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Ammonia (NH3) gas sensors are indispensable in agriculture, industry, and environmental safety; however,
achieving high sensitivity at room temperature remains a challenge. In this study, we report a mechanical
blended V20s5/SnS, composite synthesized via a facile hydrothermal route that delivers outstanding NHj3
detection performance at room temperature. Among various tested samples, the VS15 composite with compo-
sition V20s5:SnS; of 1:5 exhibits a remarkable response of 2.39 toward 500 ppm NH3, which is 2.26 times higher
than pristine Vo0Os—along with rapid response dynamics (149 s). The VS15 sensor also demonstrates good
reusability and strong selectivity against interfering gases such as NOg, CoHeO, Hg, C3HgO, C3HgO and CayHa.
Unlike conventional heterojunction-driven systems, the sensing enhancement originates from synergistic inter-
facial effects, including increased surface-active sites, accelerated adsorption—desorption kinetics, and promoted
redox interactions with NHz molecules. This work presents a cost-effective and scalable interfacial engineering
strategy for binary semiconductor systems, paving the way for next-generation, low-power gas sensors with

broad potential in environmental monitoring, healthcare diagnostics, and wearable electronics.

1. Introduction

In modern society, ammonia (NH3) is a volatile inorganic gas
released in substantial amounts from various anthropogenic sources,
including fertilizer production, industrial refrigeration systems, inten-
sive livestock and poultry farming [1,2]. Excessive exposure to NHj
poses severe threats to human health, causing eye and skin irritation,
respiratory distress, impaired immunity, asthma, and, at high levels,
even death [1-3]. The National Institute for Occupational Safety and
Health (NIOSH) recommends an exposure limit of 25 ppm as an 8-hour
time-weighted average and 35 ppm as a short-term exposure limit over
15 min [4]. Beyond its direct toxicity, NHs contributes significantly to
the formation of fine particulate matter (PM2.5), a hazardous air
pollutant capable of penetrating deep into the lungs and bloodstream.
This secondary pollutant increases the risk of cardiovascular diseases,
cancer, and respiratory illnesses [5,6]. Concurrently, NH;3 is also
attracting attention as a promising clean energy carrier. With its high
hydrogen density, it enables efficient storage and long-distance trans-
portation of hydrogen, acting as a critical link in the hydrogen supply
chain and offering a sustainable alternative to fossil fuels [7-9]. Given
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its dual nature as both a hazardous pollutant and a potential energy
vector, the development of high-performance NH3 gas sensors is of
paramount importance, requiring high sensitivity, selectivity, repeat-
ability, long-term stability, and low power consumption at
room-temperature operation.

Among the diverse materials investigated for gas sensors, semi-
conducting metal oxides (SMOs) such as SnOy [10,11], ZnO [12,13],
Iny03 [14,15], ... have long been preferred owing to their simple crystal
structures, high sensitivity, and stability. Nevertheless, their practical
use in mobile, wearable, or harsh-environment platforms is constrained
by poor selectivity and the necessity of high operating temperatures,
which lead to increased power consumption [9,16-18]. In parallel,
two-dimensional (2D) materials such as graphene, SnS;, MoS;, and
MXenes exhibit large surface-to-volume ratios, ultrathin thickness, and
abundant active sites, thereby enhancing gas adsorption, charge trans-
fer, and interfacial interactions [19,20]. While their integration into gas
sensing has improved both sensitivity and selectivity, making them
promising for room-temperature applications, these 2D materials still
suffer from sluggish response/recovery dynamics at low temperatures
and limited long-term stability [21-23].
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To overcome these limitations, hybrid heterostructures that integrate
2D materials with SMOs to form heterojunctions have emerged as an
effective approach [24]. This interfacial engineering approach not only
modulates gas-solid interaction pathways but also accelerates oxygen
adsorption—desorption kinetics, ultimately enhancing gas sensing per-
formance. For instance, a MoS,/ZnO heterostructure developed by Gond
et al. exhibited an exceptional response of 100.4% to 50 ppm NHj at
room temperature [25]. More recently, a self-powered rGO/SnOy
nanocomposite sensor was reported to show superior selectivity,
covering a broad detection range of 15-1600 ppm and delivering a 5.2%
response to 800 ppm NHj within 22 s at room temperature [26]. Among
various SMOs, V205 has emerged as a focal sensing material because the
flexible oxidation states of vanadium enable tunable defect populations
and govern gas-molecule chemisorption at the sensing interface. Typi-
cally, V205 nanostructures generally exhibit n-type conductivity; how-
ever, upon exposure to NH3 at elevated temperatures, they can undergo
a polarity inversion from n-type to p-type, offering valuable mechanistic
insights into the sensing process [27]. The gas sensor based on bare V505
materials could detect different gases [28]. For instance, the V05 thin
film was used for detection of hydrogen, methane, and propane [29],
whereas the bare V5,05 nanorods were used for detection of NH3 [30]. In
addition, the Cu doped V505 thin film was also used for gas sensor,
where it exhibited a response of 40.7% for 8880 ppm CO, at room
temperature [31]. Despite these advances, research on V;Os-based
heterostructures remains surprisingly limited, even though V505 offers
rich surface redox chemistry and variable oxidation states that could be
highly beneficial for NH3 sensing devices. The gas sensor based on bare
V205 materials suffer from limitations such as requiring high operating
temperature, and having low sensitivity [32], with slow response and
recovery time [30]. Note that the bare V305 spherical flower like
nanostructure exhibited a response of about 1.06 towards 500 ppm at
room temperature [32].

