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Abstract

In this work, authors reported a high-selectivity nitrogen dioxide (NO;) gas sensor that
operates directly at room temperature without catalyst or illumination. The NO; gas sensor
was based on ZnO nanoparticles, which were synthesized using a simple solution method,
ensuring scalability in mass production. Crucially, the sensor exhibited high sensitivity and
selectivity towards NO., achieving parts-per-billion (ppb) level detection limits. At 23°C, the
sensor showed a sensitivity of 4.2% with the response time and recovery time are 120 s and
185 s, respectively, under 5 ppb NO,, while the interaction with other gases such as H,S, NHs,
SO,, CH4, C3Hg, and CO; was negligible. This room-temperature, easily fabricated sensor
offered a promising solution for cost-effective, real-time NO, monitoring in various
applications, particularly those requiring high sensitivity at low NO, concentrations.
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1. Introduction

Nitrogen dioxide (NO) is a pervasive air pollutant with significant implications
for human health and the environment. Exposure to elevated NO; levels is linked to
respiratory illnesses, cardiovascular diseases, and increased mortality rates, particularly
among vulnerable populations such as children and the elderly [1]-[3]. Furthermore,
NO- plays a critical role in the formation of acid rain, smog, and other secondary
pollutants that degrade air quality and damage ecosystems [4]-[6]. Given its detrimental
impact, accurate, reliable, and cost-effective monitoring of NO> levels is paramount for
effective pollution control strategies and public health protection.

Current NO2 sensing technologies, while offering varying degrees of sensitivity
and selectivity, often suffer from significant limitations that restrict their widespread
implementation. Many established methods require operating conditions far from
ambient, introducing substantial challenges for practical applications.
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Many research have focused on semiconductor-based NO> gas sensors,
predominantly utilizing metal oxide nanomaterials such as tin oxide (SnO3), tungsten
oxide (WOg), and zinc oxide (ZnO) [7]-[12]. These materials exhibit changes in their
electrical conductivity upon exposure to NO», a phenomenon exploited in
chemiresistive sensing. However, a common limitation of these chemiresistive sensors
is their relatively low sensitivity at room temperature. The interaction between NO,
molecules and the semiconductor surface often requires thermal activation to overcome
energy barriers and enhance the adsorption process, leading to a noticeable
improvement in sensitivity at high temperatures [13], [14]. This necessity for heating
elements significantly increases the power consumption, size, and cost of the sensor,
thus limiting their suitability for portable and low-power applications.

Furthermore, many high-sensitivity NO2 sensors rely on the use of catalysts to
improve their response characteristics. Noble metals like platinum (Pt) and palladium
(Pd) are frequently employed as catalysts, facilitating the oxidation of NO: and
enhancing the signal generated by the sensor [15]-[17]. While effective, the inclusion of
these precious metals significantly increases the cost of the sensor, making large-scale
deployment prohibitively expensive. Moreover, the long-term stability and durability of
catalyst-based sensors can be a concern, as the catalyst can be poisoned or deactivated
over time due to exposure to contaminants in the environment or due to the reaction
with NO; itself [18], [19].

Another established strategy for enhancing the sensitivity of NO> sensors involves
photocatalytic oxidation using ultraviolet (UV) illumination. UV light provides the
energy required to excite the semiconductor material, thereby promoting the adsorption
and oxidation of NO2 molecules on the sensor’s surface [20]-[22]. The resulting
changes in electrical conductivity or optical properties are then measured to determine
the NO2 concentration. However, this approach introduces additional complexity and
cost associated with integrating a UV light source and power supply into the sensor
system. The reliance on UV light also restricts the operational flexibility of the sensor,
making it less adaptable to diverse environmental conditions. Furthermore, the lifetime
of the UV source itself poses a practical limitation.

This study introduces a highly selective nitrogen dioxide gas sensor that operates at
room temperature without the need for catalysts or illumination with ppb-level detection.
The sensor is based on ZnO nanoparticles, which are synthesized using a solution method
that allows for scalable mass production. This easily fabricated, room-temperature sensor
provides a promising approach for cost-effective, real-time monitoring of NO>, especially
in applications that demand high sensitivity at low concentrations.
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2. Experiment
2.1. Synthesis of ZnO nanoparticles

The ZnO nanoparticles were synthesized through a simple precipitation method
(Fig. 1). Initially, 30 ml Zn(NOs). 0.1M was added gradually to the 20 ml NaOH 1 M.
The mixture was stirred for 2h then the precipitate was collected by centrifugation,
washed several times with deionized water, and dried at 80°C for 24h. The product was
then annealed at 400°C for 2h.

SHATING ARECTR Centrifugation, Wash
00 (pm Drying at 80 °C for 24h
20mKOH 1 M 120 minutes
Zn(OH), >  Zn(OH),
20 Z0(NO,); Calcination at
ST & 400 °C for 2h
ZnO
Nanoparticles

Fig. 1. Schematic illustration of the synthesis procedure for ZnO nanoparticles.
2.2. Sensor fabrication and gas sensing measurements

The ZnO NP-based device was prepared using a spin coating technique and
deposited on a silicon substrate with a Pt electrode (Fig. 2). Initially, a small amount of
as-synthesized ZnO powder was dispersed in 1 ml of deionized water. The mixture was
sonicated multiple times to achieve uniformity. Subsequently, the homogeneous
solution was dropped onto a Pt/SiO2/Si substrate (0.5 x 0.5 cm?) and spin-coated at
200 rpm for 20 seconds, followed by calcination at 400°C for 120 minutes.

