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Abstract: The detection of nitrogen dioxide (NO,) is essential for safeguarding human health and
addressing environmental sustainability. That is why, in the last decades, gas sensors have been
developed to detect NO, to overcome these hazards. This study explores the use of a novel CuO-ZnO
composite synthesized through a polyol and sol-gel technique to enhance gas sensing performance.
The CuO-ZnO composite offers the advantage of a synergic combination of its properties, leading to
improved sensitivity, selectivity, and low detection limit. The innovative polyol technique employed
in this research enables the controlled synthesis of hierarchical CuO and porous ZnO structures. The
composite formation is achieved using the sol-gel method, resulting in CuO-ZnO composites with
different ratios. The structural, morphological, and optical properties of the materials have been
characterized using FESEM, X-ray diffraction, and UV-vis spectroscopy. Gas sensing experiments
demonstrate enhanced performance, particularly in sensitivity and selectivity for NO,, even at low
concentrations. The composites also exhibit improved baseline stability compared to pristine CuO
and ZnO. This study explains the influence of humidity on gas sensing properties by examining
interactions between water molecules and sensor surfaces. Notably, the developed CuO-ZnO com-
posite displays excellent selectivity towards NO,, attributed to favorable bonding characteristics and
acid-base properties. Overall, this research contributes to advancing gas sensor technology, providing
a promising potential for sensitive and selective NO, detection, thereby addressing critical needs for
human health and environmental protection.

Keywords: CuO-ZnO composite; NO,; gas sensor; gas sensing performance; selectivity

1. Introduction

Toxic gases and volatile compounds (VOCs) could be harmful to human health in a
short time and lead to climate change and global warming in the long term [1-3]. Among
these hazardous gases, nitrogen dioxide (NO;) as a major component of NOy gases plays a
significant role in the formation of ground-level ozone and contributes to producing some
harmful chemical compounds and acid rain [4,5]. Short-term exposure to NO, can lead
to breathing issues, such as coughing, and wheezing, while prolonged exposure to high
concentrations of NO, levels can cause severe respiratory infections [6-8]. Furthermore,
children and elderly people with asthma are particularly vulnerable to NO, exposure [9,10].
Studies have demonstrated a correlation between NO, concentrations in different cities
and an increase in COVID-19 cases [11]. Hence, given the hazardous effects of NO; on
human health and the environment, detecting it below the threshold limit is critical. Some
research has focused on monitoring and reducing environmental pollution by developing
sensors for low concentrations of NO, detection following the use of novel catalysts to
convert NO; into harmless gaseous species [12-14].

Different materials including polymers, carbon, and semiconductor nanomaterials
have been employed for gas detection [15]. Among these different nanomaterials, metal
oxide gas sensors have attracted much attention in recent years due to their applicability,
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ranging from health and safety (including food processing, air quality monitoring, and
breath analysis) to energy efficiency and emission control in combustion processes [16,17].
In addition, gas sensor-based metal oxide nanostructures have exhibited various advan-
tages, including their high sensitivity, simplicity, low cost, and simple integration [18].
However, the metal oxide gas sensing devices show poor chemical selectivity due to re-
sistance changes when exposed to other gaseous species. Thus, by combining sensing
materials through doping, composite preparation, and surface modification, researchers
have enhanced gas sensing performance factors, such as selectivity, gas sensing response,
recovery, and response time [19].

Copper oxide (CuO), a p-type semiconductor metal oxide with a narrow band gap
(1.2 eV), has been extensively studied in applications, including electronics, batteries, solar
energy devices, and gas sensors. Copper oxide’s high catalytic activity, good thermal stabil-
ity, adjustable surface, and non-toxicity make it an ideal material for these applications [20].
However, it has not been widely used compared to some n-type semiconductor gas sensing
materials, like SnO,, ZnO, InyO3, and TiO; [21]. Nevertheless, some research has reported
good sensitivity of CuO-based sensors towards NO, [22,23]. On the other hand, zinc oxide
(Zn0O) is an n-type semiconductor with a wide band gap (3.37 eV) and has become the most
widely sensing material for the detection of NO, owing to its good chemical stability and
electrical and non-toxic properties [24]. To improve the gas sensing performance of the CuO
nanostructure, such as sensitivity and selectivity, CuO-ZnO composites were synthesized
in this study using a two-step preparation method without using structure-directing agents.
Previous research with a similar focus has predominantly employed various methods,
precursors, reaction conditions, and sometimes toxic additives, such as HCI, oxalic acid,
and sodium sulfate, as well as different structure-directing agents. However, some methods
are not cost-effective and require complex instrumentation [25,26]. Our study introduces a
simple and low-cost approach to synthesizing CuO-ZnO composites using a polyol and
sol-gel technique.