Additionally, tin disulfide (SnSz) has also emerged as a particularly
promising n-type 2D semiconductor. Its relatively wide band gap
(~2.0-2.4 eV) and favorable electronegativity provide an excellent
foundation for next-generation NH3 sensing platforms, especially when
integrated into hybrid heterostructures [33,34]. The SnSy materials and
their composites of different morphologies were used for gas sensors to
detect different gases such as NO; [35,36]; triethylamine [37],and NHg
[38]. The bare SnS, microflowers exhibited a response low of about 80%
toward 100 ppm NHj at room temperature [39]. However, composites
of SnS, with other materials were reported to enhance the gas sensing
performance [40]. For example, the Pr-SnS»/ZnS exhibited a response of
about 160 towards 2000 ppm NHg at 160 °C [38], whereas the SnS;
nanosheets decorated with Ti3CyTx exhibited a response of 86.35% to-
wards 500 ppm NHj at room temperature [41]. Therefore, the combi-
nation of 2D materials of V505 and SnS; is well worth waiting for
enhancement of gas sensing performance via utilizing the synergic effect
of p—n heterojunction, large surface area of 2D materials, and improved
charge transport at the interface [42]. However, systematically inves-
tigation on the preparation, and enhancement of gas sensing charac-
teristics of V205 nanorods and 2D SnS; nanosheets have not been fully
studied yet.

Here, we report the rational design of a Vo05/SnS; nanocomposite
synthesized via a facile hydrothermal route. The optimized composite
achieves a 2.26-fold higher response than pristine V5,05 toward 500 ppm
NH3, along with fast response/recovery dynamics at room temperature.
This enhancement is attributed not only to the increased density of
surface-active sites but also to accelerated interfacial charge transfer and
redox interactions at the V,0s/SnS; heterojunction. Beyond demon-
strating high-performance room-temperature sensing, our findings
highlight interfacial engineering of binary semiconductors as a versatile
and scalable strategy to tailor gas—solid interactions, paving the way
toward next-generation, energy-efficient, and portable gas sensing
technologies.
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2. Experimental
2.1. Chemicals

Ammonium metavanadate (NH4VO3), tin (IV) chloride pentahydrate
(SnCly-5H50), thiourea (CH4N»S), oxalic acid (H2C204-2H20), hydro-
chloric acid (HC), ethylene glycol, Pluronic P123 (surfactant), ethanol,
acetone, and N-vinylpyrrolidone (NVP) were used as purchased without
purification. All reagents were of analytical grade and were used as
received without further purification.