ZnO Solution / \ Pt Electrode

ZnO Film

Fig. 2. Schematic diagram of the ZnO NPs sensor structure.
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The ZnO device's gas-sensing characteristics were evaluated through dynamic gas
testing in a light-shielded chamber. Dry air served as the carrier gas, flowing directly
onto the ZnO device's surface at a total rate of 300 sccm. Gas sensing tests were carried
out at room temperature and in dry conditions (< 3% RH). Gas-sensing measurements
were conducted using a Keithley 4200SCS. The response value (S) is calculated as

R, —R
S =100%><M where Ra and Rg represent the device's resistance in air and target

a

gas, respectively. Response and recovery times are defined as the duration required for
90% of the total resistance change during the response and recovery phases.

2.3. Characterization

The as-synthesized sample's morphologies were analyzed using field emission
electron microscopy (FE-SEM - JSM-6701F) at a 10 kV accelerating voltage. The
sample's phase composition, crystallinity, and chemical composition were evaluated by
X-ray diffraction (XRD) using CuKa radiation (A = 1.54178 A) at potential and current
of 40 kV and 30 mA, respectively.

3. Result and discussion

3.1. Morphology and structure

Figure 3 presents the XRD pattern of the as-synthesized ZnO nanoparticles. All
these diffraction peaks verified that the as-synthesized product is standard hexagonal
crystal phase of ZnO (JCPDS No. 01-070-2551). The major peaks with reflections
observed at 20 of 31.78°, 34.43°, and 36.30° are consistent with the corresponding to
the (100), (002), and (101) crystal planes of ZnO wurzite structure.

ZnO (JCPDS:01-070-2551)

S 002
( (131)

(110)

Intensity (a.u)

(102)

30 40 50 60 70
20 (Degree)
Fig. 3. Powder XRD results of ZnO nanoparticles.
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Figures 4 (a, b) show the uniform distribution of the ZnO nanoparticles with
diameters ranging from 90 nm to 110 nm.

500 nm

Fig. 4. FE-SEM images of the synthesis ZnO nanoparticles:
(a) low magnification; (b) high magnification.
3.2. Gas sensing properties
The gas test was performed at room temperature with various target gases,
including NO2, HzS, NHs, CHa, C3Hs, CO2, and SOz, to evaluate the selectivity of the

ZnO NPs device. The dynamic response of the ZnO NPs device to these gases at room
temperature is illustrated in Fig. 5.
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Fig. 5. Transient response curves of the device based on the ZnO nanoparticles to different
gases at room temperature: (a) 5 ppm H.S; (b) 50 ppm NHs; (c) 5 ppm SO2; (d) 5 ppm NO3;
(e) 500 ppm CsHs; (f) 500 ppm CHa; (g) 10 ppm COy; (h) 5 ppm NO..
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The results showed that the sensor exhibited sensitivity only to NO2 gas under
identical testing conditions. This selectivity may be attributed to the varying reaction
energies of the test gases on the ZnO NPs surface [23], [24]. The device’s resistance
increased upon exposure to NO, indicating n-type semiconducting behavior in response
to an oxidizing gas (Fig. 5h). The response and recovery times of the device toward
5 ppm NO- were determined to be 120 s and 185 s, respectively (Fig. 5d).

The dynamic response of the ZnO nanoparticle-based sensor to NO2
concentrations ranging from 25 ppb to 1000 ppb at ambient temperature was presented
in Fig. 6a. Upon removal of NO», the sensor exhibited rapid and reversible response
with full baseline recovery. Calibration curves derived from the dynamic response data
were shown in Fig. 3b, revealing an increase in sensor response with escalating NO>
concentrations. The relationship between sensor response and NO2 concentration is
linear, with a correlation coefficient (R?) of 0.995.
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Fig. 6. Response of the ZnO nanoparticles device upon the exposure to NO; gas at room
temperature: (a) Dynamic response of the device to various concentrations of NO;
(b) relationship between the response of the device and NO, concentration; (c) repeatability
of the device toward 5 ppm NO-; (d) long-term stability of the device toward 5 ppm NO..
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Short-term and long-term stability are critical parameters for gas sensors. Fig. 6¢
illustrated the response and recovery profile for 5 ppm NO2 over five consecutive on/off
cycles, confirming excellent repeatability and short-term stability. Long-term stability
was further validated through six tests conducted over 30 days, with continuous
measurements of the sensor response to 5 ppm NO, maintaining a consistent response
level with approximately 4.2% variation (Fig. 6d).