The innovative polyol technique presents a novel approach to achieve chemical pro-
cesses at low temperatures. This method was first developed to synthesize sub-micron
metal powder [27]. The preparation involves dissolving suitable solid metal salts in a liquid
polyol. The prepared suspension was stirred and heated. This controlled reduction process
leads to the formation of metal powders. The polyol liquid serves not only as a solvent but
also as a capping agent, preventing undesirable particle growth and agglomeration [28].
More recently, this technique has been extended to the synthesis of metal oxides and metal
chalcogenides, expanding its applicability [29]. Thus, in this study, ethylene glycol (EG)
acts as both solvent and capping agent to control shape and crystallization formation in
preparation of bare metal oxide. This efficient method produces a hierarchical CuO and
porous ZnO structure.

2. Materials and Methods
2.1. Synthesis of Powder
2.1.1. Preparation of CuO and ZnO Structures

The pristine CuO and ZnO powders were prepared using the polyol method by
following two solutions.

i. A total of 0.05 g of copper acetate (Cu(CH3COO),, Sigma-Aldrich, Steinheim, Ger-
many) was dissolved in 25 mL of ethylene glycol (C;H¢O,, Sigma-Alderich) and
stirred for 30 min at room temperature. Then, the resultant solution was heated at
150 °C for 40 min. After 20 min, the clear solution turned cloudy due to the formation
of an organocopper precursor.

ii. A total of 2 g of zinc acetate (Zn(CH3;COO),, Sigma-Aldrich) was added to 25 mL of
ethylene glycol. Then, the mixture was stirred and heated at 150 °C for 6 h.

Both obtained powders were collected and washed by centrifugation with ethanol
several times to remove side products. In this regard, the resultant particles were dried at
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75 °C for 24 h, followed by annealing at 500 °C for 2 h, to obtain well-defined crystalline
copper oxide and zinc oxide powders.

2.1.2. Synthesis of the CuO-ZnO Composite

First, the organocopper and zinc oxide precursors were prepared following the afore-
mentioned steps without annealing. Then, two composite ratios with specific atomic ratios
for Zn:Cu of 0.95:0.05 and 0.9:0.1, respectively, were synthesized at the same conditions.
For the CuO-ZnO composite with a 0.9:0.1 ratio, 0.017 g of the obtained organocopper
precursor was dissolved in 5 mL of isopropanol (C3HgO, Sigma Aldrich) and stirred at
room temperature for 15 min. Afterward, 0.153 g of the above-mentioned prepared zinc
oxide precursor was added to this mixture and stirred for 15 min to dissolve the ZnO
precursor powder. The resultant solution was heated at 100 °C for 30 min. To obtain the
precipitate, the solution was centrifuged three times with ethanol at 3500 rpm. The material
was dried at 75 °C for 24 h and then calcinated at 500 °C for 2 h.

Two composite ratios have been synthesized to compare the gas sensing performance
of the composite with bare CuO and ZnO powders. The specific atomic ratios for Zn:Cu of
CuO-ZnO_95 and CuO-ZnO_90 are 0.95:0.05 and 0.9:0.1, respectively.

2.2. Characterization

The morphologies of samples were observed by high-resolution FESEM (MIRA3
FEG-SEM, TESCAN). Powder X-ray diffraction intensities were recorded with an X-ray
diffractometer (Empyrean model, PANalytical, Almelo, The Netherlands) operating at
40 kV and 40 mA using a Cu-LFF (A = 1.54 A) source. The optical properties of materials
were determined by a UV-vis spectrometer (UV-2600, Shimadzu, Kyoto, Japan).

2.3. Fabrication of the Sensor Device

For the gas sensing characterization, the nanostructures were fabricated on alumina
substrates (Kyocera, Japan were 2 mm x 2 mm x 0.25 mm) using the drop-casting method.
First, platinum (Pt) interdigitated electrical contacts and a Pt heater were deposited on top
of the side and backside of the substrates using DC magnetron sputtering. Afterward, the
prepared powders were dispersed in isopropyl alcohol and drop cast onto the alumina
substrates using a Gilson dispenser (Figure Sla). Figure S1b depicts the gas sensing drop-
cast material onto an Al,Oj3 substrate with Pt interdigitated deposition, providing insight
into the distribution of the sensing material. Finally, the drop-cast materials underwent
annealing at 450 °C to stabilize their electrical characteristics at high operating tempera-
tures. Consequently, we selected 400 °C as the maximum temperature for conducting gas
sensing studies.

