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Abstract Article Info.

This study outlines a technique for enhancing a metal oxide semiconductor gas

sensor's sensitivity to Nitrogen dioxide (NO,) gas. Using a sol-gel and spin-coating Keywords:

process, the gas sensor was constructed from hydrothermally generated ZnO ZnO nanorods, drcoration,
nanorods (ZNRs) and decorated with different concentrations of Copper oxide hydrothermal  technique,
(CuO) nanoparticles (NPs). Field-emission scanning electron microscopy (FE- Sensing, NO..

SEM), X-ray diffraction, and optical characteristics were used to examine the gas

sensor's morphology, crystal structure, and UV-Vis absorption. The primary Article history:

pattern's hexagonal structure was revealed by X-ray diffraction and FESEM Received: Oct. 30, 2024
images, which showed the rough surface of ZNRs/CuO NPs. NO, gas-sensing Revised: Feb. 01,2025
characteristics were examined at three different CuO NPs concentrations 20, 40, Accepted: Feb. 13, 2025
and 60 mg/L. The energy gap of ZNRs, ZNRs/20CuO NPs, ZNRs/40CuO NPs, and ublished:Mar.01, 2026
ZNRs/60CuO NPs had values of approximately 3.25, 3.25, 3.24, and 3.04,

respectively. The findings showed that ZNRs decorated with CuO, compared to the

non-decorated ZnO nanorods, enhanced their sensitivity to NO, gas. The highest

sensitivity was at ZNRs/60CuO, reaching 140% at 150°C compared to ZNRs,

ZNRs/20CuO, and ZNRs/40CuO samples.

1. Introduction

Air pollution is a growing global concern that can harm human health and
ecosystems, so identifying harmful gases is the first step in reducing air pollution. Nitrogen
dioxide (NO3) is the primary source of air pollution; increased NO> in the atmosphere is
mostly caused by fossil fuel combustion and emissions from automobiles and factories. It is
a hazardous and harmful gas, even in tiny amounts (<10 ppm). It may result in major health
effects, such as coughing, eye irritation, exhaustion, and nausea [1, 2]. To protect the
environment and human health; there is a great necessity to develop susceptible, selective,
and responsive NO> gas-detecting devices [3]. Due to their high efficiency, metal oxide gas
sensors surpass conventional devices for sensing gas concentrations in the atmosphere [4].
Metal Oxide Semiconductor (MOS) gas sensors are an appropriate choice due to their high
sensitivity to target gases, small size, capability to detect many hazardous and volatile
gasses under various conditions, ease of use, real-time detection, cost-effective and
environmentally friendly [5, 6]. Zinc oxide (ZnO) has unique physical and chemical
characteristics, making it a popular gas-sensing material for detecting toxic and
harmful gases [7]. ZnO is an n-type semiconductor with high electron mobility, an exaction
binding energy of 60 meV, and a direct wide bandgap (3.37 eV) at room temperature; it is
non-toxic and has good chemical and thermal stability [8, 9]. One-dimensional
nanomaterials, including nanorods, nanowires, nanofibers, and nanotubes, have gained
major interest for their scientific value and possible applications in different devices
[10, 11]. ZnO nanorods (ZNRs) are commonly employed in electronics, optoelectronics, and
electronic devices, and are a good candidate for gas sensing applications [12-14].

© 2026 The Author(s). Published by College of Science, University of Baghdad. This is an open-access
article distributed under the terms of the Creative Commons Attribution 4.0 International License
(https://creativecommons.org/licenses/by/4.0/).
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Furthermore, it can be grown using hydrothermal techniques and can display enhanced
characteristics due to its high surface area-to-volume ratios.