2.2. Preparation of SnSz/V205 nanocomposites

2.2.1. Synthesis of pristine V205

V205 nanorods were synthesized via a hydrothermal method, as
illustrated in Fig. la. In a typical procedure, 10 mmol NH4VO3 was
vigorously stirred in a mixed solvent of 30 mL ethylene glycol and 30 mL
deionized water for 15 min. Subsequently, 1 g of Pluronic P123 and
10 mmol of oxalic acid were added sequentially under continuous stir-
ring. The resulting solution was transferred into a 100 mL Teflon-lined
stainless-steel autoclave and maintained at 200°C for 24 h. The ob-
tained precipitate was washed several times with deionized water and
ethanol, followed by drying at 80°C for 24 h in air [27].

2.2.2. Synthesis of pristine SnSz

SnS, nanosheets were prepared using a similar hydrothermal
approach (Fig. 1b). Briefly, 2 mmol SnCl4-5H20 was dispersed in a so-
lution containing hydrochloric acid (HCI), 16 mmol thiourea, and 60 mL
deionized water. The mixture was stirred for 30 min and then trans-
ferred into a 100 mL Teflon-lined stainless-steel autoclave, followed by
hydrothermal treatment at 200°C for 24 h. The resulting precipitate was
collected, washed repeatedly with deionized water and ethanol, and
dried at 80°C for 24 h, using the same procedure as for V05 [43].

2.2.3. Preparation of V,05/SnS, nanocomposites

The as-prepared SnS; and V5,05 powders were ground using an agate
mortar for about 15 min to obtain fine particles, and then mechanically
blended at different mass ratios V,0s5:SnS, of 10:1, 5:1, 1:1, 1:5, and
1:10, denoted as VS101, VS51, VS11, VS15, and VS110, respectively.

2.2.4. Fabrication of gas sensor devices

Gas sensor devices were fabricated on Pt interdigitated electrodes
(IDEs) patterned on SiO, substrates through standard microfabrication
processes. Each electrode finger had a width of 20 pm and an inter-finger
spacing of 20 pm [10]. Prior to material deposition, the substrates were
sequentially cleaned with acetone, ethanol, and deionized water, fol-
lowed by drying at 100 °C in air. The as-prepared V,0s5/SnSs nano-
composite was dispersed in N-vinylpyrrolidone (NVP) and
ultrasonicated for 30 min to obtain a homogeneous suspension. The
resulting dispersion was drop-cast onto the pre-cleaned IDEs. Finally,
the devices were subjected to vacuum annealing at 300 °C under an
argon (Ar) atmosphere, as illustrated in Fig. 2.

2.2.4.1. Gas sensing measurements. The gas sensing performance was
evaluated using a customized measurement system equipped with mass
flow controllers (MFCs) to precisely regulate and blend standard gases
with ambient air, thereby generating target analyte concentrations. All
measurements were carried out under a constant bias voltage of +5 V.
Further details about the gas sensing measurement system were reported
elsewhere [10]. The sensor response (S) was defined as:

where R, and R, represent the sensor resistance in the presence of the
target gas and in air, respectively. The response time and recovery time
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Fig. 1. Schematic illustration of material synthesis (a) V20s and (b) SnSz prepared via the hydrothermal method.
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Fig. 2. Schematic illustration of the fabrication process of V205/SnS; nanocomposite-based gas sensors with different mass ratios.

were defined as the time required for the sensor resistance to reach 90%
of the total change upon exposure to and removal of the target gas,
respectively.

3. Results and discussion
3.1. Material characterization

X-ray diffraction (XRD) analysis was performed on a D2 Phaser - 2nd
Gen - Bruker diffractometer (Germany) to determine the crystalline
structures of the as-prepared materials. Fig. 3 displays the XRD patterns
of pristine V05 and SnS; nanomaterials. For the V,Os, distinct
diffraction peaks appeared at 15.3°, 20.3°, 21.7°, 26.1°, 31.0°, 32.4°,
34.3°, 41.3°, 45.5°, 48.8°, 51.2°, 52.0°, 55.6°, 61.1°, and 62.1°, which
are indexed to the (200), (001), (101), (110), (301), (011), (310), (002),
(411), (012), (020), (601), (021), (321), and (710) crystal planes,
respectively. These results confirm the successful formation of ortho-
rhombic V505 phase, in excellent agreement with JCPDS No. 41-1426
[44]. For pristine SnS,, sharp peaks were observed at 14.8°, 28.9°, 30.2°,