Gas sensing measurements were conducted utilizing the flow-through technique
within a thermostatic test chamber. In this method, a steady flow of synthetic air (0.3 L/min)
was mixed with the desired concentration of gaseous species through a sealed chamber,
which was kept at 20 °C, atmospheric pressure, and specific humidity level. More detailed
information on the system can be found in previous sensor laboratory studies [30]. The hu-
midity level was determined using a humidity sensor. To generate air saturated with water,
synthetic dry air was initially passed through water maintained at a constant temperature
and then through a condenser that was kept at the same temperature as the test chamber.
The relative humidity was generated by mixing with dry air. To obtain the desired analyte
concentrations, synthetic air was mixed with gas compounds from certified bottles. The
sensing response of the fabricated structures towards reducing and oxidizing gases was
calculated using the following equations, respectively:

(G —Go) _ AG
TG G “>
(Go—Gf) _ AG 2

G G
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In Equations (1) and (2), Gp represents the initial conductance of the n-type metal
oxide sensor when exposed to air, while G¢ denotes the stable conductance level of the
sensor when the analyte compound is present.

3. Results and Discussion
3.1. Morphological Properties

Different morphological properties of CuO, ZnO, CuO-ZnO_95, and CuO-ZnO_90,
characterized by FESEM, are shown in Figure 1a,b,e-i. The morphology of CuO powder is
exhibited in Figure 1a,b. The low-magnification SEM image exhibits a microsphere hierar-
chical structure with a mean diameter size of 740 nm (Figure 1a,c). The high-magnification
SEM images display that the CuO microsphere is composed of nanoparticles with an
average particle size of 60 nm (Figure 1b,d). The morphology of the ZnO microstructure
synthesized in the surfactant-free condition is shown in Figure le—g. The resultant zinc
oxide precursor microstructure before the annealing process is displayed in Figure le.
Figure 1f,g show the ZnO porous microstructure. Figure 1h exhibits that the porous mi-
crostructure of CuO-ZnO_95 is similar to the ZnO one, while the CuO-ZnO_90 structure
presents CuO sphere-like and porous ZnO nanoparticles (Figure 1i).

The structure of the CuO is composed of nanometer-sized CuO crystals that are
organized into larger, solid structures at the micrometer scale (microspheres) (Figure 1a,b).
In the polyol process, the precipitates form a sphere shape due to minimize the surface
energy. Over time, a particular process begins where these spherical particles start to
dissolve a bit and then form new particles again. This process gradually changes their
shape. Due to the relatively low concentration of the precursor, there are only a few
nucleation centers. Furthermore, the growth of new particles on the surface of the spheres
happens very slowly and is controlled by diffusion. In this regard, as this slow growth
process continues, tiny particles attach themselves to the nucleation centers on the surface
of the original spherical particles. Therefore, spheres shape changes and form particles on
their surface [31-34]. The 3D hierarchical structure provides a high specific surface area
and promotes the diffusion of analytes towards the surface. As can be seen in Figure 1f,g,
the fabricated particles are porous structures after annealing treatment. EG molecules at
high temperatures could produce OH™ ions, which reacted with Zn?* to form Zn(OH), as
the initial powder. Then, pores formed during the phase transition from Zn(OH), to ZnO
at an annealing temperature of 500 °C, resulting in a high surface-to-volume ratio [35]. The
ZnO porous structure is achieved without any additives, developing a low-cost, simple,
and environmentally friendly method. To synthesize composite materials, both bare metal
oxide precursors were prepared via the polyol method with the same conditions before
calcination, and then CuO and ZnO were mixed by heating at 100 °C using isopropyl
alcohol as a solvent. Hence, the morphological properties of composite structures were
not significantly affected by the second step in their synthesis method due to the short
reaction time.

