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Abstract: Magnesium zirconate titanate (MZT) thin films, used as a sensing layer on Al interdigitated
electrodes prepared using a sol–gel spin-coating method, are demonstrated in this study. The p-type
MZT/Al/SiO2/Si structure for sensing NO2 is also discussed. The results indicated that the best
sensitivity of the gas sensor occurred when it was operating at a temperature ranging from 100 to
150 ◦C. The detection limit of the sensor was as low as 250 ppb. The sensitivity of the MZT thin film
was 8.64% and 34.22% for 0.25 ppm and 5 ppm of NO2 gas molecules at a working temperature of
150 ◦C, respectively. The gas sensor also exhibited high repeatability and selectivity for NO2. The
response values to 250, 500, 1000, 1500, 2000, 2500, and 5000 ppb NO2 at 150 ◦C were 8.64, 9.52, 12,
16.63, 20.3, 23, and 34.22%, respectively. Additionally, we observed a high sensing linearity in NO2

gas molecules. These results indicate that MZT-based materials have potential applications for use as
gas sensors.

Keywords: gas sensor; magnesium zirconia titanate; thin film; sol–gel method; nitrogen dioxide

1. Introduction

The rapid development of technology and industry has resulted in rapid increases
in the levels of pollution in the environment. Various types of hazardous gases (such as
H2S, CO, NO2, NH3, and ethanol) are routinely released from industrial and agricultural
processes on a daily basis or emitted as vehicle exhaust. These gases are dangerous for
human health and the environment when their concentrations exceed a critical threshold
limited value (TLV) [1,2]. Among these gases, NO2 is the most harmful air pollutant. In
the presence of toxic, irritating gases, NO2 causes the degradation of lung tissue and
lowers the immune system even at relatively low concentrations [3,4]. Presently, highly
sensitive, real time detection of trace NO2 using inexpensive, convenient sensor devices is
still urgently needed to protect public health. Metal oxide resistive-type NO2 sensors have
attracted a significant amount of attention due to their high performance ability. Metal
oxide exhibits excellent gas sensitive properties due to its high specific surface area and
enhanced surface reactivity [5–8]. In addition, the high operating temperatures of some
metal oxide-based sensors can lead to increases in power consumption and reductions
in the lifetime of sensors [5–9]. Metal oxide resistive-type NO2 sensors are also simple
and inexpensive to manufacture. Unfortunately, most metal oxide sensors have to work
at elevated temperatures (200–400 ◦C), which leads to problems related to high energy
consumption and a risk of gas explosions. Therefore, there is now a strong demand for
developing reliable, accurate, and cost-effective gas sensors with enhanced sensitivity,
selectivity, and response times to detect harmful gases.

Gas sensing characteristics have been demonstrated in a variety of materials, including
binary metal oxides, carbon materials, and perovskite oxides. Among them, perovskite
oxides have attracted a significant amount of attention owing to their simple fabrication,
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good stability, remarkable electron mobility, structural tenability, and chemical composition
through partial substitution with aliovalent elements. Magnesium titanate (MTO), as a
perovskite material, has good physical and electrical properties, including a moderate
dielectric constant, low dielectric loss, and high temperature stability, and is commonly
used in microwave dielectrics [10–12]. Zirconium dioxide (ZrO2) has three main poly-
morphs (monoclinic, tetragonal, and cubic), used for electrochemical gas sensing at high
operating temperatures [13–16]. The oxygen ions in ZrO2 can be actively transported at
high temperatures (400–700 ◦C), limiting its wide application. In addition, there are a few
reports indicating that Y2O3-stabilized ZrO2 can be utilized for the sensing of a variety of
gases and can enable operation at lower temperatures [17–20]. Bang et al. reported that
the NO2 gas sensing capabilities of SnO2-ZrO2 NWs with a particular shell thickness are
better than those of pristine SnO2 sensor in terms of sensor temperature and sensor re-
sponse [21]. Owing to differences in work functions, electrons will flow from SnO2 to ZrO2.
Myasoedova et al. developed a sol–gel method for SiO2/ZrO2 composite films [22]. The
sensitivity of the sensor up to 1060 ppm high concentrations of NO2 was low at 25 ◦C, and
the response was only 44%. Yan et al. used ZrO2-HS, ZrO2–S, and ZrO2-R hydrothermal
and solvothermal methods to successfully synthesize a ZrO2-R sensor, which showed the
highest response towards 30 ppm NO2 (423.8%) at room temperature and a quite high
sensitivity of 198% for detecting 5 ppm NO2 [23]. Mohammadi et al. found a remarkable
response towards low concentrations of NO2 gases at 150 ◦C [19].