32.0°, 41.7°, 46.0°, 49.8°, 52.4°, 54.9°, 58.4°, 60.6°, 62.9°, 67.1°, and
70.3°, corresponding to the (001), (100), (002), (101), (102), (003),
(110), (111), (103), (200), (201), (004), (202), and (113) planes,
consistent with the hexagonal SnS; structure (JCPDS No. 23-0677) [43].
Upon the formation of V20s5/SnS; nanocomposites, the characteristic
diffraction peaks of both constituents remained visible. The systematic
variation in relative peak intensities with the mixing ratio confirms the
successful integration and coexistence of both phases without significant
structural degradation (Figure S1, Supplementary).

The surface morphologies of pristine V505, SnS; nanomaterials, and
their composites were investigated by scanning electron microscopy
(SEM, JEOL-3000FC, Japan). As shown in Fig. 4a, V205 is composed of
short, uniformly distributed nanorods randomly orientated to form a
porous network structure. Those nanorods typically exhibit an average
diameter of about 100 nm, with the length of approximately 5 um. This
is a self-assembled material with highly specific morphology. To control
the structure directionally, ethylene glycol acts as a key agent in the
polyol process, which controls the unidirectional growth of the crystal
lattice [45,46]. According to Xia et al., V20s nanorods are formed
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Fig. 3. XRD patterns of the (a) pristine SnS, and (b) pristine V20s.

Fig. 4. SEM images of a) V,0s nanorods, b) SnS, nanosheets, and ¢) VS15 composite; d, €) and f) High resolution TEM images of VS15 composite.

through two-steps mechanism: (i) coordination of ethylene glycol with
vanadium ions to form vanadium glycolate precursors, and (ii) subse-
quent oligomerization that drives the longitudinal extension of the
nanorod framework [45]. In addition, the presence of Pluronic P123
plays an important surfactant in controlling morphology. Pluronic P123,
with its strong self-assembly ability, provides micelles framework that
guides the nanorod growth in this study. Thus, the simultaneous inter-
action of these factors creates an optimal environment for the formation
of uniform V205 nanorods with superior morphological control [44].
Such an interconnected structure is advantageous for facilitating gas
diffusion throughout the sensing layer [47,48]. In contrast, the SnSy
sample exhibits a well-defined 2D hexagonal flake-like architecture,
consisting of hierarchically stacked ultrathin nanosheets with thick-
nesses of several tens of nanometers, stacked in a relatively uniform
manner (Fig. 4b). The hexagonal SnS; layered nanosheets are formed via
a heterogeneous nucleation mechanism without any additives. SnS,
exhibits a CdI,-type layered structure, in which the Sn atoms are sand-
wiched between two hexagonally packed S layers; these layers stack
along the c-axis, facilitating 2D-oriented growth. From the primary
crystalline grains, phase transformation and directional morphological
evolution, governed by an Ostwald ripening process and heterogeneous
nucleation, lead to the formation of sharp, uniform hexagonal nano-
sheets. Careful control of temperature, reaction time, and precursor

chemistry determines the structural uniformity and completeness of the
resulting 2D nanosheets, as reported in our previous study [43,49]. This
morphology provides a large accessible surface area, enhancing gas
adsorption and the interaction with analyte molecules [50]. Upon hy-
bridization, the V205/SnS, composites displayed distinct morphologies
depending on the mixing ratio (Figure S2, Supplementary). Notably, the
VS15 sample reveals a highly porous and homogeneously distributed
nanostructure, where V305 nanorods are intimately interwoven with
SnS, nanosheets (Fig. 4c). During mechanical grinding, the two mate-
rials undergo distinct fracture mechanisms dictated by their intrinsic
structural characteristics. For SnSy, the CdIy-type layered framework is
highly susceptible to exfoliation, which disrupts the long-range stacking
order. In contrast, the self-assembled V205 nanorods possess relatively
weak inter-rod and intra-rod bonding; consequently, under mechanical
stress, they are readily cleaved along their preferential growth direction,
yielding shorter and thinner rod-like fragments. Thus, the milling pro-
cess simultaneously partially destroys the layered architecture of SnSy
and fragments the V,Os nanorods into smaller structural domains.
Although the original morphologies of SnS; and V305 are partially
degraded, such mechanical fragmentation can be beneficial for
gas-sensing performance. First, the reduction in particle size increases
the density of accessible active sites available for NH3 adsorption. Sec-
ond, the interwoven composite architecture facilitates the formation of
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abundant V50s5-SnS, heterointerfaces, which promote charge transfer
and modulate the electronic structure of the sensing layer. Conse-
quently, this integrated network constructs a more interconnected and
catalytically active framework, laying the structural foundation for the
superior NHj sensing characteristics discussed in the following sections.