3.2. Structural Properties

The crystal structures of CuO, ZnO, CuO-ZnO_95, and CuO-ZnO_90 were investi-
gated by X-ray diffraction spectroscopy (XRD), as shown in Figure 2a. The synthesis of
CuO includes a two-step process. First, copper acetate reacts with ethylene glycol (EG),
producing organocopper precursors. Then, these organocopper precursors are annealed
at 500 °C, leading to the formation of CuO powder. In this regard, the XRD pattern of the
calcinated CuO sample confirms the formation of crystalline CuO after the heat treatment.
The diffraction pattern of the CuO structure can be matched with monoclinic (space group:
C1 2/c 1, space group number: 15, PDF No. 01-089-5897). No additional peak of any
secondary Cu or CuyO phases is detected. Hence, the heat treatment step is essential for
transforming the amorphous or precursor states into well-defined crystalline structures
and preventing the formation of unwanted secondary phases.
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Figure 1. FESEM images of the prepared (a,b) CuO hierarchical structure synthesized using the
polyol method; (c¢,d) size distribution histogram of the obtained CuO microsphere and nanoparticles;
SEM images of the resultant (e) ZnO micro-rod using EG as a solvent before calcination; (f,g) the ZnO
porous structure annealed at 500 °C; synthesized composite utilizing isopropyl alcohol, where the
proportions of Zn and Cu weight are (h) 0.95:0.05 (CuO-ZnO_95) and (i) 0.9:0.1 (CuO-ZnO_90).
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Figure 2. (a) XRD pattern of CuO, ZnO, CuO-ZnO_95, and CuO-ZnO_90 (“x” and “*” represent ZnO
hexagonal crystalline peak and CuO monoclinic crystalline peak, respectively); (b) Tauc’s plot for
band gap estimation of CuO, ZnO, CuO-ZnO_95, and CuO-ZnO_90.

The ZnO microstructure pattern reveals the crystalline structure of the hexagonal
(space group: P 63 m ¢, space group number: 186, PDF No. 01-079-2205), and all diffraction
peaks match well with the hexagonal without any secondary phases. The diffraction peaks
of CuO-ZnO composites are almost the same as pure ZnO; however, few peaks correspond
to the monoclinic CuO in the XRD pattern. When the organocopper precursor was added
to the zinc acetate precursor solution (CuO-ZnO_95 and CuO-ZnO_90), one peak appeared
at 38.73°, which corresponds to the (111) crystal plane of monoclinic CuO. In addition,
peaks located at 66.3°, 68.03°, and 72.56° can be assigned to (31-1), (220), and (311) planes
of monoclinic CuO and (020), (112), and (004) planes of hexagonal ZnO. Another extra
peak at 35.46° was detected in the XRD pattern of CuO-ZnO_90, which can be assigned to
the (11-1) plane of the CuO monoclinic. The diffraction peak intensity increases with an
increasing organocopper precursor.

3.3. Optical Properties

The optical characteristics of the samples were evaluated through UV-vis spectroscopy
to determine the band gap value of CuO, ZnO, CuO-ZnO_95, and CuO-ZnO_90. The band
gap values were estimated by analyzing the absorption data (Figure S2 in Supplementary
Material) using Equation (3), where A is a constant, « represents the absorption coefficient,
and hv corresponds to the energy of the incident photon. To find the band gap (Eg),
a Tauc plot was created, plotting («xhv)? against hv, and the E, value was obtained by
extending the linear section of the plot until xreached 0 (Figure 2b) [36]. The result
exhibited a direct Eg of approximately 1.25 eV for CuO in agreement with the reported
data (Table 1) [37]. Table 1 displays the obtained Eg of 3.09 eV for ZnO, which is different
from the band gap range of 3.2-3.4 eV in the literature [38]. This small variation can be
related to defects in the pure ZnO structure [39]. The calculated Eg for CuO-ZnO_95 and
CuO-ZnO_90 were 2.92 and 2.81 eV. The band gap value is reduced with increasing the
CuO concentration in the composite. The presence of Cu atoms in the ZnO lattice can
create defects that affect the band structure and reduce the band gap energy value of the
CuO-ZnO composite [40-42]. This increased carrier concentration leads to a reduction in
the band gap, making it narrower [43]. On the other hand, when ZnO is mixed with CuO,
it may provide more active sites at the surface of materials. These sites facilitate the transfer
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of mass (molecules or atoms) and electrons between ZnO and CuO. As a result, there is a
more efficient exchange of electrons between the two materials. This enhanced electron
transfer is a key factor in reducing the band gap of the composite compared to the bare
samples [43]. This lower band gap suggests that electron transfer processes are more likely
to occur, which enhances gas sensing performance [44].

ohv = A(hv — Eg)l/2 3)

Table 1. The band gap of ZnO, CuO, CuO-ZnO_95, and CuO-ZnO_90.