Titanium and zirconium have a similar atom radius (Ti: 2 Å, Zr: 2.16 Å) and the same
valence state (+4). As a result, it is possible for a Zr atom to be incorporated into an MTO
lattice through substitution for a Ti atom. Because substituting Zr4+ for Ti4+ can create
some structural defects, the recombination of electrons and holes can be suppressed due to
their trapping effects [24]. Since more carriers can interact with gas molecules, adding Zr
into MTO can enhance its sensing properties. Adding Zr can also alter the morphology
of the structure, leading to a rougher surface. Because a rougher surface provides a
larger specific surface area for adsorbing more gas molecules, a stronger response can
be achieved [25]. Interdigitated geometry was adopted for the sensing electrodes used
in this work. Interdigitated electrodes are widely utilized in technological applications,
especially in the field of biological and chemical sensors, because they are inexpensive,
easy to fabricate, and have high sensitivity [26].

In this work, the sensing material (magnesium zirconate titanate (MZT)) was prepared
using the sol–gel method (because the sol–gel method requires considerably less equipment
and is potentially less expensive than other alternatives). The gas sensing measurements
showed that the MZT-based gas sensor could detect ppb-level NO2 at less than 3 ppm. The
low-cost route and high sensing performance of MZT thin films make them promising
candidates for NO2 gas sensor applications.

2. Materials and Methods

The MZT based gas sensor proposed in this work was fabricated on an Si/SiO2
substrate. First, a pattern of interdigitated electrodes was defined through photolithography.
Second, Al interdigitated electrodes were deposited using RF sputtering. Third, a 0.5 M
MZT solution was synthesized as follows: An appropriate amount of magnesium acetate
was added to glacial acetic acid via stirring and then heated on a 120 ◦C hot plate to obtain
solution A. Titanium isopropoxide was dissolved into 2-methoxythanol via stirring to
produce solution B. Zirconium n-propoxide was added to the acetylacetone via stirring
and then heated on a 120 ◦C hot plate until dissolution to generate solution C. Solutions
A, B, and C were then mixed. Then, 0.5 M MZT solutions were prepared by adding 2-
methoxythanol, as shown in Figure 1a. Finally, the MZT solution was spin-coated onto
the Al electrodes and baked at 100 ◦C for 10 min. Figure 1b shows a schematic of the
MZT/Al/SiO2/Si device and the measurement setup. The fabricated device was placed
on the carrier in a closed stainless-steel chamber. The carrier could be heated to the
desired working temperature so that the responses of a gas sensor operating at different
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temperatures could be measured. The Keithey 2400 source meter was used to offer a fixed
voltage in order to measure either the current or the resistance of the sample. When the
target gas was injected into or removed from the chamber, the variations in the current
curve were observed using Labview.

Figure 1. (a) Flow chart for preparation of 0.5 M MZT solution. (b) Schematic of the MZT/Al/SiO2/Si
device and the measurement setup.

3. Results

The electrode pattern on the mask was designed as interdigitated geometry. The finger
widths and gaps were 10 µm and 5 µm, respectively, as shown in Figure 2a. An SEM image
of the fabricated interdigitated electrodes is shown in Figure 2b. The images showing
the surface morphology of the pure MTO and the doped MZT thin film are provided in
Figure 2c,d, respectively. From the images, it can be seen that many nanoparticles are
anchored on the surface of the MZT thin film upon doping with Zr. Therefore, the surface
of the MZT thin film exhibits a rougher appearance.

Figure 2. (a) The pattern of the interdigitated electrodes. (b) SEM image of the fabricated interdigi-
tated electrodes. SEM image of the (c) magnesium titanate (MTO) thin film and the (d) magnesium
zirconate titanate (MZT) thin film.

The crystallinity studies were conducted using X-ray diffraction (XRD) (Germany/D2
Phaser) with Kα1 (λ = 0.15405 nm) radiation. The XRD patterns of the MTO and MZT thin
films deposited on the glass substrates are shown in Figure 3a,b. The peaks around 25◦ are
from the glass substrate, and no other apparent diffraction peaks existed. This indicates
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that the MTO and MZT thin films were amorphous. The atomic force microscopy (AFM)
in Figure 3c,d revealed the surface morphology of the undoped MTO thin film and the
MZT thin film, respectively. The roughness of the MTO and MZT thin films were 0.317 and
15.7 nm, respectively, where greater roughness enhanced the effective surface area, thus
increasing the number of adsorption sites and thereby improving the gas response of the
films [25].