The hydrothermal technique is a promising method for creating unique
nanomaterials due to its inexpensiveness, low temperature, excellent yield, and scalability
[15, 16]. Copper oxide (CuO) is a p-type material that has a 1.2~1.8 eV band gap and
outstanding physical and electrical characteristics [17] commonly used in different fields,
including sensors [18], light emitting diodes [19], photocatalysts [20], and batteries [21].
CuO can form heterojunctions with n-type metal oxides, such as CuFe2O4 [22], ZnO [23],
and SnO; [24]. Several studies have demonstrated the potential advantages of the p—n
heterojunction created by n-type and p-type materials for the sensing process [25]. Many
variables involving electrical processes have been related to the enhanced sensing ability of
these composites. These include band bending as a result of Fermi level equilibration,
charge carrier separation, modification of the depletion layer, and increased interfacial
potential barrier energy. The improvement in sensing is also a result of the geometrical
effects and chemical effects, which include greater gas accessibility, surface area
enhancement, reduced activation energy, and focused catalytic activity [26].

This study used the hydrothermal method to to produce ZNRs at low cost. It
investigated how different concentrations of CuO nanoparticles of the heterojunction
(ZNRs/CuO) affected the properties of the heterojunction when the surface area of the
heterojunction (ZNRs/CuQO) increased, and how this improved the performance of the NO»
gas sensor.

2. Materials and Methods

Sol-gel and spin-coating techniques are the first steps in fabricating a ZnO seed layer
or ZNPs. To produce a sol-gel solution, equal amounts of 0.2M zinc acetate and
diethanolamine (a stabilizing agent) were mixed with 8 ml ethanol. The mixture was stirred
for an hour on a hot plate stirrer. The solution was kept in place for a whole day to form a
stable sol. After that, the solution was applied on clean fluorine tin oxide-coated glass
substrates (FTO), and the substrates were rotated at 3000 rpm for 30 seconds to form the
seed layer. The thin film was heated on a hot plate for 10 min at 100 °C to eliminate any
remaining ethanol; a uniform dispersion and an appropriate density of ZNPs on the substrate
surface required three spin coating repetitions. After that, the samples were heated for an
hour to 300 °C. Prepared seed layers were immersed in a growth solution to promote the
hydrothermal growth of ZNRs. The growth solution was formed by dissolving equimolar
0.2M amounts of zinc nitrate and hexamethylenetetramine (HMT), an organic compound, in
20 ml deionized water (DI). After that, the growth solution was added to the tube, and baked
for 45 min at 90 °C. Finally, the grown ZNRs were washed with DI to clear any remaining
salt and organic material [27, 28]. A CuO NPs suspension was made by dissolving CuO NPs
in 10 ml of ethanol. CuO NPs of different concentrations (20, 40, and 60 g/L) were
deposited onto the ZNRs surface using the spin-coating method [29], and allowed to dry on
a hot plate for 10 min [30]. Aluminium electrodes of about 150 nm thickness were deposited
on the heterostructure using a thermal evaporation process. This resulted in a ZNRs/CuO
NPs heterostructure gas sensor.

3. Gas Sensor Characterization

The optimal sensitivity of the ZNRs/CuONPs gas sensor was achieved by the gas
sensor system configuration. This system, Fig. 1, which included many essential
components, was constructed and built in the laboratory. Its first component is a stainless
steel cylindrical chamber of 20 cm in diameter and 15 cm in height with three openings. Its
effective capacity is 4710 cm?. The opening are for the in and out signals. Conducting wires
of power supply (type-DC, DAZHENG) pass thought the last final hole. The chamber is also
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with gass window and a hole for loading and unloading gases. The studied samples were
located inside the chamber and connected to a digital multimeter. After closing the chamber
door, a 6 V alignment voltage was applied between the sample's electrodes. A rotary pump
(type- EDM 12, Edwards, England) was used to evacuate the chamber to a pressure of 10
mbar. A thermocouple temperature controller (type-K) was used to regulate the working
temperature in the range between ambient temperature and 250°C. A needle valve regulates
the gas flow. A laptop PC digital multimeter (UNI-T) UT 81B completes this setup. A
digital multimeter with an interface was utilized to measure gas and air flow bias resistance.
Resistance was measure with no gas and as the gas flows into the system. measured. The
recovery time was determined as the gas valve was switched off.