Samples Band Gap (eV)
ZnO 3.09
CuO 1.25
CuO-ZnO_95 292
CuO-ZnO_90 2.81

3.4. Gas Sensing Performance

The operating temperature plays an important role in conductometric sensors due to
its influence on the adsorption/desorption reaction on the gas sensing material surface.
The gas sensing performances of the CuO microsphere, ZnO structure, CuO-ZnO_95, and
CuO-ZnO_90 composites are investigated at temperatures ranging from 250 to 400 °C
and 40% relative humidity. Figure 3 illustrates the gas sensing response of ZnO, CuO,
Cu0O-Zn0O_95, and CuO-ZnO_90 towards 5 ppm of NO; at different operating temperatures.
The results indicate an enhancement in response of ZnO, CuO-ZnO_95, and CuO-ZnO_90
as the operating temperature increases up to 350 °C, followed by a reduction in values
at 400 °C. Thus, the highest gas response of ZnO, CuO-ZnO_95, and CuO-ZnO_90 is
observed at 350 °C, while the maximum response of the CuO nanostructure occurs at
250 °C. The gas sensing response shows enhancement with increasing temperature up to
the optimal operating temperature. This improvement can be attributed to providing the
higher activation energy necessary for NO; to initiate a reaction with the sensing material’s
surface. This process is facilitated by suitable adsorption surface energy and charge transfer.
However, beyond the optimal temperature, the response value decreased, which could be
related to the higher desorption rate of NO, compared to adsorption rates [45].

40
——27Zn0
354 —e—CuO
. —a— Cu0-Zn0O_95
& 309 ——Cu0-zn0_90
[T) i
aQ 25
% 204
[
S
2 151
&
10
¢ .\o—o\.
0 .

250 300 350 400

Temperature (°C)

Figure 3. Gas sensing properties of pristine materials and their composite toward 5 ppm NO, at
various temperatures.
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Conductance (S)

Dynamic responses of the four samples demonstrate different behaviors (Figure 4a—d).
The gas sensing measurements towards 1, 2, and 5 ppm NO; follow three steps: (1) exposing
the surface of the material to air in the surrounding environment; (2) injecting NO, inside
the chamber; and (3) purifying of the surface of the gas sensing material by restoring
the airflow. As can be seen in Figure 4a, the conductance of ZnO, as expected by n-type
metal oxide, decreases when exposed to NO; and returns to its baseline after restoring
airflow. Furthermore, the CuO-ZnO_95 and CuO-ZnO_90 composite exhibits the same be-
haviors as the ZnO nanomaterial due to the presence of a high percentage of ZnO material
(Figure 4c,d). On the other hand, increasing conductance of CuO confirms a p-type metal
oxide behavior to NO; as an oxidizing gas (Figure 4b). As shown in Equations (4)—(7),
oxygen molecules are adsorbed on the metal oxide surface and capture electrons from the
conduction band, and then oxygen ions are formed on the surface of the material [46].

~
()
-

Conductance (S)

0,(gas) + Oy(ads) 4)
O;(ads) +e” «» O, (ads) (5)
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Figure 4. Dynamic response of (a) ZnO; (b) CuO; (c) CuO-ZnO_95; (d) CuO-ZnO_90 toward 1, 2, and
5 ppm NO; at their optimal operating temperature.
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Upon exposure to NO; gas, the nanostructures undergo interactions with the NO,
molecules adsorbed on the surface, leading to redox reactions, as outlined in Equation (8).
The adsorbed NO, molecules can extract electrons from the materials’ conduction band,
leading to the production of species, as depicted in Equation (9) [47,48]. Additionally, due
to the higher electronegativity of NO, molecules in comparison to oxygen, these adsorbed
NO, molecules may react with oxygen species present on the surface (O?>~ and O~), as
illustrated in Equations (10) and (11) [47,49,50]. The sequence of these reaction processes is
as follows:

NO;(gas) — NO;(ads) 8)

NO;(ads) +e~ — NO, (ads) )

NO, + O, +2e~ — NO, (ads) + 20~ (ads) (10)

NO; (ads) + 20~ (ads) + e~ — NO,(gas) +20%" (ads) (11)

Figure 4a—d demonstrate a significant increase in composite resistance (10> times) com-
pared to pristine material owing to the band bending that can be related to the formation of
the p-n junction at the surface of CuO and ZnO (formation of a Zn—-O-Cu bond) [51-53].
In the p-n junction, electrons move from the n-type to the p-type metal oxide, while holes
move from the p-type to n-type metal oxide until reaching an equilibrium state at the
Fermi level [25,54]. Thus, the resistance increases due to the formation of a depletion layer.
NO; mainly acts as an electron acceptor in surface reactions, resulting in an increase in the
width of electron depletion layers and a decrease in the conductance of the sensors (n-type
behavior) [50]. Furthermore, the dynamic response of CuO-ZnO_95 and CuO-ZnO_90
exhibit a stable baseline and rapid recovery compared to pristine materials. The addition
of the CuO microsphere enhanced the response of the composite in comparison to bare
materials (Figure 3), which may be attributed to the presence of more active sites, increasing
the depletion layer and enabling charge transfer [55,56]. Additionally, the reduction in band
gap energy implies a higher electron transfer and improved gas sensing performance [44].

