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ABSTRACT: With the rapid pace of industrial development intensifying air pollution and greenhouse gas emissions, the resulting
acceleration of global warming has increased the need for advanced technologies to mitigate these effects. Among various greenhouse
gases, nitrogen dioxide (NO,), primarily emitted from automobile exhaust and industrial processes, is recognized as a significant
contributor to global warming. Although semiconductor-type NO, gas sensors based on metal oxides, such as SnO, and ZnO, have
been extensively investigated, they face challenges, including high fabrication costs, high power consumption due to elevated operating
temperatures, and poor gas selectivity, which hinder accurate NO, detection. Meanwhile, PbS quantum dots (QDs)-based gas sensors
have recently attracted attention for their high selectivity toward NO, even at low operating temperatures. However, compared to
conventional metal oxide-based sensors, their sensitivity, detection limit, and response speed still require significant improvement. To
overcome these limitations, this study introduces WO; nanoparticles as catalysts to enhance the sensitivity and response speed of PbS
QDs-based NO, sensors. The optimized sensor, fabricated via screen printing, accurately detected NO, gas concentrations ranging from
1 ppm to 200 ppb, with a resolution of 200 ppb at room temperature. Furthermore, the developed sensor exhibited approximately 3.25
times higher sensitivity and 18.7% faster response speed compared with the sensor without WO; catalysts.
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accurate and reliable  detection

1. INTRODUCTION technologies  [5].

Semiconductor-type NO, gas sensors based on metal oxides,

With rapid industrialization, greenhouse gas emissions have
significantly increased, thereby accelerating air pollution and
global warming. Nitrogen dioxide (NO,) is a significant air
pollutant primarily generated by vehicle exhaust, fossil fuel
combustion, and industrial processes [1-3]. NO, contributes to
global warming and poses serious health hazards, including
respiratory and cardiovascular diseases [4]. Prolonged
exposure can lead to bronchial inflammation, asthma, or
impaired lung function, while even low concentrations can
cause long-term health effects. Due to these risks, the World
Health Organization (WHO) has imposed strict limits on
atmospheric NO, concentrations, highlighting the need for
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such as SnO, and ZnO, have been widely investigated owing
to their high sensitivity and simple structure [6,7]. However,
their high operating temperature requirements result in high
power consumption, complex fabrication processes, and poor
gas selectivity, limiting their use in low-power, room-
temperature applications such as indoor monitoring and
wearable devices [8-10].

Recently, PbS quantum dots (QDs)-based materials have
emerged as promising candidates for next-generation gas
sensors [11-13]. PbS QDs possess a tunable bandgap and
highly modifiable surface chemistry, allowing the control of
charge transport and surface reactions [14]. Consequently,
they have high reactivity and selectivity toward NO, at low
temperatures [15]. Nevertheless, conventional PbS QDs
sensors still have limitations in terms of sensitivity, response
speed, and stability,
improvement. This study formed a catalytic layer using WO,
nanoparticles (NPs) to enhance the sensing performance of
PbS QDs-based NO, gas sensors [16-19]. WO; acts as an n-
type semiconductor catalyst and electron donor that facilitates

long-term necessitating ~ further
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charge transfer and accelerates redox reactions with NO,
molecules. In addition, the p—n heterojunction formed between
WO; (n-type) and PbS QDs (p-type) promotes efficient charge
separation and suppresses electron—hole recombination,
resulting in enhanced sensitivity and response speed [17,18].
The incorporation of WO; optimizes the charge transport
pathways within the WO;—PbS composite, improving signal
stability and enabling reliable room-temperature operation
[19]. The optimized sensor, fabricated by screen printing,
precisely detected NO, concentrations from 1 ppm to 200 ppb
with a resolution of 200 ppb, exhibiting 3.25 times higher
sensitivity and 18.7% faster response than the sensor without
WO; [20]. Overall, this study presents a low-power, room-
temperature-operable NO, gas sensor based on the PbS QDs/
WO; bilayer structure, offering a promising approach for
environmental monitoring, industrial safety, and wearable
electronic applications.