To test the samples for gas detection, the NO> gas was generated according to the
reaction between HNOs3 acid and Cu particles, as in equation Eq. (1):

2HNO; +2Cu - 2NO, + 2Cu0 + H, )

Figure 1: A photograph of the gas sensor testing system.

4. Results and Discussion

Field-Emission Scanning Electron Microscopy (FE-SEM) was used to examine the
morphologies of both pristine ZnO NRs and ZnO NRs/CuO NPs. A smooth shape of pristine
ZnO NRs was seen in the FE-SEM image of Fig. 2(a). Highly oriented and crystalline ZNR with
smooth surfaces were successfully grown on FTO substrates, illustrating the successful synthesis
of ZnO NRs. Additionally, images of ZnNRs decorated with CuO NPs are shown in Fig. 2 (b-d).
No apparent changes in the surface morphology of hexagonally bounded nanorods under the
increasing CuO concentration were noticed. The surface roughness brought on by the presence
of CuO NPs was observed in the images on top of the nanorods. Agglomerated CuO NPs with
irregular shapes and sizes on the surface of ZNR were perceivably found among the adjacent
nanorods (as shown in the red circles in Fig. 2). These observations indirectly verify the roles of
CdS in both surface modification and incorporation on the ZNRs surface. This phenomenon can
be explained by a change in the density coverage of nanoparticles on the ZNR surface.
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(20, 40, and 60 g/L) of CuO NPs.

XRD analysis determines a material's crystallinity and grain size. Fig. 3 depicts the
XRD patterns of ZNRs and ZNRs/CuO NPs heterojunction at different CuO NPs
concentrations. The XRD pattern of ZNRs showed peaks at 20 of 34.27°, 47.36°, and 62.6°
related to (002), (102), and (103) planes, respectively, which are consistent with (card no.
00-036-1451), and this refers to the hexagonal ZnO phase. When adding different
concentrations of CuO NPs to ZNRs samples, FTO peaks disappeared whereas the primary
ZnO peaks stayed unaltered; the XRD patterns showed peaks at 20 of 35.56°, 38.68°, 48.88°,
61.48°, and 62.88° corresponding to (111), (111), (202), (11), and (103) planes,
respectively, which are consistent with (card no. 00-048-1548), and this refers to the
monoclinic CuO phase. This validates the deposition of CuO NPs on the ZNRs surfaces and
indicates the absence of contaminants in the material, which consists only of ZnO and CuO
[31, 32].

The mean crystalline size was calculated utilizing Scherer’s equation [33] for
ZNRs/CuO NPs, as listed in Table 1, and this demonstrates that the prepared samples
include nano-sized crystals:

k2
~ Bcos6

(2)

where D represents the crystalline size (nm), k represents the Scherer constant (0.9), A
represents the wavelength of incident X-rays (0.15406 nm), 0 represents the diffraction
angle, and P represents the width of the peak at half the maximum height corresponding to
the peak in the XRD patterns (FWHM).
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Table 1: Crystal size of ZNRs and ZNRs with different concentrations of CuO NPs.
Samples (jeeg) FZ;,:;W d (AO) D (nm)