Figure 3. The XRD patterns of the (a) MTO and (b) MZT thin films deposited on the glass. An atomic
force microscopy (AFM) image of the (c) MTO thin film and the (d) MZT thin film.

The morphology of the samples was explored using transmission electron microscopy
(TEM, JEOL JEM-2100F CS STEM). In addition, energy-dispersive X-ray spectroscopy
(EDAX), coupled with TEM, was used to carry out an elemental analysis. The low-
magnification TEM image shown in Figure 4a reveals the thickness of the MZT film to be
approximately 62.6 nm. The thickness of the Al electrodes is 111.5 nm. Figure 4b shows the
EDAX analyses taken from the MZT layer grown on an Al substrate. The result confirms
the chemical purity of the sample with only Ti, oxygen, and Mg or Zr present in the spectra.
A compositional analysis of the spectra revealed the Mg or Zr and Ti, demonstrating the
typical 8.6%, 6.7%, or 18.6% stoichiometry of the MZT layer, respectively.

Figure 4. (a) TEM image of the MZT/Al/SiO2 structure. (b) Energy-dispersive X-ray spectroscopy
(EDAX) analyses of the MZT/Al/SiO2/Si structure.
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The X-ray photoelectron spectroscopy (XPS, PHI 5000 VersaProbe) analyses were
performed on a Perkin–Elmer PHI 5000 Versaprobe system. The MZT thin film sample
was used in the XPS measurement. The XPS survey spectra of the MZT thin film were
obtained after 90 s of Ar+ ion sputtering, thereby representing the bulk layer of the MZT
thin film. As shown in Figure 5a, the atomic percentages of Mg, Zr, Ti, and O were 5%, 6%,
17%, and 70%, respectively. The XPS signals corresponded to Mg 1s, Zr 3d, Ti 2p, and O
1s. The XPS spectra for the Mg 1s (Figure 5b) were located at 1303.7, which matched well
with the Mg2+ [27]. The peaks at 183 eV and 185.27 eV were attributed to Zr 3d5/2 and Zr
3d3/2, respectively [25]. The binding energy for Ti 2p3/2 and Ti 2p1/2 can be observed at
458.6 and 464.5 eV, respectively, which were typical for Ti4+ [28]. The peaks for the O 1s
core level could be consistently fitted using two different near-Gaussian subpeaks centered
at 530.3 and 531.9 eV, which were related to the lattice oxygen and the oxygen vacancies,
respectively [29].

Figure 5. (a) Mg1s, Zr3d, Ti2p, and O1s peaks from the XPS spectra. (b) XPS survey spectrum of the
MZT thin film.

The gas sensing properties of the sensor were measured at different temperatures,
and the variations in the sensor current were monitored at an applied voltage of 3 V.

The response of the sensor was defined as (Ra−Rg)
Ra

× 100(%). The response values of the
MZT thin film gas sensor, with NO2 concentrations ranging from 250 ppb to 5 ppm at
different operating temperatures, are shown in Figure 6. A temperature of 150 ◦C was
chosen as the optimum operating temperature. Although the best response values were
obtained at 100 ◦C, the response and recovery times were poorer than those at 150 ◦C. The
response values of the gas sensor at different operating temperatures with various NO2
concentrations are shown in Figure 7.

Figure 6. The response values of the sensor with various NO2 concentrations at different operat-
ing temperatures.
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Figure 7. The response values of the sensor at different operating temperatures with various NO2 con-
centrations.

The current variations in the sensor due to the different NO2 concentrations at 150 ◦C
are illustrated in Figure 8. Based on the trend in the current curves, the sensing material
based on the MZT thin film exhibited the sensing characteristics of p-type materials. The
response was observed to increase with higher NO2 concentrations. At lower concentration
levels, the test gas molecules covered significantly less sensing area on the sensing layer,
causing a very slow chemical reaction rate on the sensor surface. The highest responses
occurred at higher NO2 concentrations, which was attributed to the fact that the gas
molecules covered a greater area of the sensing layer. Therefore, the rate of the chemical
reaction was enhanced. The response value of the sensor to 250–5000 ppb NO2 at 150 ◦C is
shown in Figure 9. The response values to 250, 500, 1000, 1500, 2000, 2500, and 5000 ppb
NO2 at 150 ◦C were 8.64, 9.52, 12, 16.63, 20.3, 23, and 34.22%, respectively.

