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A B S T R A C T

The detection o toxic gases has gained signifcant attention in recent decades. Among various gas-sensing
materials, metal oxide semiconductors (MOS) have emerged as highly promising due to their exceptional
physical and chemical properties. However, a major limitation o MOS-based gas sensors is their lack o speci-
fcity, as they oten respond to multiple gases, complicating the identifcation o target gases in mixed envi-
ronments. This challenge can be addressed by combining two or more MOS materials to orm a heterojunction,
which modifes the electronic structure and enhances selectivity. NiO, a p-type semiconductor, has demonstrated
the ability to improve both selectivity and sensor response when combined with ZnO, an n-type semiconductor.
In this study, ZnO particles were synthesized via a precipitation method to produce two distinct morphologies:
needle- and donut-like. These ZnO particles were subsequently combined with NiO via a hydrothermal reaction
to orm an n-p heterojunction. The selectivity o the resulting sensors was evaluated against O₃, NO₂, NH₃, and
CO gases. The results indicated that ZnO sensors with needle- and donut-like morphologies exhibited high re-
sponses to oxidizing gases but lacked adequate selectivity between them. In contrast, the ZnO/NiO donut-like
heterostructure demonstrated high selectivity or NO₂ detection.

1. Introduction

The detection o toxic gases has become increasingly important due
to advancements in industrialization. Industrial and automobile emis-
sions o gases, such as CO, O3, NO2, and NH3 pose intoxication risks,
even at low concentrations and short exposure durations [1]. The
Occupational Saety and Health Administration (OSHA) has established
exposure limits o 0.1 ppm, 5, 50, and 25 ppm or O3, NO2, CO, and NH3,
respectively, over an 8 h work shit. Prolonged exposure to these gases
can lead to various health complications, such as irritation o the eyes,
throat, and lungs, hypoxia, tissue damage, and, in severe cases, death
[2–4]. Thereore, there is a pressing need to develop gas sensors with
rapid response times, high sensitivity, and selectivity, even at low
concentrations.

Dierent classes o materials have been used as gas sensors,
including polymers [5,6], carbon nanotubes [7,8], carbon and graphene
nanoparticles [9–11], and metal oxide semiconductors (MOS) [12–14].
Among these, MOS have demonstrated superior sensing characteristics
in terms o response time and sensitivity to dierent gases, along with

low production costs and straightorward synthesis processes [13].
Despite these advantages, MOS-based sensors typically show low
selectivity and high operating temperatures ranging rom 150 to 400 ◦C
[14].

Commonly studied MOS include SnO2 [15,16], WO3, In2O2 [17], and
ZnO [18], the latter o which is an n-type semiconductor widely inves-
tigated or gas sensing due to its excellent physical, thermal, and
chemical properties. ZnO possesses a high energy bandgap, high elec-
tron mobility, and outstanding thermal and chemical stability. It can be
synthesized in various morphologies through methods such as precipi-
tation [19], hydrothermal reaction [20,21], and sol-gel techniques [22],
among others. Moreover, ZnO can be doped with other metals [19,23] or
combined with other materials, including semiconductor oxides and
graphene [11,24], to orm heterojunctions.

Current research ocuses on improving the selectivity and lowering
the operating temperature o MOS-based gas sensors. These improve-
ments can be achieved through morphology modifcation [25,26],
doping [27,28], or more prominently, the ormation o heterostructures
between two or more dierent materials [29,30]. Careully designed
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heterostructures, incorporating considerations such as material selec-
tion, morphology, and interace engineering, enable the development o
gas sensors with tailored selectivity or the detection o target gases,
making heterojunctions a powerul tool or developing highly selective
gas sensors [29]. Heterostructures are ormed by direct contact between
two or more dierent semiconductors at the microscopic level and are
divided into three types: n-p (or p-n), p-p, and n-n. Among these, n-p
heterostructures have been extensively studied and have demonstrated
superior response, selectivity, and recovery times compared to their
isolated constituents [29]. The ormation o a heterojunction acilitates
charge-carrier transer to achieve equilibrium o the Fermi level at the
heterojunction interace [31]. Depending on the morphology and band
alignment, heterojunctions can have a complex eect on gas sensor
behavior, particularly concerning selectivity [31]. At the heterojunction
interace, the charge carriers shit until equilibrium is achieved, orming
a built-in electric feld. This feld can attract or repel specifc gas mol-
ecules, thereby enhancing the sensor’s response to particular gases. For
instance, p-n heterojunctions, ormed between p-type and n-type semi-
conductors, can be tailored to respond dierently to oxidizing and
reducing gases [31–35]. Heterojunctions can also increase the number
o oxygen vacancies, which act as active sites or gas adsorption. It has
been shown that vacancies increase the sensitivity to gases that strongly
interact with these vacancies, thereby improving selectivity [32]. While
p-p and n-n heterojunctions have also shown promising results [34–37],
n-p and p-n heterostructures consistently deliver superior results [29,
38].