34.2756 | 0.19130 2.61410 41.5

ZNRs 473095 | 0.17600 1.91987 45.1
62.8634 | 0.12360 1.47714 64.2

34.5250 [ 0.19030 2.59579 41.7

35.6491 0.18360 2.51647 43.2

ZNRs/20Cu0 38.8463 0.31460 2.31640 25.2
48.9367 | 0.12000 1.85977 66.2

344828 | 0.19270 2.59887 41.2

35.5668 [ 0.37270 2.52211 21.3

ZNRsM40CuO 38.7813 0.37330 2.32013 21.2
48.9162 | 0.41500 1.86050 19.3

344715 | 0.19880 2.59969 39.9

35.5593 0.24050 2.52262 33.0

ZNRS/60CUO 7357606 | 038040 | 232080 | 209
48.8291 0.19140 1.86362 41.5

The absorbance and transmittance spectra of ZnO NRs and ZnO NRs decorated with
varying amounts of CuO NPs are shown in Fig. 4. A sample's absorption edge is indicated
when the decreasing portion of the spectrum aligns with its baseline. From the figure, an
absorption edge was noticed at wavelengths between 350 and 367 nm for all curves of ZNRs
and ZNRs with different amounts of CuO NPs. This is consistent with previous research [34,
35]. The ZNRs/60CuONPs sample showed a broad absorption spectrum in the 367-450 nm
region when compared to ZNRs, but the absorption spectra of the ZNRs/20CuONPs and
ZNRs/40CuONPs samples did not change. As the material's surface and edge were rougher
when ZnO NRs were decorated with CuO NPs, more light can be reflected and absorbed
within the structure.
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Figure 4: Absorbance and transmittance spectra of ZNRs and ZNRs with different concentrations
of CuO NPs.

Light absorption and reflection within the structure of the decorated ZnO NRs with
CuO NPs increased because the material's surface and edge were rougher than ZNRs. The
presence of CuO caused an increase in absorption in the visible area. CuO redshifted light
absorption so that it occurred within the visible spectrum. This redshift was attributed to a
significant increase in the carrier density and the heavy doping of the samples with a
superlattice structure [36]. A rise in the absorbance of ZNRs/CuO nanostructure was
indicated by the increased red shift in the absorption edge that occurred as the concentration
of CuO increased.

Tauc's equation was used to calculate the band gap. The ZNRs, ZNRs/20CuONPs,
ZNRs/40CuONPs, and ZNRs/60CuONPs had band gap values of approximately 3.25 eV,
3.25eV, 3.24 eV, and 3.04 eV, respectively, as shown in Fig. 5.
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Figure 5: Tauc plots for ZNRs and ZNRs with different concentrations of CuO NPs.
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The gas sensing characteristics were studied in a clean room with regulated
temperatures of 20-25 °C and relative humidity of 40-50 %. The sensing properties of
ZNRs to NO> gas were examined for different concentrations of CuO nanostructures at
different temperatures to define them as gas sensors. The sensitivity, response time, and
recovery time of the ZNRs and ZNRs with different concentrations of CuO gas sensors at
197 ppm NO> at different temperatures are displayed in Table 2. The sample
(ZNRs/60CuONPs) started responding to NO> gas at a temperature of 70 °C with a sensing
response of (96.786) as a result of its CuO NPs decoration, which caused an increase in the
active sites for absorbing gas molecules. The ZNRs, ZNRs/20CuONPs, and
ZNRs/40CuONPs sensors responded to NO» gas at higher temperatures and with lower
sensitivity. This better sensing response of ZNRs/60CuONPs is due to the increase in the
adsorption kinetics of gaseous atoms on its surface. ZNRs showed the lowest sensitivity
sensitivity to NO> gas at 200°C; ZNRs/20 CuO NPs showed the highest sensitivity at 150°C;
and ZNRs/60CuONPs showed the highest sensitivity at 150°C. The sensitivity of the sensor
was affected because the concentration of CuO covers most of the ZNRs, leading to a
reaction of competition with ZNRs.

The sensitivity % of a gas sensor is defined as the ratio of the change of the sensor
resistance when exposed to NO> gas to that with no exposure, as in the following equation:

S (%) = e 100 )

air

where R.ir represents the resistance of the sensor in air (no gas present), Rgas represents the
resistance in the presence of NO; gas.