Figure 8. The response curve of the sensor to different concentrations of NO2 at 150 ◦C.

Figure 10 shows the response and recovery curve of the sensor. The response time and
recovery time upon exposure to 1 ppm NO2 was 77 s and 122 s, respectively. To investigate
and verify repeatability, five reversible cycles of the gas sensor upon exposure to 1 ppm
NO2 at 150 ◦C are recorded in Figure 11, which shows that the repeatability of the sensor’s
response and recovery process remained close to those of the original state. The response
selectivity of the sensor to different gases is shown in Figure 12. The gas sensor exhibited
the highest response of 23% toward 2.5 ppm NO2 compared to 2.5 ppm CO, CO2, C2H5OH,
HCHO, and NH3, indicating that the proposed gas sensor had excellent NO2 selectivity.
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Figure 9. The response value of the sensor to different concentrations of NO2 at 150 ◦C.

Figure 10. The response time and recovery time upon exposure to 1 ppm NO2 at 150 ◦C.

Figure 11. Five reversible cycles of the gas sensor to 1 ppm NO2 at 150 ◦C.
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Figure 12. Responses of the sensor toward various target gases at 150 ◦C.

To investigate the effects of humidity on gas sensing, Figure 13 shows the current
curve of the gas sensor with and without water molecules at 150 ◦C. In the initial state,
there were no water molecules. Water molecules were initially introduced into the chamber.
At first, the relatively humidity (RH) was 51%, and then the water molecules were removed
and released from the chamber at 600 s, when the RH was 100%. The results indicated
that the current decreased with increases in the relative humidity. This phenomenon was
ascribed to the fact that more water vapor will cover the sensing material surface due to
increases in the relatively humidity, thus competing with oxygen for the surface reaction
sites, in turn leading to a decrease in the current value.

Figure 13. Current variations with and without water molecules at 150 ◦C.

The response of the gas sensor to 1 ppm NO2 under different relative humidities at
150 ◦C is illustrated in Figure 14. The responses under 54%, 72%, 77%, 82%, and 100% RH
were 8.96%, 7.3%, 6.3%, 5.8%, and 4.37%, respectively. The response value decreased with
increases in the relatively humidity, which demonstrates that water molecules and oxygen
molecules compete with each other. Therefore, the sensing characteristics of the gas sensor
in a high humidity atmosphere declined.
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Figure 14. The response of the gas sensor to 1 ppm NO2 at 150 ◦C under a humidity effect.

Figure 15 shows the fluctuations over a period of 30 days in the environment without
an adequate package and the long-term stability of the sensor during exposure to 2.5 ppm
NO2 at 150 ◦C. After one month, the response value of the sensor decreased from 23% to
5.8%. Because MZT thin film is a p-type sensing material, the concentration of the holes
increases when electrons are extracted from the sensing film by oxygen (Figure 16). When
NO2 gas molecules are introduced into the chamber, the gas molecules can capture the
electrons from the sensing layer due to its higher electrophilic property. Therefore, the holes
in the MZT film increase in number, leading to a decrease in resistance and an increase in
the current. The interactions between NO2 and the chemisorbed oxygen species can be
explained using the following reactions [30]:

O2(gas) ↔ O2(ads) (1)

O2(ads) + 2e− ↔ 2O−(ads) (2)

NO2(gas) + e− ↔ NO2
−

(ads) (3)

NO2
−

(ads) + O−(ads) + 2e− ↔ NO +2O2− (4)

Figure 15. The long-term stability of the sensor to 2.5 ppm NO2 at 150 ◦C.
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Figure 16. Schematic diagram of the sensing mechanism of the MZT thin film in an NO2 atmosphere.

Table 1 provides a comparison between the MZT thin film gas sensor fabricated in
this work and other published NO2 gas sensors. The obtained results are comparable with
those that have been reported, demonstrating the promising potential of the MZT layer for
gas sensing studies. Although there have been some research findings indicating a higher
response, their sensing was achieved at gas concentrations higher than 50 ppm. In addition,
few reports have mentioned NO2 sensing. Accordingly, we developed an MZT material
that exhibits a highly selective sensing ability for low concentrations of NO2 gas. The good
selectivity of the gas sensor in terms of NO2 gas can be ascribed to the high electron affinity
of NO2 gas, the favorable sensing temperature, and the availability of electrons due to the
MZT thin film in the sensor being adsorbed by the NO2 gas (which upon reaction with
oxygen ions, causes the electrons to be released back to the sensor). This is in contrast to
the behavior of NO2 gas, which takes more electrons from the sensing layer.