2. EXPERIMENTAL
2.1 Synthesis of PbS Quantum Dots

PbS QDs were synthesized using a refined colloidal synthesis
route [11]. To prepare the sulfur precursor, 0.032 g of elemental
sulfur was dispersed in 2.4 mL of oleylamine (OLA) and stirred
under a nitrogen atmosphere for 30 min at room temperature
until a uniform solution was obtained. The lead precursor was
prepared by dissolving 0.417 g of lead(Il) chloride (PbCl,) in 5
mL of OLA, followed by stirring under nitrogen for 30 min at
room temperature. The solution was then heated to 160°C and
maintained at this temperature for 1 h to ensure complete
dissolution and precursor complexation. To remove residual
volatiles and impurities, the lead precursor was subsequently
degassed under vacuum at 120°C for 15 min. After degassing,
the reaction temperature was adjusted to 110°C. Then, 275 pL of
the sulfur—OLA solution and 274 pL of trioctylphosphine were
quickly injected into the PbCL,-OLA mixture under nitrogen
flow, inducing immediate nucleation and growth of PbS QDs.
The reaction mixture was maintained at this temperature for 30
min, and then cooled to room temperature naturally. For
purification, the crude product was washed with methanol and
toluene in a 4:1:1 volume ratio, followed by centrifugation at
3000 rpm for 5 min to separate the QDs from the unreacted
precursors and byproducts. The collected nanoparticles were
redispersed in toluene to yield a stable colloidal PbS QD
solution with a final concentration of approximately 20 mg/mL".

2.2 Synthesis of PbS QDs & WO; NPs paste

For screen printing, both PbS QDs and WO; NPs pastes
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were prepared [1,4]. The PbS QDs paste was formulated by
mixing 1 mL of the synthesized PbS QDs colloidal solution
(20 mg/mL™") with 30 mg of ethyl cellulose (EC) as a binder.
The mixture was magnetically stirred at room temperature for
3 h until a homogeneous viscous paste suitable for uniform
film deposition was obtained. Similarly, a WO; NPs paste was
prepared by dispersing 30 mg of WO; NPs in 1 mL of ethanol,
followed by the addition of 30 mg of ethyl cellulose. The WO,
NPs suspension was stirred thoroughly at room temperature
for 4 h until complete dissolution of the binder and uniform
particle dispersion were achieved [5,6].

2.3 Fabrication of PbS QDs—based NO, gas sensor

The NO, gas sensor was fabricated via screen printing [19].
The alumina substrates (5 x 5 mm”) were cleaned sequentially
with acetone, methanol, and isopropyl alcohol to remove
surface The interdigitated (IDE)
electrodes were then patterned on the cleaned substrates by

contaminants. silver
screen printing with commercial silver paste and were
subsequently dried. To form the catalytic layer, a WO; NPs
paste was deposited onto the IDE region using a 1.5 x 1.5 mm’
shadow mask, following the same screen-printing process. The
printed WO; layer was annealed at 150°C for 1 h in air to
ensure uniform adhesion and to remove any residual organic
compounds. After cooling to room temperature, the PbS QDs
paste was printed directly on top of the WO; layer through a
3 x 3 mm’ shadow mask, defining the active sensing area of
the device. The printed films were then annealed at 90°C for
30 min to eliminate solvent residues and enhance interparticle
connectivity. For comparison, a reference device was
fabricated under identical processing conditions without a
WO; catalytic layer, in which only the PbS QDs paste was
printed onto the silver IDE using the same 3 x 3 mm’ shadow
mask. The fabricated devices, comprising the WO,/PbS QDs
composite gas sensor and the PbS QDs-only reference device,
featured an overall active sensing region of 9 mm’, enabling

WO, NPs paste

Shadow mask

IDE electrode deposition Screen printing WO, paste Deposited WO, catalyst layer

oz

Fabricated NO, gas sensor

Shadow mask

Sereen printing PbS QDs paste

Fig. 1. Schematic diagram of the fabrication of an NO, gas sensor
based on PbS QDs
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Fig. 2. XRD analysis characteristics of synthesized PbS QDs.

direct evaluation of the catalytic enhancement effect of the
WO; interlayer on the NO, gas sensor performance.