Transmission electron microscopy (TEM) images (Fig. 4e-f) reveal
nanoscale domains of both constituents, where the SnS; nanosheets
preserve their characteristic layered architecture. In contrast, the VoOs
nanorod regions appear as compact, irregular fragments, resulting
fracture-mediated downsizing during the milling process. This hetero-
geneous distribution further underscores the successful integration of
the two phases and fully corroborates the SEM observations. Despite
localized densification, the structural signatures of each component
remain clearly discernible, confirming the composite nature of the
V205/SnS; heterostructure. The morphology of the SnS; nanosheets and
V205 nanorods retained after composite preparation, indicating that the
grinding process did not damage the structure of the materials. High
resolution TEM images of SnS, and V505 shown in Figs. 4(g), and 4(h),
respectively. Both samples reveal high crystallinity with clear lattice
fringes indicating a relatively high crystallinity of V505 and SnS;,. The
interplanar spacing in Fig. 4(g) is estimated to be approximately
0.28 nm, which matches well with the (101) plane of hexagonal SnS;
documenting the preferential growth orientation along the (101) plane
[51]. High resolution TEM image of V205 displays and continuous lattice
fringes suggest well-developed crystals with minimal structural defects
in the observed region. In addition, the interplanar spacing is estimated
to be approximately 0.34 nm (Fig. 4h), corresponding to the (110) plane
of orthorhombic a-V50s5 [52].

To further elucidate the composition of the VS15 sample, energy-
dispersive X-ray spectroscopy (EDX) analysis was conducted. The
spectrum unequivocally confirms the presence of Sn, S, V, and O,
consistent with V20s5/SnS; heterostructure and indicating high material
purity (Fig. 5). Based on the 1:5 mass ratio of V305 to SnSy used for
VS15, the theoretical weight percentages should be approximately
9.3 wt% for V, 54.1 wt% for Sn, and 29.2 wt% for S. However, the
measured values of 27.81 wt% for V and 31.32 wt% for Sn are much
closer than expected, indicating a deviation from the ideal bulk
stoichiometry.

This discrepancy primarily originates from the surface-sensitive na-
ture of EDX and the markedly different fracture behaviors of SnSy and
V205 during mechanical milling because V205 nanorods are prone to
longitudinal fragmentation and easily squeeze into empty space on the
surface of the composite. This is accompanied by the relatively low
sulfur content (16.37 wt%, 17.90 at%) and the strong oxygen signal
(24.50 wt%, 53.71 at%) further confirming the prevalence of vanadium
oxide domains within the probed region. Therefore, the EDX data

Mass Norm. Atom
[%] [%]
24,50 53.71
16.37| 17.90
31.32) 9.25
27.81 19.14
100.00 100.00

Element

Counts (a.u.)

1 2 3
Energy (keV)

Intensity (a.u)
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reflects the surface-enriched oxide domains rather than the true bulk
stoichiometry. Such an oxide-rich surface environment is expected to
influence the electronic structure strongly, promote oxygen chemi-
sorption and enhance interfacial redox interaction with NH3 molecules,
thereby underpinning the superior sensing performance observed in
VS15 [53].

Raman speatra was also for further characterization of the compos-
ite. As depicted in Fig. 5(b), the Raman spectra of the V,05/SnS; com-
posite displays dominant peaks at 136, 277, 402, 688, and 986 cm ! of
orthorhombic V505 [27]. The red shift in Raman mode of V505 is
possible due to the presence of SnS,, which induces the charge transfer
and electronic interaction at the heterojunction interface of composite.
A distinct peak appears at 309 cm ™! can be attributed to the overlapping
of the V-O bending mode of V5,05 (304 em™) and the out-of-plane A,
stretching mode of SnS, (314 c¢m 1) [50]. The shift of the Ajgmode from
its typical 314 cm ! position to 309 cm ! reflects the mechanical tensile
strain caused by the formation of Vo05/SnS; composite.

