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This study investigates the NO2 gas detection capabilities of cerium-doped zinc oxide and the effects of varying
the cerium concentration. The experiment utilized spray pyrolysis, X-ray diffraction (XRD), and infrared (IR) spectroscopy,
along with a mesh aluminum electrode, on thin film samples. Thermocouples monitored the heat variance with gas levels
inside a sealed gas chamber using an internal gas sensor, and the sample resistance was continuously measured and recorded.
XRD analysis of ZnO nanostructures revealed a hexagonal wurtzite crystal structure with distinct alignment along specific
crystallographic planes. The introduction of Ce dopants caused a red shift in the absorption edge of ZnO toward higher
wavelengths, extending its absorption into the visible light spectrum. The bandgap value was shifted via doping, which
showed for ZnO and Ce/ZnO were 3.32, 3.24, and 3.22 eV, respectively. The FTIR spectrum revealed the presence of
hydroxyl groups (OH) associated with water molecules, which can be attributed to the combined influence of two overlapping
vibrational modes. The NO: gas is a byproduct of chemical operations, with a vibrational wavenumber of 1526 cm™!. The
discernible fingerprint bond of Ce—O was identified as a stretching vibration in the range of 740 cm™' and 655 cm!. The
position of the Zn—O stretching vibration band varies depending on factors such as the dimensions, structure, and crystallinity
of the ZnO nanoparticles. The gas sensing data were obtained using methods capable of detecting concentrations as low as

10 to 100 ppm. The specimen containing 10% Ce/ZnO exhibited the highest sensitivity among all samples.
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1. INTRODUCTION

Doping can improve the physical properties of
thin zinc oxide (ZnO) films (Shukla et al. 2013). Since
cerium-doped ZnO has distinct characteristics, it is
widely used as a gas sensor (Lu et al. 2017). Air pollution
has increased dramatically because of industrialization
and urbanization. Nitrogen dioxide is a noxious gas with
a strong, pungent odor and is considered poisonous. In
humans, exposure to ppm levels of NO, has been shown
to cause harm to one's health (Manisalidis ef al. 2020).
Developing highly sensitive and selectively improved
sensors for NO; gas is crucial, but it presents significant
challenges (Sun et al. 2023). NO, is a red-brown
oxidizing gas noted for its irritating properties (Orellano
et al. 2020). It is primarily a hazardous pollutant resulting
from transportation and combustion reactions that occur
in industrial activities. The gas-sensing response of the
NiO-MnO2 nanosheet sensor reached a notable value of
165 when detecting 100 ppm hydrogen sulfide gas
(Saranya et al. 2024). Recently, academic researchers
have shown interest in ZnO gas sensors due to their
exceptional thermal stability and high carrier mobility
(Diao et al. 2018). In addition, doping ZnO sensors has
been identified as a viable strategy for improving their
gas-detection capability by manipulating their local