3. RESULTS AND DISCUSSIONS
3.1 Characteristics of the synthesized PbS QDs

The crystalline structure and particle size of the
synthesized PbS QDs were analyzed using X-ray diffraction
(XRD). For sample preparation, a 20 mgmL' PbS QD
solution was spin coated onto 10x 10 mm’ alumina
substrates at 1000 rpm for 30s, followed by thermal
annealing at 95°C for 30 min to remove residual solvent and
improve film uniformity. As shown in Fig. 2, the XRD
pattern exhibited distinct diffraction peaks at 25.8°, 30.1°,
and 43.1°, which correspond to the (111), (200), and (220)
planes of cubic PbS, respectively. These peak positions agree
well with the reported values for rock-salt-type PbS,
confirming that the synthesized QDs possess high
crystallinity and phase purity [9,10]. This well-defined
crystal structure indicates that PbS QDs can provide a stable,
uniform sensing layer, essential for reliable gas-sensing
performance. The crystallite sizes of the PbS QDs were
estimated from the XRD results using the Scherrer equation:

Djy(nm) = (K * A)/fcosb, 1)

where K is the Scherrer constant, A is the wavelength of the
incident X-ray, £ is the full width at half maximum (FWHM)
of the selected diffraction peak (in radians), and 6 is the Bragg
angle. The parameters used for the calculation were K = 0.94
(for spherical crystallites with cubic symmetry), 6 = 15.1°,
FWHM = 1.74°, and 1 = 0.15418 nm (Cu Ka radiation). Based
on these values, the average crystallite size of the PbS QDs is

approximately 5.2 nm [1]. The nanoscale grains provided a
large effective surface area, which facilitated gas adsorption
and enhanced the chemical reactivity of the film [3,14].
Therefore, the fine crystallinity and reduced particle size of the
PbS QDs are expected to significantly enhance NO: sensing
sensitivity and accelerate response kinetics in the fabricated
gas sensor devices.

3.2 Characteristics of the fabricated NO, gas sensor

The gas-sensing performance of the fabricated PbS QDs
NO, sensors was evaluated in a closed gas chamber under
controlled conditions. NO, gas (1 ppm, air-balanced) was
diluted with pure air using a mass flow controller to
precisely adjust the concentration. The total gas flow rate
was maintained at 1000 sccm, and all measurements were
conducted at a constant operating temperature of 80°C,
controlled by a ceramic heater. A source-measurement unit
was used to monitor the real-time current—voltage
characteristics of the devices. Each measurement cycle
consisted of 1 min of NO, injection and 2 min of air
purging for the response and recovery processes,
respectively.

The NO, concentration was decreased stepwise from 1 ppm
to 200 ppb with a measurement resolution of 200 ppb,
enabling precise evaluation of the sensor’s current modulation
behavior as a function of gas concentration. Fig. 3(a) and (b)
show the real-time current variation of the sensors as the NO,
concentration decreased from 1 ppm to 200 ppb. As the gas
concentration decreased, the current gradually decreased,
exhibiting a clear concentration-dependent trend. The
maximum current modulation was observed at 1 ppm NO,. At
this concentration, the PbS QDs single device (reference)
exhibited a current change (Al) of 2.08 pA, whereas the WO,
nanoparticles (NPs)}-modified device showed a significantly
larger current change of 4.21 pA, indicating approximately a
2.02-fold higher current modulation compared with the pristine
PbS QDs [16,17].
quantitatively expressed as response (%), which was calculated
using Eq. (2).

sensor The current variation was

I res 1 rec

Response (%) = x 100 )

rec

and I

rec

Here, I, represent the current during gas
exposure (response) and air purging (recovery), respectively.
As shown in Fig. 3(c), the WO; NP-coated device exhibited
a 3.25-fold higher response than the unmodified PbS QDs
sensor [18,19]. This definition reflects the relative current
variation induced by NO, adsorption and desorption. The

enhanced current response of the WO,/PbS QDs composite
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Fig. 3. Real-time current variation of (a) PbS QDs reference sensor
and (b) WOs/PbS QDs-based sensor at various NO, con-
centrations; (c) Comparison of sensor responses; (d) Repeated
measurements, and (e) Error rate of the WO,/PbS QDs sensor.

