our system
design. As can be clearly seen, the relative response tends to increase
gradually with increasing NH3 concentration. The relative responses of
the sensor towards 5, 10, 20, 40, and 80 ppm ammonia were recorded as
4 %, 16 %, 28 %, 38 % and 43 % respectively. Compared to the standard
deviation of the signal noise in Fig. 5(b), it can be assumed that the 5
ppm is just the LOD demonstrated, being ca three times higher than the
standard deviation.

The n-type semiconductor oxide-based gas sensor responds to a
reducing gas analyte in air atmosphere by resistance changes following a
power law for the Ra/Rg ratio [41]:

(b) 50 ppm NH,
—=— hp-FeVO, at 380 °C
5000 [y
4500 + Air +
(= 7 NH,
S 4000 - 1
E’ Air +
2 H
@ 3500 - l
@ =
9 3000 F
2 L
2500 - 727 T TNy 292 seconds
[ seconds
2000

0 100 200 300 400 500 600 700
Time (second)

Fig. 4. (a) Relative response and baseline resistance of FeVO4 and hp-FeVO, sensors as a function of temperature, (b) Exemplary response of hp-FeVO, at operating

temperature showing Tqy Response/recovery time.
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concentration (c) Linear fit of the sensor Ra/Rg ratio plotted against NH3 exposure concentration at the operating temperature (d) Response/recovery dynamics

across NH;3 concentration range.

Ra b

Rg alC] 3)

where Ra and Rg are of the meaning already defined in the experimental
section, C is the concentration of the target gas (in ppm), a is the scaling
factor and b is the exponent, both are constants for a given sensor at the
operating temperature. In more detail, b is a surface ion charge related
parameter depending on the type of the material and on the charge state
of the chemisorbed oxygen species, usually around 0.5 for 02~ and 1 for
O. To estimate the character of oxygen ion species adsorbed on the
surfaces of the sensor, the sensor response can be replotted in log-log
coordinates as shown in Fig. 5(c), so the parameter b corresponds to the
slope of the linear relationship and can be obtained by simple linear
fitting. Accordingly, a b value of 0.194 + 0.008 was obtained which is
closer to 0.5 rather than 1. This implies 02 ions are the prevailing form
of surface adsorbed oxygen species which matches well with the
expectation for temperatures above 300 °C [58]. The hydrogen plasma
treatment may also reduce some of the surface metal centers to Fe?" or
create oxygen vacancies, and possibly, a minor magnetite phase change
on the surface. This allows for the electron hopping possibility between
octahedral Fe?* and Fe3*, which results in higher conductivity and,
therefore, higher response [47]. The surface oxygen species then reacts
with the ammonia gas, thereby increasing conductivity, which is
detected while maintaining the same rate of diffusion. As shown in the
sensing cycle graphs, the plasma-treated sensor produces a much higher
response, possibly due to the release of more electrons into the con-
duction band of the nanomaterial, enabling a rapid response to ammonia

gas during the sensing process. On the other hand, it appears to be a
tradeoff with the longer recovery process of the sensing cycle, which is
the inverse replacement of the filling of the surface vacancies by the
oxygen species. Fig. 5(d) demonstrates the Tgp response and recovery
time changes depending on the gas concentration. As the gas concen-
tration increases, more gas atoms react with the sensor surface per unit
time, which affects the carrier’'s concentration. Accordingly, the
response time increases with the absorption of more gas atoms. The
sensor reaches saturation when all the atoms on its surface interact with
the target gas, and the increase in absorbed gas atoms causes an increase
in the recovery time [59,60].

In order to determine the selectivity of the hp-FeVOy, sensor to other
gases (CO, CHy), the test was carried out by providing gas flow into the
chamber for 100 s under a constant airflow of 200 sccm at an operating
temperature of 380 °C. The results are shown in Fig. 6(a). hp-FeVOy4
sensor exhibits significantly higher selectivity towards NHj3 gas as
compared to CO and CH4 gases. This is demonstrated by its propor-
tionally larger response to NH3 even when other gases are tested at
double the analyte concentrations individually. This selective behaviour
allows for the reliable detection of NH3 gas in specific environments,
minimising cross-sensitivity issues with CO or CH4 gas. The sensor
showed the highest relative response with 54 % to 50 ppm analyte NH3
gas. The long-term stability of the sensor at constant conditions (50 ppm
NHs, 380 °C) was investigated as shown in Fig. 6(b). The results show
that the sensor demonstrated reasonably good stability over 56 days.

The good selectivity to NHs over CO and CHy, and a stable response
at 380 °C in dry air indicate that hp-FeVO4 can tolerate sustained
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Fig. 6. (a) Gas selectivity bar graph for hp-FeVO, at operating temperature, (b) Long-term stability to 50 ppm NHj of the sensor.

high-temperature operation, which is just one of the many prerequisites
for potential testing towards exhaust-related environments, while other
future studies remain to verify the suitability of this material for such
demanding applications. Nevertheless, the high-temperature NHj
monitoring has high potential application in industrial or agricultural
environments with less reactive atmospheres, where robustness, long-
term stability, and insensitivity to ambient humidity are valued more
than ultra-low detection limits [27,61-63].