Table 1. Comparison of the MZT thin film gas sensor with other published NO2 gas sensors.

Sensing
Elements

Method of
Preparation

Concentration
(ppm)

Operating
Temperature

(◦C)

Sensitivity
(%)

Response
Time (s)

Recovery
Time (s)

Detection
Limit
(ppm)

Ref.

ZnO film Sol-Gel 20 200 11 14 35 - [31]

Cuo thin fiim Thermal
Evaporation 100 150 0.76 9 1200 1 [32]

TiO2 thin fiim SILAR 100 250 12.78 - - - [33]
2D

Graphene/MoS2
CVD 5 150 8 - - 0.5 [34]

CeO2/rGO
membrane Spray 10 RT 20.5 92 - 1 [35]

SnO/SnO2
thin film RF Sputtering 10 60 4.35 165 329 1 [36]

SnO2 nanowire CVD 10 RT 1 60 - 0.1 [37]
MZT thin film Sol-Gel 2.5 150 23.0 77 122 0.25 ThisWork

4. Conclusions

Sol–gel-prepared magnesium zirconia titanate thin film was used as a sensing material
to sense NO2 performance at different operating temperatures with various concentrations
of NO2. The incorporation of Zr in the MTO led to a rougher surface, as compared to
that of MTO. A rougher surface offers more sensing area, in turn increasing the size of
the adsorption sites and the gas response. The sensing properties indicated that the MZT
synthesized thin film had p-type characteristics. The response of the gas sensor to 2.5 ppm
NO2 was 2%, and the detection limit of NO2 dropped to 250 ppb, which was 12 times
lower than that of the 3 ppm at the threshold limit value and an operating temperature of
150 ◦C. In addition to high stability, the proposed sensor also exhibited excellent selectivity
to CO, CO2, C2H5OH, HCHO, and NH3 gases. However, humidity was found to have
a significant influence on the performance of the sensor, so a good package is necessary.
According to the linear fitting curves for the sensor, at a correlation coefficient between
250 and 5000 ppb and a temperature of 150 ◦C, the NO2 concentration reached 0.98. The
results show potential applications for detecting quantitative NO2 gas molecules. As a
result, the proposed simple sol–gel processed MZT thin film may have potential for NO2
gas sensor applications.



Sensors 2021, 21, 2825 11 of 12

Author Contributions: P.-S.H. was responsible for the device preparation and characterization and
data analysis. K.-J.L. was responsible for the modeling discussion and writing and editing the
manuscript. Y.-H.W. was the advisor who monitored the progress and paper editing. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported in part by the Ministry of Science and Technology l of Taiwan
under Grant MOST 108-2221-E-006-040-MY3.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The gas sensor performance measurements in the Taiwan Semiconductor Re-
search Institute, National Applied Research Laboratories, Taiwan, are highly appreciated.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bai, S.; Guo, J.; Sun, J.; Tang, P.; Chen, A.; Luo, R.; Li, D. Enhancement of NO2-sensing performance at room temperature by

graphene-modified polythiophene. Ind. Eng. Chem. Res. 2016, 55, 5788–5794. [CrossRef]
2. Gawali, S.R.; Patil, V.L.; Deonikar, V.G.; Patil, S.S.; Patil, D.R.; Patil, P.S.; Pant, J. Ce doped NiO nanoparticles as selective NO2 gas

sensor. J. Phys. Chem. Solids 2018, 114, 28–35. [CrossRef]
3. Wong, M.L.; Charnay, B.D.; Gao, P.; Yung, Y.L.; Russell, M.J. Nitrogen oxides in early earth’s atmosphere as electron acceptors for

life’s emergence. Astrobiology 2017, 17, 975–983. [CrossRef]
4. Su, P.G.; Yu, J.H. Enhanced NO2 gas-sensing properties of Au-Ag bimetal decorated MWCNTs/WO3 composite sensor under