structure and coordination environment (Kulandaisamy
etal. 2016). ZnO is classified as an n-type semiconductor
characterized by its wide band gap and notable electron
mobility. ZnO thin films have been demonstrated in
various applications, including gas sensing. ZnO sensors
can detect various gases, including nitrogen dioxide,
carbon monoxide, and ammonia (Chai et al. 2014). The
field of gas sensors has seen significant focus on
materials based on cerium oxide (CeO>) (Li et al. 2021).
Recently, there has been growing interest in using CeO>
as a gas sensor. This material detects various gases,
including ammonia, acetone, ethanol, formaldehyde, and
carbon monoxide (Hussain et al. 2018). Doping CeO,
and ZnO materials has been the subject of numerous
inquiries, primarily due to the encouraging results
observed in gas sensing applications. Compared to CeO,,
ZnO exhibits a larger bandgap. As a result, the
combination of these two oxides produces metal oxide
structures with adjustable physical properties (Srinivasan
et al. 2023). Previous research has shown that transition
metal oxides have many phases or component minerals.
These include CuO-NiO (Sui et al. 2020), ZnO-CuO
(Zhang et al. 2016), NiO —ZnO (Kim et al. 2017),
Zn0O-ZnSe (Gao et al. 2023), and CdTe-ZnO (Jaiswal et
al. 2021). It was reported that these couplings were
employed in various applications, including catalysis,
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sensors, and dielectrics. Despite this, rare-earth metals in
oxide form have distinctive structural, optical, and
morphological characteristics. There is much interest in
the interaction between rare earth metals and transition
metal oxides (Srinivasan et al. 2023). Ce-doped ZnO
synthesis has previously been documented using various
methods, including Spray Pyrolysis (Sofiani et al. 2006),
Sol-gel (Akbari et al. 2017), Magnetron Sputtering
(Heng et al. 2016), Hybridized Hydrothermal (Reddy et
al. 2016), Solid Stabilized Emulsion (He et al. 2006),
Electrodeposition, Soft Solution (Li et al. 2002),
Microwave-assisted Synthesis (Shulga et al. 2020), and
others. Rare earth elements possess distinctive electronic
structures and exhibit various energy levels. Therefore,
using rare earth elements as dopants in ZnO materials has
shown promising potential for photoelectric devices.
Consequently, experimental and theoretical
investigations have received significant attention in this
area of research (Mary et al. 2014; Mary et al. 2015;
Verma and Kotnala, 2016; Zhang et al. 2011). This study
examines the gas detection capabilities of Ce/ZnO in the
detection of NO,, as well as the effects of varying the
cerium concentration.

2. MATERIALS AND METHODS

The deposition of ZnO onto the glass substrate
was carried out using a spray pyrolysis setup. The glass
substrates were cleaned using ultrasonic acetone for 25
minutes and then washed with deionized water. Then, the
substrates were positioned on a plate heated to a
temperature of 350 °C, with an accuracy level of 5 °C. A
thin material layer is applied to the substrate, which is
heated within a controlled deposition chamber. The
system's temperature gradually reduced to the ambient
temperature after completely exhausting the substrate's
resources. The precursor salt employed in this
investigation was zinc acetate dihydrate
(Zn(CH3C00),.2H,0), obtained from Sigma-Aldrich
with a purity of 99.99%. During this experiment, the
precursor salt was solubilized in a solution containing
100 ml of deionized water. The spraying gun was raised
30 cm above the substrate. Dispersing a precursor
solution into a fine mist was accomplished using
compressed air as a carrier gas. The experimental
parameters were: a flow rate of 2 ml/min, a spray interval
of 5 s, a break time of 10 s, and 200 cycles. Several
atomic ratios were used during spraying to achieve the
desired results. X-ray diffraction patterns were recorded
via the Japanese Shimadzu XRD 6000 X-ray
Diffractometer for microstructural analysis. A Bragg
angle between 30° and 60° was used to record the
diffraction pattern in conjunction with XRD. The
Shimadzu SP-8001 computerized spectrometer gathered
the optical data from UV to near infra-red regions. JEOL
Ltd.'s JSM-7600F Scanning Electron Microscope was
used to examine surface morphology. Energy-dispersive
X-ray spectroscopy was employed to investigate
stoichiometry. An IR Prestige-21 Shimadzu was used in
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this study for IR spectroscopy. A mesh aluminum
electrode is deposited on thin film samples using the
Edward Coating System by thermal evaporation. By
utilizing an internal sensor, thermocouples are able to
measure temperature depending on the levels of gas that
are present within a gas chamber that is hermetically
sealed and is positioned on a heated plate. The oxidizer
gas was used as an oxidizing agent in the gas-filled room
designated for this purpose. The sample resistance was
continuously measured and recorded with a multimeter
connected to a laptop.