3.2. Gas Sensing Properties

The gas sensing performance of the V,05/SnS; nanocomposites was
systematically evaluated at room temperature (Fig. 6). The dynamic
response-recovery curves of different composite ratios (Fig. 6a) exhibit a
sharp increase in resistance upon exposure to NHs, followed by a slower
and incomplete recovery upon gas removal. This overall response
pattern is characteristic of the interaction between a reducing gas (NHs)
and a p-type semiconductor. Among all samples, the VS15 composite
exhibited the highest response, significantly outperforming the other
ratios.

To further assess the sensing performance, a calibration curve was
plotted (Fig. 6b), showing a clear linear correlation between response
and NHj concentration across 10-500 ppm range. Notably, the VS15
sensor displayed the steepest and the strongest sensitivity, with response
values of 1.16, 1.27, 1.36, 1.50, 1.79, and 2.39 at 10, 20, 40, 100, 250,
and 500 ppm NHj, respectively. At 500 ppm, VS15 exhibited the highest
response of 2.39, clearly surpassing VS110 (1.79), VS51 (1.60), VS11
(1.45), and VS101 (1.30). This response is approximately 2.26 folds
greater than that of pristine V505 (1.06). The enhanced performance is
attributed to the synergistic integration of the large specific surface area
of 2D SnS, nanosheets and the strong oxidizing capability of V505
nanorods. This combination optimizes charge transfer efficiency and
facilitates favorable adsorption-reduction interactions with NH3 mole-
cules. Consequently, the composition ratio is a decisive factor in tuning
sensing properties, with the 1:5 ratio (VS15) emerging as the optimal
configuration. Based on these results, the VS15 sensor was selected for
further studies, including response/recovery dynamics, selectivity, and

o)

136

400 600 800 1000

Raman shift (cm™)

200 1200

Fig. 5. (a) EDX spectrum of the VS15 composite; and (b) Raman spectra of the SV15 composite.
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Fig. 6. Comparative gas sensing performance of V,0s/SnS; sensors with different composition ratios. (a) Real-time resistance responses of VS101, VS51, VS11, VS15,
and VS110 sensors toward various concentrations of NH3 at room temperature. (b) Calibration plots of response versus NHs concentration.

repeatability.

The selectivity of the V20s5/SnSy-based sensor was tested for the
detection of 500 ppm of NO,, CoHgO, Hy, NH3, C3HgO, C3HgO and CoHy
at room temperature (Fig. 7). The sensor exhibited a robust and rapid
response specifically toward NHs (R = 2.39, T¢es) = 149 s). In contrast,
the responses to other interfering gases, such as NO5 (1.0), C2HgO (1.0),
Hy (1.25), C3HgO (1.0), C3HgO (1.0), and CyHy (1.22) were relatively
negligible (Fig. 7a, b). These results demonstrate the highest selectivity
of the device toward NH3, which can be ascribed to the strong affinity
between electron-rich NH3 molecules and the surface-active sites asso-
ciated with high-valence vanadium in the V05 phase. In addition, the

(a)

favorable heterointerface between V05 and SnS, facilitates efficient
charge transfer, further amplifying the sensing response.

The repeatability of the VS15 sensor was further examined by sub-
jecting it to six consecutive exposure/recovery cycles with 10 ppm NHj
at room temperature (Fig. 7d). Over the six cycles, the sensor maintained
nearly identical response amplitudes with a relative standard deviation
(RSD) as low as 0.97%, confirming its high repeatability. Although the
sensor maintained a reproducible response pattern, a slight baseline
drift and minor fluctuations in signal intensity were observed across the
cycles. This behavior is not unique to our system but has also been
widely reported in many NH3 sensors due to the strong binding energy
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Fig. 7. Gas sensing characteristics of the VS15 sensor at room temperature. (a) Real-time resistance responses toward 500 ppm of different target gases (NO5, C;HgO,
H,, NH3, C3HgO, C3HgO and CyHy). (b) Comparison of response values, highlighting the high selectivity toward NH3. (c) Dynamic response-recovery curve of the
sensor to 500 ppm NHj. (d) Repeatability of the sensor over six consecutive exposure/recovery cycles to 10 ppm NHj.
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between NH3 molecules and active sites, which often impedes complete
desorption [54-56]. Further optimization of recovery conditions (e.g.,
UV illumination or mild thermal activation) and tailoring of surface
defect chemistry may therefore be required to achieve improved
repeatability in future studies [55,57-59].