Figure 5a illustrates gas sensing performances of CuO-ZnO_95 and CuO-ZnO_90
towards different concentrations (0.1, 0.2, 0.5, 1, 2, and 5 ppm) of NO, at 350 °C and a
relative humidity of 40%. It can be observed that the gas sensing response of CuO-ZnO
composites increased with the concentration of NO,. Results (Table S1) demonstrate a
good response to 100 ppb of NO, (response values of 1.6 and 1.2 for CuO-ZnO_95 and
CuO-Zn0O_90, respectively) and 200 ppb (response values of 3.3 and 2.8 for CuO-ZnO_95
and CuO-ZnO_90, respectively). The detection of low concentrations of NO; is significant
for environmental monitoring. Also, the threshold limit value (TLV) of NO, (5 ppm)
and the Scientific Committee on Occupational Exposure Limits (SCOEL) of the European
Commission defines an 8 h time-weighted average (TWA) and a short-term exposure limit
(STEL) (0.5 and 1 ppm, respectively) [57,58].

The humidity level can significantly influence the performance of gas sensors. In this
regard, this study investigates the effect of humidity on CuO-ZnO_95 and CuO-ZnO_90
when exposed to 500 ppb of NO, at 350 °C (its optimum operating temperature). The
behaviors of CuO-ZnO_95 and CuO-ZnO_90 sensors were examined at three relative
humidity (RH) ranges: 0—40%, 40—80%, and 80—90%. Comparing the response of CuO-
Zn0_95 and CuO-ZnO_90 sensors at various RH levels (as shown in Figure 5b), it is evident
that humidity levels have a slight impact on the performance of sensors. Increasing RH
from 0% (dry air) to 40% results in a 27% response increase in CuO-ZnO_95. In the case
of CuO-ZnO_90, the response increase was 17%. Furthermore, the obtained results from
40% to 80% indicated an increase in the response of CuO-ZnO_95 and CuO-ZnO_90 by
7% and 13%, respectively. The response enhancement continues as RH is increased to 90%.
Figure 5b demonstrates a 17% higher response of CuO-ZnO_95 when compared to 40%
RH. Similarly, for CuO-ZnO_90, the response enhancement is even more significant at 90%
RH, with an increase of 35%.
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Figure 5. (a) Response of CuO-ZnO_95 and CuO-ZnO_90 towards various concentrations of NO,
(0.1-5 ppm) at an operating temperature of 350 °C; (b) gas sensing response of CuO-ZnO_95 and
CuO-ZnO_90 to 500 ppb of NO; at different relative humidity levels (0—90%) and an operating
temperature of 350 °C; (c) response of ZnO, CuO, CuO-ZnO_95, and CuO-ZnO_90 towards various
analytes (NO,, Hy, NH3, CO,, acetone, and ethanol) at 350 °C (40% RH); (d) a magnified section in
Figure (c) where the response of four samples towards interfering gases (H,, NHgz, CO,, acetone, and
ethanol) can be clearly seen.

The effect of humidity on the electrical and sensing properties of gas sensors has been
widely recognized, and this investigation extends the understanding of this phenomenon.
Conductance behavior of composite materials at 350 °C reported in the Supplementary
Material (Figure S3a); the conductance of the CuO-ZnO_95 and CuO-ZnO_90 was slightly
higher at 40% RH compared to dry air conditions. Notably, at higher RH levels ranging
from 40% to 90%, significant variations in conductance were not observed. The observed
variations in response to changing humidity levels are attributed to the dissociation of
water molecules on the sensor’s surface, leading to the formation of hydroxyl (OH™) and
proton (H*) groups [59,60]. These protons can contribute additional electrons to the sensing
mechanism, thereby influencing the response towards NO,. However, it is worth noting
that the interaction of water molecules and other gaseous compounds with the surface
of materials is a complex process and can be influenced by various factors, including
operating conditions. Also, water may act as a catalyzer for the interaction between the
analyte and the surface of the material [61,62]. Figure S3a displays good stability of electrical
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conductance of both composites at 40—90% RH and a slight increase in conductance from
0 to 40% RH. At higher operating temperatures (350 °C), the influence of water molecules
is decreased due to their evaporation.