The comparison of various NO> room-temperature gas sensors is shown in Tab. 1 [23],
[25]-[29]. Compared to conventional sensors operating at room temperature, our ZnO
nanoparticles sensor demonstrated rapid response and recovery durations for NO..

Tab. 1. Comparison of various NO, room-temperature gas sensors [25]-[29]

Material Operating | Concentratio | Tres/Trec | Response Deltﬁg'ic;on Ref.
temperature n m S %
P (Ppm) (s) (%0) (ppm)
. Violet light
Bils nanoplate at RT 1 32/71 7.96 0.25 [23]
SnS,/rGO RT 1 240/400 75.0 0.2 [25]
Cs,Snlg
thin film RT (25°C) 20 247/818 35.0 3.0 [26]
GaSeo5800.42 RT 6 48/378 87.1 0.05 [27]
ZnO@M-TiO, RT 1 128/175 250.0 0.5 [28]
uv
Au-ZnO NWs | irradiation at 1 160/370 130.0 0.02 [29]
RT (25°C)
Zn0 RT (23°C) 1 1200185 | 320.0 025 | IMis
nanoparticle work

3.3. Gas sensing mechanism

The proposed NOz gas-sensing mechanism of the ZnO nanoparticle-based sensor
was illustrated in Fig. 7. At ambient temperature, oxygen molecules adsorb onto the
ZnO NP surface, capturing electrons and forming stable chemisorbed oxygen ions

O » @S depicted in Fig. 7a. The adsorption process at room temperature can be

described by the following reactions [23], [30]:
Oz(gas) - OZ(ads) (1)
O,at € > Ol 2
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Fig. 7. Schematic of proposed NO- sensing mechanism of ZnO NPs based sensor
at room temperature: (a) in air; (b) in NO.

Upon exposure to NO2, NO2 molecules adsorb onto the ZnO NP surface and
extract electrons from the conduction band, forming NO,., ions (Eqg. (5)).
Additionally, due to the higher electronegativity of NO2 compared to oxygen, NO:
molecules may react with pre-adsorbed O, ions on the ZnO surface, further

capturing conduction band electrons to form NO;,, and O, species (Eq. (6)). This

process expands the electron depletion layer (Fig. 7b), increasing the material’s
resistance due to a reduced carrier concentration (Fig. 6¢). The relevant reaction
processes are expressed as follows [30], [31]:

NOZ(gas) - NOZ(ads) (3)
NO,q +€ —> NOjyy (4)
NOZ(ads) OZ(ads) +2e - NOZ(ads) 2Oiads) (5)

4. Conclusion

In conclusion, ZnO nanoparticles (NPs) with an approximate diameter of 100 nm
were successfully synthesized using a simple precipitation method. The sensor
fabricated from these ZnO NPs exhibited effective NO> detection at room temperature,
characterized by high selectivity, excellent reproducibility, and a low detection limit at
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the ppb level, without requiring noble metal doping or light irradiation. These findings
position ZnO NP-based sensors as promising candidates for future gas-sensing
applications. Further research is warranted to investigate the NO. sensing performance
of ZnO NP-based sensors under varying humidity conditions to enhance their suitability
for practical room-temperature NO> detection.
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CAM BIEN KHi NO, CO PO CHON LOC CAO HOAT PONG
O NHIET DO PHONG VOI KHA NANG NHAY KHi O MUC PPB
DUA TREN CAC HAT NANO ZnO

Nguyén Vin Cudng', Phung Dinh Hoat!, Nguyén Tién Anh?,
Nguyén Vin Hoang?, Nguyén Manh Hung?, Pham Tién Hung!
'Khoa Hoéa - Ly kj thudt, Trwong Pai hoc Ky thudt Lé Quy Dén
2Khoa Co khi, Truong Pai hoc Ky thudt Lé Quy Pon

Tém tit: Trong nghién ctru ndy, cac tac gia bao cio vé mot cam bién khi nitrogen
dioxide (NO2) c6 do chon loc cao, hoat dong truc tiép ¢ nhiét d6 phong ma khong cin chat
xtc tac hodc chiéu sang. Cam bién NO; duoc ché tao dya trén cac hat nano ZnO, duge téng
hop bang phuong phap dung dich don gian, dam bao kha ning san xuat & quy md 16n. Pic
biét, cam bién thé hién do nhay va do chon loc cao ddi voi NO, dat gidi han phat hién 6 muc
& phan ti (ppb). O nhiét d6 23°C, cam bién cho do nhay 4,2% véi thoi gian dap tmg va thoi
gian phuc hoi 1an luot 13 120 gidy va 185 gidy d6i véi 5 ppb NOy, trong khi kha ning tuong
tac voi cac loai khi khac nhu H,S, NHs, SO,, CHa, C3Hg va CO> 1a khong dang ké. Vi quy
trinh ché tao don gian va kha ning hoat dong & nhiét do phong, cam bién nay 1a mot giai phap
tiém nang cho viéc giam sat NO; theo thoi gian thyc, dac biét la cac g dung yéu ciu do

nhay cao & ndng do NO; thép.
Tir khoa: NO2; hat ZnO; nhiét dé phong; nong dg c& phan ti (ppb).
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