3.3. Gas sensing mechanism

The electronic conduction of FeVO,4 is known to show n-type semi-
conductor behaviour [21,52]. The change in resistance results from the
reaction between the target gas and the oxygen species on the material’s
surface. The synthetic air, which is the carrier gas, moving through the
chamber, allows the oxygen species to react with the FeVO4 surface. The
absorbed oxygen species capture free electrons from the conduction
band of material, forming chemically absorbed oxygen species (O3, 0%,
0O"). This causes the energy band-bending and creates a depletion layer.
As the carrier concentration on the material surface decreases, the
resistance of the sensor increases until a balance is achieved with the
ambient oxygen atmosphere (baseline resistance) [64,65].

Oz T € <= Oygy 4
Oyaas) T € <204 )
Ouay + e*«——»O(ngﬂ 6)

The introduced surface and near-surface oxygen vacancies also modify
local band bending, which is directly linked to gas adsorption and
desorption kinetics. Plasma-induced vacancies are known to be partic-
ularly effective, as their density and spatial distribution can be precisely
tuned via plasma parameters such as duration, power, and gas compo-
sition [66,67]. In other words, the plasma treatment allows the creation
of ions and free radicals, which are chemically active species that react
with one another. As a result, it creates a composition of single, multiple,
positive, negative, and charged species and electrons [57]. In hydrogen
plasma, the ionic species include H*, Hj, H} etc, and hydrogen radicals
as well. The hydrogen plasma creates a reducing effect on the lattice
oxygen, thus generating oxygen vacancies on the metal oxide surface. As
the hydrogen plasma exposure time increases, a decrease in lattice ox-
ygen occurs and donates electrons to the bulk, thus reducing the bulk’s
resistance [34,68].

H" +H" +2¢ «<—H, )

H; + Oua——H,0 (8

H" + O+ e «—(0H) 9)

The intergranular connections on the surface can be accessed by ambient
gases due to the surface porosity of the FeVO,. Therefore, we assume
that the partial gas concentration and the depletion layer that forms on
the surface of the grains competitively exert their influence and affect
the material property. As a result, the hp-FeVO, increased surface area
and reduced particle size and agglomeration, allowing for more access to
grain boundaries and, henceforth, showing improved relative response
[69]. Therefore, we can assume that the conduction mechanism of the
sensing layer, along with imperfect small and large grains with con-
nective necks, which affect grain-grain transfer, plays a crucial role in
the overall conduction mechanism. Thus, a combination of the surface
bulk model, grain boundary model, and the nanocrystal model, as
described by Barsan et al., along with the effects of surface-level band
bending, is highly probable to explain the overall sensing mechanism of
the FeVO4 material before and after hydrogen plasma treatment [70]
(See Fig. 7).

Ammonia, as a reducing gas, provides additional electrons to induce
a near-surface deposition layer responsible for increased conductivity
[34,35]. In our system environment, oxygen ions are adsorbed onto the
surface, and electron transfer occurs from the surface. The loss of elec-
trons causes a potential barrier between neighbouring grains and creates
an electron depletion layer, which increases the resistance to the flow of
electrons across grain boundaries in the off-phase of the cycle. However,
when the sensor is exposed to NH3, the oxygen anions react with the gas,
providing the grains with a substantial number of electrons. Conse-
quently, as the electron depletion layer shrinks, the energy barrier be-
tween adjacent crystal grains decreases, enabling greater electron flow
manifested as a decrease in resistivity. In other words, electrons must
exceed the surface band bending to participate in the conduction process
[71,72]. The band bending change was calculated from the conducto-
metric sensing performance for the n-type material as follows;

AV = —kyTin (If—) 10)

NH3

where gAV is the change in the band bending, kg is the Boltzmann
constant, T is the temperature, Rg; is the sensor resistance in air envi-
ronment, Ryy, is the sensor resistance in NH3 gas environment [73].
From equation (10), the change in band bending was calculated and
plotted in Fig. 8(a) for both FeVO4 and hp-FeVO, sensors toward 50 ppm
NHs. It shows higher band bending at the lower operating temperature
for the hp-FeVOy, sensor, confirming improved gas sensing kinetics. The
graph closely resembles Fig. 4(a), except it is flipped along the vertical
axis. Hence, the observed trends are in agreement with the proposed
mechanism for the given type of semiconductor. Moreover, at the
selected operating temperature, the hp-FeVO,4 sensor exhibits a
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Fig. 8. Changes in band bending (qAV), (a) with temperature change, b) with increases in NH3 concentration (5—80 ppm) at 380 °C.

significant increase in surface-level band bending with rising gas con-
centration. This effect also confirms the proposed mechanism and is
evident in the 5-80 ppm range, as shown in the band bending plot in
Fig. 8(b).

After NHj3 gas is introduced into the chamber, the target gas mole-
cules interact with the oxygen ions absorbed on the surface of the
sensing layer material. This process returns trapped electrons to the
conduction band, increasing electron concentration and, therefore,
decreasing the overall resistance of the sensor. Although we did not
measure any surface reactions, the possible chemical interaction be-
tween NHj3 and the oxygen species adsorbed on the surface of FeVO4 can
be discussed by the mechanism reported by Lu et al in their research
work [28].