Concerning selectivity, another crucial parameter of gas sensors, the responses of the
four samples towards various gases were investigated (Figure 5c,d). As can be seen in
Figure 5c¢, the response of four structures towards 100 ppm of Hj, 25 ppm of NHj3, 400 ppm
of CO;,, 10 ppm of acetone, and 25 ppm of ethanol were analyzed at 350 °C. We utilized these
different gas concentrations to simulate real-world scenarios and comprehensively evaluate
how well the materials can distinguish between various gases in practical environments.
Figure 5d exhibits higher responses of ZnO and CuO to hydrogen, ammonia, and carbon
dioxide in comparison to the composite. Also, Figure S3b shows the response change in the
sensor based on CuO-ZnO_90 at different operating temperatures. The sensors are selective
to NO; at various operating temperatures (250-400 °C) (Figure S3b). Furthermore, the
selectivity coefficient (K) of four sensors to NO, gas relative to other gases was evaluated
to compare the composite selectivity with pristine materials. The selectivity coefficient (K)
was determined using Equation (12) [63] as follows:

_Sa

k=g

(12)
where Sy represents the sensor response to 5 ppm of NO; and Sg represents the sensor
response to 100 ppm of Hy, 25 ppm of NHj3, 400 ppm of CO,, 10 ppm of acetone, and
25 ppm of ethanol. A higher K value indicates a superior ability of the CuO-ZnO_95 and
CuO-Zn0O_90 sensors to differentiate NO, gas from other interfering gases (Figure 54).
This confirms the enhanced selectivity of the composite sensors compared to sensors
using bare materials for NO, gas. The excellent selectivity of four sensors towards NO,
can be justified by three reasons. First, among various gases, NO, exhibits the lowest
bond dissociation energy at 305.0 k] /mol. In comparison, other gases have higher values:
436 kJ /mol for Hy, 391.0 kJ /mol for NHj3, 532 kJ /mol for CO,, 798.9 k] /mol for acetone,
and 441.0 kJ /mol for ethanol (Table 2) [64—67]. This indicates that the dissociation of NO,
molecules on the sensor’s surface required less energy than other interfering gases, making
the sensing reaction towards NO, highly favorable. Second, the higher response of four
gas sensing materials towards NO, in comparison to reducing gases can be attributed to
the electron affinity of NO, gas molecules (2.21 eV) [68], which is even higher than CO,
as an oxidizing gas (0.6 eV) [69]. Finally, the superior selectivity of gas sensors towards
NQO; is also related to the acid-base properties of sensors. ZnO and CuO display strong
basic and weak basic properties, respectively [57,70]. In general, active sites with acidic
properties tend to facilitate the adsorption of reducing gases, which are predominantly basic
in nature. Conversely, sites with basic properties promote the adsorption of acidic gases
like NO, [57]. In this regard, in all sensing materials, the basic properties are dominant,
resulting in an enhanced response to NO,. Therefore, the high selectivity of the sensors
is a result of the combination of the lower energy requirement for NO, dissociation, the
high electron affinity of NO,, and the acid-base properties of the sensor materials that
favor the adsorption of acidic gases like NO;. The excellent selectivity of NO, confirms
its potential for practical application. Both composites reduce the interference from other
gases at higher concentrations compared to NO,, which is a desirable characteristic for a
NO; sensor.

Table 3 presents the gas sensing performance of various materials to NO, at their
optimum operating temperature. Comparison of the response of other materials is difficult
due to different measurement conditions. However, these results confirm our excellent
gas sensing performance towards NO, at 350 °C. Gas sensors with higher responses also
towards lower concentrations of NO, compared with other works have been developed.
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Table 2. Bond energy of tested gas molecules [64-67].

Gas NO, H, NH;j; CO, Acetone Ethanol
Bond O-NO H-H H-NH, 0O-CO H-CH,COCHj; H-OC,H5
Bond energy (KJ/mole) 305.0 436.0 391.0 532.0 798.9 441.0

Table 3. Comparison of the gas sensing response of CuO- ZnO_90 towards NO, with the literature.