3. RESULTS AND DISCUSSION

The analysis included recording and plotting
XRD data on the same intensity scale for clarity, as well
as evaluating the FWHM, d-spacing, crystallite size, and
crystal planes (#kl). The XRD investigations reveal that
the diffraction peaks observed in the ZnO nanostructures
were consistent with the conventional diffraction peaks
associated with hexagonal ZnO. Consequently, it can be
observed that nanostructures universally exhibit a
hexagonal wurtzite crystal structure, displaying a distinct
inclination  towards alignment along  specific
crystallographic planes, namely (100), (002), (101),
(102), and (110). According to the literature, the mineral
name for ZnO patterns is Zincite (Xu and Ching, 1993),
and the corresponding crystallographic card number is
(96-901-1663). Reflection angles of 32.09°, 34.52°,
36.39°, 47.67°, and 56.90° are indicated here. The XRD
results were in good agreement with the literature (Naqvi
et al. 2014). The introduction of Ce doping into the ZnO
crystal structure did not disrupt or alter the crystal lattice.
Furthermore, no secondary or impurity phases were seen
as a result of the Ce doping process. However, Ce doping
affected diffraction peak intensity and position, as shown
by prior study (Akgay er al. 2023). Simultaneously, the
element Ce was observed to manifest as CeO; in a cubic
crystalline phase, as indicated by crystallographic card
No. 96-434-3162 (Artini ef al. 2015). The CeO, material
exhibited peak intensities at the (111) and (200)
crystallographic planes. The magnitude of the diffraction
peaks is contingent upon the level of Ce doping. The
diffraction angles corresponding to the (100), (002),
(101), (102), and (110) crystallographic planes showed
variations in samples with 10% and 20% Ce doping, as
presented in Table 1.

Fig. 1 depicts the XRD patterns of the deposited
Ce/ZnO thin films. The analysis revealed the presence of
Ce at a concentration of 0.1, with a diffraction angle (20)
0f 28.06° corresponding to (111) crystallographic planes.
At a Ce concentration of 0.2, the diffraction angles (26)
for the (111) and (200) planes were measured to be 27.93°
and 32.74°, respectively. The X-ray diffraction (XRD)
findings were consistent with the information provided in
the sources (Sharma et al. 2016).
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Table 1. XRD parameters of ZnO films deposited at different Ce/ZnO concentrations

20 (deg.) FWHM (deg.) Dr (A) C.S. (hm) hkl Phase

32,00 0.7037 2.8067 118 (100)
34.52 0.9786 25959 85 (002)

Zno 36.39 0.7052 24715 11.9 (101) Hex. ZnO
4767 1.4477 1.9095 756 (102)
56.90 0.8996 1.6154 112 (110)
31.96 0.7433 2.8067 111 (100)
34.51 0.8216 2.5966 10.1 (002)

36.42 0.7436 24715 113 (101) Y 73
AT 4762 15257 1.9095 756 (102)
56.93 0.8997 1.6154 11.2 (110)

28.06 1.4083 31773 5.8 (111) Cub. Ce0;
31.99 0.6654 27948 124 (100)
34.38 0.7825 2.6059 106 (002)

36.45 0.7044 2.4626 11.9 (101) Hex. ZnO
(0.2) Ce/znO 4753 1.1346 1.9005 76 (102)
56.88 0.9781 1.6154 112 (110)
27.93 0.7041 3.1915 116 (111)

32.74 0.5479 27325 15.1 (200) Cub. Ce0,

As evident from Table 1, there is much
agreement between the observed and reported d-spacing
values. According to calculations that agree with the
references, the collected d-spacing values were observed
with approximately 96% accuracy (Xin et al. 2022;
Moslehnejad et al. 2022). The FWHM analysis of the
XRD spectrum was also conducted to determine the
crystallite size (D). Scherrer's formula (Debye and
Scherrer, 1916) was applied to predict the average
crystallite size, as shown in Eq. 1.