The time needed for the sensor to react when the gas concentration fluctuates
between zero and a stable value of around 90% of the final value is known as the response
time. The amount of time needed for the signal from the sensor to return to its initial value
after the gas flow is stopped and reaches 10% is known as the recovery time [17]. The ZNRs
gas sensors' recovery and reaction time improved with the addition of CuO NPs, which also
increased the gas sensor's surface area. Figs. (6-8) show the resistance change with time for
ZNRs, ZNRs/20CuO, ZNRs/40CuO, and ZNRs/60CuO at different temperatures. The
resistance of ZNRs increased over time, but the resistance of ZNRs decorated with different
concentrations of CuO NPs decreased. ZnO NRs is an n-type material; its resistance rises as
it combines with oxidizing gas (NO>). In contrast, CuO NPs are a P-type substance; their
resistance drops when they come into contact with NO» gas [35, 37]. For the n-type metal
oxide semiconductor gas sensor, most carriers are electrons. If exposed to an oxidizing gas
like NO, the sensor reacts with the oxygen ion and keeps the electrons at the surface. This
decreases the electron concentration in the metal oxide and hence decrease the conductance.
When the gas sensor is exposed to an ambient reducing gas, the electrons produced by the
chemical reaction in the adsorbed oxygen ion formation process are returned to the
conduction band [38].

The results of improving the sensitivity of the manufactured nanocomposites are
displayed in Table 3, and when compared with earlier studies, this improvement in

sensitivity is very noticeable.
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Figure 7: Resistance with time of (A) ZNRs/40CuONPs and (B) ZNRs/60CuONPs at different
temperatures.
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Figure 8: Sensitivity (%) of ZNRs and ZNRs with different CuO concentrations.

Table 2: Sensitivity, response and recovery time of ZNRs and ZNRs with different concentration

of CuO nanostructures in different temperatures.

Working Sensitivity R R
Temperature ensitvi esponse ecover
Samples P (%) Time (s) Time(s)
({9
150 17.683 5.4 84.6
ZNRs 200 1.309 19.8 52.2
250 3.936 11.7 54.9
100 41.042 20.7 67.5
150 104.100 234 66.6
Zn0/20Cu0
200 63.754 18.9 52.2
250 19.444 21.6 52.2
100 51.311 22.5 83.7
150 84.925 27.9 71.1
Zn0/40CuO
200 159 27.9 62.1
250 50 26.1 44.1
70 96.786 20.7 140.4
100 80.876 234 102.6
Zn0/60Cu0 150 140.274 21.6 50.4
200 119.536 22.5 40.5
250 54.107 23.4 21.6
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Table 3: Sensing characteristics compared to earlier studies.

Material Method 0 f Gas, T(°C) | Response Ref.
synthesis conc.(ppm)

ZnO NRs Hydrothermal NO», 0.001 150 1.3 [32]

ZnO NRs Hydrothermal NO,, 100 150 113.32 [39]

ZnO/CuO Hydrothermal | Ethanol, 100 | 300 98.8 [40]
heterojunction
CuO decoration |y thermal | Ethanol, 100 | 350 | 687 [6]

ZnO NRs ’ )

Cu0/Zn0 Thermal NO, 100 250 4.1 [17]

nanowires oxidation

Cu0-ZnO Chemical NO,, 100 200 73 [41]
nanocomposites methods
Cu0/Zn0O NRs Thermal NO,, 100 150 96 [42]
nanocomposites evaporation

ZnO NRs This
decoration CuO | Hydrothermal NO», 197 200 159

NPs work

5. Conclusions

The ZnONRs/CuONPs heterostructure was prepared as an NO: gas sensor. Pristine
ZnO NRs and ZnO NRs decorated with different CuO NP concentrations (20, 40, and 60
g/L) were successfully synthesized using hydrothermal and spin-coating techniques,
respectively. When ZNRs were decorated with CuO nanoparticles, the outermost nanorods
became rougher. According to XRD data, ZNRs typically have a hexagonal structure, a
surface morphology, and monoclinic CuO surfaces. This investigation revealed that the
sensor detected the gas at 70°C with a concentration of 60 g/L. Furthermore, all samples
responded best to the gas at 200°C. The better response to the gas happens because there are
more CuO NPs on the surface of ZnO NRs and because a mixed n-ZnO/p-CuO structure is
formed. The relationship between nanostructure and effective gas sensor performance
suggests the possibility of using it for various sorts of dangerous gas detection.
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