—_
=
=
—_

=
-

PbS QDs only —— WO3 NPs/PbS QDs|

©
©

T,,90 = 43.9s

Tes90 = 35.75

Current (HA)
E
Current (uA)
)

T, 90 = 93.25 — —
Toee90 = 83.95

3 3

0 30 60 2 120 150 180 0 30 60 92 120 150 180
Time (s) Time (s)
Fig. 4. Response and recovery time measurement curves of the fab-
ricated NO, gas sensors: (a) PbS QDs sensor and (b)
WO;NPs/PbS QDs composite sensor.

Table 1. Performance comparison of PbS QDs and WO:/PbS QDs-
based gas sensors

Parameter PbS QDs WOs/PbS QDs
Current change @ 1 ppm 2.08 pA 421 pA
Maximum response (%) - 3.25 x higher
Response time (s) 439 s 357 s
Recovery time (s) 932 s 839 s
Deviation @ 1 ppm — < 4%

sensor can be attributed to the catalytic and electronic effects
of the WO; layer, which promoted charge transfer and
accelerated the oxidation—reduction reaction of NO,, leading
to amplified current modulation during gas exposure. The
response time and recovery time were determined as the
times required for the current to reach 90% of its steady-state
value after gas exposure and air purging, respectively. As
shown in Fig. 4, the PbS QDs reference device exhibited a
minimum response time of 43.9 s and a recovery time of
93.2 s, whereas the WO,/PbS QDs composite device showed
faster dynamics, with a response time of 35.7 s and a
recovery time of 83.9 s. Accordingly, the composite device
demonstrated an 18.7% faster response and a 10.0%
improvement in recovery speed compared with the reference.
These improvements are attributed to the WO; layer, which
facilitates electron transport and accelerates NO, adsorption—
desorption kinetics on the PbS surface. As a result, the WO,/
PbS QDs heterostructure enhanced the charge transfer
efficiency, leading to improved response performance and
signal stability [16-18]. To verify the reliability and
repeatability of the sensors, they were tested for ten
consecutive cycles under 200 ppb NO, exposure. As shown
in Fig. 3(d) and (e), the WO;3/PbS QDs composite sensor
exhibited highly consistent response and recovery behavior
with less than 4% deviation, confirming its excellent
reproducibility and long-term stability. The superior sensing
performance of the WO;/PbS QDs device originated from the
synergistic effects between the catalytic activity and
electronic modulation of the WO; layer. WO;, acting as an n-

© The Korean Sensors Society
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type catalytic semiconductor, forms a p—n heterojunction
with p-type PbS QDs, which enhances charge separation and
suppresses electron—hole recombination [17-19]. Furthermore,
the catalytic surface of WO,
interactions with NO, molecules, thereby amplifying the
conductivity change in the PbS layer. Consequently, the
WO;/PbS  QDs
sensitivity, faster response and recovery, and superior signal
stability compared with the pristine PbS QDs sensor.

accelerates the redox

composite sensor achieved enhanced

4. CONCLUSIONS

This study successfully synthesized PbS QDs with a rock-
salt cubic structure and an average crystallite size of
approximately 5.2 nm, as confirmed by XRD analysis. The
nanoscale grain size and high crystallinity of QDs provide a
large active surface area and a stable structural framework
suitable for gas-sensing applications. To enhance sensing
performance, a WO; catalytic layer was incorporated beneath
the PbS QDs to form a WO,/PbS QDs heterostructure. The
fabricated NO, sensors were systematically evaluated at
concentrations ranging from 1 ppm — 200 ppb with a
measurement resolution of 200 ppb. The composite device
exhibited a significantly larger current change (4.21 pA) than
the pristine PbS QDs sensor (2.08 pA) at 1 ppm NO,,
corresponding to a 3.25-fold higher response. Moreover, the
WO;/PbS QDs sensor achieved faster response and recovery
times of 35.7 s and 83.9 s, respectively—representing
improvements of 18.7% and 10.0% compared with the
reference. The sensor also demonstrated excellent repeatability,
with less than 4% deviation over ten consecutive cycles. These
results indicate that the synergistic catalytic and electronic
effects of WO, effectively enhanced charge transport and
accelerated the adsorption—desorption kinetics of NO,, leading
to higher sensitivity and improved stability. Thus, the WO,/
PbS QDs heterostructure provides a promising platform for
developing low-power, high-performance gas sensors that are
operable at near-room temperatures. This approach may be
further extended to other nanocomposite
environmental monitoring, industrial safety, and smart-device
applications.
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