In this study, ZnO was synthesized by a controlled precipitation
method to produce two dierent morphologies: thin, elongated, solid
shapes, termed "needles,” and spheroid, porous, hollow particles,
reerred to as "donuts.” The addition o a second metallic oxide aects
the surace and electronic properties, such as resistance modulation,
adsorption, and reactivity, thereby improving sensor properties,
including selectivity. A hydrothermal process was employed to orm a
heterojunction between ZnO needles and donut particles with NiO
nanoparticles. Sensors based on pure ZnO and ZnO/NiO hetero-
structures with dierent morphologies were tested or oxidizing (O3 and
NO2) and reducing gases (NH3 and CO) to evaluate their selectivity. The
results revealed that pure ZnO sensors exhibited high sensitivity to
oxidizing gases but lacked adequate selectivity. In contrast, the ZnO/
NiO donut-based heterostructure sensors showed high sensitivity and
selectivity or NO2. These results suggest that orming an n-p-type het-
erostructure with specifc morphology signifcantly improves the
selectivity o the gas sensors.

2. Materials and methods

2.1. Synthesis of ZnO particles

To synthesize needle-like ZnO particles, a 0.3 M zinc acetate solution
was stirred constantly at 1200 rpm at room temperature. Ammonium
hydroxide was gradually added until the pH o the mixture reached 8.8.
The precipitate was allowed to rest undisturbed or eight days to pro-
mote nucleation and crystal growth. Subsequently, it was collected,
washed, and redispersed our times in distilled water. The fnal product
underwent drying at 80 ◦C and thermal treatment at 300 ◦C or 2 h to
remove impurities [39].

For donut-like morphology, synthesis was conducted at 100 ◦C. A
0.15 M zinc acetate solution in ethanol was stirred magnetically while
ammonium hydroxide was slowly added until the pH reached 8.0. The
processes o aging, washing, drying, and annealing were identical to
those used or the needle-like morphology, yielding light-gray ZnO
powder [39].

2.2. Synthesis of ZnO/NiO heterostructures

The Heterostructures were synthesized ollowing the method

reported by Lu et al. [40]. For the needle-like ZnO/NiO heterostructure,
80 mg o the pre-prepared ZnO powder was mixed with 25 mg o nickel
chloride (NiCl2), 20 ml o ethanol, and 40 ml o deionized water. The
mixture was homogenized under magnetic stirring and then transerred
to a Teon container. The container was placed in a hydrothermal
reactor and maintained at 120 ◦C or 10 h. The resulting precipitate was
collected and washed our times (twice with deionized water and twice
with ethanol). Finally, the product was dried at 60 ◦C and annealed at
500 ◦C or 2 h.

For the donut-like ZnO/NiO heterostructure, 40 mg o ZnO powder
was mixed with 25 mg o NiCl2, 10 ml o ethanol, and 20 ml o deionized
water under magnetic stirring and then transerred to a Teon
container, which was also kept at 120 ◦C or 10 h. Ater the hydro-
thermal reaction, the precipitate was collected, washed with water and
ethanol, dried, and annealed at 500 ◦C or 2 h [40]. The ratio o ZnO to
NiCl2 or each morphology was optimized through several tests to ach-
ieve the desired microstructure.