KA
B cos (Bnk1)

Q)

Dhia

-~ 32.09°/(100)
32.74°(200)

- 36.399(101)
- 47.67°/(102)
~_ 56.90%(110)

‘
——0.2Ce0, /zn0

Fig. 1: XRD patterns for ZnO and (0.1, 0.2) CeO2-deposited
films
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Fig. 2: FE-SEM images of ZnO-deposited thin films

The surface properties of pure ZnO

nanostructures are depicted graphically in Fig. 2.

The clusters of extremely small rod-shaped
structures are visible in the SEM micrograph of undoped
ZnO. These ZnO particles have a diameter of roughly 68
nm. The shape of the Ce/ZnO is illustrated in Fig. 3. It is
important to point out that a unique nanostructure was
discovered at the Ce (0.1) level.
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The measured thicknesses of the deposited films
ranged from 194 to 202 nm, as determined by the Fizeau
method (Buckman and Kuo, 1978), which involved the
deployment of a green laser with a wavelength of 532 nm.

Numerous studies have examined the UV-Vis
absorption spectra of Ce/ZnO. As evident from Fig. 4,
these spectra provide information about the light
absorption by the Ce/ZnO composite material in the UV
and visible regions of the electromagnetic spectrum. The

absorption properties of Ce/ZnO have been demonstrated
to undergo alterations in the UV-Vis absorption spectra
when compared to those of pure ZnO. The introduction
of Ce dopants can shift the absorption edge of ZnO
towards higher wavelengths, thereby extending its
absorption into the visible light spectrum. This
phenomenon, known as a ‘red shift’, refers to the
displacement of the absorption spectrum towards longer
wavelengths within the visible range.
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Fig. 3: FE-SEM images of 0.1 and 0.2 Ce/ZnO thin films
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Fig. 4: Absorption spectrum of ZnO and Ce/ZnO samples

The Tauc formula (Tauc et al. 1966) was utilized
to display (ahv)? relative to (hv). Based on bandgap
calculations, the results of this plot may be found in Fig.
5. The bandgap values of ZnO and 0.1 and 0.2 Ce/ZnO

were found to be 3.32, 3.24, and 3.22 eV, respectively, as
shown in Fig. 5. The findings align with those reported
by Prakoso et al. 2016.
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Fig. 5: Description of energy bandgap of ZnO and Ag/ZnO
thin films
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Fig. 6 depicts the FTIR spectra of Ce/ZnO
samples. The band located at 3577-3383 cm’! indicates
the presence of hydroxyl groups (OH) associated with
water molecules (Elderderi et al. 2020), and corresponds
to scissoring bending vibrations, exhibiting distinct
sharpness and moderate intensity. The observed
phenomenon can be attributed to the combined influence
of two vibrational modes that overlap, namely the
symmetrical and asymmetrical stretching modes of the
H>O molecules. The inherent intensity of stretching
modes in infrared spectra also plays a role in this
outcome. The C-H stretching frequencies at 3063 c¢cm’!
and 2994 cm™ (Mihaly et al. 2017) correspond to the
stretching mode of the C-H bond, whereas the frequency
of 2857 cm™! (Ghalmi et al. 2019) indicates the vibration
of the CH, group. Hydrogen-bonded groups may be
attributed to the absorptions at 1686 cm™! (Bao et al.
2006).

NO; gas is a byproduct of chemical operations
and has a vibrational frequency of 1526 cm™! (Petruci et
al. 2019), C-H bending at 1329 cm’!, and C-O stretching
at 1177 cm’! (Nandiyanto et al. 2019). The discernible
fingerprint bond of Ce-O was recognized as a stretching
frequency in the range of 740-655 cm’! (Grinter et al.
2021; Fifere et al. 2022). In addition to the regular Ce-O
bond, a Ce=O double bond can be formed in cerium
complexes. The location of the ZnO stretching vibration
band can exhibit variability based on factors such as the
dimensions, structure, and degree of crystallinity of the
ZnO nanoparticles. Typically, a decrease in particle size
and an increase in crystallinity result in a shift towards
lower wavenumbers (corresponding to higher frequency)
for the peak location. This phenomenon is attributed to
the shorter ZnO bond length observed in smaller particles
and the increased rigidity exhibited by more crystalline
particles. Babu et al. (2013) and Chen et al. (2018)
reported the manifestation of the Zn-O bond in the metal
oxide material by detecting characteristic peaks in the
FTIR fingerprint area at 454 cm™! and 404 cm™.
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C-H bend
C-O stretch