Nevertheless, the synergistic interplay between V.05 redox activity
and SnS; interfacial charge modulation yields a remarkable response at
room temperature, underscoring the potential of this composite design
for practical low-power NH3 detection. However, the effect of humidity
and long-term stability of the sensor should be studied under different
working conditions for practical application. This is carried out in our
lab, and the results will be reported elsewhere.

For comparison with previously reported sensors, Table 1 summa-
rizes several recent studies on VOs-based gas sensors, providing a
benchmark for evaluating the performance of the hydrothermally syn-
thesized V205/SnS; composite developed in this work. In particular, the
VS15 sensor demonstrates a highly competitive response at room tem-
perature, outperforming or matching many state-of-the-art VoOs-based
systems. This superior performance highlights the effectiveness of our
composite strategy in synergistically integrating 2D SnS; nanosheets
with V505 nanorods. These findings underscore the significant promise
of this material platform as a robust candidate for practical, low-power
NHj detection.

3.3. Gas sensing mechanism

The gas sensing mechanism in composite materials is typically more
intricate than that of their single-phase counterparts. The enhanced NH3
sensing performance of the Vo0Os5/SnS; composite, compared to pristine
V205, is not only governed by conventional adsorption—desorption re-
actions but is also strongly boosted by synergistic effects arising from the
unique surface architecture and interfacial heterojunctions. Specifically,
the interfacial region between V505 and SnS, facilitates directional
charge transfer and modulates the electronic structure, thereby
strengthening surface reactions with analyte molecules. In this com-
posite, V205 (p-type) — a prototypical semiconducting metal oxide with a
high oxidation state of vanadium (V®*) — acts as an active redox center,
whereas the 2D SnS; nanosheets provide efficient gas diffusion path-
ways and a high surface-to-volume ratio. At room temperature, the
activation energy required for surface reactions is generally difficult to
overcome [68]. Thus, the expanded surface-to-volume ratio and abun-
dant interfacial sites become crucial factors that lower the reaction
barrier, promote charge carrier exchange, and accelerate the overall
sensing kinetics.

The sensing mechanism is illustrated in Fig. 8, and the reaction
process can be described through the following Eqgs. (1-5) [69,70]. In
air, oxygen molecules are adsorbed on the surface of V205 by extracting
electrons from the valence band of the p-type-dominated composite,
forming reactive chemisorbed oxygen species (O3, O7). This surface
redox process increases the hole accumulation layer (HAL) near the
surface, resulting in a relatively low baseline resistance. Upon exposure
to NH3 (a strong reducing gas), NH3 molecules react with the chem-
isorbed oxygen species and donate electrons that recombine with
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majority hole carriers, leading to a reduction in hole concentration in
p-type V205 and HAL region. Consequently, the band bending is
enhanced and the overall resistance increases (Rg > Ra), which is
characteristic of p-type sensing behavior.