2.3. Material characterization

X-ray diraction (XRD) data were obtained using a Rigaku Ultima IV
diractometer equipped with a Cu target and Cu-Kα radiation (λ 
=1.5418 nm). Data were collected or angles ranging rom 20 to 80 ◦. X-
ray photoelectron spectroscopy (XPS) measurements were perormed
with a Scienta Omicron ESCA spectrometer using an Al-Kα mono-
chromatic X-ray source. Spectra were calibrated to the carbon compo-
nent (284.8 eV), and peak ftting was conducted with Casa-XPS
sotware.

Scanning electron microscopy (SEM) was carried out using a ZEISS
SIGMA electron microscope with an FEG electron gun, and transmission
electron microscopy (TEM) was conducted using an FEI TECNAI G2 F20
high-resolution transmission electron microscopy (HRTEM) operating at
200 kV. TEM capabilities included high-resolution imaging, dark and
light feld imaging, and energy-dispersive X-ray spectroscopy (EDS)
analysis.

The surace areas o the samples were measured using the Brunauer-
Emmett-Teller (BET) technique with a Micromeritics ASAP-2020 in-
strument. The samples were degassed at 70 ◦C or 24 h and cooled to 77
K or measurements.

2.4. Detection of toxic gases

The sensors were abricated on a silicon substrate with interdigitated
Pt electrodes. A flm was prepared by drop-casting fve layers o a 10
mg/mL water suspension o ZnO and ZnO/NiO particles onto the elec-
trodes, ollowed by sintering at 400 ◦C or 2 h.

O3 gas was generated by exposing dry synthetic air to UV radiation
(lamp UVP P/N 90-0004-01) at a ow rate o 100 ccm, with concen-
trations verifed by a commercial gas sensor (TI F123513-00-1388) be-
tween 30 ppb and 370 ppb. Permeation tubes generated NO2 and NH3
gases in an OVG system maintained at a 100 ccm ux. Finally, CO was
obtained rom a pressurized cylinder, and the concentrations varied by
mixing dry synthetic air with pure CO at a ux o 100 cm.

The electrical resistance was measured by calculating the ratio o the
electrical current, measured using a Keithley 6514 electrometer, and a 1
V voltage applied by a Tektronix PWS4205 source to the electrodes. The
substrates were placed on a PID-controlled hot plate with a thermo-
couple attached close to the sample to ensure accurate temperature
readings during gas-sensing tests.

The sensor response or n-type semiconductor was calculated as (Rg-
R0)/R0× 100% [13], where Rg is the electrical resistance in the presence
o O3, and R0 is the resistance in dry air.
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3. Results and discussion

3.1. Structural characterization

Fig. 1 shows the XRD patterns o the ZnO and ZnO/NiO samples
compared with the reerence fles JCPDS: 36-1451 (ZnO) and JCPDS#
04-0835 (NiO). The ZnO particles exhibited 11 characteristic peaks
between 20◦ and 80◦, consistent with the wurtzite crystal structure ex-
pected or ZnO under ambient conditions [39]. For the ZnO/NiO het-
erojunctions, peaks corresponding to the NiO phase with a rock salt
structure [40] were anticipated. However, diraction angles o the
(111), (220), and (311) planes o the NiO phase closely aligned with the
(101), (103), and (202) planes o the ZnO phase. Consequently, only the
low-intensity peak related to the (200) plane o the NiO phase was
visible due to the relatively small amount o NiO compared to ZnO.

The peak corresponding to the (002) plane in the XRD patterns o
ZnO showed a higher intensity across all samples, indicating a preer-
ential growth direction o ZnO along the c-axis, which corresponds to
the [0001] crystallographic direction. The absence o peaks related to
other phases confrmed the high purity o the ZnO and ZnO/NiO
crystals.