Additionally, recent theoretical and computational studies, including
density functional theory (DFT) modelling, have discussed and
researched the role of oxygen vacancies at defective oxide surfaces in
dramatically lowering the activation energy for charge transfer pro-
cesses, making the sensor more responsive to target gases [74]. At these
defective sites, charge transfer between the adsorbed gas molecule and
the metal oxide is facilitated, reinforcing the link between the engi-
neered vacancy landscape and improved sensor performance. Together,
these effects explain the observed improvements in both the sensitivity
and selectivity of hp-FeVO,4 sensors compared to their untreated coun-
terparts [75].

3.4. Comparison with other sensing nanomaterials

Since this work presents the first purely FeVOy-based chemiresistive
gas sensor of ammonia in air, it cannot be directly compared with other
works on this material. However, it is helpful to compare the perfor-
mance of the hp-FeVO,4 with other recently reported works including not
only their LOD, but also the operating temperatures, target analytes, and
approximate size of characteristic structural features despite the type of
sensing. These previous efforts in FeVO4 sensing are summarized in
Table 1, demonstrating the full comparability of the material presented
here with others, while offering the advantages of a simple chemir-
esistive sensing principle, lower operating temperature, and the
replacement of demanding noble metals or nickel oxide decorations
through a simple and cost-effective hydrogen plasma synthesis method.
Recently, NH3 sensors employing trending materials such as TMDCs and
hybrid nanocomposites have achieved impressive room-temperature
performance, albeit a multi-step and expensive material synthesis pro-
cess [77-82]. The regime of high-temperature sensing remains advan-
tageous for long-term stability, reversible response, less effects from
humidity and selective adsorption—desorption control [83-86]. This
hydrogen plasma-treated FeVO4 sensor operates within a moderate
thermal range that ensures efficient redox activity and consistent
selectivity toward NHjs. It allows for a balance of structural robustness
and sensing reliability, which differentiates the present work from
emerging low-temperature approaches.
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Comparison of FeVOy4-based sensors and other chemo-resistive nanomaterials for gas sensing.

Sample LOD Usage of noble Operating Target gas Material size Relative Response
metal temperature

hp-FeVO, (present 5 ppm no 380 °C Ammonia ~130 nm 54 % (50 ppm)

work)
Porous FeVO, 10 ppm no 270 °C N-butanol 70-270 nm diameter; 0.7-3.5 um length 8.32 (100 ppm)

nanorods [25]
FeVO,4 nanorods [26] 10 % no 250 °C Oxygen 160 nm diameter, 1.5-2 um length; Pore size 0.29 £0.01 (m=-3.4+0.1)

10-30 nm (10-100 %)

Ag decorated FeVO, 200 ppb yes 550 °C Ammonia 0.1-0.5 pm (Ag nanoparticles) —57 mV (50 ppm)

[27]
NiO modified FeVO4 5 ppm no 650 °C Ammonia ~80-100 nm (estimated from SEM) — 83 mV (100 ppm)

[28]
FeVO, /Pt nanorods 10 ppm yes 240 °C N- FeVO, rods (2-3 ym x 50-100 nm) with Pt 44.6 (40 ppm)

[76] butylamine particles (2-5 nm)
rGO-WO3 [77] 1.14 no 35°C Ammonia 120-130 nm (WO3 nanospheres) 15.83 (100 ppm)

ppm

rGO-SnO,, [78] 0.6 ppm no RT, 25 °C Ammonia ~12 nm 4.3 Hz ppm (1 ppm)
SnP,/rGO [79] 43.6 ppb no RT, 25 °C Ammonia 100 nm SnPy 117.5 % (40 ppm)
MoSe,/CeO, [80] 70 ppb no RT, 25 °C Ammonia flower-like microstructures 45 (1 ppm)
PtO,-decorated MoS, 50 ppm yes 200 °C Ammonia 40-100 nm 450 % (500 ppm)

[81]
MoS, and WS, thin < 100 no 30°C Ammonia 30-40 nm 0.03 + 0.0 ppm ™! (MoS,)

films [82] ppb 0.10 £ 0.02 ppm™" (WS5) (200

ppb)

4. Conclusions

To summarize, we synthesized iron vanadate nanoparticles using the
sol-gel method and fabricated the sensors to detect NHj after being
treated with hydrogen plasma (hp-FeVO,) in comparison to the control,
which is FeVO4. This hp-FeVO4 (hydrogen plasma treated) sensor
showed more than 2 times higher relative response to 50 ppm NH3 with
a Tgp response time of about 72 s when compared with FeVO4. Thus, the
exposure to the hydrogen plasma increases the number of adsorption
sites and increases band bending on the surface, resulting in an increase
in relative response. Further, the gas-sensing performance measure-
ments confirmed that the hp-FeVO,4 sensor has good repeatability,
selectivity, and maintains its stability for a long time. This proved that
the sensor fabricated without the use of noble metals to detect NH3 gas
showed great potential with its low cost and long-lasting stability.
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