—— 0.2 CelZnO

- H-Vibration
---—NO, group

<
2
e
@
T
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i

1
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The Ce/ZnO nanostructure surface controls the
detection of gases as part of the sensing process.
Meanwhile, chemisorbed oxygen adds some
friction to the surface. However, the reaction mechanism
of NO; is quite intricate, involving several stages. As
shown in Fig. 7, Ce/ZnO samples react with NO,. The
experimental measurements were conducted at three
discrete operating temperatures (100°C, 200°C, and
300°C), with their respective response and recovery
times recorded. The gas sensing data were obtained using
methods that allowed for low detection limits ranging
from 10 to 100 ppm.

Table 2 presents the gas sensing analysis
findings, including the response time and recovery time
observed at the designated operating temperature.
Furthermore, the sensitivity (S%) of the samples
produced was determined by employing Eq. 2 (Tsai et al.
2018).

5% = —Rﬂ“;'R‘“’ x 100

air

. (2)

As per the equation, the variables Rgi- and Rgas
represent the resistance of the deposited sample in
ambient air and when exposed to a specific gas under
examination, respectively.

Table 2. Gas sensing characteristics (sensitivity, response
time, and recovery time)

Sample Temperature Sensitivity Response Recovery
p (°C) % Time (s) Time (s)
200 16.7 20.0 60.0
Zn0 250 31.0 25.0 40.0
300 24.9 20.0 30.0
200 5.10 20.0 50.0
0.1Ce/
Zn0 250 15.8 20.0 60.0
300 35.4 20.0 40.0
200 22.7 15.0 60.0
0.2Ce/
70 250 338 22.0 80.0
300 17.0 30.0 70.0
—=— 7ZnO
40 - —e— 0.1 Ce/ZnO|
—4— 0.2 Ce/ZnO|
35+
304
< 254 /
2
2 204
2
Q
) 154
104
54
0

T T
250 300

Temperature (°C)

T
200

Fig. 6: FTIR spectroscopy of Ce/Zn0O samples
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Fig. 7: Sensitivity of samples at different temperatures
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Fig.. 7 depicts the variations in conductivity
seen throughout the gas test. It can be observed that the
specimen with a composition of 10% Ce/ZnO exhibits
the highest level of sensitivity compared to all the other
samples.

4. CONCLUSION

This study investigated the use of cerium-doped
zinc oxide films as gas sensors for detecting nitrogen
dioxide. The study employed Spray pyrolysis, XRD, IR
spectroscopy, and a mesh aluminum electrode on thin-
film samples to analyze the gas detection capabilities of
Ce/ZnO thin films. The results showed a hexagonal
wurtzite crystal structure with crystallographic plane
alignment, and Ce dopants were found to shift the ZnO
absorption edge towards higher wavelengths, enhancing
visible light absorption. The FTIR spectrum indicated the
presence of hydroxyl groups on water molecules due to
two overlapping vibrational modes. The stretching
frequencies of the Ce—O fingerprint bond were 740 cm'!
and 655 cm’!. The size, structure, and crystallinity of ZnO
nanoparticles influence the position of the Zn-O
stretching vibration band. Methods with modest
detection limits (10—100 ppm) were used to collect gas
sensing data, and the 10% Ce/ZnO sample was identified
as the most sensitive. The study highlighted the potential
of Ce/ZnO in photoelectric devices and the role of Ce
dopants in enhancing gas sensing capabilities.
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