3.2. Surface and morphological characterization

The surace morphologies o the ZnO and ZnO/NiO particles were
investigated using SEM. As shown in Fig. 2(a), the needle-like ZnO
particles displayed an elongated shape with aceted suraces ormed by
layer stacking along the [0001] crystallographic direction [39]. In
contrast, Fig. 2(b) illustrates the donut-shaped ZnO particles, charac-
terized by their round, porous, and hollow structure with a central
cavity. Using ImageJ sotware, the particles’ diameter, thickness, and
length were measured, and their average size distributions are shown in
Fig. 2(c)–(). The average length o ZnO needles was 6.0 µm with an
average diameter o 0.3 µm, whereas ZnO donuts had an average
diameter o 0.4 µm and a thickness o 0.2 µm. Aspect ratios, calculated as
the ratio o particle length to thickness, were determined to be 19,0 or
needle-like particles and 2.3 or donut-shaped particles.

The ormation o these distinct morphologies can be explained by the
basic medium in which the chemical reactions occur. For the ZnO

needle-like nanoparticles, the addition o ammonium hydroxide led to
the adsorption o the anionic precursor ([Zn(OH)4]2-) on the positively
charged ace o the crystal ([0001] – c-axis), promoting anisotropic
growth along this direction. The synthesis o ZnO donut nanoparticles
occurred at 100 ◦C, above the boiling point o ethanol (78.4 ◦C), where
the porous surace likely resulted rom the rapid evaporation o the
solvent during the process. The central cavity is attributed to pressure
dierentials between the external and internal suraces o the particles,
causing inward deormation o the particle wall [39].

Fig. 2(g) illustrates the magnifed SEM image o the ZnO/NiO nee-
dles, revealing porous nanosheets composed o NiO ormed on the
aceted surace o the original ZnO needle particles during the hydro-
thermal reaction. Similarly, Fig. 2(h) shows the ormation o spherical
NiO nanoparticles adhered to the suraces o the ZnO donuts.

The surace area o the samples was determined using the BET
technique. The ZnO needles had a surace area o 1.8 m2/g, whereas the
ZnO donuts had a larger surace area o 7.1 m2/g. This dierence can be
ascribed to particle size variation, porosity, and aspect ratios [41–43].
The surace areas or the ZnO/NiO heterostructures were reduced to 0.9
m2/g or ZnO/NiO needles and 5.3 m2/g or ZnO/NiO donuts.

TEMmeasurements were perormed on the heterostructured samples
to confrmwhether the NiO nanoparticles were in direct contact with the
ZnO surace. HRTEM images, shown in Fig. A(1)–(2) and A(6)–(7) in the
supplementary material, enabled the measurement o the interplanar
distance between the NiO crystal planes using ImageJ sotware or
ZnO/NiO. The interplanar distance was ound to be 0.21 nm or both
morphologies, consistent with previous reports [40]. The EDS results,
shown in Fig. A(3–5) or the ZnO needles and A(8–10) o the ZnO do-
nuts, reveal that the samples consist o ZnO particles in their original
morphology, with NiO nanoparticles adhered to their suraces.

3.3. Chemical characterization

Figure B, shown in the Supplementary Material, displays the survey
spectra o the samples. Peaks corresponding to the binding energies o
the C 1s, O 1s, Ni 2p, and Zn 2p orbitals were observed at 285, 530, 853,
and 1021 eV, respectively. As shown in Table 1, the needle-like particles
showed higher concentrations o oxygen and zinc or both ZnO and
ZnO/NiO than the donut-like particles. In contrast, the ZnO/NiO donuts

Fig. 1. X-ray diraction patterns o ZnO needles, ZnO donuts, ZnO/NiO needles, and ZnO/NiO donuts.
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have a higher Ni content, indicating that Ni atoms substituted some Zn
atoms on the surace o the heterojunction.

The high-resolution O 1s orbitals o the samples, shown in Fig. 3 (a)
and (b), were ftted with three components located at 530, 531, and 532
eV. The peak at 530 eV is attributed to O2- species bonded to the Zn
crystal lattice, whereas the peak at 531 eV is attributed to O–OH bonds
[44–46]. The third peak at 532 eV is associated with unctional groups
chemically adsorbed onto the material’s surace [47].