UV-LED irradiation. Sens. Actuators A Phys. 2020, 303, 111718. [CrossRef]
5. Ou, J.Z.; Ge, W.; Carey, B.; Daeneke, T.; Rotbart, A.; Shan, W.; Wang, Y.; Fu, Z.; Chrimes, A.F.; Wlodarski, W.; et al. Physisorption-

based charge transfer in two-dimensional SnS2 for selective and reversible NO2 gas sensing. ACS Nano 2015, 9, 10313–10323.
[CrossRef] [PubMed]

6. Kim, J.-H.; Mirzaei, A.; Kim, H.W.; Kim, S.S. Low-voltage-driven sensors based on ZnO nanowires for room-temperature
detection of NO2 and CO gases. ACS Appl. Mater. Interfaces 2019, 11, 24172–24183. [CrossRef]

7. Li, Z.; Yan, S.; Sun, M.; Li, H.; Wu, Z.; Wang, J.; Shen, W.; Fu, Y.Q. Significantly enhanced temperature-dependent selectivity for
NO2 and H2S detection based on In2O3 nano-cubes prepared by CTAB assisted solvothermal process. J. Alloy. Compd. 2020, 816,
152518. [CrossRef]

8. Wu, J.; Wu, Z.; Ding, H.; Wei, Y.; Huang, W.; Yang, X.; Li, Z.; Qiu, L.; Wang, X. Flexible, 3D SnS2/reduced graphene oxide
heterostructured NO2 sensor. Sens. Actuators B Chem. 2020, 305, 127445. [CrossRef]

9. Ghosh, S.; Adak, D.; Bhattacharyya, R.; Mukherjeee, N. ZnO/r-Fe2O3 charge transfer interface toward highly selective H2S
sensing at a low operating temperature of 30 degrees C. ACS Sens. 2017, 2, 1831–1838. [CrossRef] [PubMed]

10. Huang, C.-L.; Wang, S.-Y.; Chen, Y.-B.; Li, B.-J.; Lin, Y.-H. Investigation of the electrical properties of metal-oxide-metal structures
formed from RF magnetron sputtering deposited MgTiO3 films. Curr. Appl. Phys. 2012, 12, 935–939. [CrossRef]

11. Huang, C.-L.; Tsai, C.-M.; Yang, A.; Hsu, A. Compact 5.8-GHz bandpass filter using stepped-impedance dielectric resonators for
ISM band wireless communication. Microw. Opt. Technol. Lett. 2005, 44, 421–423. [CrossRef]

12. Bernard, J.; Houivet, D.; Fallah, J.E.; Haussonne, J.M. MgTiO3 for Cu base metal multilayer ceramic capacitors. J. Eur. Ceram. Soc.
2004, 24, 1877–1881. [CrossRef]

13. Lee, D.Y.; Wang, S.Y.; Tseng, T.Y. Ti-induced recovery phenomenon of resistive switching in ZrO2 thin films. J. Electrochem. Soc.
2010, 157, G166–G169. [CrossRef]

14. Porter, D.L.; Evans, A.G.; Heuer, A.I. Transformation-toughening in partially-stabilized ztrconia (PSZ). Acta Metall. 1979, 27,
1649–1654. [CrossRef]

15. Spirig, J.V.; Ramamoorthy, R.; Akbar, S.A.; Roubort, J.L.; Singh, D.; Dutta, P.K. High temperature zirconia oxygen senseor with
sealed metal/metal oxide internal reference. Sens. Actuators B Chem. 2007, 124, 192–201. [CrossRef]

16. Fleming, W.J. Physical principles governing nonideal behavior of the zirconia oxygen sensor. J. Electrochem. Soc. 1977, 124, 21–28.
[CrossRef]

17. Wang, J.; Wang, C.; Liu, A.; You, R.; Liu, F.; Li, S.; Zhao, L.; Jin, R.; He, J.; Yang, Z.; et al. High-response mixed-potential type
planar YSZ-based NO2 sensor coupled with CoTiO3 sensing electrode. Sens. Actuators B Chem. 2019, 287, 185–190. [CrossRef]

18. Diao, Q.; Zhang, X.; Li, J.; Yin, Y.; Jiao, M.; Cao, J.; Su, C.; Yang, K. Improved sensing performances of NO2 sensors based on YSZ
and porous sensing electrode prepared by MnCr2O4 admixed with phenol-formaldehyderesin microspheres. Ionics 2019, 25,
6043–6050. [CrossRef]