Together with the reaction on the surface of p-type V20s, the for-
mation of the depletion region occurred at the interface of Vo0O5/SnS;
due to the charge diffusion from n-type SnS; to p-type V20s. However,
due to the dominant p-type nature in composite sample, electrical
conduction is mainly governed by the hole transport network, thus the
sensor exhibits the p-type semiconducting characteristics. The adsorp-
tion of NH3 molecules lead to modulation occurring both at the material
surface and across the V,05/SnS; heterointerface, yielding a synergis-
tically amplified response compared to single-phase systems. However,
an observable phenomenon is that the sensor’s current signal does not
fully return to the baseline after NH3 desorption, displaying a slight
baseline drift. This can be explained by the fact that NH3 molecules are
preferentially adsorbed at defect sites, vacancies, and edge folds on the
SnS;, nanosheets, where the adsorption energy is relatively high. These
sites hinder complete desorption and trap charge carriers, thereby
slowing recovery kinetics [2]. This behavior is commonly reported in
state-of-the-art NHj sensors, underscoring that optimization of recovery
strategies (e.g., UV-assisted desorption, mild thermal activation, or
surface defect engineering) remains critical for practical applications
[71]. Nevertheless, the synergistic interplay between V205 p-type redox
activity and SnS, interfacial charge modulation yields a remarkable
response at room temperature, underscoring the potential of this com-
posite design for practical low-power NH3 detection.

Oxygen adsorption in air [72,73]:

02 (g) — O (abs) 1
O3 (abs) + e* — Oq™ (abs) 2)
Oy (abs) + e~ — 20 (abs) 3
O™ (abs) + & — O* (abs) ©)]

Reaction with NH3 (reducing gas) [74]:
NH;(abs) + O} (abs)>N; + H,O +ne™ (5)

e +h°=Null (6)

As reported by density functional theory (DFT) calculations, the
adsorption energy of NHj3 on the surface of V305 (-1.33 eV) [75] is
higher than that on the surface of SnSy (-0.15 eV) [76]. Thus, upon
exposure of the Vo0s5/SnS, composite to the target gas, the NHz mole-
cules preferentially adsorb on the surface of V;0s5 rather than on SnS,.
The electrons released from NHj3 upon adsorption on V5Os neutralize
holes and reduce the hole concentration in p-type V20s. Consequently,
NHj adsorption modulates the potential barrier at the p-n hetero-
junction of Vo05/SnS,, leading to an increase in the overall resistance of
the sensor. As a result, the sensitivity of the V,0s/SnS; composite sensor
increases significantly compared to that of the individual materials.

Table 1

Comparison of NH3 Gas Sensors Utilizing Various V,Os-Based Materials.
Material Method Operating Temperature (°C) Concentration Response Reference
V205/MWCNTs Sol-Gel 200 °C 100 ppm 20% [60]
V205 nanosheets Hydrothermal RT 100 ppm 24.2% [61]
V505 nanofibers Wet Deposition RT 10 ppm 1.8% [62]
PPy/V;0s5 Chemical Oxidation Polymerization RT 10 ppm 19.5% [63]
Pt NP/V,0s Sputter RF Thermal Evaporation 300°C 1000 ppm 83.2% [64]
1%Ru@V,0s Hydrothermal RT 130 ppm 4% [65]
V505-WO3-TiO, Impregnation 550 °C 320 ppm Not mention [66]
V205@TiO, Sol-Gel 365°C 200 ppm 8.6 [67]1
V205/SnS, Hydrothermal RT 500 ppm 2.39 This Work
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Fig. 8. Gas sensing mechanism of V,0s5/SnS; in air and in the presence of NH;3 gas.

4. Conclusion

In this study, an NH3 gas sensor based on a V205/SnS; composite was
successfully fabricated using a simple and scalable hydrothermal syn-
thesis combined with mechanical mixing, offering a cost-effective route
for device production. The optimized VS15 sample exhibited a
remarkable response of 2.39 toward 500 ppm NHjs, which is approxi-
mately 2.26 times higher than that of the pristine V,Os-based sensor.
Moreover, the VS15 sensor exhibits superior performance, including
high response, rapid reaction kinetics, and good selectivity at room
temperature, highlighting the effectiveness of the composite strategy.
The enhanced sensing capability can be attributed to the synergistic
effects between V505 and SnS,, which provide a large surface area,
facilitate efficient charge transport, enhance surface modulation, and
offer abundant active sites for NH3 adsorption and redox reaction. These
findings not only underscore the promise of V20s5/SnS; as a next-
generation sensing material for room-temperature NH3 detection but
also open opportunities for integrating this composite into portable,
low-power, and wearable sensing platforms. Future efforts focusing on
interface engineering, defect modulation, and light-assisted recovery
strategies may further boost stability and reproducibility, paving the
way for real-world deployment.
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