Four components were used to ft the experimental data or the

heterostructured samples. The peaks at ~530 and ~529 eV correspond
to the Zn–O and Ni–O lattice bonds, respectively [48,49], whereas the
peak at ~531 eV is ascribed to adsorbed OH- radicals bonded to NiO
[50]. The peak at ~532 eV is related to adsorbed OH- and carbon species
[51].

High-resolution spectra o the Zn 2p orbitals o ZnO and ZnO/NiO,
presented in Fig. C o the supplementary material, exhibit two charac-
teristic degenerate peaks or the Zn 2p3/2 and Zn 2p1/2 levels. The
binding energies or the Zn 2p3/2 orbital were 1021.5 eV or both ZnO
needles and ZnO donuts, whereas those or the heterostructured samples
were slightly higher, at 1021.7 eV or ZnO/NiO needles and 1021.9 eV
or ZnO/NiO donuts. These values are consistent with the literature,
showing a 23.1 eV energy gap between the Zn 2p3/2 and Zn 2p1/2 levels
[45].

The high-resolution XPS spectra o the Ni 2p orbitals o the hetero-
structures, shown in Fig. 4, exhibit two degenerate peaks at 853–855
and 871–873 eV ascribed to the Ni 2p3/2 and Ni 2p1/2 levels, respec-
tively, as well as two peaks at 861 and 879 eV related to the satellite
peaks oNi2+. These satellite peaks are attributed to dierent energy loss

Fig. 2. SEM images o (a) ZnO needles and (b) ZnO donuts, graph o the mean distribution o (c) length and (d) diameter o ZnO needles, (e) width and () diameter o
ZnO donuts, and SEM images o the heterostructures o (g) ZnO/NiO needles and (h) ZnO/NiO donuts.

Table 1
Atomic percentages o the elements detected rom the ZnO needles and donuts
survey spectra and ZnO/NiO needles and donuts heterostructures.
Samples C 1s (% at) O 1s (% at) Zn 2p (% at) Ni 2p (% at)

ZnO needles 43.3 45.4 11.3 –
ZnO donuts 54.3 38.4 7.3 –
ZnO/NiO needles 48.1 43.6 7.1 1.1
ZnO/NiO donuts 57.8 35.9 3.1 3.2
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mechanisms that produce photoelectron emissions. The peaks at 853
and 855 eV are ascribed to the Ni–O bonds in the crystal lattice, and the
observed asymmetry in the spectra is related to the presence o dierent
Ni oxidation states in the samples.

The component at 853.2 eV (Fig. 4(a)) is assigned to the Ni2+
oxidation state, representing 19.0% o the total bonds in the ZnO/NiO
needles, whereas the peak at 854.8 eV corresponds to the Ni3+ oxidation
state, representing 47.8% o the chemical bonds in the sample. For ZnO/

NiO donuts (Fig. 4(b)), the peak at 853.8 eV corresponds to the Ni2+
state, representing 19.2% o the bonds, and the peak at 855.5 eV cor-
responds to the Ni3+ state, representing 47.6% o the total chemical
bonds in the sample. According to the literature, the component at 853
eV is ascribed to bonds between Ni2+ ions and lattice oxygen, whereas
the oxygen vacancies induce the ormation o Ni3+ ions, which can bond
to -OOH species and lead to O2- adsorbed molecules capturing electrons
rom the conduction band o the material, thus increasing the

Fig. 3. High-resolution O 1s spectra or (a) ZnO needles, (b) ZnO donuts, (c) ZnO/NiO needles, and (d) ZnO/NiO donuts.