Operating

Sensing Materials Temperature (°C) Concentration (ppm) Response Reference
CuO NPs 150 40 0.03 (Ry — Rg)/R¢ [22]
Zn0O/g-C3N4 nanocomposite 180 10 14.63 (R — Rg)/Rg [71]
ZnO-CuO core-shell nanorods 300 10 0.5 (Ry — Rf)/R¢ [72]
Zn0O nanowire/CuO nanoparticle 150 100 1.75 (R — Rp) /Ry [55]
CuO-ZnO laminated heterostructure 350 29 9.2 (Ro/R¢) [12]
CuO-ZnO nanocomposite 200 100 0.73 (R¢/Rg) [63]
hierarchical CuO-Co304 spheres 160 20 0.48 (R — Rp)/Rp [73]
Mo0S;-ZnO nanowires 200 50 0.31 (Rf — Rp)/Rp [74]
ZnO/rGO/Au hybrids 80 100 0.33 (Ry — Rp)/R¢ [75]
nanoporous CuO@ZnO RT 5 3.37 (Rg — Rp)/R¢ [50]
CuO nanowires/ZnO NPs 250 100 4.1 (Rg/Ry) [76]
Cu:ZnO thin film 200 100 3.26 (Rf — Rg)/Ry [77]
ZnO nanorods 200 1 1.31 (Ip — Ip)/1¢ [78]
Ce-doped ZnO nanoarray 250 10 34.3 (R¢/Rp) [79]
Pt/ZnO/g-C3Ny 150 10 53 (R¢/Ryp) [80]
CuO-Zn0O_90 400 1 9.2 (G - Gy)/Gg This work
CuO-ZnO_90 350 1 18.9 (Go - Gyf)/G¢ This work
Cu0O-Zn0O_90 300 1 14.1 (Go - Gy)/G¢ This work
CuO-Zn0O_90 250 1 5.6 (Gg - Gy)/Gg This work

Note: Gy: the initial conductance of the sensor in air; G¢: the stable conductance level of the sensor in gas; Iy: the
current of the sensor in air; If: the current of the sensor in gas; Ry: resistance of the sensor in air; and Ry: resistance
of the sensor in gas.

4. Conclusions

This study introduces an innovative approach that employs ethylene glycol as both
a solvent and capping agent to effectively regulate the morphology and crystallization
of bare metal oxides. The method is successful in producing hierarchical copper oxide
(CuO) structures and porous zinc oxide (ZnO) through a straightforward and eco-friendly
polyol process. CuO-ZnO composites were also synthesized, involving the dissolution of
organocopper precursor in isopropanol, followed by mixing with prepared zinc oxide pre-
cursor and subsequent heating. SEM images showed the different morphological properties
of CuO, ZnO, CuO-ZnO_95, and CuO-ZnO_90 samples. CuO microsphere hierarchical
structures were observed, originating from the arrangement of nanometer-sized CuO
crystals within micrometer-scale formations. The ZnO microstructure exhibited a porous
rod-like morphology composed of nanoparticles, while CuO-ZnO_90 has CuO sphere-like
components and porous ZnO particles. The structural investigations confirmed the forma-
tion of crystalline monoclinic CuO and hexagonal ZnO. The CuO-ZnO composites closely
resembled pure ZnO in their diffraction patterns, with few peaks indicating the presence of
monoclinic CuO. Band gaps of CuO and ZnO were calculated as 1.25 eV and 3.09 eV using
Tauc’s method. The presence of CuO in the composite reduced the band gap, which could
be attributed to defects and increased carrier concentration caused by the incorporation of
Cu atoms. This reduced band gap suggests enhanced gas sensing performance. Gas sensing
measurements were conducted at various operating temperatures and humidity levels. The
gas sensing responses of the materials towards NO, demonstrated a significant influence of
both temperature and humidity, with CuO-ZnO composites displaying enhanced responses
at higher humidity levels. Moreover, selectivity studies indicated excellent selectivity
towards NO,, exhibiting favorable responses compared to other interfering gases. The
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high selectivity to NO, was attributed to the electron affinity, bond dissociation energy, and
acid-base properties of the sensor materials. The CuO-ZnO composite exhibits excellent
gas sensing performance, with improved sensitivity and selectivity compared to bare CuO
and ZnO powders. The results highlight the potential of CuO-ZnO composites as materials
for NO; gas sensing, contributing to the development of more efficient and reliable gas
sensors for various industries and environmental monitoring.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/chemosensors12040054/s1, Figure S1: (a) Schematic repre-
sentation of the fabrication of the gas sensor for electrical measurements and (b) SEM image of the
gas sensing drop-cast material on Pt interdigitated and deposited on the Al,O3 substrate, Figure S2:
UV-vis absorbance spectra, Figure S3: (a) Conductance of CuO-ZnO_95 and CuO-ZnO_90 at different
relative humidities (0-90%) and (b) response of CuO-ZnO_90 towards 1 ppm of NO,, 100 ppm of Hy,
25 ppm of NHj3, 400 ppm of CO,, 10 ppm of acetone, and 25 ppm of ethanol, Figure S4: Selectivity
coefficient of ZnO, CuO, CuO-Zn0O_95, and CuO-ZnO_90 to 5 ppm of NO,; Table S1: Response of
CuO-Zn0O_95 and CuO-ZnO_90 towards various concentrations of NO, at 350 °C.
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