19. Mohammadia, M.R.; Frayb, D.J. Synthesis and characterisation of nanosized TiO2-ZrO2 binary system prepared by an aqueous
sol-gel process: Physical and sensing properties. Sens. Actuators B Chem. 2011, 155, 568–576. [CrossRef]

http://doi.org/10.1021/acs.iecr.6b00418
http://doi.org/10.1016/j.jpcs.2017.11.005
http://doi.org/10.1089/ast.2016.1473
http://doi.org/10.1016/j.sna.2019.111718
http://doi.org/10.1021/acsnano.5b04343
http://www.ncbi.nlm.nih.gov/pubmed/26447741
http://doi.org/10.1021/acsami.9b07208
http://doi.org/10.1016/j.jallcom.2019.152518
http://doi.org/10.1016/j.snb.2019.127445
http://doi.org/10.1021/acssensors.7b00636
http://www.ncbi.nlm.nih.gov/pubmed/29172487
http://doi.org/10.1016/j.cap.2011.12.012
http://doi.org/10.1002/mop.20654
http://doi.org/10.1016/S0955-2219(03)00461-8
http://doi.org/10.1149/1.3428462
http://doi.org/10.1016/0001-6160(79)90046-4
http://doi.org/10.1016/j.snb.2006.12.022
http://doi.org/10.1149/1.2133235
http://doi.org/10.1016/j.snb.2019.02.005
http://doi.org/10.1007/s11581-019-03147-6
http://doi.org/10.1016/j.snb.2011.01.009


Sensors 2021, 21, 2825 12 of 12

20. Miura, N.; Kurosawa, H.; Hasei, M.; Lu, G.; Yamazoe, N. Stabilized zirconia-based sensor using oxide electrode for detection of
NOx in high-temperature combustion-exhausts. Solid State Ion. 1996, 86–88, 1069–1073. [CrossRef]

21. Bang, J.H.; Lee, N.; Mirzaei, A.; Choi, M.S.; Choi, H.; Jeona, H.; Kime, S.S.; Kima, H.W. Exploration of ZrO2-shelled nanowires for
chemiresistive detection of NO2 gas. Sens. Actuators B Chem. 2020, 319, 128309. [CrossRef]

22. Myasoedova, T.N.; Mikhailova, T.S.; Yalovega, G.E.; Plugotarenko, N.K. Resistive low-temperature sensor based on the SiO2ZrO2
film for detection of high concentrations of NO2 gas. Chemosensors 2018, 6, 67. [CrossRef]

23. Yan, Y.; Ma, Z.; Sun, J.; Bu, M.; Huo, Y.; Wang, Z.; Li, Y.; Hu, N. Surface microstructure-controlled ZrO2 for highly sensitive
room-temperature NO2 sensors. Nano Mater. Sci. 2021. [CrossRef]

24. Huang, X.J.; Xin, Y.A.N.; Wu, H.Y.; Ying, F.A.N.G.; Min, Y.H.; Li, W.S.; Wang, S.Y.; Wu, Z.J. Preparation of Zr-doped CaTiO3 with
enhanced charge separation efficiency and photocatalytic activity. Trans. Nonferrous Met. Soc. China 2016, 26, 464–471. [CrossRef]

25. Hu, C.C.; Chiu, C.A.; Yu, C.H.; Xu, J.X.; Wu, T.Y.; Sze, P.W.; Wu, C.L.; Wang, Y.H. Liquid-phase-deposited high dielectric zirconium
oxide for metal-oxide-semiconductor high electron mobility transistors. Vacuum 2015, 118, 142–146. [CrossRef]

26. Mazlan, N.S.; Ramli, M.M.; Abdullah, M.M.A.B.; Halin, D.C.; Isa, S.M.; Talip, L.F.A.; Danial, N.S.; Murad, S.Z. Interdigitated
electrodes as impedance and capacitance biosensors: A review. AIP Conf. Proc. 2017, 1885, 020276.