Fig. 4. High-resolution Ni 2p orbitals or (a) ZnO/NiO needles and (b) ZnO/NiO donuts, and (c) valence band maximum energy or ZnO needles, ZnO donuts, ZnO/
NiO needles, and ZnO/NiO donuts.
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electrochemical perormance o the sensor [52].
The valence band (VB) spectra o the samples, shown in Fig. 4(c),

were used to determine the VB maximum energy or the our samples
(ZnO needles, ZnO donuts, ZnO/NiO needles, and ZnO/NiO donuts) and
NiO. The VB energies o the ZnO needles and donuts were measured at
2.2 eV and 2.5 eV, respectively, according to the values reported in the
literature [49–51]. On the other hand, the VB energies or the hetero-
structured samples––ZnO/NiO needles and donuts––were signifcantly
lower at 1.1 and 0.5 eV, respectively. This reduction is attributed to the
low VB energy o NiO, measured at 0.2 eV, which was used as the
standard. When a heterojunction orms between two materials, their
Fermi levels align, causing the bending o the valence and conduction
bands to establish Fermi level equilibrium. This interaction results in a
potential barrier and osets in the valence and conduction bands.
Consequently, the VB energy o heterostructured materials lies between
the VB energies o pure materials [29].

3.4. Sensing performance towards ozone gas

3.4.1. ZnO needle and donut sensors
The ZnO needle and donut sensors were tested or their response to

oxidizing gases (O3 and NO2) and reducing gases (NH3 and CO) at
dierent operating temperatures. The dynamic response-recovery
curves or these gases at 300, 250, and 200 ◦C are shown in Fig. D–F
o the supplementary material. Although the responses o both sensors
increased as the temperature decreased, a drit in the resistance curve
was observed in some cases. Fig. 5 displays the response o the ZnO
needle and donut sensors to the target gases at dierent temperatures.
For ozone (blue bar), both sensors demonstrated optimal response and
stability at 200 ◦C. Similarly, or NO2 (pink bar), both sensors showed
better response and stability at 200 ◦C. Neither sensor showed sensitivity
to CO and only a low sensitivity to NH3 (purple bar) reducing gases.
Specifcally, when exposed to NH3, the needle sensor showed a better
response and stability at 250 ◦C, whereas the donut sensor provided a
better response at 200 ◦C but exhibited signifcant drit on the resistance
curve. These results indicate that the most substantial eect o
morphology is a reduction in the optimal operating temperature or the
donut sensor when exposed to ozone (200 ◦C).

Sensor selectivity is a critical actor in gas sensing applications,
defned as the ability to detect a particular gas in the presence o other
gases. The selectivity o the ZnO needle and donut sensors was evaluated
or oxidizing gases (O3 and NO2) and reducing gases (NH3 and CO), as
shown in Fig. 6. Both sensors showed low or no response to NH3 and CO,
while their responses to O3 and NO2 were similar. These results suggest

that neither the ZnO needle nor the donut sensors exhibited good
selectivity or the oxidizing gases.

3.4.2. ZnO/NiO heterostructured needle sensors
Fig. 7(a) and (b) display the response-recovery curves o the ZnO/

NiO needle sensor exposed to O3 at 300 and 250 ◦C, respectively. Due to
the high electrical resistance o the sensor, measurements could not be
conducted below 250 ◦C. At 250 and 300 ◦C, the sensor demonstrated
sensitivity to O3 without saturation at dierent exposure concentrations.
Fig. 7(c) and (d) display the response-recovery curves or the ZnO/NiO
needle sensor exposed to NO2 at 300 and 250 ◦C. The sensor was sen-
sitive to NO2 at all concentrations and temperatures, with no evidence o
saturation. Additionally, its response increased signifcantly as the
temperature decreased rom 300 to 250 ◦C. However, no change in
resistance was observed when the sample was exposed to reducing gases
(NH3 and CO).

3.4.3. ZnO/NiO heterostructured donut sensors
Fig. 8 displays the response-recovery curves o the ZnO/NiO donut

sensor when exposed to NO2 at 300, 250, and 200 ◦C. The sensor showed
good sensitivity to NO2 at all evaluated temperatures; however, at 200
◦C, it exhibited analyte saturation. Unlike the ZnO and ZnO/NiO needle
sensors, the ZnO/NiO donut sensor shows a reduction in electrical
resistance upon exposure to NO2. This behavior is characteristic o p-
type semiconductors such as NiO, suggesting that NiO drives chemical
reactions in ZnO/NiO donut sensors, as opposed to the ZnO/NiO needle
sensor [31,53]. The sensor responses are equal to 6.4, 22.6, and 37.5%
or 900 ppb o NO2 at 300, 250, and 200 ◦C, respectively. These results
indicate that the optimal operating temperature o the sensor is 250 ◦C,
as signifcant resistance drit was observed at 300 ◦C, while sensor
saturation occurred at 200 ◦C. The ZnO/NiO donut sensor did not
exhibit sensitivity to O3, NH3, or CO at any concentration or
temperature.

3.4.4. Selectivity
Fig. 9 displays the responses o the ZnO needle and donut sensors and

their respective heterojunctions at 250 ◦C to O3 (30 ppb), NO2 (900
ppb), NH3 (11 ppm), and CO (10 ppm). The ZnO/NiO needle hetero-
junction (pink bar) demonstrated a signifcantly higher response to O3
than the ZnO needle sensor (blue bar). However, its response to NO2 gas
was not substantially dierent rom that o the ZnO needle sensor. Both
heterostructured sensors showed no sensitivity to the reducing gases. A
notable observation is the behavior o the heterostructured ZnO/NiO
donut sensor (yellow), which showed sensitivity only to NO2 gas. These

Fig. 5. Response (%) as a unction o temperature or the (a) ZnO needle and (b) ZnO donut sensors.
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Fig. 6. Selectivity o the ZnO needle and donut sensors.

Fig. 7. Response-recovery curves o the ZnO/NiO needle sensor to O3 at (a) 300 ◦C and (b) 250 ◦C and to NO2 at (c) 300 ◦C and (d) 250 ◦C.
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results suggest that the heterostructured ZnO/NiO donut sensor dem-
onstrates high selectivity or NO2 gas, whereas the heterostructured
ZnO/NiO needle sensor shows lower selectivity but a higher response to
O3.

Compared to recently reported NO2 sensors, the ZnO/NiO exhibited
a good response o 23.2% at 900 ppb o NO2. For instance, Zhen et al.
[54] synthesized AgTe2 nanoparticles or NO2 detection, achieving a
response value o approximately 25% at 50% humidity and room tem-
perature at a 1 ppm concentration. Similarly, Qiuni et al.[55] developed
Mo2TiC2Tx/MoS2 composites that exhibited high response and selec-
tivity towards NO2 at concentrations ranging rom 2 to 50 ppm under
room temperature. Additionally, Sun et al. [56] reported that a
Ce-doped ZnO sensor demonstrated excellent selectivity at 250 ◦C when
exposed to 10 ppm o NO2.

In summary, the results o this study are comparable to, or even
superior to, those reported in the literature, considering the more
straightorward preparation methods o the ZnO/NiO sensors and their
eective response to lower concentrations o NO2 gas.

3.3. Sensing mechanism

The sensing mechanism o semiconductor metallic oxide (SMO) gas

sensors is based on oxygen adsorption/desorption. When SMOs are
exposed to air at a specifc temperature, oxygen molecules are chemi-
cally adsorbed onto the material’s surace and capture electrons rom
the conduction band, orming oxygen ions [13]. Thereore, the oper-
ating temperature o such sensors signifcantly inuences their ef-
ciency because, at low temperatures, the number o thermally excited
electrons is insufcient to acilitate the ormation o reactive oxygen
species. The limited active sites are also thermally stable with high
adsorption energy, resulting in suboptimal sensor perormance [56].

The operating temperature or MOS ranges rom 100 to 450 ◦C, with
the types o reactive oxygen species adsorbed onto the surace o the
particle depending on the temperature, as described in Eqs. (1)–(3) or T
< 150 ◦C [13]:
O2 + e→O

2 , (< 150∘C), (1)

O2 + e→2O , (150∘C<T< 400∘C) (2)

O2 + e→O2 , (> 400∘C) (3)
In an n-type semiconductor, the electrons are captured rom the

conduction band o SMO by the oxygen ions, creating an electron-
defcient region near the particle surace, known as the charge-

Fig. 8. Response-recovery curves o the ZnO/NiO donut sensors to NO2 at (a) 300 ◦C, (b) 250 ◦C, and (c) 200 ◦C.