27. Mao, L.; Zhu, H.; Chen, L.; Zhou, H.; Yuan, G.; Song, C. Enhancement of corrosion resistance and biocompatibility of Mg-
Nd-Zn-Zr alloy achieved with phosphate coating for vascular stent application. J. Mater. Res. Technol. 2020, 9, 6409–6419.
[CrossRef]

28. Bharti, B.; Kumar, S.; Lee, H.N.; Kumar, R. Formation of oxygen vacancies and Ti(3+) state in TiO2 thin film and enhanced optical
properties by air plasma treatment. Sci. Rep. 2016, 6, 32355. [CrossRef]

29. Tan, H.; Zhao, Z.; Zhu, W.B.; Coker, E.N.; Li, B.; Zheng, M.; Yu, W.; Fan, H.; Sun, Z. Oxygen vacancy enhanced photocatalytic
activity of pervoskite SrTiO(3). ACS Appl. Mater. Interfaces 2014, 6, 19184–19190. [CrossRef]

30. Li, Z.; Li, H.; Wu, Z.; Wang, M.; Luo, J.; Torun, H.; Hu, P.; Yang, C.; Grundmann, M.; Liu, X.; et al. Advances in designs and
mechanisms of semiconducting metal oxide nanostructures for high-precision gas sensors operated at room temperature. Mater.
Horiz. 2019, 6, 470–506. [CrossRef]

31. Chougule, M.A.; Sen, S.; Patil, V.B. Fabrication of nanostructured ZnO thin film sensor for NO2 monitoring. Ceram. Int. 2012, 38,
2685–2692. [CrossRef]

32. Navale, Y.H.; Navale, S.T.; Galluzzi, M.; Stadler, F.J.; Debnath, A.K.; Ramgir, N.S.; Gadkari, S.C.; Gupta, S.K.; Aswal, D.K.; Patil,
V.B. Rapid synthesis strategy of CuO nanocubes for sensitive and selective detection of NO2. J. Alloy. Compd. 2017, 708, 456–463.
[CrossRef]

33. Patil, V.L.; Vanalakar, S.A.; Shendage, S.S.; Patil, S.P.; Kamble, A.S.; Tarwal, N.L.; Sharma, K.K.; Kim, J.H.; Patil, P.S. Fabrication of
nanogranular TiO2 thin films by SILAR technique: Application for NO2 gas sensor. Inorg. Nano-Met. Chem. 2019, 49, 191–197.
[CrossRef]

34. Li, Y.; Song, Z.; Li, Y.; Chen, S.; Li, S.; Li, Y.; Wang, H.; Wang, Z. Hierarchical hollow MoS2 microspheres as materials for
conductometric NO2 gas sensors. Sens. Actuators B Chem. 2019, 282, 259–267. [CrossRef]

35. Jiang, X.; Tai, H.; Ye, Z.; Yuan, Z.; Liu, C.; Su, Y.; Jiang, Y. Novel p-n heterojunction-type rGO/CeO2 bilayer membrane for
room-temperature nitrogen dioxide detection. Mater. Lett. 2017, 186, 49–52. [CrossRef]

36. Jeong, H.-S.; Park, M.-J.; Kwon, S.-H.; Joo, H.-J.; Song, S.-H.; Kwon, H.-I. Low temperature NO2 sensing properties of RF-sputtered
SnO-SnO2 heterojunction thin-film with p-type semiconducting behavior. Ceram. Int. 2018, 44, 17283–17289. [CrossRef]

37. Prades, J.D.; Jiménez-Díaz, R.; Hernandez-Ramirez, F.; Barth, S.; Cirera, A.; Romano-Rodriguez, A.; Mathur, S.; Morante, J.R.
Equivalence between thermal and room temperature UV light-modulated responses of gas sensors based on individual SnO2
nanowires. Sens. Actuators B Chem. 2009, 140, 337–341. [CrossRef]

http://doi.org/10.1016/0167-2738(96)00252-4
http://doi.org/10.1016/j.snb.2020.128309
http://doi.org/10.3390/chemosensors6040067
http://doi.org/10.1016/j.nanoms.2021.02.001
http://doi.org/10.1016/S1003-6326(16)64097-9
http://doi.org/10.1016/j.vacuum.2015.01.012
http://doi.org/10.1016/j.jmrt.2020.04.024
http://doi.org/10.1038/srep32355
http://doi.org/10.1021/am5051907
http://doi.org/10.1039/C8MH01365A
http://doi.org/10.1016/j.ceramint.2011.11.036
http://doi.org/10.1016/j.jallcom.2017.03.079
http://doi.org/10.1080/24701556.2019.1599948
http://doi.org/10.1016/j.snb.2018.11.069
http://doi.org/10.1016/j.matlet.2016.08.010
http://doi.org/10.1016/j.ceramint.2018.06.189
http://doi.org/10.1016/j.snb.2009.04.070

	Introduction 
	Materials and Methods 
	Results 
	Conclusions 
	References