Fig. 9. Selectivity o all sensors at 250 ◦C.
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depletion region (space-charge layer). This process orms a potential
barrier and induces deormation o the conduction band (Fig. G) [56].
The thickness o the space-charge layer depends on the number and type
o adsorbed oxygen ions. For eective conductivity, the particle diam-
eter must be at least double the space-charge layer thickness, and the
electrons must have sufcient energy to overcome the potential barrier.
‘In contrast, in p-type semiconductors, ionized oxygen species generate
holes in the conduction band, orming a hole accumulation layer, a
potential barrier, and band bending [13].

When an n-type sensor is exposed to an oxidizing gas (O3), the gas
molecules capture electrons rom the conduction band o the material
and react with the oxygen ions absorbed at the surace o the sensor, as
shown in Eqs. (4) and (5) and Fig. G. This process decreases the charge
carriers in the conduction band, thereby increasing the electrical resis-
tance o the material [13,19,56]. For oxidizing gases (O3 and NO2) [11,
57,58]:

For O3
O3(g) + 2e→O2(g) + O

(ads) (4)

O2(g) + 2e→2O
(ads) (5)

For NO2
NO2(g) + e→NO2(g) (6)

NO2(ads) + O2 + 2e→NO2(ads) + 2O
(ads) (7)

In the presence o a reducing gas such as NH3, the reaction between
the ionized adsorbed oxygen and the gas releases surplus electrons into
the conduction band (see Eqs. (8) and (9) [59–61], increasing the
number o charge carriers (electrons) and decreasing electrical
resistance.

For CO
O2(g) + 2e→2O

(ads) (8)

2CO(g) + O2(ads)→2CO2(g) + e (9)

For NH3
2NH3(g) + 3O

(ads)→N2(g) + 3H2O+ 3e (10)

In p-type semiconductors, where charge carriers are holes, the
charge transport dynamics are altered. The behavior o p-type SMO
exhibits reversed characteristics compared to n-type materials. In
particular, during exposure to an oxidizing gas, the electrical resistance
decreases because o the increased number o charge carriers (holes) in
the conduction band generated by the reaction between the target gas
and adsorbed oxygen. Conversely, exposure to a reducing gas such as CO
leads to the recombination o electrons rom the chemical reaction and
existing conduction band holes, reducing the number o charge carriers
available or conduction and increasing the material’s electrical resis-
tance [13].

Charge transportation dynamics are altered in the heterostructured
samples. The electrons rom the n-type ZnO surace diuse into the p-
type NiO, creating a depletion layer, and a positively charged area.
Meanwhile, the holes rom the NiO surace diuse into the ZnO surace,
orming a hole accumulation layer and a negatively charged area. This
process continues until the Fermi level o the ZnO/NiO system reaches
equilibrium, resulting in a potential barrier or urther charge-carrier
diusion at the n-p interace (Fig. G), which reduces conductivity and
increases electrical resistance in air [38].

Depending on the target gas, the potential barrier either acilitates or
impedes charge transport. For example, when the sensor is exposed to O3
or NO2, the latter gas gains electrons rom the ZnO nanoparticles,
decreasing carrier concentration and disrupting interace equilibrium.
The resulting electron defcit causes holes in NiO to diuse into ZnO
until the Fermi level re-equilibrates, decreasing the heterojunction

barrier width and increasing electrical resistance. This resistance change
serves as the detection signal or the gas [31,38].

4. Conclusions

The combination o precipitation and hydrothermal methods proved
to be eective or synthesizing crystalline and homogeneous ZnO and
ZnO/NiO samples, as confrmed by the XRD and SEM analyses. The gas
detection results revealed that ZnO-based sensors exhibited a more
robust response to oxidizing gases than reducing gases; however, they
lacked signifcant selectivity among oxidizing gases across all studied
morphologies. The ormation o the heterostructures enhanced the
selectivity o the sensors. Among the tested confgurations, the ZnO/NiO
heterostructured donut-shaped sensor demonstrated high selectivity or
NO₂ gas, with negligible sensitivity to other oxidizing or reducing gases,
highlighting its potential as an eective NO₂ sensor.
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